& frontiers | Research Topics

Combination therapies in
cancer treatment:
enhancing efficacy and
reducing resistance

Edited by
Xinyu Wang, Milica Pesi¢ and Ana Podolski-Renic

Published in
Frontiers in Pharmacology
Frontiers in Oncology



https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/research-topics/66212/combination-therapies-in-cancer-treatment-enhancing-efficacy-and-reducing-resistance
https://www.frontiersin.org/research-topics/66212/combination-therapies-in-cancer-treatment-enhancing-efficacy-and-reducing-resistance
https://www.frontiersin.org/research-topics/66212/combination-therapies-in-cancer-treatment-enhancing-efficacy-and-reducing-resistance
https://www.frontiersin.org/research-topics/66212/combination-therapies-in-cancer-treatment-enhancing-efficacy-and-reducing-resistance
https://www.frontiersin.org/journals/oncology

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers.

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version.

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-7383-9
DOI10.3389/978-2-8325-7383-9

Generative Al statement

Any alternative text (Alt text) provided
alongside figures in the articles in
this ebook has been generated by
Frontiers with the support of artificial
intelligence and reasonable efforts
have been made to ensure accuracy,
including review by the authors
wherever possible. If you identify any
issues, please contact us.

Frontiers in Pharmacology

January 2026

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public -
and shape society; therefore, Frontiers only applies the most rigorous and
unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

& frontiers | Research Topics

Frontiers in Pharmacology

January 2026

Combination therapies in cancer
treatment: enhancing efficacy
and reducing resistance

Topic editors

Xinyu Wang — Department of Bio-Medical Sciences, Philadelphia College of
Osteopathic Medicine (PCOM), United States

Milica Pesi¢ — University of Belgrade, Serbia

Ana Podolski-Renic — Institute for Biological Research “Sinisa Stankovi¢” — National
Institute of Republic of Serbia, Serbia

Citation

Wang, X., Pesi¢, M., Podolski-Renic, A., eds. (2026). Combination therapies in
cancer treatment: enhancing efficacy and reducing resistance.

Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-7383-9

2 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-7383-9

& frontiers | Research Topics January 2026

05 Editorial: Combination therapies in cancer
Ta ble Of treatment: enhancing efficacy and reducing resistance
Conte nts Xinyu Wang, Milica Pesi¢ and Ana Podolski-Renic

09 Advancing cancer therapy: new frontiers in targeting DNA
damage response
Jiekun Qian, Guoliang Liao, Maohui Chen, Ren-Wang Peng, Xin Yan,
Jianting Du, Renjie Huang, Maojie Pan, Yuxing Lin, Xian Gong,
Guobing Xu, Bin Zheng, Chun Chen and Zhang Yang

22 Concurrent immune checkpoint blockade for enhanced
cancer immunotherapy utilizing engineered hybrid
nanovesicles
Yuxuan Liu, Fuxu Yang, Zhimin Li, Ting Wang, Yeteng Mu, Yuxin Fan,
Han Xue, Xiuli Hu, Xingang Guan and Hongxia Feng

34 Efficacy and safety of TACE combined with traditional
Chinese medicine versus TACE alone in hepatocellular
carcinoma: bayesian network meta-analysis and
pharmacological mechanisms study
Li Chen, Xiu-Ling Zhu, Jie Lin and Dong-Liang Li

52 Antibody-drug conjugate combinations in cancer
treatment: clinical efficacy and clinical study perspectives
Xianglong Shi, Kai Tang, Quanbin Zhang, Qingkun Han, Lin Quan,
Yijing Li, Jiangiao Cui, Nuan Feng, Jianbao Gong, Baoxin Shang and
Xuwen Li

61 TCR-T cell therapy for solid tumors: challenges and emerging
solutions
Wanjun He, Kai Cui, Muhammad Asad Farooq, Na Huang,
Songshan Zhu, Dan Jiang, Xigian Zhang, Jian Chen, Yinxia Liu and
Guangxian Xu

76 Efficacy and safety of PD-1/PD-L1 inhibitors combined with
tyrosine kinase inhibitors as first-line treatment for
hepatocellular carcinoma: a meta-analysis and trial
sequential analysis of randomized controlled trials
Peng Tang and Fei Zhou

91 Milciclib-mediated CDK2 inhibition to boost radiotherapy
sensitivity in colorectal cancer
Junjie Ma, Shanshan Wu, Xinxin Yang, Shuying Shen, Yigian Zhu,
Ruogi Wang, Wei Xu, Yue Li, Haixin Zhu, Youyou Yan, Nengming Lin
and Bo Zhang

103 Enhancing survival outcomes in unresectable hepatocellular
carcinoma: a prospective cohort study on the effects of
Huaier granules with targeted therapy plus immunotherapy
Hui Li, Hongliang Zhang and Wenting He

112 Targeting PCNA/PARP1 axis inhibits the malignant
progression of hepatocellular carcinoma
Jipin Li, Tao Yong, Yali Chen, Tingyu Zeng, Kaifeng Zhang,
Shuping Wang and Youcheng Zhang

Frontiers in Pharmacology 3 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/

& frontiers | Research Topics

Frontiers in Pharmacology

131

150

163

173

181

197

208

224

237

247

January 2026

Nanotechnology-driven strategies in postoperative cancer
treatment: innovations in drug delivery systems

Jun-Jie Zhou, Yan-Chuan Feng, Min-Long Zhao, Qi Guo and
Xi-Bo Zhao

lodine-131 induces ferroptosis and synergizes with
sulfasalazine in differentiated thyroid cancer cells via
suppressing SLC7A11

Li Ling, Jinhe Zhang, Xiao Zhang, Peigi Wang, Mingjun Ma and
Bingling Yin

Real-world analysis of immunochemotherapy in recurrent
small-cell lung cancer: opportunities for second-line
approaches

Yanrong Guo, Songyan Han, Qinxiang Guo, Jinfang Zhai,

Xiaohui Ren, Shengshu Li and Jianchun Duan

Chemotherapy-induced immunogenic cell death in
combination with ICls: a brief review of mechanisms, clinical
insights, and therapeutic implications

Chengwei Li, Xiaoyan Qi and Min Yan

Clinical outcomes of DNA-damaging agents and DNA
damage response inhibitors combinations in cancer: a
data-driven review

Rick Fontenot, Neha Biyani, Kishor Bhatia, Reggie Ewesuedo,
Marc Chamberlain and Panna Sharma

CDFA: Calibrated deep feature aggregation for screening
synergistic drug combinations
Xiaorui Kang, Xiaoyan Liu, Quan Zou, Tiantian Li and Ximei Luo

Phytochemical combinations of lichen Evernia prunastri (L.)
Ach. reduce drug resistance to temozolomide but not to
paclitaxel in vitro

A. Shcherbakova, L. Nguyen, A. Koptina, A. Backlund, S. Banerjee,
E. Romanov and G. Ulrich-Merzenich

Clinically approved immunotoxins targeting hematological
cancers: “the best of both worlds”

Yasmine Rashad, Eckhard U. Alt, Reza Izadpanah, Xuebin Qin and
Stephen E. Braun

Chemosensitizing effect of apigenin on T-ALL cell therapy
Nigar Huseynova, Zuleyha Baran, Rovshan Khalilov, Afat Mammadova
and Yusuf Baran

Activation of the STING pathway potentiates the antitumor
efficacy of doxorubicin in soft-tissue sarcoma
Wonyoung Choi, Gi Yeon Lee and Sun-Young Kong

4 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/

TvpPE Editorial

a' frontiers ‘ Frontiers in Pharmacology PUBLISHED 07 January 2026

‘ @ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
Olivier Feron,
Université catholique de Louvain, Belgium

*CORRESPONDENCE
Xinyu Wang,
xinyuwa@pcom.edu

RECEIVED 17 December 2025
REVISED 17 December 2025
ACCEPTED 29 December 2025
PUBLISHED 07 January 2026

CITATION
Wang X, Pesi¢ M and Podolski-Reni¢ A (2026)
Editorial: Combination therapies in cancer
treatment: enhancing efficacy and

reducing resistance.

Front. Pharmacol. 16:1770248.

doi: 10.3389/fphar.2025.1770248

COPYRIGHT

© 2026 Wang, Pesi¢ and Podolski-Renic. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Pharmacology

Dol 10.3389/fphar.2025.1770248

Editorial: Combination therapies
in cancer treatment: enhancing
efficacy and reducing resistance

Xinyu Wang*, Milica Pesi¢? and Ana Podolski-Renic¢?

'Department of Biomedical Sciences, Philadelphia College of Osteopathic Medicine, Suwanee, GA,
United States, 2Department of Neurobiology, Institute for Biological Research “Sinisa Stankovi¢”- National
Institute of Republic of Serbia, University of Belgrade, Belgrade, Serbia

KEYWORDS

antibody-drug conjugates (ADC), combination therapies, DNA damage response (DDR),
drug resistance, ferroptosis, immunotherapy, STING pathway

Editorial on the Research Topic
Combination therapies in cancer treatment: enhancing efficacy and
reducing resistance

1 Introduction

Cancer’s complexity, including diverse cell types and drug resistance, hinders long-term
patient survival. Single-agent therapies are often ineffective, prompting a move towards
combination therapies that target multiple survival pathways in cancer cells. This strategy
can prolong treatment responses, resensitize resistant tumors, and lower drug doses to
reduce toxicity while preserving effectiveness.

This Research Topic includes 19 contributions on new pharmacological strategies for
enhancing tumor elimination and minimizing resistance. It highlights the importance of
rational, mechanism-based combinations adapted to each patient’s unique molecular and
immunological profile for effective cancer control.

2 Advancing immunotherapy and T-cell engagement

Immunotherapy has revolutionized cancer treatment, and much research is focused on
combining immune checkpoint inhibitors (ICI) with other modalities, such as
chemotherapy and targeted therapy, to overcome primary and acquired resistance. The
core principle of this strategy involves leveraging chemotherapy to induce immunogenic
cell death, thereby releasing tumor antigens and danger signals that effectively prime the
immune system for attack. This mechanistic foundation is detailed in the review Li et al,,
which synthesizes preclinical and clinical evidence supporting rational scheduling and
dosing of chemotherapy-ICI combinations.

The clinical potential of such immune-oncology doublets is exemplified by the meta-
analysis Tang and Zhou. This study found that combining PD-1/PD-L1 inhibitors with
tyrosine kinase inhibitors significantly improved progression-free survival and objective
response rate in patients with unresectable hepatocellular carcinoma, particularly among
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Asian patients and those infected with hepatitis B virus, without an
unacceptable increase in severe adverse events. In a complementary
that
immunochemotherapy beyond first-line treatment can offer

real-world ~ setting, Guo et al. showed extending
clinically meaningful benefit in recurrent small-cell lung cancer,
highlighting how combination strategies may reshape treatment
paradigms even in aggressive, traditionally chemo-sensitive
malignancies.

A particularly notable contribution in this Research Topic is
the work Choi et al. Soft-tissue sarcomas are prototypical “cold”
tumors with sparse lymphocytic infiltrates and limited
responsiveness to immunotherapy. By combining the DNA-
damaging agent doxorubicin with deliberate activation of the
STING (Stimulator of Interferon Genes) pathway, the authors
demonstrate that chemotherapy-induced release of tumor DNA
into the cytosol can be harnessed to trigger cGAS-STING
signaling, type I
recruitment and activation of effector immune cells.

enhanced
This
direct

interferon production, and

dual-action approach not only amplifies the
cytotoxicity of doxorubicin but also remodels the tumor
microenvironment toward an inflamed, T cell-permissive
state, providing a compelling blueprint for transforming
immunologically “cold” sarcomas into “hot” tumors amenable
to additional immunotherapeutic interventions.

Beyond systemic antibodies and innate immune modulators,
innovative cell-based strategies aim to broaden and deepen
antitumor immune responses. The article He et al. explored the
vast potential of TCR-engineered T cells, which can recognize
intracellularly derived peptide-MHC complexes and thus target a
broader antigenic repertoire than chimeric antigen receptor T
(CAR-T) cells. The review discusses combination strategies that
integrate TCR-T cells with checkpoint inhibitors, oncolytic viruses,
or targeted agents to overcome antigen heterogeneity, T-cell
exhaustion, and immunosuppressive  microenvironments.
Complementing this immunoengineering perspective, Liu et al.
introduced hybrid nanovesicles co-decorated with PD-1 and
signaling regulatory protein alpha (SIRPa) receptors to
simultaneously disrupt the “do not find me” (PD-1/PD-L1) and
“do not eat me” (CD47/SIRPa) signals. In melanoma models, this
combinatorial blockade translated into robust antitumor activity
and illustrates how multi-receptor targeting on a single
nanoplatform can synergistically amplify innate and adaptive
immune responses.

3 Targeted DNA damage response
DDR?and cell cycle disruption

A second major theme centers on exploiting cancer-specific
vulnerabilities in DNA repair and cell-cycle regulation. The review
Qian et al. provides a comprehensive overview of how inhibitors of
DNA-PK, ATM, ATR, Weel and other DDR kinases can be
combined with DNA-damaging agents to induce synthetic
lethality. The authors emphasize the importance of genomic and
functional biomarkers, such as homologous recombination
deficiency signatures, to select patients most likely to benefit
from DDR inhibitor-based combinations and to

overlapping hematologic and gastrointestinal toxicities.

avoid
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This conceptual framework is further strengthened by the data-
driven clinical synthesis Fontenot et al. By systematically compiling
clinical trial outcomes across tumor types, the review delineates
where combinations of DDR inhibitors (DDRis) with DNA-
damaging agents (DDAs) have achieved meaningful efficacy and
where toxicity or lack of stratification has limited success. Together,
these two reviews underscore that the future of DDR-based
combination therapy lies in rational pairing of agents, careful
dose optimization, and biomarker-guided patient selection.

Several mechanistic studies in this Research Topic provide
concrete examples of these principles. In Li et al., inhibition of
PCNA was shown to synergize with the PARP inhibitor olaparib by
disrupting the PCNA/PARPI axis, impairing DNA repair and
suppressing  proliferation and of hepatocellular
carcinoma cells. This work highlights a previously
underappreciated node of vulnerability that could be exploited in

invasion

combination with clinically available PARP inhibitors.

Similarly, Ma et al. investigated the role of the cyclin-dependent
kinase CDK2 in radioresistance. The authors demonstrate that
Milciclib induces G1 arrest, downregulates CDK2 and cyclin El,
and impairs Rad51-mediated DNA repair. When combined with
ionizing radiation, Milciclib significantly enhances apoptosis and
partially reverses radiation resistance in colorectal cancer cell lines,
achieving significant sensitizer enhancement ratios in resistant
models. These findings position CDK2 inhibition as a promising
approach to resensitize tumors to radiotherapy and exemplify how
modulation of cell-cycle checkpoints can be integrated with
genotoxic therapies for maximal impact.

4 Combination of antibody- and toxin-
based therapeutics

Antibody-based therapies, including antibody-drug conjugates
(ADCs) and
specificity to improve the therapeutic index of potent cytotoxic

recombinant immunotoxins, leverage antigen
payloads. The mini-review Shi et al. summarizes how pairing ADCs
with immune checkpoint inhibitors, conventional chemotherapy (e.
g., taxanes and platinum compounds), or targeted small molecules
can overcome resistance mechanisms such as antigen heterogeneity,
drug efflux, and adaptive signaling rewiring. The authors highlight
emerging clinical evidence that such combinations can deepen
responses and extend survival in breast, lung, and urothelial
cancers, while underscoring the need for vigilant monitoring of
overlapping myelosuppression and neuropathy.

In parallel, the review Rashad et al. focuses on recombinant
immunotoxins, such as moxetumomab pasudotox and tagraxofusp,
which fuse bacterial or plant-derived toxins to antibodies or
cytokines that recognize hematologic malignancies. The article
discusses combination strategies that incorporate these agents
with chemotherapy or hypomethylating drugs to eradicate
minimal residual disease, prevent antigen-negative relapse, and
achieve deeper remissions in otherwise refractory leukemia
and lymphoma.

Beyond protein-toxin fusions, innovative radiopharmaceutical
combinations add another dimension to this theme. In Ling et al,,
the authors demonstrate that the radioisotope Iodine-131 not only
causes classical radiogenic DNA damage but also triggers ferroptosis

frontiersin.org
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by downregulating the cystine transporter SLC7All. When
combined with the ferroptosis inducer sulfasalazine, Iodine-131
produces marked synergistic antitumor effects in thyroid cancer
cells. This work illustrates how integrating radiotherapy with
regulated cell-death modulators can expand the cytotoxic
repertoire beyond apoptosis and necrosis.

5 Integration of traditional and
natural agents

The incorporation of traditional medicine and naturally derived
compounds into modern oncologic regimens provides a critical
perspective on modulating both systemic and tumor-specific
environments. The systematic review Chen et al. offers high-level
evidence that adding Traditional Chinese Medicine formulations to
transarterial chemoembolization (TACE) significantly improves
overall response and disease control rates, prolongs overall
survival, and reduces adverse events such as abdominal pain and
nausea. Network pharmacology analyses further suggest that multi-
component herbal preparations exert pleiotropic effects on
angiogenesis, inflammation, and apoptosis, providing a
mechanistic rationale for their combination with locoregional
chemotherapy.

This concept of multi-target, low-toxicity modulation is also
showed in the prospective cohort study Li et al. Here, the addition of
Huaier granules to a backbone of targeted therapy plus

immunotherapy significantly extended median progression-free

Frontiers in Pharmacology

survival in unresectable HCC without compromising safety,
supporting the feasibility of integrating evidence-based traditional
agents into complex systemic regimens.

Two research article contributions focus on natural products as
chemosensitizers. Huseynova et al. shows that the flavonoid
apigenin synergistically enhances the cytotoxic and pro-apoptotic
effects of L-asparaginase in T-cell acute lymphoblastic leukemia
cells. By modulating oxidative stress, mitochondrial integrity, and
pro-survival signaling, apigenin may permit dose reduction of
L-asparaginase and thereby alleviate its dose-limiting toxicities. In
a solid tumor context, Shcherbakova et al. highlights that lichen-
derived compounds such as evernic acid can restore temozolomide
sensitivity in glioblastoma models, likely through modulation of the
Whnt signaling pathway and drug efflux mechanisms. These studies
collectively suggest that rational incorporation of phytochemicals
into conventional chemotherapy regimens may offer a route to
overcoming resistance while preserving or even improving
tolerability.

6 Advanced technology and drug
discovery platforms

Modern
depends on innovative delivery platforms and computational

combination therapy development increasingly
tools. The review Zhou et al. emphasizes the growing role of
local drug delivery systems in the postoperative setting. By

implanting or spraying nanomedicine-loaded materials directly
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into the surgical bed, these approaches can achieve sustained,

localized release of chemotherapeutic agents, immune
modulators, photothermal and photodynamic sensitizers, and
even CAR-T cells. Such strategies have the potential to eradicate
residual tumor cells, prevent local recurrence and distant metastasis,
reduce systemic toxicity, and simultaneously manage postoperative
inflammation and wound healing.

Complementing these physical platforms, Kang et al. introduces
a sophisticated deep learning framework to address the vast
combinatorial search space inherent to multi-drug regimens. By
integrating molecular fingerprints of drug pairs with gene-
expression-based representations of cancer cell lines and using
with
calibration, CDFA outperforms previous machine-learning and
deep-learning models in predicting synergistic combinations.

transformer-based ~ feature  aggregation uncertainty

This work exemplifies how data-driven, Al-assisted pipelines can
prioritize the most promising drug pairs for experimental validation,
thereby accelerating the discovery of clinically actionable
combinations and reducing the cost and time associated with

empirical high-throughput screening.

7 Conclusion

This Research Topic emphasizes the shift in oncology
towards rational combination therapies. The 19 contributions
explore topics such as targeting DDR, inducing ferroptosis,
STING pathway, and
nanotechnology, cell therapy, and Al-based drug screening,

activating the advancements in
along with clinical studies on complex treatment regimens
(Figure 1). Overcoming resistance requires combining agents
with complementary mechanisms and incorporating biomarkers
and advanced delivery systems. Key themes include reshaping
the tumor microenvironment for immune response, targeting
multiple survival pathways, and balancing efficacy with toxicity
using natural agents. These efforts aim for durable cancer
control, supported by interdisciplinary collaboration and
emerging technologies in precision medicine.
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Genomic instability is a core characteristic of cancer, often stemming from
defects in DNA damage response (DDR) or increased replication stress. DDR
defects can lead to significant genetic alterations, including changes in gene copy
numbers, gene rearrangements, and mutations, which accumulate over time and
drive the clonal evolution of cancer cells. However, these vulnerabilities also
present opportunities for targeted therapies that exploit DDR deficiencies,
potentially improving treatment efficacy and patient outcomes. The
development of PARP inhibitors like Olaparib has significantly improved the
treatment of cancers with DDR defects (e.g, BRCAl or BRCA2 mutations)
based on synthetic lethality. This achievement has spurred further research
into identifying additional therapeutic targets within the DDR pathway. Recent
progress includes the development of inhibitors targeting other key DDR
components such as DNA-PK, ATM, ATR, Chkl, Chk2, and Weel kinases.
Current research is focused on optimizing these therapies by developing
predictive biomarkers for treatment response, analyzing mechanisms of
resistance (both intrinsic and acquired), and exploring the potential for
combining DDR-targeted therapies with chemotherapy, radiotherapy, and
immunotherapy. This article provides an overview of the latest advancements
in targeted anti-tumor therapies based on DDR and their implications for future
cancer treatment strategies.

KEYWORDS

genomic instability, DNA damage response, vulnerability, synthetic lethality, resistance

Abbreviations: DCR, disease controlrate; DDR, DNA damage response; DSBs, double-strand breaks; HR,
homologous recombination; MMR, mismatch repair; mOS, median overall survival; mPFS, median
progression-free survival; NER, nucleotide excision repair; NHEJ, non-homologous end joining;
ORR, overall response rate; OS, overall survival; PFS, progression-free survival; PIKKs, PI3K-related
kinases; rPFS, radiographic progression-free survival; SCLC, small cell lung cancer; SSBs, single-strand
breaks; SCLC, small cell lung cancer.
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1 Introduction

DNA damage response (DDR) is crucial for maintaining
genome stability (Brandsma et al., 2017). Research shows that
cells are constantly exposed to DNA damage from various
sources, including UV radiation, ionizing radiation, chemical
exposure, replication errors, cellular metabolism, and oxidative
stress. These factors can cause either DNA single-strand breaks
(SSBs) or DNA double-strand breaks (DSBs) (Malaquin et al., 2015;
O’Connor, 2015). Cells utilize sophisticated DDR mechanisms to
ensure cellular viability and genome integrity, such as non-
homologous end joining (NHE]), homologous recombination
(HR), mismatch repair (MMR), nucleotide excision repair (NER),
base excision repair (BER) (Figure 1). These systems are essential for
DNA damage recognition, cell cycle arrest, DNA damage repair, and
apoptosis initiation in cells with irreparable damage (Basu et al.,
2012; Nickoloff et al., 2017).

Cancer cells often exhibit elevated levels of DNA damage repair
proteins, allowing them to survive and proliferate despite DNA
damage induced by chemotherapy or radiotherapy. Essential
proteins frequently overexpressed in cancer cells include PARP,
DNA-PKcs, BRCA1/2, ATM, ATR, and Chk1/2 (Kim et al., 2020;
Okabe et al., 2023; Yang et al., 2020; Jin et al., 2022; Savva et al., 2019;
Obata et al., 2023; Dilmac and Ozpolat, 2023; Tang et al., 2024;
Gralewska et al., 2020). This overexpression facilitates DNA damage
repair and contributes to treatment resistance. To counter this,
scientists have developed inhibitors targeting these proteins to
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disrupt DNA repair processes in cancer cells (Figure 2). This
approach effectively enhances the impact of therapy-induced
DNA damage, thereby increasing the likelihood of inducing
apoptosis  in cells
treatment outcomes.

cancer and potentially improving

Conversely, defects in DDR pathways can lead to mutations and
increased genomic instability, driving cancer initiation and
progression. Cancer cells often have rapid division rates and are
more vulnerable to specific DDR inhibitors like ATR and DNA-PK
inhibitors. Exploiting this vulnerability allows targeted therapy to
differentiate between normal cells with intact DDR and cancer cells
with DDR defects (Pilié et al., 2019; Basourakos et al., 2017;
McPherson and Korzhnev, 2021). Based on synthetic lethality,
this innovative approach selectively eliminates cancer cells while
sparing normal cells (Minchom et al., 2018), exemplified by the
efficacy of ATR inhibitors in ATM-deficient cancers and
Weel inhibitors in p53-mutant cancers (O'Neil et al, 2017).
Synthetic lethality occurs when cell death is induced by
simultaneous defects in two or more related genes, whereas a
single defect alone might not compromise cell survival (Huang
et al, 2020; Mullard, 2017). Advances in gene editing
technologies such as RNAi and CRISPR have enabled large-scale
screening of synthetic lethal targets, leading to new therapeutic
discoveries.

PARP inhibitors are a notable application of synthetic lethality,
effectively targeting tumors with DDR defects like BRCA1/2 gene
mutations (Bryant et al., 2005; Farmer et al., 2005). Several PARP
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FIGURE 1

Overview of DNA Damage Response (DDR) Mechanisms Ensuring Cellular Viability and Genome Integrity. This figure illustrates the sophisticated
network of DDR mechanisms that cells employ to maintain genome integrity. Central to the DDR are five key pathways: Non-Homologous End Joining
(NHEJ), Homologous Recombination (HR), Mismatch Repair (MMR), Nucleotide Excision Repair (NER), and Base Excision Repair (BER). Each pathway is
depicted with its specific role and interaction within the cellular environment to repair various types of DNA damage (created with BioRender.com,

accessed on 25 August 2024).
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FIGURE 2

Targeting Overexpressed DNA Repair Proteins in Cancer Therapy. This figure details the critical proteins in cancer cells central to DNA repair
mechanisms, contributing to treatment resistance. Highlighted proteins include PARP, DNA-PKcs, ATM, ATR, Weel and Chk1/2, which enhance DNA
repair and contribute to treatment resistance. The diagram also shows inhibitors developed to disrupt these pathways, depicting how each inhibitor
interacts with its target protein to increase cancer cell sensitivity to treatments and potentially overcome resistance (created with BioRender.com,

accessed on 25 August 2024).

inhibitors have received FDA approval for cancer treatment,
including Talazoparib, Rucaparib, Niraparib, and Olaparib (Min
and Im, 2020; Pascal, 2018; Slade, 2020). Synthetic lethality-based
strategies offer several advantages, such as overcoming resistance to
traditional therapies and producing synergistic anticancer effects
when combined with radiotherapy or chemotherapy (Lord and
Ashworth, 2017; Hu and Guo, 2020; Tang et al, 2020). The
discovery of numerous therapeutically relevant molecules has
spurred increased interest in synthetic lethality-based therapies
(Hengel et al, 2017). Many novel DDR-targeting molecules are
undergoing clinical trials with promising results (Table 1) (Fok et al.,
2019; Ricciuti et al., 2020; Sheng et al., 2020; Wengner et al., 2020).
This paper summarizes the biological characteristics and limitations
of various DDR inhibitors and reviews recent advancements in
clinical research.

2 Historical development of DDR-
targeted therapies in cancer

In the 1970s and 1980s, groundbreaking research on DNA repair
mechanisms laid the foundation for understanding how cells detect
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and repair DNA damage. During this time, key pathways like NER,
BER, and MMR were identified and characterized. These discoveries
paved the way for significant advancements in the late 1980s-1990s,
such as the discovery of the ATM gene and its crucial role in the
DNA damage response. Additionally, the discovery of BRCA1 and
BRCA2 genes highlighted their roles in HR, linking mutations in
these genes to increased risks of breast and ovarian cancers (Sancar,
1995). By the early 2000s, the focus of research shifted to targeting
specific DDR proteins, leading to the development of synthetic
lethality strategies. This approach was particularly effective in
BRCA-deficient cancers, exemplified using PARP inhibitors
(Farmer et al., 2005; Fong et al, 2009). During this period,
substantial advancements were achieved, particularly with the
introduction of Olaparib, the first PARP inhibitor, into clinical
trials. Olaparib exhibited efficacy in targeting cancers linked to
BRCA gene mutations, representing a pivotal development in the
field of oncology (Ledermann et al., 2012). The 2010s marked a
pivotal era with the FDA approval of Olaparib in 2014 for ovarian
cancer treatment. This milestone was soon followed by the approval
of other PARP inhibitors, including Rucaparib, Niraparib, and
Talazoparib (Swisher et al., 2017; Mirza et al., 2016; Litton et al.,
2018). In recent years, the scope of DDR inhibitors has expanded,
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TABLE 1 DDR inhibitors in clinical trial.

10.3389/fphar.2024.1474337

Pathway Target Compound Disease Clinical trial dentifier and status
NHEJ
DNA- AZD7648 Phase I/l Advanced malignancy NCT03907969 (COMPLETED)
PKcs Adult soft tissue sarcoma NCT05116254 (RECRUITING)
M9831 Phase | Advanced solid tumor NCT02644278 (COMPLETED)
M3814 Phase | Glioblastoma NCT04555577 (RECRUITING)
Gliosarcoma NCT04092270 (RECRUITING)
Ovarian Cancer
CC-115 Phase | Prostate cancer NCT02833883 (PMID: 37980367)
Advanced malignancy NCT01353625 (PMID: 31853198)
Phase Glioblastoma NCT02977780 (PMID: 37722087)
BER
PARP E7016 Phase I Melanoma NCT01605162 (TERMINATED)
Niraparib Phase Il | Ovarian cancer NCT01847274 (PMID: 36970052)
Breast cancer NCT01905592 (TERMINATED)
Olaparib Phase | Lung cancer NCT02511795 (COMPLETED)
Carcinoma of the oesophagus NCT01460888 (UNKNOWN STATUS)
Head and neck cancer NCT01562210 (PMID: 31500595)
Breast carcinoma NCT01758731 (COMPLETED)
NCT02308072 (ACTIVE, NOT
RECRUITING)
NCT02227082 (COMPLETED)
NCT02229656 (PMID: 31500595)
Phase Il | Ovarian cancer NCT01844986 (PMID: 36082969)
Fallopian tube cancer NCT01874353 (PMID: 35772665)
Breast cancer NCT01924533 (PMID: 29103871)
Gastric cancer NCT02000622 (PMID: 32472001)
Pancreatic cancer NCT02032823 (PMID: 38301187)
Primary peritoneal cancer NCT02184195 (PMID: 38687918)
NCT02282020 (PMID: 32073956)
NCT02392676 (WITHDRAWN)
NCT02446600 (PMID: 35290101)
NCT02477644 (PMID: 31851799)
NCT02502266 (ACTIVE, NOT
RECRUITING)
Phase IV | Ovarian cancer NCT02476968 (PMID: 37030280)
Rucaparib Phase Il Prostate cancer NCT03413995 (PMID: 38885246)
Phase lll | Ovarian carcinoma NCT01968213 (PMID: 37262961)
Talazoparib Phase Ill | Prostate cancer NCT03395197 (PMID: 37285865)
Breast cancer NCT01945775 (PMID: 38886516)
Veliparib Phase I/Il ' Advanced solid malignancy with peritoneal carcinomatosis =~ NCT01264432 (COMPLETED)
Epithelial ovarian cancer NCT01477489 (PMID: 29558281)
Fallopian cancer NCT01514201 (PMID: 32009149)
Primary peritoneal cancer NCT01618357 (COMPLETED)
Breast cancer NCT01908478 (COMPLETED)
Pancreatic cancer NCT02412371 (TERMINATED)
Non-small cell lung cancer
Diffuse pontine gliomas
Phase Il Breast cancer NCT02032277 (PMID: 33599688)
Non-Small cell lung cancer NCT02106546 (PMID: 34436928)
Glioblastoma NCT02152982 (PMID: 26615020)
Gliosarcoma NCT02163694 (PMID: 32861273)
Ovarian cancer NCT02264990 (PMID: 35331641)
NCT02470585 (PMID: 34930617)
HR
ATR AZD6738 Phase | Refractory cancer NCT02630199 (COMPLETED)

Frontiers in Pharmacology

12

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1474337

Qian et al.

TABLE 1 (Continued) DDR inhibitors in clinical trial.

Pathway  Target

Compound

Disease

10.3389/fphar.2024.1474337

Clinical trial dentifier and status

Phase I Gastric adenocarcinoma NCT03780608 (UNKNOWN STATUS)
Malignant melanoma
M6620 Phase | Oesophageal adenocarcinoma NCT03641547 (PMID: 38129525)
Solid tumor NCT02487095 (PMID: 29252124)
Squamous cell carcinoma
BAY-1895344 Phase | Solid tumor NCT04267939 (TERMINATED)
Ovarian cancer NCT03188965 (COMPLETED)
Non-Hodgkin’s lymphoma
M4344 Phase | Ovarian cancer NCT04149145 (WITHDRAWN)
Solid tumor NCT02278250 (COMPLETED)
Phase /Il | Advanced solid tumor NCT04655183 (WITHDRAWN)
Breast cancer
M1774 Phase | Endometrial carcinoma NCT06308263 (RECRUITING)
Ovarian carcinoma NCT05950464 (RECRUITING)
Solid tumor NCT05396833 (RECRUITING)
NCT05687136 (RECRUITING)
Phase |l Merkel cell carcinoma NCT05947500 (RECRUITING)
Refractory prostate carcinoma NCT05828082 (RECRUITING)
Phase I/Il | Advanced microsatellite stable colorectal carcinoma NCT05691491 (RECRUITING)
Hematopoietic and lymphatic system neoplasm NCT05882734 (RECRUITING)
Non-small cell lung cancer
ATM AZD1390 Phase | Brain cancer NCT03423628 (RECRUITING)
Glioblastoma NCT05182905 (RECRUITING)
Glioblastoma multiforme NCT05116254 (RECRUITING)
Glioma NCT05678010 (RECRUITING)
Adult soft tissue sarcoma NCT04550104 (RECRUITING)
Non small cell lung cancer NCT03215381 (COMPLETED)
Healthy volunteer male subjects
Solid tumor
AZDO0156 Phase | Solid tumor NCT02588105 (COMPLETED)
Cell Cycle Checkpoint
Chkl GDC-0575 Phase | Lymphoma NCT01564251 (PMID: 29788155)
Solid tumor
LY-2606368 Phase I Ovarian cancer NCT03414047 (PMID: 36192237)
SRA737 Phase I/Il | Solid tumor NCT02797964 (PMID: 37120671)
Non-Hodgkin’s lymphoma
MK-8776 Phase | Hodgkin disease NCT00779584 (PMID: 25605849)
Non-Hodgkin’s lymphoma NCT00907517 (TERMINATED)
Leukemia NCT01521299 (WITHDRAWN)
Adavance solid tumor
Phase Leukemia NCT01870596 (PMID: 28957699)
Weel Debio 0123 Phase | Solid tumor NCT03968653 (RECRUITING)
SY-4835 Phase | Advanced Solid tumor NCT05291182 (RECRUITING)
IMP7068 Phase | Advanced Solid tumor NCT04768868 (RECRUITING)
AZD1775 Phase | Solid tumors NCT02610075 (WITHDRAWN)
Ovarian cancer
Phase I Ovarian cancer NCT02272790 (PMID: 34645648)
Fallopian tube cancer NCT01357161 (PMID: 32611648)
Peritoneal cancer NCT02037230 (PMID: 31398082)
Pancreatic cancer NCT02791919 (WITHDRAWN)
Acute myeloid leukemia
ZN-c3 Phase | Fallopian tube carcinoma NCT05368506 (WITHDRAWN)
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TABLE 1 (Continued) DDR inhibitors in clinical trial.

Disease

10.3389/fphar.2024.1474337

Clinical trial dentifier and status

Pathway  Target

Compound Stage

Peritoneal carcinoma

Breast cancer
Lung cancer
Pancreatic cancer
Solid tumor

NCT04158336 (RECRUITING)
NCT04516447 (RECRUITING)

Phase Il Pancreatic cancer
Phase I/Il

Breast cancer

Uterine serous carcinoma

Osteosarcoma

integrating these therapies with chemotherapy and immune
checkpoint inhibitors to overcome resistance and enhance
therapeutic outcomes. Ongoing research continues to explore
their potential beyond traditional BRCA-mutant cancers, aiming
to broaden their application in cancer therapy.

3 Molecular determinants of efficacy in
DDR inhibitors

DDR inhibitors are designed to target crucial proteins involved
in DNA repair pathways, making them powerful tools for cancer
therapy, particularly for cancers heavily reliant on these pathways
(Kelley et al., 2014; Teo et al., 2017). Most DDR inhibitors operate on
the principle of synthetic lethality, whereby inhibiting a DDR
pathway is fetal to cells already deficient in a complementary
DNA repair mechanism (e.g., PARP inhibitors in BRCA-mutated
cancers) (Yang et al, 2012). These inhibitors capitalize on the
genetic instabilities and repair deficiencies common in cancer
cells, aiming to block DNA repair and thereby induce cancer cell
death (Kelley et al., 2014). The efficacy of DDR inhibitors, such as
DNA-PKcs, PARP, ATR, ATM, Chkl1/2, and Weel inhibitors,
depends substantially on their specific molecular targets within
the DDR pathways. The activation of these targets is influenced
by the types of DNA damage and the genetic context of the cancer
cells being treated. Each category of inhibitor interacts differently
with its target, highlighting the importance of understanding the
underlying molecular and genetic mechanisms to optimize
therapeutic outcomes. Below is a closer examination of why some
DDR inhibitors are more effective than others, grounded in the
underlying molecular biology.

DNA-PKcs Inhibitors: DNA-PKcs is a key component of the
NHE] pathway, responsible for repairing DSBs. DNA-PKcs
inhibitors impede the ability of cancer cells to repair these
breaks, which is particularly important in rapidly dividing cells.
These inhibitors are most effective in tumors with high rates of DSBs
and deficient in other repair pathways like HR (Shrivastav
et al., 2009).

ATM Inhibitors: ATM is activated by DSBs and plays a role in
repair through HR. ATM inhibitors block this process, leading to cell
death in tumors that rely on ATM for survival (Durocher and
Jackson, 2001). However, developing ATM inhibitors has been
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NCT06015659 (RECRUITING)

NCT05682170 (RECRUITING)
NCT05743036 (RECRUITING)
NCT06351332 (RECRUITING)
NCT04814108 (ACTIVE, NOT
RECRUITING)

NCT04833582 (ACTIVE, NOT
RECRUITING)

challenging due to ATM’s essential role in normal cell DNA
repair (Pilié et al, 2019), and their effectiveness is limited in
cancers where alternative pathways, like ATR, can compensate
for the loss of ATM function.

PARP Inhibitors: PARP inhibitors, such as Olaparib, target
PARP1 and PARP2 enzymes involved in the BER pathway,
essential for repairing SSBs. In cells deficient in HR, such as
those with BRCA1/2 mutations, inhibiting PARP leads to the
accumulation of DNA damage and subsequent cell death, a
phenomenon known as synthetic lethality (Lord and Ashworth,
2017). The effectiveness of PARP inhibitors highly depends on the
presence of HR deficiencies. Some PARP inhibitors, like
Talazoparib, exhibit a strong ability to “trap” PARP on DNA,
which can lead to greater cytotoxicity but also increased side
effects (Murai et al., 2012).

ATR Inhibitors: ATR kinase is activated in response to
replication stress and helps stabilize replication forks, preventing
their collapse and the formation of DSBs (Lecona and Fernandez-
Capetillo, 2018; Karnitz and Zou, 2015). ATR inhibitors are
particularly effective in cancers with high levels of replication
stress or when used in combination with agents that induce
replication stress. However, the effectiveness of these inhibitors
can be limited in tumors with intact DDR pathways or in cases
where alternative repair mechanisms compensate for ATR
inhibition.

Chkl and Chk2 Inhibitors: Chkl and Chk2 are checkpoint
kinases that regulate cell cycle progression in response to DNA
damage (Bartek and Lukas, 2003). Chkl is particularly critical
during the S and G2 phases of the cell cycle, making its
inhibition potentially lethal to rapidly dividing cancer cells.
Chkl inhibitors tend to be more effective in cancers where the
G1/S checkpoint (controlled by p53) is dysfunctional, forcing the
cells to rely heavily on the S/G2 checkpoint for survival (Merry et al.,
2010). In contrast, Chk2 has more redundancy and is less commonly
targeted alone (Antoni et al., 2007).

Weel Inhibitors: Weel kinase is a critical regulator of the G2/M
checkpoint; inhibition of this kinase propels cells harboring DNA
damage into premature mitosis. This premature entry into mitosis
leads to mitotic catastrophe, ultimately resulting in cell death (Do
et al., 2013; Geenen and Schellens, 2017). Weel inhibitors are
particularly effective in cancers that depend heavily on the G2/M
checkpoint, such as those with p53-deficient. However, their
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effectiveness can be limited in tumors that can employ alternative
mechanisms to regulate the cell cycle or handle mitotic stress.

In summary, the functionality of DDR inhibitors is intricately
associated with the specific molecular pathways they target, as well
as the genetic and cellular context of the tumors. The efficacy of
DDR inhibitors is proportionally related to the extent to which
cancer depends on the specific pathway targeted by the treatment.
Conversely, tumors equipped with compensatory pathways or those
lacking specific vulnerabilities may exhibit reduced responsiveness.
This highlights the importance of precision medicine in selecting the
most appropriate DDR inhibitor based on the molecular and
genetic profile.

4 Advances in the applicaiton of
treatment based on DDR

4.1 Advances in the application of DNA-PKcs
inhibitors

DNA-PK is pivotal in NHE], a key DNA repair mechanism
2014; Lieber, 2010). The Ku70/
Ku80 complex recognizes and binds to broken DNA ends,

(Goodwin and Knudsen,
recruiting monomeric DNA-PKcs to form an active DNA-PK
complex. This complex serves as a scaffold that bridges the DNA
ends, facilitating the recruitment and phosphorylation of repair
proteins such as Ku70, Ku80, Artemis, XRCC4, XLF, and DNA
Ligase IV, which are critical for completing the repair process.
Research has shown that tumor cells often upregulated DNA-
PKcs expression following radiotherapy or chemotherapy to
repair damaged DNA and evade cell death, leading to acquired
resistance against these therapies (Goodwin and Knudsen, 2014;
Damia, 2020; Hu et al., 2021; Pospisilova et al., 2017). Thus, DNA-
PKcs emerges as a promising target for anticancer therapy.
Effectively suppressing DNA-PKcs with inhibitors, when used
alongside radiotherapy or chemotherapy, can help overcome
tumor cell resistance and enhance therapeutic outcomes.

Four DNA-PKcs inhibitors are currently in Phase I/II clinical
trials: AZD7648, M9831, M3814, and CC-115. AZD7648 stands out
for its high selectivity, showing over 100-fold specificity for DNA-
PKcs compared to related kinases such as ATM, ATR, PI3Ka,
PI3Kp, and PI3K§ (Goldberg et al., 2020). It is currently under
evaluation in the Phase I trial for adult soft tissue sarcoma therapy
(NCT05116254).  Another NCT03907969,
explored AZD7648 as a single agent and combined it with other

completed  study,
anticancer therapies for advanced cancers, underscoring its potential
for wider oncological use. M9831 is a DNA-PKcs inhibitor known
for effectively suppressing NHE], thereby impeding the repair of
DSBs induced by chemotherapy or radiotherapy (Timme et al,
2018). A clinical trial (NCT02644278) has also been completed
investigating M9831 as a monotherapy or combined with PEGylated
liposomal doxorubicin. M3814 is a potent DNA-PKcs inhibitor that
sensitizes various cancer cell lines to agents inducing DSBs and
ionizing radiation (Zenke et al., 2020). Several clinical trials assessing
M3814 as a monotherapy or combined with radiotherapy and
chemotherapy are ongoing (NCT04555577, NCT04092270). CC-
115, a novel dual inhibitor targeting mTOR and DNA-PKcs,

demonstrated promise as a well-tolerated and potentially

Frontiers in Pharmacology

10.3389/fphar.2024.1474337

groundbreaking anticancer therapy in a Phase I trial
(NCT01353625) (Munster et al., 2019). A subsequent Phase I
trial (NCT02833883) combining CC-115 with enzalutamide
demonstrated good tolerability in treating metastatic castration-
resistant prostate cancer (Zhao et al, 2024). Additionally,
preliminary outcomes from a Phase II trial (NCT02977780)
focused on innovative glioblastoma therapy revealed that
although CC-115 was associated with significant treatment-
related toxicity (> grade 3) in 58% of patients, it regrettably
failed to deliver benefits in terms of progression-free survival
(PES) or overall survival (OS) (Rahman et al., 2023).

Despite significant clinical advancements with DNA-PKcs
inhibitors, several challenges remain: 1) Limited Selectivity:
Achieving optimal selectivity for DNA-PKcs over closely related
kinases, such as PI3K (PI3Ka, B, §, y) and other PI3K-related kinases
(PIKKs) like ATM and ATR, is challenging due to the high degree of
sequence homology. To clarify, while DNA-PK inhibitors have the
general trend of limited selectivity in the broader context,
AZD7648 is still highlighted as a notable exception, which sets
AZD7648 apart from many other inhibitors in this class, exhibiting
broader kinase activity profiles and associated off-target effects. 2)
Structural Limitations: The considerable molecular weight of DNA-
PKcs presents technical difficulties in obtaining its crystal structure.
Only the crystal structure of complexes formed by PI3Ky and DNA-
PKcs inhibitors has been elucidated.31 The lack of structural
information limits the precise and rational design of highly
selective DNA-PKcs inhibitors using computational simulations.
3) Potential Side Effects: Inhibiting DNA-PKcs can adversely affect
normal tissues due to its critical role in DDR and repair mechanisms.
The impairment of DNA repair in normal tissues can cause toxicity
in rapidly dividing tissues, such as the bone marrow and
gastrointestinal tract, leading to side effects like myelosuppression
and gastrointestinal disturbances. Therefore, the therapeutic
window for DNA-PKcs inhibitors must be carefully managed to
optimize the anticancer efficacy while minimizing adverse effects on
normal tissues. Despite demonstrating excellent anticancer efficacy
in animal models (Fok et al, 2019; Gordhandas et al., 2022),
standalone DNA-PKcs inhibitors have shown limited clinical
likely
combination therapies to enhance their anticancer -effects.

efficacy. Future development strategies will involve
Additionally, researchers will focus on developing more selective,
efficacious, and less toxic DNA-PKcs inhibitors to further improve

therapeutic outcomes.

4.2 Advances in the application of PARP
inhibitors

BRCA-deficient tumor cells heavily rely on PARP-mediated
single-strand DNA repair pathway due to defects in double-
strand DNA repair, making PARP a widely utilized anticancer
target (Dziadkowiec et al, 2016). PARP inhibitors can function
as sensitizers in chemotherapy and radiotherapy by inducing
synthetic lethality in DNA damage, thereby augmenting the
therapeutic efficacy of these treatments (Kamel et al., 2018).
Mechanistically, upon oxidative stress or alkylation damage to
DNA, PARPI activation leads to the recruitment of nucleases
such as MRE1 and Exol to assist in DNA repair, thereby
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preserving genome stability. Inhibition of PARP1 disrupts the DNA
damage repair pathway, resulting in aberrant apoptosis or cell death.

To date, four PARP1 selective inhibitors have been approved by
US FDA for treating malignant tumors. Among these, Talazoparib, a
next-generation PARP inhibitor, received approval in 2018 for
patients with metastatic or locally advanced breast cancer
carrying BRCA mutations based on EMBRACA (NCT01945775)
(Hoy, 2018). Another Phase III trial evaluating the combination of
Talazoparib and Enzalutamide in men with first-line metastatic
castration-resistant prostate cancer has demonstrated a clinically
and statistically ~significant improvement in radiographic
progression-free survival (rPFS) compared to treatment with
enzalutamide alone. Final OS data and extended safety follow-up
are underway, which will provide further insight into the long-term
clinical benefits of this treatment regimen (Agarwal et al., 2023). In
2016, US FDA approved Rucaparib as a third-line treatment for
female ovarian cancer patients (Shirley, 2019). Additionally,
Rucaparib was evaluated in a phase II trial (NCT03413995) as a
monotherapy for patients with metastatic hormone-sensitive
prostate cancer who have germline mutations in HR repair genes.
However, this trial was terminated early due to failing to meet its
pre-specified efficacy threshold, leading to discontinuation of
enrollment (Markowski et al., 2024). Niraparib received US FDA
approval in 2017 for the treatment of primary peritoneal cancer,
fallopian tube cancer, or recurrent epithelial ovarian cancer that is
resistant to first-line platinum-based chemotherapy (Heo and
Duggan, 2018). A Phase III trial (NCT01905592) comparing
Niraparib to a physician’s choice of treatment in HER2-negative,
germline BRCA mutation-positive breast cancer patients was also
terminated early due to insufficient efficacy. Olaparib first obtained
FDA approval in 2014 for treating germline BRCA-mutated
advanced ovarian cancer after three or more prior lines of
chemotherapy (Bochum et al., 2018). In 2017, it was approved
for the maintenance treatment of adults with recurrent epithelial
ovarian, fallopian tube, or primary peritoneal cancer in a complete
or partial response to platinum-based chemotherapy (FDA, 2017).
Furthermore, in 2018, Olaparib became the first PARP inhibitor to
receive FDA approval for treating germline BRCA-mutated HER2-
negative metastatic breast cancer after three or more prior lines of
chemotherapy (FDA, 2018). Veliparib remains under investigation
and has not yet received FDA approval. It has shown potential in
enhancing the effects of several chemotherapeutics and has been
included in numerous clinical trials of combination
therapies (Table 1).

Combining PARP inhibitors with anti-angiogenic therapy has
emerged as a recent research focus. Multi-kinase inhibitors targeting
VEGEFR, PDGFR, and FGFR can induce hypoxic environments and
HR deficiency by inhibiting angiogenesis, thereby augmenting the
sensitivity of tumor cells to PARP1/2 inhibitors (Ahn and Bekaii-
Saab, 2020; Ivy et al, 2016). Furthermore, combining PARP
inhibitors with alkylating agents such as Temozolomide and
platinum-based drugs can enhance the “synthetic lethality” effect,
leading to more effective tumor cell eradication (Lok et al., 2017).
the

combination of Olaparib/Talazoparib with Temozolomide for the

Currently, clinical studies are underway investigating
treatment of gliomas, small cell lung cancer (SCLC), and uterine
smooth muscle tumors (Hanna et al, 2020). Additionally,

combining PARP inhibitors with PD-1/PD-L1 inhibitors has
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demonstrated a higher overall response rate (ORR) of 71% in
patients with platinum-sensitive recurrent ovarian cancer
harboring BRCA mutations (Lampert et al, 2020). Niraparib
combined with Pembrolizumab has achieved an ORR of 24% and
a disease control rate (DCR) of 67% in treating platinum-resistant
recurrent ovarian cancer patients (Konstantinopoulos et al., 2019).
PARP
therapeutic potential across a diverse range of cancers, both as

In conclusion, inhibitors have exhibited significant

standalone treatments and in combination with other therapies.

4.3 Advances in the application of ATR/ATM
inhibitors

ATR and ATM are essential partners in synthetic lethality and
cancer therapy. Numerous interactions between ATR and ATM
signaling pathways ensure genome stability and cell survival (Burma
etal,, 2001; Matsuoka et al., 2007; Yang et al., 2004). Upon activation
by RPA-coated single-stranded DNA, ATRIP binds directly to RPA,
localizing ATR to DNA damage sites. This action triggers the ATR-
Chkl signaling cascade, leading to cell cycle arrest at the G2-M
phase, thus providing a temporal window for DNA damage repair.
Conversely, ATM responds to DSBs by interacting with MRN
(MREI11-RAD50-NBS1),  generatingy-H2AX  and
subsequently  phosphorylating activating Chk2. This
activation triggers G1-S checkpoints and delays entry to the S

complex
and

phase, facilitating DNA damage repair.

The synergistic effect of inhibiting both ATR and ATM is based
on the critical interdependence of their pathways in managing DNA
damage, particularly under conditions of oncogenic replication
stress and therapeutic interventions such as radiation or
chemotherapy. Inhibition of ATR leads to the accumulation of
ssDNA regions due to replication stress, which can cause
replication forks to collapse and the formation of DSBs.
Normally, ATM would be activated by these DSBs to initiate
repair. However, when ATM is also inhibited, the repair of these
breaks is severely compromised, leading to a buildup of unrepairable
DNA damage. This dual inhibition overwhelms the cancer cell
repair mechanisms, significantly enhancing cell death. This
strategy provides a strong rationale for the combined use of ATR
and ATM inhibitors, particularly in tumors that heavily depend on
these pathways due to existing DNA repair deficiencies.

Several ATR/ATM inhibitors have entered clinical trials for
cancer treatment. AZD6738 is an effective oral bioavailable ATR
inhibitor (Min et al., 2017). In a Phase I trial (NCT02630199),
AZD6738 was administered at 240 mg twice daily in combination
with paclitaxel, achieving a promising ORR of 22.6%, which
increased to 33.3% in the melanoma subgroup. The median
progression-free survival (mPFS) was 3.6 months, and the
median overall survival (mOS) was 7.4 months, with the most
common adverse reactions being neutropenia (68%), anemia
(44%), and thrombocytopenia (37%) (Kim et al., 2021). M6620,
another specific ATR inhibitor, significantly inhibits pancreatic
tumor growth without notable toxicity to normal cells or tissues
(Thomas et al., 2018). A Phase I trial (NCT03641547) demonstrated
that combining M6620 with radiation therapy is feasible and well-
tolerated in esophageal cancer patients. Its use with cisplatin and
capecitabine also showed tolerability in advanced cancer cases
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(Javed et al, 2024). Another Phase I study (NCT02487095)
that
especially effective in treating platinum-refractory small-cell lung

demonstrated combining M6620 with Topotecan is
cancer. This condition does not respond well to Topotecan
alone.59 BAY-1895344 is a potent, highly selective, orally
available ATR inhibitor, demonstrating significant efficacy as a
monotherapy in cancer xenograft models with specific DNA
damage repair deficiencies (Liicking et al., 2020). A Phase I
clinical study (NCT03188965) investigating BAY-1895344 for
treating patients with advanced solid tumors and lymphomas has
completed recruitment. Initial results from this study, involving
22 patients, indicated that four achieved partial responses.
Furthermore, patients exhibiting ATM mutations or loss had a
median survival time of 315.5 days. Overall, BAY-1895344 is
well-tolerated and shows antitumor activity in cancers with
certain DDR defects, including ATM loss (Yap et al, 2021).
However, another Phase I clinical study (NCT04267939), testing
BAY-1895344 in combination with Niraparib, was terminated as the
experimental combination did not provide the anticipated benefits
over existing standard therapies. M4344, a potent ATR kinase
inhibitor that effectively suppresses Chkl phosphorylation
(Gorecki et al., 2020), encountered challenges in its development.
A Phase I study (NCT02278250) revealed that while M4344 was
well-tolerated at lower doses, unexpected liver toxicity at higher
doses could limit its therapeutic efficacy (Burris et al., 2024). Two
additional trials of M4344 (NCT04149145/NCT04655183) were
withdrawn for undisclosed reasons. M1774 is a potent ATR
inhibitor currently in the recruitment phase for several clinical
trials targeting various types of cancer (Table 1).

AZDO0156 is an oral ATM inhibitor that efficiently blocks ATM
kinase activity, induces apoptosis in malignant tumors, and leads to
tumor cell death (Pike et al., 2018). The pharmacokinetics,
tolerability, safety, and efficacy of AZDO0156 are being evaluated
in a Phase I clinical trial, which has completed recruitment
(NCT02588105). AZD1390 is an orally active, CNS-penetrating
ATM inhibitor distinguished by its exceptional selectivity for
ATM, demonstrating potency more than 10,000 times greater
than other enzymes in the PIKK family. It is also in the
recruitment phase for multiple clinical trials aimed at treating
various types of cancer (Table 1). These developments highlight
the ongoing efforts to harness the therapeutic potential of ATR/
ATM inhibitors in oncology.

Despite these developments, no ATM/ATR inhibitors have
been approved for clinical use. The potential for tumors to bypass
inhibited ATR/ATM pathways via alternative mechanisms
underscores the importance of combining ATM or ATR
inhibitors with PARP inhibitors. Cancers with ATM mutations
often rely more heavily on ATR for survival and DNA repair
(Armstrong et al., 2019; Cheng et al., 2022). This dependency
makes ATR an appealing target because inhibiting ATR in these
contexts can specifically sensitize cancer cells to treatment without
similarly affecting healthy cells. This combination could provide a
synergistic effect, enhancing antitumor outcomes through
synthetic lethality. ATR is one of the most promising synthetic
lethality targets, holding significant potential for treating cancers
with ATM mutations or loss. These efforts continue to
demonstrate the significant potential of ATR/ATM inhibitors
in oncology.
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4.4 Advances in the application of Chkl/
Weel inhibitors

Overexpression of Chkl and Weel has been observed in various
cancers, including ovarian and breast cancer (Cleary et al., 2020;
Ghelli Luserna Di Rora et al., 2019). Inhibiting Weel or Chkl1 causes
tumor cells with DNA damage to enter mitosis prematurely, leading
to apoptosis or cell death. Mechanistically, single-stranded DNA
damage activates ATR, which phosphorylates and activates Chkl.
This activation subsequently phosphorylates cdc25C and Weel,
leading to the activation of Weel and inhibition of cdc25C.
Weel further phosphorylates the CDKI-Cyclin B complex,
rendering it inactive and causing G2 arrest to allow for DNA
repair (Du et al, 2020; Matheson et al, 2016). As a critical
protein kinase, Weel effectively inhibits CDK2 and CDKI1 to
activate the G2/M checkpoint, inducing G2/M arrest to allow for
DNA repair. Inhibiting Weel prevents the G2 checkpoint initiation,
allowing cells to enter mitosis with incorrect DNA content, leading
to a loss of genomic integrity and cell death. Cancer cells with
dysregulated G1/S cell cycle checkpoints heavily rely on the G2/M
checkpoint to prevent excessive DNA damage accumulation.
Therefore, based on synthetic lethality, inhibiting Weel can block
the G2/M checkpoint to treat p53-deficient tumor cells, as p53 plays
a critical role in the GI checkpoint. Current research primarily
focuses on combining Weel inhibitors with other therapeutic agents
that DNA damage, including PARP
chemotherapy, or radiotherapy

induce inhibitors,

carrying
TP53 mutations. Chkl is a highly conserved serine/threonine

for  patients
kinase that is involved in multiple signal transduction pathways
activated by DNA damage events (Dent, 2019; Zhang and Hunter,
2014). Inhibiting Chkl can disrupt the G2 checkpoint initiation,
impair DNA repair and promote tumor cell apoptosis (Carrassa and
Damia, 2011; Rundle et al., 2017).

LY-2606368 is a potent Chk1 kinase inhibitor with an IC50 of
less than 1 nM for Chkl and less than 8 nM for Chk2 (Heidler et al.,
2020). It has shown promise in a Phase II clinical trial
(NCT03414047), demonstrating durability as a single agent in
certain with
(Konstantinopoulos et al., 2022). Another study comparing the
activity and off-target effects of CHKI1 inhibitors MK-8776,
SRA737, and LY2606368 demonstrates that LY2606368 is the
most selective CHK1 inhibitor (Ditano and Eastman, 2021). This
finding supports the potential for further clinical development of
LY2606368. Another Chk1 kinase inhibitor, GDC-0575, is known to
enhance the sensitivity of cancer cells to chemotherapy-induced
DNA damage (Li et al., 2021). Although GDC-0575 can be safely
administered alone or in combination with gemcitabine, its

patients recurrent ovarian cancer

antitumor efficacy was limited, achieving only a 15% PR rate
among 102 patients treated with the combination in a Phase I
study (NCT01564251) (Italiano et al., 2018). SRA737, a different
orally active Chkl1 inhibitor, was well-tolerated in Phase I/II trials
(NCT02797964) focusing on solid tumors. However, it lacked
sufficient efficacy as a monotherapy. Future studies should
explore its use in combination therapies (Kristeleit et al., 2023).
MK-8776 also exhibited strong and selective inhibition of Chkl and
was well-tolerated either alone or in combination with gemcitabine
in a Phase I trial with advanced solid tumors (Daud et al., 2015).
However, a randomized Phase II trial exploring the efficacy of
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cytosine arabinoside with and without MK-8776 in relapsed and
refractory acute myeloid leukemia found that while MK-8776
significantly increased DNA damage in leukemia cells, as
indicated by elevated y-H2AX levels, it did not lead to notable
improvements in treatment responses or survival outcomes
compared to the control group (Webster et al., 2017).

AZD1775, the pioneering Weel inhibitor to enter Phase I trial
(NCT02610075), has demonstrated tolerability and efficacy in
reducing tumor size in patients with advanced solid tumors. The
inhibitor specifically targets the G2/M checkpoint, increasing the
vulnerability of p53-deficient tumors to DNA damage induced by
radiotherapy or chemotherapy. Zn-C3, another orally active, potent,
and selective Weel inhibitor, is currently being evaluated in multiple
clinical trials for a range of cancers, including ovarian cancer,
fallopian tube cancer, uterine carcinoma, peritoneal cancer, acute
myeloid leukemia, colorectal cancer, breast cancer, osteosarcoma
and other solid tumors (Table 1). Additional novel Weel inhibitors
such as Debio 0123, SY-4835, and IMP7068 are now entering Phase I
clinical trials (NCT03968653, NCT05291182, NCT04768868), with
hopes for positive outcomes.

5 Lessons from unsuccessful DDR
inhibitor trials in oncology

The failure of clinical trials involving DDR inhibitors, such as
those targeting PARP, ATR, and other key proteins, has provided
critical insights for the future of tumor drug development. Several
common factors contributing to these failures offer valuable lessons:
1) Biological Complexity and Tumor Heterogeneity: DDR pathways
are inherently complex and often exhibit significant redundancy.
Tumors can adapt by activating alternative survival pathways, which
reduces the efficacy of DDR inhibitors. To overcome this challenge, a
deeper understanding of tumor biology and heterogeneity is
essential. Conducting biomarker-driven trials and developing
companion diagnostics are crucial for identifying patients who
are most likely to benefit from specific DDR inhibitors.
Additionally, refining drug designs to boost specificity and
minimize off-target effects could significantly improve the
therapeutic potential of these inhibitors. 2) Inadequate Preclinical
Models: Promising results from preclinical models often fail to
translate into clinical success, largely because these models
inadequately represent human tumors. To improve the predictive
accuracy of preclinical studies, it is essential to adopt more
representative models, such as patient-derived xenografts and
organoids, which more closely mimic the biological complexities
of human tumors. 3) Toxicity and Side Effects: DDR inhibitors can
cause significant toxicity, particularly when combined with other
treatments, such as chemotherapy or radiation. Optimal patient
selection, precise dosing strategies, and comprehensive phase I
studies to delineate toxicity profiles are critical steps in mitigating
these risks. It is also important to base combination therapies on
strong biological evidence supported by preclinical data to manage
and prevent potential toxicities and interactions. 4) Drug Resistance:
Resistance to DDR
mechanisms, including mutations in the target enzymes or

inhibitors can arise through various

alterations in drug metabolism. Combination therapies that target
multiple pathways simultaneously may help overcome resistance.
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Continuous monitoring of resistance mechanisms during clinical
trials can provide essential feedback for adjusting treatment
protocols. In summary, analyzing failed DDR inhibitor trials is
crucial for gaining strategic insights that can improve trial
designs, refine patient selection criteria, and optimize therapeutic
strategies. These lessons are vital for increasing the probability of
success in future oncological drug development endeavors.

6 Challenges and prospects

Recent advancements in DDR inhibitors for cancer therapy have
ushered in a landscape filled with both significant challenges and
immense prospects. Key challenges include managing severe side
effects such as leukopenia and myelotoxicity, especially when these
inhibitors are used alongside chemotherapy. There is also a critical
need to enhance the selectivity and specificity of these therapies to
minimize their impact on healthy cells, expand their therapeutic
windows, and identify more genetic biomarkers that can accurately
predict patient responses to treatments. On the promising side,
ongoing research dedicated to refining molecular designs is leading
to the development of more effective and less toxic drugs. These
innovative inhibitors are precisely engineered to target specific DDR
deficiencies, potentially expanding the range of treatable cancers.
Furthermore, optimizing combination therapies aims to reduce the
required dosages
transforming

and overall cumulative toxicity, thereby
the

trajectory of DDR inhibitors involves surmounting these existing

treatment outcomes. Looking forward,
limitations through groundbreaking drug design and advanced
strategies, potentially enabling their widespread

implementation in cancer therapy protocols and significantly

clinical

improving survival rates. These developments are poised to
convert non-responders into responders and elevate existing
responders to “super-responder” status, revolutionizing the
cancer treatment landscape with more personalized, effective, and

safer therapeutic options.

7 Conclusion

Significant advancements in targeted DNA repair inhibition for
cancer therapy have been made, marked by the development of
highly selective and efficacious DDR inhibitors. These therapies
leverage synthetic lethality to tailor treatment for cancer patients
with specific DDR deficiencies, achieving precision and personalized
treatment outcomes. By inhibiting DDR, these therapies enhance the
effectiveness of related drugs and overcome treatment resistance by
preventing cancer cells from repairing DNA damage. However, the
potential of DDR inhibitors comes with challenges, particularly
when combined with chemotherapy, which can lead to side
effects
myelotoxicity. Future research on DDR inhibitors will focus on

such as leukopenia, gastrointestinal toxicity, and
improving their selectivity and specificity to reduce toxicity and
minimize the dosage required for combination therapy. Another
challenge is broadening their therapeutic windows and identifying
additional genetic biomarkers sensitive to DDR inhibition. PARP
inhibitors are the only FDA-approved DDR inhibitor due to their

wide therapeutic windows. Further efforts will aim to discover more

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1474337

Qian et al.

biomarkers with therapeutic relevance, potentially expanding the
patient population that benefits from DDR inhibitors.
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Immune checkpoint inhibitors (ICls) have revolutionized cancer treatment,
demonstrating unprecedented efficacy against advanced cancers. However,
their clinical applications are significantly hampered by low overall response
rates. Dual blockade of two immune checkpoints represents a promising strategy
to enhance immunotherapeutic efficacy. In this study, we developed hybrid cell
membrane nanovesicles adorned with PD-1 and SIRPa receptors for combination
immunotherapy in melanoma. Our hybrid nanovesicles (PD-1/SIRPa NVs)
demonstrated high specificity to PD-L1 and CD47 ligands, facilitating the
phagocytosis of melanoma cells by macrophages. In a melanoma mouse
model, PD-1/SIRPa NVs significantly suppressed 77% of tumor growth and
elicited a robust antitumor immune response for immunotherapy. In
conclusion, our findings highlight the promising potential of PD-1/SIRPa NVs
as novel and effective ICls for cancer immunotherapy.

KEYWORDS

PD-1, SIRPa, cell membrane nanovesicle, immune checkpoint blockade, cancer
immunotherapy

1 Introduction

Immune checkpoint inhibitors (ICIs), aimed to revive the exhausted immune cells for
systemic antitumor immune response, have revolutionized cancer treatment with
unprecedented efficacy in treating many advanced cancers (Johnson et al., 2022; Bagchi
et al,, 2021). Despite their great clinical success, only a few patients benefit from ICIs as a
single treatment. Low response, immune-related adverse events (irAEs), and tumor
resistance significantly limit the further application of ICIs (Bagchi et al., 2021; de
Miguel and Calvo, 2020). Hence, there is an urgent need to develop novel drugs with
enhanced efficacy for cancer immunotherapy (Fang W. et al., 2023; Chen et al.,, 2023).

Combining ICIs targeting two (or more) immune checkpoint receptors represents an
effective strategy for improved cancer treatment (Willsmore et al., 2021; Burton and Tawbi,
2021). For example, combination therapy with anti-CTLA-4 plus anti-PD-1/PD-L1 has
shown an outperformed therapeutic effect over single ICIs treatment in melanoma and
non-small cell lung cancer (NSCLC) (Chae et al,, 2018). The FDA recently approved a
combination of PD-1 inhibitor (nivolumab) with LAG-3 inhibitor (relatlimab-rmbw) to
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Schematic illustration of the mechanism of PD-1/SIRPa nanovesicles disrupting PD-L1/PD-1 and CD47/SIRPa axes for enhanced cancer

immunotherapy.

treat advanced melanoma. PD-1/LAG-3 co-blockade showed
prolonged progression-free survival and enhanced objective
response rates in cancer patients compared to PD-1 blockade
monotherapy (Abi-Aad et al., 2023). Given the superior efficacy
of dual immune checkpoint inhibitor blockade, developing smart
formulations (et. bispecific antibody, nanoparticle, fusion protein)
for killing two birds with one stone holds advantageous potential for
potentiated cancer immunotherapy (Wang R. et al., 2023; Gao et al.,
2023; Meng et al., 2021).

The significant advance in nanotechnology has opened a new
avenue for effective cancer therapy (Fan et al., 2023; Ren et al., 2021).
Cell membrane nanovesicles (CMN) have emerged as a promising
delivery platform in tumor diagnosis and cancer treatment (Le et al.,
2021; Yang et al., 2022; Zhao et al., 2024). Due to the natural cell-
derived biomaterial, cell membranes have inherently good
biocompatibility and reduced immunogenicity for therapeutic use
(Cheng et al,, 2023). When transformed into nanovesicles, CMN
exhibits good stability and prolonged circulation in vivo compared
with synthetic nanocarriers (Mu et al., 2023). More importantly,
CMN can be engineered to display a variety of functional proteins
on the outer surface, conferring nanovesicles targeting delivery,
therapeutic potential, or immunomodulatory properties for
treating diseases (Fang T. et al, 2023; Yu et al, 2022; Zhang
et al, 2023). Furthermore, by incorporating various therapeutic
agents into its inner cavity, CMN could be developed into a
versatile platform for combination cancer therapy (Hu et al,
2024; Wang M. et al,, 2023). Notably, due to the inherent fusion
ability of cell membranes, hybrid CMN could be prepared using two
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or more types of cell membranes for multifunctional application
(Rao et al., 2020; Sun et al., 2023; Guo et al., 2024; Peng et al., 2024).

Herein, we fabricated a hybrid cell membrane nanovesicle
with PD-1 and SIRPa
immunotherapy in melanoma. Given the vital roles of PD-1/
PD-L1 and SIRPa/CD47 axes in releasing ‘do not find me’ and ‘do
not eat me’ signals (Xiao et al., 2023; Luo J. Q. et al., 2023), we aim

co-decoration for combination

to simultaneously disrupt these signals for inducing innate and
adaptive immunity using an engineered nanovesicle (Scheme 1).
In vitro cellular uptake, tumor-selective binding, and in vivo
antitumor efficacy of PD-1/SIRPa NVs were investigated
in detail.

2 Materials and methods
2.1 Materials

The lentiviral plasmids carrying PD-1-GFP or SIRPa-GFP were
purchased from Origen. CellTracker Green and Red were purchased
from Thermo Fisher. Antibodies targeting PD-1, SIRPa, and Na*K*
ATPase for Western blot analysis were purchased from Abcam. All
antibodies used for blocking and flow cytometry in this study were
obtained from BioLegend. 4',6-diamidino-Z-phenylindole (DAPI),
perchlorate (DiO), perchlorate (Dil), and Cell Counting Kit-8 were
purchased from Beyotime. Serum tumor necrosis factor-alpha
(TNF-a) and interferon-y (IFN-y) ELISA kits were purchased
from Keygen Biotech.
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2.2 Cell culture

Murine melanoma cell B16F10, dendritic cells DC2.4, and
HEK293T cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% Fetal Bovine Serum (FBS) in
a cell incubator at 37°C and 5% CO.,.

2.3 Preparation of PD-1 or SIRPa stable cells

Stable cells expressing mouse PD-1 or SIRPa receptors were
prepared by transfecting lentiviral vectors carrying PD-1-GFP or
SIRPa-GFP into HEK293T cells. Briefly, HEK293T cells were seeded
in a six-well plate at a density of 1 x 10° per well. On the second day,
Opti-MEM medium containing 6 pL Lipofectamine 3,000 reagent or
4 pg lentiviral plasmids was mixed at room temperature for 15 min
and added into cells. After 2 days of transfection, the transfected cells
were cultured under the puromycin selection (5 pug/mL). Stable cell
lines with PD-1 or SIRPa expression were obtained from single-cell
colonies through limited dilution.

2.4 Synthesis and characterization of
PD-1/SIRPa NVs

HEK293T cells stably expressing SIRPa-GFP and PD-1-GFP
were cultured in a DMEM medium containing 10% FBS. The Cells
were washed at least three times with cold PBS by centrifuging at
1,000 rpm. Then, the cells were disrupted in a homogenization
medium (HM) containing 0.25 M sucrose, 1 mM EDTA, 20 mM
Hepes-NaOH, pH 7.4, and a proteinase inhibitor mixture by a
Dounce homogenizer for at least 50 times on ice. The supernatant
obtained after low-speed centrifugation of entire solutions was
ultracentrifuged at 35,000 rpm for 2 h. The pellets were collected
and washed with HM buffer containing proteinase inhibitor three
times and then resuspended with suitable PBS. After sonicating for
5 min, the cell membranes in PBS finally passed stepwise through
1.0 and 0.4 um nanopore polycarbonate membranes on an extruder
at least 20 times. PD-1 NVs and SIRPa NVs were obtained. As for
the hybrid nanovesicle preparation, the PD-1 cell membrane and
SIRPa cell membrane were mixed (protein weight ratio of 1:1) and
then extruded through 0.4 pm pores on the mini extruder. The
named PD-1/SIRPa NVs. The
quantification of nanovesicles was determined by measuring the

obtained nanovesicle was

total protein content within the nanovesicles using a BCA assay. The
hydrodynamic diameter and zeta potential of cell membrane
nanovesicles were monitored by dynamic light scatter (DLS). The
morphologies of NVs were also observed by using transmission
electron microscopy (TEM).

2.5 Biocompatibility analysis

Five thousand DC2.4 cells were seeded into each well in a 96-
well plate and cultured for 12 h. Different concentrations of PD-1/
SIRPa NVs were added to the cell medium for 48 h incubation.
CCK-8 solution was added to each well for 4 h at 37°C. The
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absorbance of the solution in each well was determined at
450 nm wavelength using a microplate reader (TECAN M200).

2.6 In vitro blockade analysis

In vitro blockade analysis was performed by assessing the
inhibitory binding effect of aPD-L1 on the interaction between
nanovesicles and melanoma cells. Dil-labeled PD-1/SIRPa NVs
were utilized to track the binding ability. B16F10 cells were
seeded in a 12-well plate containing at a density of 2 x 10° cells
per well for 12 h. On the second day, the melanoma cells were treated
with CD47 antibody solution (50 pg/mL in DMEM), PD-L1
antibody solution (50 pg/mL in DMEM), or CD47 antibody plus
PD-L1 antibody solution for 4 h at 37°C. PBS solution was used as a
control. The cells were treated with Dil-labeled PD-1/SIRPa NV for
2 h. After washing with PBS, the melanoma cells were subjected to
flow cytometry analysis (gated at PE channel).

2.7 Nanovesicles binding assay

B16F10 cells were seeded in a six-well plate and cultured for
12 h. On the second day, mouse red blood cells (RBC) were added to
the well. Dil-labeled PD-1/SIRPa NVs (100 pug/mL) were added to
the wells containing mixed cells and incubated for 4 h. After that,
RBCs were isolated from the supernatant, while BI6F10 cells were
digested with trypsin and collected. The nanovesicle binding was
analyzed by flow cytometry.

2.8 In vitro phagocytosis assay

Bone marrow-derived macrophages (BMDMs) were isolated
from C57BL/6 mice according to the literature. The femur and
tibia were taken from mice to acquire bone marrow cells. After
spinning at 1,000 rpm for 5 min, the bone marrow cells were mixed
with red blood cell lysis buffer at room temperature for 3 min to clear
away red blood cells. The marrow cells were washed and placed in
DMEM with monocyte colony-stimulating factor (50 ng/mL) for
7 days. Fresh DMEM with M-CSF was changed every 2 days. At the
7-day mark, the sticking cells were colored with CD11b and F4/
80 antibodies from Biolegend. The colored cells were confirmed to
be BMDM:s for later use.

We explored the phagocytosis of tumor cells using BMDM:s
isolated from C57BL/6 mice. The isolated BMDM:s were cultured in
DMEM supplemented with 20 ng/mL monocyte colony-stimulating
factor (M-CSF) for 7 days to promote differentiation into
macrophages. BMDMs were labeled with CellTracker Green,
while B16F10 melanoma cells were stained with CellTracker Red.
BMDMs were seeded at a density of 2 x 10° cells per well in a six-well
plate and cultured overnight. Cells were then exposed to aCD47 or
PD-1/SIRPa NVs in a serum-free medium for 2 h. Subsequently,
CellTracker Red-stained B16F10 melanoma cells were added, and
the mixture was incubated at 37°C for 4 h. After three washes, the
uptake of BI6F10 cells (labeled red) by BMDMs (labeled green) was
visualized using fluorescent microscopy.
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2.9 In vivo antitumor assay

All animal experiments were conducted following the National
Institutes of Health Guidelines for the Care and Use of Laboratory
Animals, and the guidelines were approved by the Animal
Protection and Utilization Committee of Taizhou University
(Taizhou, Zhejiang). Five million B16F10 cells were implanted
into the right flanks of female C57BL/6 mice to obtain
subcutaneous melanoma xenograft. When the tumor size reached
50-80 mm®, mice were randomly divided into five groups (n = 5):
PBS, Blank NVs (prepared by HEK293T cell membrane without
immune checkpoint receptors), PD-1 NVs, SIRPa NVs, and PD-1/
SIRPa NVs. The mice were treated with PBS, Blank NV (25 mg/kg,
protein weight), PD-1 NVs (25 mg/kg, protein weight), SIRPa NVs
(25 mg/kg, protein weight), and PD-1/SIRPa NVs (25 mg/kg,
protein weight) for five times every 3 days via tail vein injection.
Tumors volume (V) was calculated to be V = d* x D/2, where d is the
shortest, and D is the longest diameter of the tumor, respectively.
Animals were euthanized when exhibiting signs of impaired health
or when the tumor volume exceeded 2 cm®.

2.10 Flow cytometry

Immune cells infiltrated in tumor tissues were isolated for flow
cytometry. The cell suspension was filtered with a 200 mesh filter
and centrifuged at 1,000 rpm for 5 min. The collected cells were
treated with the Zombie Violet dye Fixable Viability Kit and blocked
with the FC blocking antibody CD16/32 (clone 93). Antibodies
targeting CD45 (PerCP-Cyanine5.5; clone 30-F11), CD3 (APGC;
clone 17A2), CD8a (PE; clone 53-6.7), CD4 (FITC; clone
GK1.5), CD80 (PECyanine7; clone 16-10A1), CD86 (APC; clone
GL-1), CD206 (APC; clone C068C2) (Biolegend) were used to stain
the relative protein. After washing with PBS, the cell suspensions
were subjected to a CytoFLEX flow cytometer (Beckman) with
CytoExpert software (Beckman Coulter).

2.11 Tissue section staining and
cytokine detection

Mouse tumors and main organs, including heart, liver, spleen,
lung, and kidney, were collected and subjected to hematoxylin and
eosin (H&E) staining. Serum samples were isolated from mice
treated with different formulations on day 15th after injection.
According to the manufacturer’s protocols, the IFN-y and TNF-a
in serum were determined by ELISA (KeyGen).

2.12 Statistical analysis

All results are expressed as the mean + standard deviation.
Statistical analysis was performed using SPSS software. One-way or
two-way analysis of variance (ANOVA) and Tukey post hoc tests
were used when more than two groups were compared (multiple
comparisons) as indicated. All statistical analyses were carried out
using the IBM SPSS statistics 19. The threshold for statistical
significance was P < 0.05.
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3 Results

3.1 Preparation and characterization of
PD-1/SIRPa NVs

To achieve hybrid nanovesicles presenting PD-1 and SIRPa
receptors, we generated stable cell lines expressing PD-1-GFP or
SIRPa-GFP in HEK293T cells, chosen for their high membrane
receptor  expression.
transfection with lentiviral plasmids carrying PD-1-GFP or SIRPa-

The stable cell lines were created via

GFP and selection with puromycin using a limited dilution method.
Confocal laser scanning microscopy (CLSM) demonstrated the co-
localization of PD-1 or SIRPa proteins with the cell membrane probe
(Dil), indicating successful membrane expression of the two immune
checkpoint receptors (Figure 1A). PD-1 or SIRPa-decorated cell
then ultracentrifugation and
transformed into PD-1 nanovesicles (PD-1 NVs) or SIRPa
nanovesicles (SIRPa NVs) by extruding them through 1.0, 0.4, and
0.2 pum pore-sized polycarbonate membrane filters. Finally, PD-1/

membranes were isolated via

SIRPa NVs were prepared by extruding mixed cell membranes
(protein ratio 1:1) through the mentioned filters. Dynamic light
scattering (DLS) analysis revealed that PD-1/SIRPa NVs have a
mean diameter of 190.6 nm (Figure 1B). The zeta potential of the
hybrid NVs was determined to be —11.5 mV. Morphological analysis
via transmission electron microscopy (TEM) indicated that the hybrid
nanovesicles possessed a hollow sphere nanostructure (Figure 1C).
Additionally, Western blotting analysis confirmed the presence of
PD-1 and SIRPa proteins in the hybrid nanovesicles (Figure 1D).

3.2 Bioactivity analysis of PD-1/SIRPa NVs

We conducted stability assessments of PD-1/SIRPa NVs in a PBS
solution (pH 7.4) over 15 days, revealing no significant changes in size,
indicating robust colloidal stability (Figure 2A). Additionally, we
evaluated the biocompatibility of PD-1/SIRPa NVs in DC2.4 cells
through a CCK8 assay, demonstrating good compatibility across all
tested concentrations (Figure 2B). Furthermore, the internalization of
PD-1/SIRPa NVs was examined in B16F10 melanoma cells using
CLSM analysis. Dil-labeled hybrid nanovesicles were incubated with
melanoma cells for 4 hours at 37°C, revealing red fluorescent spots
distributed within the cytoplasm, indicating efficient cellular uptake of
our nanovesicles in melanoma cells (Figure 2C).

We examined whether our hybrid nanovesicles could block PD-
L1 and CD47 ligands on cancer cells simultaneously, given their co-
expression of PD-1 and SIRPa receptors. BI6F10 melanoma cells,
known for PD-L1 and CD47 overexpression, were used for
checkpoint block assay. The cancer cells were pre-treated with
aPD-L1 and aCD47 antibodies for 4 hours, followed by a two-
hour incubation with Dil-labeled PD-1/SIRPa NVs. The resulting
cancer cells with fluorescent nanovesicle binding were analyzed
using flow cytometry. Our findings showed that aPD-L1 or
aCD47 treatments significantly reduced nanovesicle binding
compared to PBS treatment. aPD-L1 plus aCD47 treatment
resulted in the depletion of approximately half of the tumor-
bound nanovesicles (Figures 2D,E). These outcomes underscore
the promising potential of PD-1/SIRPa NVs for concurrent
immune checkpoint blockade.
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Preparation and characterization of PD-1/SIRPa NVs. (A) Confocal microscopy images of PD-1 and SIRPa stable cell lines. Stable cell lines were
obtained by transfecting lentiviral vectors carrying PD-1-GFP or SIRPa-GFP through limited dilution. The cell membranes were stained with the
membrane dye Dil (red). Scale bar: 10 ym. (B) Size distribution of PD-1/SIRPa NVs in PBS solution determined by dynamic light scattering (DLS). (C)
Morphology analysis of PD-1/SIRPa NVs by TEM. Scale bar: 100 nm. (D) Western blot analysis of PD-1 and SIRPa protein expression in hybrid
nanovisicles. Na*K* ATPase was used as a positive control for membrane protein retained in cell membrane nanovesicles.

3.3 PD-1/SIRPa NVs promoted the
phagocytosis of melanoma cells by BMDMs

The CD47/SIRPa
macrophages serves as a crucial “don’t eat me” signal, preventing

interaction between cancer cells and

cancer cells from phagocytosis by macrophages (Wang et al., 2022;
Zhou et al, 2024). Targeting CD47 blockade can enhance
macrophage-mediated phagocytosis of cancer cells, presenting a
promising avenue for cancer immunotherapy (Luo J. Q. et al., 2023).
In our study, we assessed the pro-phagocytic capacity of PD-1/
SIRPa nanovesicles (NVs) in vitro due to the presence of the SIRPa
receptor. Mouse bone marrow-derived macrophages were cultured
and co-incubated with B16F10 cells. Interestingly, in the PBS control
group, no phagocytic BI6F10 cells (labeled in red) were observed
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within the BMDMs (labeled in green). In contrast, the treatment
with SIRPa NVs or PD-1/SIRPa NVs resulted in the formation of
multiple merged yellow spots (indicated by arrows) within the
BMDMs (green) (Figure 3A). These findings suggest that SIRPa
NVs and PD-1/SIRPa NV effectively disrupt the CD47/SIRPa axis,
significantly of BI16F10
by BMDMs.

The clinical findings indicated that some cancer patients

enhancing the phagocytosis cells

treated with anti-CD47 experienced anemia symptoms (Chen
et al., 2022), due to the CD47 expression in red blood cells
(RBCs). To explore the tumor-binding property of PD-1/SIRPa
NVs, we added Dil-labeled nanovesicles to a dish containing the
B16F10 cells and RBCs. After 4 hours of incubation, the
suspended RBC and adherent melanoma cells were collected
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FIGURE 2

In vitro bioactivity analysis of PD-1/SIRPa NVs. (A) Stability analysis of PD-1/SIRPa NVs in PBS solution after different days of incubation. The
nanovesicles were incubated in PBS with constant shaking at 100 rpm at 37°C. (B) Biocompatibility analysis of hybrid nanovesicles on DC2.4 cells by
measuring the cell viability of treated cells. DC2.4 cells were treated with Blank NVs or PD-1/SIRPa NVs for 48 h at 37°C. The cell viability of treated cells
was analyzed via CCK8 assay. (C) Cellular uptake of PD-1/SIRPa NVs in melanoma cells. B16F10 cells were incubated with Dil-labeled PD-1/SIRPa

NVs for 2 hours at 37°C. Scale bar: 10 pm. (D, E) Flow cytometry curves and quantitative analysis of the blockade property of PD-1/SIRPa NVs. Melanoma
cells were pretreated with PBS, anti-PD-L1 antibodies (aPD-L1), anti-CD47 antibodies (aCD47), or a combination of aPD-L1 and aCD47 for 4 hours at
37°C. After washing with PBS, Dil-labeled PD-1/SIRPa NVs were added to each well for a 2-hour incubation. Treated cells were digested and subjected to
flow cytometry analysis (gated on PE).

and subjected to flow cytometry analysis (Figure 3B). The results =~ CD47 expression on both cell types (Figure 3C). Remarkably,
revealed that PD-1 NVs exhibited selective binding with ~ PD-1/SIRPa NVs maintained their tumor-binding preference
melanoma cells, possibly due to the high expression of PD-L1  even in the presence of RBCs. These findings highlight the
on B16F10 cells. Conversely, SIRPa NVs showed no preference  potential of our hybrid nanovesicles with selective tumor-
in binding between B16F10 cells and RBCs, likely because of  binding in minimizing side effects such as anemia.
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Pro-phagocytosis analysis and selective binding property of PD-1/SIRPa NVs in vitro. (A) PD-1/SIRPa NVs promoted the phagocytosis of melanoma
cells by BMDMs in vitro. BMDMs were labeled with CellTracker Green, while B16F10 melanoma cells were stained with CellTracker Red. The
phagocytosed cancer cells by macrophages were indicated as yellow (arrow). Scale bar: 20 um. (B) Schematic illustration of selective binding of PD-1/
SIRPa NVs with melanoma cells by flow cytometry analysis. (C) Quantitive analysis of nanovesicle binding with melanoma cells and red blood cells
(RBC) in flow cytometry analysis
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In vivo antitumor analysis of PD-1/SIRPa NVs in mice bearing melanoma xenograft (A) Tumor growth curves (n = 5). The mice were treated with PBS,
Blank NVs, PD-1 NVs, SIRPa NVs, and PD-1/SIRPa NVs five times every 3 days via tail vein injection. (B) Tumor weight analysis in different groups. (C, D)
Serum TNF-a and IFN-y analysis in mice treated with different formulations. Mouse serum samples were isolated on day 15th after drug injection. (E) H&E
staining of tumor tissues in different groups. Scale bar: 100 ym. Data were shown as mean + SD. P values are from one-way ANOVA followed by

Tukey's post-test. *p < 0.05, **p < 0.01, ***p < 0.001.

3.4 PD-1/SIRPa NVs suppressed tumor
growth in mice bearing
B16F10 melanoma xenograft

We further assessed the antitumor efficacy of PD-1/SIRPa NVs
in vivo. Mice bearing B16F10 melanoma xenografts were established
and subjected to treatment with PBS, Blank NVs, PD-1 NVs, SIRPa
NVs, and PD-1/SIRPa NV for five administrations. Notably, PD-1
NVs, SIRPa NVs, and PD-1/SIRPa NVs significantly inhibited
tumor growth by day 15, with hybrid nanovesicles exhibiting the
most robust tumor suppression effect (Figure 4A). Treatment with
PD-1/SIRPa NVs led to a significant 77.2% reduction in tumor
weight compared to the PBS group (Figure 4B). Furthermore, we
assessed the levels of pro-inflammatory factors in mouse serum and
observed a substantial increase in TNFa (Figure 4C) and IFN-y
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(Figure 4D) upon treatment with our hybrid nanovesicles, indicative
of an induced immune response. Histological examination of tumor
tissues through H&E staining revealed evident tumor cell death in
mice treated with PD-1/SIRPa NVs (Figure 4E), underscoring a
potent therapeutic effect.

3.5 PD-1/SIRPa NVs elicited a robust
antitumor immune response for effective
immunotherapy

Given the notable tumor growth suppression effect, we
evaluated the tumor-infiltrating immune cells to assess the
immunotherapy efficacy. As illustrated in Figure 5A, treatment
with PD-1/SIRPa NVs led to a 3.2-fold increase in CD8" T cell
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PD-1/SIRPa NVs elicited a solid antitumor immune response in mice bearing melanoma xenografts. (A) Flow cytometry analysis and percentage of
CD8* T cell infiltration in tumors (gated on CD45*CD8* cells). (B) Flow cytometry analysis and percentage of mature dendritic cells (gated on
CD80*CD86" cells). (C) Flow cytometry analysis and percentage of M1-type TAM cells (gated on F4/807CD80* cells). (D) Flow cytometry analysis and
percentage of M2-type TAM cells (gated on F4/80*CD206" cells). P values are from one-way ANOVA followed by Tukey's post-test. *p < 0.05, **p <

0.01, ***p < 0.00L.

infiltration compared to the PBS group. Flow cytometry analysis
indicated that our hybrid nanovesicles substantially facilitated the
maturation of dendritic cells (Figure 5B). Furthermore, we examined
the macrophage polarization induced by PD-L1 and CD47 blockade.
Noteworthy is that the results demonstrated a significant
enhancement in the percentage of CD80" MI macrophages
(Figure 5C) and a reduction in CD206" M2 macrophages
(Figure 5D) upon treatment with PD-1/SIRPa NVs, indicating a
polarization towards M1 macrophages. Collectively, these findings
underscore the ability of our hybrid nanovesicle to evoke a robust
antitumor immune response, showcasing its potential for effective
immunotherapy.

We finally determined the biosafety of our hybrid nanovesicles
via pathology examination. At the end of treatment, heart, liver,
spleen, lung, and kidney tissues were excised and transformed into
frozen slices. Hematoxylin and eosin (H&E) staining was performed
to evaluate the side effects of PD-1/SIRPa N'Vs on normal tissues.
The results demonstrated no obvious tissue damage during the
treatment (Figure 6), suggesting good biosafety in vivo.
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4 Discussion

ICIs can disrupt the inhibitory signals released by immune
checkpoint receptors and restore the immune attack against
cancer cells. Given the different roles of immune checkpoints
(CTLA-4, PD-1, TIM-3, LAG-3, TIGIT) in immune regulation
(de Miguel and Calvo, 2020), concurrent blockade of two
immune checkpoints can elicit a high level of antitumor
immune response, eventually improving clinical benefit over
monotherapy. To this end, some fusion proteins or bispecific
antibodies were developed for treating advanced solid tumors
(Burton and Tawbi, 2021; Gao et al., 2023). Liu B developed a
CD47/PD-L1 fusion protein to trigger innate and adaptive
immune responses. Dual blockade of CD47 and PD-L1 by
fusion protein induced synergistic antitumor immune response
and exhibited potent antitumor activity in the MC38 mouse
model (Liu et al, 2018). Wang R designed a CD47/PD-
L1  bispecific  antibody = (6MW3211) for  enhanced
immunotherapy. 6MW?3211 efficiently disrupted PD-1/DP-
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Biosafety analysis of PD-1/SIRPa NVs in vivo. HGE staining of main organs including heart, liver, spleen, lung, and kidney from the mice treated with
PBS, Blank NVs, PD-1 NVs, SIRPa NVs, and PD-1/SIRPa NVs. Scale bar: 200 pm.

L1 and CD47/SIRPa signaling and demonstrated potent
therapeutic effects in three tumor models (Le et al., 2021). Ma
L et al. fabricated a PD-L1/TIGIT bispecific nanobody to disrupt
PD-1/PD-L1 and TIGIT/CD155 interaction. The bispecific
nanobody synergistically enhanced T «cell function (Ma
et al., 2020).

Cell membrane nanovesicles, derived from natural cell
membranes, offer numerous advantages as a drug delivery
platform for cancer therapy, including reduced clearance by
the reticuloendothelial system and prolonged circulation time.
Notably, engineered cell membrane nanovesicles can display
membrane receptors on their surface, allowing them to
perform the intrinsic functions of these receptors. In this
study, we decorated cell membrane nanovesicles with PD-1
and SIRPa receptors to enhance immunotherapy efficacy in
melanoma. The resulting hybrid nanovesicles demonstrated
high specificity with PD-L1 and CD47 ligands expressed on
melanoma cells. Notably, our hybrid nanovesicles exhibited
mild binding with red blood cells (RBCs) compared to their
strong interaction with melanoma cells. This difference in
binding affinity can be attributed to the presence of only
CD47 on RBCs versus the co-expression of PD-L1 and
CD47 on melanoma cells. This suggests that PD-1/SIRPa
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nanovesicles may pose a low risk of blood-related side effects,
such as anemia. However, the long-term safety profile and
potential off-target effects of PD-1/SIRPa nanovesicles need to
be investigated in future research.

The blockade of CD47 by our nanovesicles significantly
enhanced the phagocytosis of melanoma cells by macrophages,
facilitating the release and presentation of tumor-associated
antigens and thereby promoting the maturation of dendritic cells.
Additionally, disrupting the PD-L1/PD-1 axis with our nanovesicles
reinvigorated exhausted cytotoxic T cells, eliciting a robust immune
response against tumor cells. Consequently, in mice bearing
melanoma xenografts, PD-1/SIRPa nanovesicles substantially
promoted the infiltration of CD8" T cells and the polarization of
MI-type tumor-associated macrophages (TAMs), collectively
enhancing therapeutic outcomes. These findings suggest that cell
membrane nanovesicles decorated with two or more checkpoint
receptors hold promising potential for treating cancers and
immune-related diseases. To fulfill the therapeutic potential of
PD-1/SIRPa nanovesicles, future studies should be performed to
optimize the hybrid nanovesicles. Several factors, including suitable
cells for gene transfection, the optimal size of nanovesicles, receptor
protein concentration, and the molar ratio of the two receptors, will
determine the therapeutic outcomes of nanovesicles.
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5 Conclusion

In summary, we developed a hybrid cell membrane nanovesicle
for concurrent immune checkpoint blockade in melanoma. Our
hybrid nanovesicles can promote the efficient phagocytosis of
melanoma cells by macrophages. PD-1/SIRPa NVs significantly
suppressed tumor growth and elicited a robust antitumor
immune response with enhanced immunotherapy efficacy. In
conclusion, our findings highlight the promising potential of PD-
1/SIRPa NVs as
immunotherapy.
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Purpose: This study investigates the clinical benefits of integrating traditional
Chinese medicine (TCM) with Transarterial Chemoembolization (TACE) in
hepatocellular carcinoma (HCC) treatment via meta-analysis and an
exploration of network pharmacology analysis (NPA).

Methods: A comprehensive search across different databases retrieved all
randomized controlled trials (RCTs) evaluating TCM combined with TACE for
HCC. Meta-analysis included 39 RCTs to assess the intervention effects. The
bayesian network meta-analysis observed the relative efficacy and potential
ranking of various interventions. Active compounds and target genes from
frequently used TCM were sourced from the TCMSP database, while HCC
disease targets were collected from five public disease databases. Regulatory
networks connecting target genes with active components of key herbs were
constructed. Following the identification of key genes, we conducted analyses
of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) to enrich our understanding of their functions. NPA and molecular
docking methods were refined to reveal potential interactions between TCM
components and their specific targets.

Results: The combination of TCM with TACE significantly enhances the
efficacy and safety of HCC treatment, improving the overall response rate,
disease control rate, and overall survival rate, while also reducing the
incidence of adverse events. Among the TCM evaluated, Ganfu Formula
proved to be the most effective in enhancing patient response rates.
Analysis of all included medicinal herbs identified 10 pivotal TCMs and
17 core genes. GO analysis revealed their significance in protein
interactions, whereas KEGG analysis highlighted their role in crucial
oncological pathways. NPA and molecular docking techniques elucidate
the underlying mechanisms of action of TCM components.
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Conclusion: Adding TCM to TACE protocols significantly enhances treatment
outcomes and safety in HCC patients by modulating tumor biology and
systemic immune responses, highlighting its potential as an effective adjunct
therapy. These findings support the inclusion of TCM in standard care regimens,
offering potential for improved management of HCC.

Systematic

Review Registration:

https://www.crd.york.ac.uk/PROSPERO/,

identifier CRD42024571280.

hepatocellular carcinoma, transarterial chemoembolization, traditional Chinese medicine,
bayesian network meta-analysis, network pharmacology, molecular docking

1 Introduction

Hepatocellular carcinoma (HCC) ranks among the top three
most common causes of cancer-associated mortality globally
(Bray et al., 2024). Transarterial Chemoembolization (TACE) is
a commonly employed therapeutic approach for HCC,
especially in patients who are in the intermediate to
advanced stages of the disease (Chang et al., 2020). However,
TACE alone presents several limitations, including incomplete
local treatment, absence of systemic effects and increased risks
of tumor recurrence and metastasis (Kudo et al.,, 2020).
Although TACE can deliver high concentrations of cytotoxic
agents to tumor cells locally, it cannot effectively inhibit
angiogenesis or disrupt the complex signaling networks
within the tumor microenvironment, resulting in suboptimal
therapeutic outcomes and diminished patient quality of life
(Kudo, 2019).

Recently, the integration of traditional Chinese medicine
(TCM) into therapeutic strategies for HCC has attracted
heightened focus. TCM can effectively overcome the
of TACE through multi-targeted and multi-
pathway mechanisms. Specific TCM components can inhibit

limitations

angiogenesis, reducing the risks of tumor recurrence and
metastasis (Li et al., 2022). Additionally, by modulating the
within  the
microenvironment, TCM can enhance the systemic therapeutic

complex  signaling  networks tumor
effects of TACE, further improving overall efficacy and patient
quality of life (Liao et al., 2020).

To rigorously assess the combined effectiveness of TCM and
TACE in managing HCC, this study proposes to use meta- and
network meta-analysis methods to integrate existing clinical trial
data. Additionally, applying network pharmacology analysis
(NPA) help

elucidate the underlying biological mechanisms of TCM.

alongside molecular docking methods will

Bayesian network meta-analysis enables comparison of
different treatment regimens’ effects, and offers more
comprehensive  efficacy  assessments  through  indirect

comparisons (Ahn and Kang, 2021). Incorporating NPA with
molecular docking techniques (Zhao et al., 2023) uncovers how
TCM components interact with their biological targets, providing
theoretical support for clinical applications. This research aims to
generate solid clinical evidence supporting the concurrent
application of TCM with TACE for treating HCC, serving as a
foundation for future scientific exploration and pharmaceutical
innovation.

Frontiers in Pharmacology

2 Materials and methods

2.1 Meta-analysis method of TCM for HCC

This study employs a network meta-analysis method as
stipulated by the PRISMA guidelines. Project details have been
recorded and can be found on the PROSPERO database (Moher
et al., 2015) under the identifier CRD42024571280.

2.2 Database search strategy

Searches were conducted across both English-language and
Chinese-language databases including PubMed, Embase, Web of
Science, Cochrane Library, Chinese National Knowledge
Infrastructure (CNKI), Chinese Biomedical Literature Database
(CBM), China Science and Technology Journal Database (VIP),
and Wanfang Data to retrieve records available up to 5 July 2024,
without imposing language restrictions. Key search terms included
“Hepatocellular Carcinoma,” “Traditional Chinese Medicine,”
“randomized controlled trials.” Supplementary Table SI includes

the complete search methodologies.

2.3 Inclusion and exclusion criteria

Inclusion criteria: (1) All clinical randomized controlled
trials (RCTs) assessing the effectiveness of combining TCM
with TACE for treating HCC. (2) HCC diagnosis confirmed
by pathological examination or established diagnostic criteria
(Cannella, Zins, and Brancatelli, 2024). (3) Experimental group
(EG) receiving TCM combined with TACE, control group (CG)
receiving TACE treatment alone. (4) Defined outcome measures.
Exclusion criteria: (1) Non-RCTs. (2) Studies unrelated to HCC.
(3) Animal studies. (4) Reviews, meta-analyses, conference
proceedings, letters.

2.4 Data extraction and quality assessment

LC and X-LZ meticulously screened and synthesized data,
adhering strictly to predefined inclusion and exclusion criteria, in
line with the Cochrane Collaboration’s assessment framework
(Cumpston et al., 2019). Extracted information included the
primary author’s name, sample size, the year of publication,
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participant demographics, details of the interventions, gender
composition, age and outcome indicators including overall
survival (OS), overall response rate (ORR), disease control rate
(DCR) and adverse events (AEs). Any discrepancies were
resolved by verifying the original texts or through third-party
adjudication.

2.5 Statistical analysis

The data analysis utilized Review Manager 5.2 alongside STATA
12, focusing on odds ratios (OR) to measure effect sizes for binary
outcomes. When both p > 0.1 and I* < 50% suggested minimal
heterogeneity, a fixed-effects model was employed. Conversely,
significant heterogeneity prompted an exploration of underlying
causes and the employment of a random-effects model. Sensitivity
analysis assessed the heterogeneity sources and result robustness.
Egger’s and Begg’s tests were utilized to assess the potential existence
of publication bias. Network meta-analysis was conducted using
Bayesian methods with the GeMTC package in R 4.1.0. Model
convergence was assessed using residual plots. This analytical
framework helped to compare the impacts across study groups,
of different interventions’

enhancing our understanding

effectiveness.

2.6 Exploration and targeting of TCM

The top 10 most frequently used TCM prescriptions extracted
from the meta-analysis studies were selected as the main subjects for
study. The bioactive components and corresponding drug targets of
these herbs were acquired from the Traditional Chinese Medicine
Systems Pharmacology Database and Analysis Platform (TCMSP,
https://tcmspw.com/index.php) (Ru et al., 2014). The selection
criteria were set with an oral bioavailability threshold of 30% or
higher and a drug-likeness index of at least 0.18. Subsequent gene
annotation of these component targets was conducted using human
gene information downloaded from The Universal Protein Database
(UniProt, https://legacy.uniprot.org/) (Bairoch et al., 2005). To
HCC-specific
databases: GeneCards (https://www.genecards.org/), Therapeutic
Target Database (TTD, http://db.idrblab.net/ttd/), DisGeNet
(https://www.disgenet.org/), Online Mendelian Inheritance in
Man (OMIM,
Toxicogenomics

compile disease targets, we accessed several

http://omim.org/), and Comparative
Database (CTD, https://ctdbase.org/).
intersections between TCM and HCC were identified using the
‘VennDiagram’ tool. The intersecting genes were then submitted to
the STRING database (https://stringdb.org/), specifying humans as
the target species, with a confidence score threshold set at > 0.4 to

Gene

ensure interaction reliability. Independent proteins were excluded
from the network to focus on biologically meaningful interactions.
The resulting data were then imported into Cytoscape 3.8.2
(Doncheva et al,, 2019) to generate a molecular network diagram
of TCM components and intersecting genes. Central genes were
identified using the Cytoscape software plugin cytoHubba,
employing algorithms including Maximal Clique Centrality
(MCC), Maximum Neighborhood Component (MNC), Degree,
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Closeness, Radiality, Stress, and Edge Percolated Component
(EPC), which facilitated the selection of pivotal genes.

2.7 Network pharmacology analysis
grounded in TCM hubs

Functional enrichment analysis, incorporating Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway evaluations, was conducted to
elucidate interaction pathways between TCM components and
HCC-related genes. Essential genes were analyzed using packages
like clusterProfiler and enrichplot, with p-value and q-value
thresholds set at < 0.05. The UniProt database was used to
retrieve the protein IDs for hub targets, and the corresponding
3D structures of each target protein were downloaded from the
PDB database (https://www.rcsb.org/) (Shin and Cho, 2005). To
minimize interference from non-essential molecules in
subsequent molecular docking, water molecules, cofactors, and
heteroatoms were removed using PyMOL software (Seeliger and
de Groot, 2010), retaining only the core protein structure.
Hydrogen atoms were then added to the protein, and energy
minimization was conducted with AutoDockTools (Goodsell
et al., 2021) to optimize the structure by removing geometric
conflicts and relieving conformational strain, ensuring stability.
Small molecule ligands’ 2D chemical structures from PubChem
(Wang et al,, 2012) (https://pubchem.ncbi.nlm.nih.gov/) were
converted into 3D models by the application of ChemBio3D
Ultra 14.0, with subsequent calculations performed to optimize
the structures. Potential binding sites on the proteins were
identified using AutoDockTools, and docking simulations were
carried out with AutoDock Vina to determine the optimal

binding configurations, visualized through PyMOL.

2.8 In vitro validation of differential gene
expression

To verify core gene expression in HCC, we obtained the TCGA-
LIHC dataset from the Genomic Data Commons (GDC, https://gdc.
cancer.gov/). Then we acquired the HCC cell line HepG2 (CL-0103)
and the human liver epithelial cell line THLE-2 (CL-0833) from
Punose Biotechnology Co., Ltd. (Wuhan, China). Both cell lines
were cultured in DMEM basal medium (Meilunbio, MA0212),
supplemented with 10% fetal bovine serum (Opcel, BS-1105) and
1% penicillin/streptomycin (Meilunbio, MA0110). At 70%-90%
confluence, total RNA was extracted using the TransZol Up Plus
RNA Kit (Transgene Biotech, ER501-01-V2, China). Genomic DNA
was removed with gDNA Purge (Novoprotein, E047-01A, China)
according to the manufacturer’s instructions, and ¢cDNA was
synthesized. Quantitative reverse transcription PCR (qRT-PCR)
was then performed using NovoStart” SYBR qPCR SuperMix
Plus (Novoprotein, E09601B, China) on an Applied Biosystems
7,300 Real-Time PCR system (Applied Biosystems, United States) to
assess MRNA expression levels of core genes identified as stable
binding targets in molecular docking analyses. qRT-PCR primers
were synthesized by SunYa (Fuzhou, China), with primer sequences
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FIGURE 1
The flowchart for screening literature.

provided in the Supplementary Table S2. qRT-PCR cycling
conditions were 95°C for 30 s for pre-denaturation, followed by
40 cycles at 95°C for 5 s and 60°C for 15 s for annealing. gRT-PCR
data were analyzed using the 27“T method.

3 Results
3.1 Literature retrieval and screening

An extensive database search identified 1,362 relevant articles
from sources including PubMed, Embase, Cochrane Library,
Web of Science, CNKI, CBM, Wanfang Data, and VIP.
Following the removal of 218 duplicate entries, an additional
901 articles were excluded after preliminary assessments. Of the
243 remaining articles, detailed evaluations excluded 79 for non-
compliance with group criteria, 106 for being animal studies, and
19 for lacking randomization, resulting in 39 (Zhou et al., 2002;
Shao et al.,, 2001; Ren and Cheng, 2004; Cao et al., 2005; Zhang C.
Q. et al,, 2005; Zhang Y. M. et al., 2005; Lin and Guo, 2005; Yuan
et al., 2005; Ou et al., 2006; Wen and Peng, 2006; Yu et al., 2006;
Liu et al., 2007; Wang and Chen, 2007; Zhang et al., 2007; Zhong
etal.,2007; Wuetal., 2010; Zhou et al., 2010; Han et al., 2013; Liu
etal., 2013; Song et al., 2013; Zhao et al., 2013; Yin et al., 2013; Li
et al,, 2014; Zheng, 2014; Li et al., 2015; Tang, 2017; Ding, 2018;
Wan, 2018; Yang, 2018; Huang, 2019; Li et al., 2019; Qiao J., 2019;
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Tian et al.,, 2019; Qiao X. et al., 2019; Hong et al., 2020; Wang
et al,, 2020; Meng et al., 2021; Yan et al., 2021; Tong et al., 2022)
eligible RCTs (Figure 1).

3.2 Basic characteristics of selected
literature

The study included 3,939 HCC patients, with 2,027 assigned to
the EG and 1,912 to the CG, the latter receiving only TACE
therapy. The EG was administered a treatment regimen that
combined TCM with TACE. The studies were divided based on
TCM formulations into three categories: Liver-soothing (Shugan)
herbs, Supporting vital qi (Fuzheng) herbs, and resolving blood
stasis (Huayu) herbs, comprising 8 (Zhang C. Q. et al., 2005; Zhang
Y. M. et al,, 2005; Ou et al., 2006; Liu et al., 2013; Yang, 2018; Tian
et al,, 2019; Meng et al.,, 2021; Yan et al., 2021), 20 (Zhou et al,,
2002; Ren and Cheng, 2004; Cao et al., 2005; Lin and Guo, 2005;
Yuan et al., 2005; Wen and Peng, 2006; Wang and Chen, 2007; Han
et al,, 2013; Song et al., 2013; Zhao et al., 2013; Yin et al., 2013;
Zheng, 2014; Li et al., 2015; Tang, 2017; Ding, 2018; Wan, 2018;
Qiao J., 2019; Hong et al., 2020; Wang et al., 2020; Tong et al,,
2022), and 11 (Shao et al,, 2001; Yu et al., 2006; Liu et al., 2007;
Zhong et al., 2007; Zhang et al., 2007; Wu et al., 2010; Zhou et al,,
2010; Li et al., 2014; Huang, 2019; Li et al., 2019; Qiao X. et al,,
2019) studies, respectively (Supplementary Table S3).
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Risk assessment for the included studies.
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FIGURE 3
(A) ORR between EG and CG. (B) DCR between EG and CG.
3.3 Quallty assessment of included literature rest employed random grouping methods. Allocation

14 articles (Shao et al., 2001; Ren and Cheng, 2004; Lin and
Guo, 2005; Zhang et al., 2007; Wu et al., 2010; Zhao et al., 2013;
Tang, 2017; Wan, 2018; Yang, 2018; Li et al., 2019; Qiao J., 2019;
Tian et al., 2019; Yan et al., 2021; Tong et al., 2022) used random
number generation methods and were considered low risk; the
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concealment and blinding were not reported in any of the
articles, reflecting the practical challenges of implementing
these in non-drug therapies like TACE. All studies completed
data collection and reporting, thus considered low risk.
Unreported potential biases were noted as presenting an
unclear risk of bias (Figure 2).
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FIGURE 4

Forest plot and subgroup analysis. (A) half-year OS. (B) one-year OS. (C) two-year OS. (D) three-year OS.

3.4 Clinical outcomes

3.4.1 ORR and DCR

Data from 33 (Zhang Y. M. et al., 2005; Ou et al., 2006; Liu et al.,
2013; Yang, 2018; Tian et al., 2019; Meng et al., 2021; Yan et al., 2021;
Zhou et al.,, 2002; Ren and Cheng, 2004; Yuan et al., 2005; Wen and
Peng, 2006; Wang and Chen, 2007; Han et al., 2013; Song et al., 2013;
Zhao et al., 2013; Yin et al., 2013; Zheng, 2014; Li et al., 2015; Tang,
2017; Ding, 2018; Wan, 2018; Qiao J., 2019; Hong et al., 2020; Wang
et al,, 2020; Tong et al.,, 2022; Yu et al.,, 2006; Zhong et al., 2007;
Zhang et al., 2007; Wu et al., 2010; Zhou et al., 2010; Li et al., 2014;
Huang, 2019; Li et al., 2019) and 30 studies (Zhang Y. M. et al., 2005;
Ou et al., 2006; Liu et al., 2013; Yang, 2018; Tian et al., 2019; Meng
etal,, 2021; Yan et al., 2021; Zhou et al., 2002; Ren and Cheng, 2004;
Yuan et al,, 2005; Wen and Peng, 2006; Wang and Chen, 2007; Han
et al, 2013; Song et al,, 2013; Zhao et al., 2013; Yin et al., 2013;
Zheng, 2014; Tang, 2017; Ding, 2018; Wan, 2018; Hong et al., 2020;

Frontiers in Pharmacology 39

Wang et al,, 2020; Tong et al,, 2022; Yu et al,, 2006; Zhong et al.,
2007; Zhang et al., 2007; Wu et al., 2010; Zhou et al., 2010; Huang,
2019; Li et 2019), respectively,
improvements in ORR and DCR when combining TCM with
TACE versus TACE alone (OR = 2.00, 95% CI [1.65, 2.43], p <
0.00001; OR = 1.85, 95% CI [1.50, 2.29], p < 0.00001). Subgroup
that (Shugan),
Supporting vital qi (Fuzheng) herbs, and resolving blood stasis
(Huayu) herbs each notably enhanced ORR and DCR in HCC
patients (all p-values < 0.05) (Figure 3).

al., indicated significant

analyses also demonstrated Liver-soothing

3.4.2 OS

Data on half-year, 1-year, 2-year, and 3-year OS were reported in
12 (Zhang C. Q. et al., 2005; Ou et al., 2006; Zhou et al., 2002; Cao
etal,, 2005; Wang and Chen, 2007; Han et al., 2013; Zhao et al., 2013;
Zheng, 2014; Li et al., 2015; Shao et al., 2001; Yu et al., 2006; Zhang
et al,, 2007), 16 (Zhang C. Q. et al., 2005; Ou et al., 2006; Yan et al.,
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FIGURE 5
Forest plot and subgroup analysis. (A) Digestive system complications. (B)

2021; Zhou et al., 2002; Ren and Cheng, 2004; Cao et al., 2005; Lin
and Guo, 2005; Wang and Chen, 2007; Han et al., 2013; Zhao et al.,
2013; Zheng, 2014; Shao et al.,, 2001; Yu et al,, 2006; Zhang et al.,
2007; Zhou et al., 2010; Qiao X. et al., 2019), 11 (Zhang C. Q. et al.,
2005; Ou et al., 2006; Zhou et al., 2002; Ren and Cheng, 2004; Cao
et al., 2005; Lin and Guo, 2005; Han et al., 2013; Shao et al., 2001; Yu
et al,, 2006; Zhang et al., 2007; Qiao X. et al,, 2019) and 9 (Zhang C.
Q. et al,, 2005; Ou et al.,, 2006; Zhou et al., 2002; Ren and Cheng,
2004; Cao et al., 2005; Lin and Guo, 2005; Han et al., 2013; Shao et al.,
2001; Yu et al.,, 2006; Zhang et al., 2007; Qiao X. et al., 2019) articles
respectively. The meta-analysis revealed that the integration of TCM
with TACE remarkably enhanced OS at all time points mentioned
[OR = 2.01, 95% CI (1.53, 2.63), p < 0.00001; OR = 2.43, 95% CI
(1.95, 3.02), p < 0.00001; OR = 2.45, 95% CI (1.90, 3.16), p < 0.00001;
OR = 2.77, 95% CI (1.98, 3.87), p < 0.00001] (Figure 4).

3.4.3 AEs

Nine articles (Yuan et al., 2005; Zhao et al., 2013; Tang, 2017;
Yang, 2018; Yan et al., 2021; Song et al., 2013; Qiao J., 2019; Qiao X.
etal, 2019; Li et al., 2015) (Figure 5A) reported on digestive system
complications, showing that the EG had reduced incidences of
abdominal pain [OR = 0.34, 95% CI (0.16, 0.76), p = 0.008],
nausea [OR 0.26, 95% CI (0.14, 0.51), p < 0.0001], and
gastrointestinal reactions [OR = 0.11, 95% CI (0.03, 0.48), p =
0.003], with no obvious effect on diarrhea rates [OR = 0.71, 95%
CI (0.39, 1.29), p = 0.26]. Six articles (Song et al., 2013; Zhao et al.,
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Testfor overall effect: Z= 4.37 (P < 0.0001)

]
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Hematologic system complications. (C) Other complications.

2013; Tang, 2017; Yang, 2018; Li et al, 2015; Qiao J., 2019)
(Figure 5B) reported hematologic complications, where combined
TCM treatment reduced occurrences of leukopenia [OR = 0.45, 95%
CI (0.31, 0.66), p < 0.0001] and thrombocytopenia [OR = 0.47, 95%
CI (0.33, 0.69), p < 0.0001], but did not significantly impact rates of
myelosuppression [OR = 0.16, 95% CI (0.02, 1.39), p = 0.10]. For the
remaining AEs, nine articles (Ren and Cheng, 2004; Yu et al., 2006;
Zhang et al., 2007; Tang, 2017; Yan et al,, 2021; Yuan et al., 2005; Li
et al,, 2015; Yang, 2018; Qiao X. et al., 2019; Song et al., 2013; Zhao
et al, 2013) (Figure 5C) summarized that the EG improved
occurrences of liver injury [OR = 0.30, 95% CI (0.17, 0.51),
p < 0.00001] and fever [OR = 0.56, 95% CI (0.34, 0.93), p = 0.03]
in HCC patients.

3.4.4 Sensitivity analysis and publication bias

The sensitivity analysis demonstrated revealed that excluding
any individual study did not alter the overall trend of the results,
suggesting good stability of the study outcomes. Begg’s and Egger’s
tests indicated the presence of publication bias for ORR (p = 0.049,
p = 0.006). Further use of the trim-and-fill method, employing an
iterative technique, estimated that 12 studies were missing; including
these missing studies, the combined effect size estimate was 0.407
(p < 0.001), not substantially different from the original effect value
of 0.372 (p < 0.001), suggesting minimal impact of publication bias
and robust results. Detailed results are depicted in Supplementary
Figures S1, S2.
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A network meta-analysis on ORR. (A) Liver-soothing (Shugan) herbs. (B) Resolving blood stasis (Huayu) herbs. (C) Supporting vital gi (Fuzheng) herbs.
Notes: in (A) a: TACE, b: Shanxian Granule + TACE, c: E Tao Soup + TACE, d: Weitiao Formula Il + TACE, e: Xiaoyao Powder + TACE, f: Xiao Chaihu Soup +
TACE, g: Chaihu Shugan Powder + TACE. in (B) a: TACE, b: Guben Yiliu Formula Il + TACE, c: Yigi Huoxue Soup + TACE, d: Jinlong Capsule + TACE, e:
Anti-cancer Formula + TACE, f: Jianpi Xiaotan Sanjie Formula + TACE, g: Ge Xia Zhu Yu Soup + TACE, h: Huanggin Soup + TACE. in (C) a: TACE, b:
Jianpi Liqi Principle + TACE, c: Xiao Zheng Fuzheng Soup + TACE, d: Fuzheng Anti-cancer Formula + TACE, e: Fuzheng Pinggan Xiaoliu Soup + TACE, f:
Fuzheng Jiedu Formula + TACE, g: Yangzheng Xiaoji Capsule + TACE, h: Huai Er Granule + TACE, i: Anti-cancer Formula + TACE, j: Songyou Drink +
TACE, k: Jianpi Huayu Formula + TACE, l: Weitiao Formula Il + TACE, m: Compound Hongdoushan Capsule + TACE, n: Zhengan Huazheng Formula +
TACE, o: Ganfu Formula + TACE, p: Compound Banmao Capsule + TACE, g: Fuzheng Quxie Anti-cancer Formula + TACE.

3.4.5 Network meta-analysis of drugs

Using a Bayesian network, the effects of liver-soothing (Shugan),
resolving blood stasis (Huayu), and supporting vital qi (Fuzheng)
herbs on ORR in EG and CG were compared (Figure 6). The
leverage plot (Supplementary Figure S3) shows that the studies
are distributed within the curve, indicating good convergence of
the Bayesian model. The surface under the cumulative ranking curve
(SUCRA) values, suggesting intervention effectiveness, favored
treatments with higher scores for better ORR outcomes. For
liver-soothing (Shugan) herbs, the top three ORR rankings were
Xiao Chaihu Soup (73.59%), Chaihu Shugan Powder (70.03%), E
Tao Soup (55.70%) (Figure 7A); for resolving blood stasis (Huayu)
herbs, the top three were Anti-cancer Formula (83.16%), Yiqi
Huoxue Soup (65.48%), Jinlong Capsule (58.28%) (Figure 7B);
and for supporting vital qi (Fuzheng) herbs, the top three were
Ganfu Formula (89.19%), Anti-Cancer Formula (79.52%),
Compound Hongdoushan Capsule (70.04%) (Figure 7C).

Frontiers in Pharmacology

Additionally, we calculated the probabilities associated with
each treatment plan’s ranking. Chaihu Shugan Powder in the
liver-soothing (Shugan) group, Anti-Cancer Formula in the blood
stasis-resolving (Huayu) group, and Ganfu Formula in the
supporting vital qi (Fuzheng) group were most likely to be the
most effective TCMs in their respective categories (Figure 8). The
ranking table (Figure 9) shows that compared to TACE alone, all
types of combined TCM and TACE treatment improved patients’
ORR, with vitality-supporting Ganfu Formula combined with TACE
significantly improving ORR [OR = 11.75, 95% CI (1.58, 92.91)].

3.4.6 Hub TCM mining

Analysis of TCM formulations identified the 10 most frequently
used herbs study: “Baizhu,” “Huangqi,” “Fuling,”
“Dangshen,” “Gancao,” “Ezhu,” “Chaihu,” “Baihuasheshecao,”

in this

“Baishao,” and “Chenpi” (Table 1). A novel formula combining
these herbs was developed for subsequent NPA.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1495343

Chen et al. 10.3389/fphar.2024.1495343

A SUCRA Curves for All Treatments

SUCRA = 41.96%
05
oo

Treatment

- a
- b
-
- d

Cumulative Probability

SUCRA Curves for All Treatments

04 Treatment
-a
- b
-
- d

Cumlative Probabilty

-1
g

~h

Rank

SUCRA Curves for All Treatments

Cumustve Probabiy

FIGURE 7

Results of SUCRA. (A) Liver-soothing (Shugan) herbs. (B) Resolving blood stasis (Huayu) herbs. (C) Supporting vital gi (Fuzheng) herbs. Notes: in (A) a:
TACE, b: Shanxian Granule + TACE, c: E Tao Soup + TACE, d: Weitiao Formula Il + TACE, e: Xiaoyao Powder + TACE, f: Xiao Chaihu Soup + TACE, g:
Chaihu Shugan Powder + TACE. in (B) a: TACE, b: Guben Yiliu Formula Il + TACE, c: Yigi Huoxue Soup + TACE, d: Jinlong Capsule + TACE, e: Anti-cancer
Formula + TACE, f: Jianpi Xiaotan Sanjie Formula + TACE, g: Ge Xia Zhu Yu Soup + TACE, h: Huangqin Soup + TACE. in (C) a: TACE, b: Jianpi Liqi
Principle + TACE, c: Xiao Zheng Fuzheng Soup + TACE, d: Fuzheng Anti-cancer Formula + TACE, e: Fuzheng Pinggan Xiaoliu Soup + TACE, f: Fuzheng
Jiedu Formula + TACE, g: Yangzheng Xiaoji Capsule + TACE, h: Huai Er Granule + TACE, i: Anti-cancer Formula + TACE, j: Songyou Drink + TACE, k: Jianpi
Huayu Formula + TACE, I: Weitiao Formula Il + TACE, m: Compound Hongdoushan Capsule + TACE, n: Zhengan Huazheng Formula + TACE, o: Ganfu
Formula + TACE, p: Compound Banmao Capsule + TACE, g: Fuzheng Quxie Anti-cancer Formula + TACE.

Frontiers in Pharmacology 42 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1495343

Chen et al. 10.3389/fphar.2024.1495343
e 2
2 2
® ®
3 3
© ©
z ° » S
g 2
g g
a = a
c 7 c
38 [
S S
3 3
a b c d e f g a b c d e f g h
Treatment Treatment
‘ W rankl B rank2 B rank3 B rankd B rank5 @ ranké O rank7 | W rankl B rank? B rank3 B rankd B rank5 @ ranké @ rank7 O rankB‘
C 10
0.8
0.6 |
2
3
©
2
[
a
0.4
0.2
a b c d e f g h i g k | m n o p q
Treatment
| M rank1 B rank2 @ rank3 @ rank4 @ rank5 @ rank6 @ rank7 @ rank8 @ rank9 @ rank10 @ rank11l @ rank12 @ rank13 @ rank14 O rank15 O rank 16 O rank 17
FIGURE 8

Ranking probability results for all treatment groups under different possible rankings. (A) Liver-soothing (Shugan) herbs. (B) Resolving blood stasis

(Huayu) herbs. (C) Supporting vital gi (Fuzheng) herbs. Notes: in (A) a: TACE, b: Shanxian Granule + TACE, c: E Tao Soup + TACE, d: Weitiao Formula Il +
TACE, e: Xiaoyao Powder + TACE, f: Xiao Chaihu Soup + TACE, g: Chaihu Shugan Powder + TACE. in (B) a: TACE, b: Guben Yiliu Formula Il + TACE, c: Yiqi
Huoxue Soup + TACE, d: Jinlong Capsule + TACE, e: Anti-cancer Formula + TACE, f: Jianpi Xiaotan Sanjie Formula + TACE, g: Ge Xia Zhu Yu Soup +

TACE, h: Huangqgin Soup + TACE. in (C) a: TACE, b: Jianpi Ligi Principle + TACE, c: Xiao Zheng Fuzheng Soup + TACE, d: Fuzheng Anti-cancer Formula +
TACE, e: Fuzheng Pinggan Xiaoliu Soup + TACE, f: Fuzheng Jiedu Formula + TACE, g: Yangzheng Xiaoji Capsule + TACE, h: Huai Er Granule + TACE, i:
Anti-cancer Formula + TACE, j: Songyou Drink + TACE, k: Jianpi Huayu Formula + TACE, l: Weitiao Formula Il + TACE, m: Compound Hongdoushan
Capsule + TACE, n: Zhengan Huazheng Formula + TACE, o: Ganfu Formula + TACE, p: Compound Banmao Capsule + TACE, g: Fuzheng Quxie Anti-

cancer Formula + TACE.

3.4.7 Drug-HCC gene screening and drug-
component-target construction

Target genes were identified for components from the
10 prominent TCMs, containing 139 compounds and 241 target
genes, illustrated in a Venn diagram (Figure 10A). We retrieved
6,434 HCC-associated genes from five databases for analysis
(Figure 10B). After intersecting the drug and disease genes,
197 intersection genes were obtained (Figure 10C). These were
used alongside drug components to construct a network in
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Cytoscape, visualizing the interactions between drug compounds
and target genes (Figure 10D).

3.4.8 Core gene selection and functional
enrichment analysis

A total of 197 intersecting genes were submitted to STRING for
analysis (Figure 11A). Using seven algorithms in the cytoHubba plugin,
we ranked genes according to score, with higher scores corresponding
to higher ranks, and selected the top 30 genes for each algorithm
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FIGURE 9

Comparison of network meta-analysis results. (A) Liver-soothing (Shugan) herbs. (B) Resolving blood stasis (Huayu) herbs. (C) Supporting vital gi
(Fuzheng) herbs. Notes: in (A) a: TACE, b: Shanxian Granule + TACE, c: E Tao Soup + TACE, d: Weitiao Formula Il + TACE, e: Xiaoyao Powder + TACE, f:
Xiao Chaihu Soup + TACE, g: Chaihu Shugan Powder + TACE. in (B) a: TACE, b: Guben Yiliu Formula Il + TACE, c: Yigi Huoxue Soup + TACE, d: Jinlong
Capsule + TACE, e: Anti-cancer Formula + TACE, f: Jianpi Xiaotan Sanjie Formula + TACE, g: Ge Xia Zhu Yu Soup + TACE, h: Huanggin Soup + TACE.

in (C) a: TACE, b: Jianpi Ligi Principle + TACE, c: Xiao Zheng Fuzheng Soup + TACE, d: Fuzheng Anti-cancer Formula + TACE, e: Fuzheng Pinggan Xiaoliu
Soup + TACE, f: Fuzheng Jiedu Formula + TACE, g: Yangzheng Xiaoji Capsule + TACE, h: Huai Er Granule + TACE, i: Anti-cancer Formula + TACE, j:
Songyou Drink + TACE, k: Jianpi Huayu Formula + TACE, l: Weitiao Formula Il + TACE, m: Compound Hongdoushan Capsule + TACE, n: Zhengan
Huazheng Formula + TACE, o: Ganfu Formula + TACE, p: Compound Banmao Capsule + TACE, q: Fuzheng Quxie Anti-cancer Formula + TACE.

TABLE 1 Characteristics of ranking top 10 TCMs.

Pharmaceutical name Chinese Counts Frequency 1 (counts/total herb Frequency 2 (counts/study
name counts) numbers)

Atractylodes Macrocephala Baizhu 23 6.12% 58.97%
Koidz

Hedysarum Multijugum Maxim = Huangqi 22 5.85% 56.41%

Poria Cocos (Schw.) Wolf Fuling 18 4.79% 46.15%
Codonopsis Radix Dangshen 16 4.26% 41.03%
licorice Gancao 14 3.72% 35.90%
Curcumae Rhizoma Ezhu 14 3.72% 35.90%
Radix Bupleuri Chaihu 12 3.19% 30.77%
Hedyotis Diffusae Herba Baihuasheshecao 11 2.93% 28.21%
Paeoniae Radix Alba Baishao 10 2.66% 25.64%
Citrus Reticulata Chenpi 9 2.39% 23.08%
Curcumae Radix Yujin 8 2.13% 20.51%
Angelicae Sinensis Radix Danggui 8 2.13% 20.51%
Scutellariae Barbatae Herba Banzhilian 8 2.13% 20.51%
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FIGURE 10
(A) Vene diagram of gene targets of ranking top 10 TCMs. (B) Vene diagram of multiple databases of disease targets for HCC. (C) Vene graph of TCM

targets and HCC targets. (D) Ingredient-target-disease relationship network and PPl network diagram.

(Supplementary Table S4). After examining the Venn diagram  DNA-binding transcription factor binding. KEGG analysis indicated
intersection, we identified 17 core genes that satisfied all seven  significant enrichment of proteoglycans in cancer, lipid and
algorithms, including AKT1, TP53, IL1P, STAT3, EGFR, PTGS2, atherosclerosis in positively regulated pathways, and toxoplasmosis
CASP3, ESR1, HIF1A, MMP9, BCL2, MYC, PPARG, MAPK3, FOS,  in negatively regulated pathways (Figure 11D).

ERBB2, and IL10 (Figure 11B). GO enrichment analysis (Figure 11C)

showed that in biological processes (BP), genes primarily regulate  3.4.9 Molecular docking results

cellular response to chemical stress and response to oxidative stress; Molecular docking experiments were performed for each of the
in cellular components (CC), the RNA polymerase II transcription 17 selected core genes and their corresponding small-molecule
regulator complex exhibited the highest enrichment. In the molecular ~ ligands. Binding energies below -5 kJ/mol were considered
function (MF) category, genes were predominantly associated with  indicative of binding stability, whereas energies below -7 kjJ/mol
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FIGURE 11
(A) PPI networks of cross genes between TCM targets and HCC targets. (B) The Venn diagram shows 17 core genes identified by seven algorithms.

(C) GO analysis of core genes. (D) KEGG analysis of core genes.

TABLE 2 Lowest binding energy between active ingredient and key protein targets.

Name of Chinese medicine Number  Active ingredient  Protein name  Lowest binding e
BaiHuaSheSheCao, Chaihu, Gancao, Huangqi MOL000098 quercetin EGFR -8.88
BaiHuaSheSheCao, Chaihu, Gancao, Huanggi MOL000098 quercetin PTGS2 -10.80
BaiHuaSheSheCao, Baishao MOL000358 beta-sitosterol PTGS2 -11.96
BaiHuaSheSheCao, Chaihu, Dangshen MOL000449 Stigmasterol PTGS2 -12.56
BaiHuaSheSheCao, Chaihu, Gancao, Huangqi MOL000098 quercetin ERBB2 —-6.47

Dangshen MOL000006 luteolin ERBB2 -6.38
BaiHuaSheSheCao, Chaihu, Gancao, Huangqi MOL000098 quercetin IL10 -5.98

Dangshen MOL000006 luteolin IL10 -6.40

ChenPi, Gancao MOL004328 naringenin PPARG -6.25

suggested strong binding stability (Kitchen et al., 2004). Results
indicated that ERBB2, IL10, and PPARG exhibited measurable
binding abilities with their corresponding ligands, while EGFR
and PTGS2 displayed stable ligand binding (Table 2). Protein
identifiers were retrieved from the UniProt database for the

genes: EGFR (P00533), PTGS2 (P35354), ERBB2 (P04626), IL10
(P22301), and PPARG (P37231). Quercetin formed hydrogen bonds
with EGFR at ASN-747, VAL-750, LEU-753, and ALA-743
(Figure 12A). For PTGS2, quercetin formed hydrogen bonds at
GLN-192, ILE-517, PHE-518, MET-522, VAL-349, and HIS-90
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GLU-1IS,

ARG-106. |

(A) EGFR (PO0533) and quercetin. (B) PTGS2(P35354) and quercetin. (C) PTGS2 (P35354) and beta-sitosterol. (D) PTGS2 (P35354) and stigmasterol.
(E) ERBB2 (P04626) and quercetin. (F) IL10 (P22301) and quercetin. (G) ERBB2 (P04626) and Luteolin. (H) IL10 (P22301) and Luteolin. (I) PPARG (P37231)

and naringenin.

(Figure 12B), while beta-sitosterol and stigmasterol formed
hydrogen bonds at ASN-375 and ARG-44, respectively (Figures
12C, D). Quercetin formed hydrogen bonds with ERBB2 at VAL-
164 and VAL-65, and with IL10 at GLN-70, GLN-63, ARG-102, and
GLU-115 (Figures 12E, F). Luteolin formed hydrogen bonds with
ERBB2 at GLY-172, GLY-168, VAL-64, and GLY-68, and with IL-10
at GLN-63, CYS-114, and ARG-106 (Figures 12G, H). PPARG
formed hydrogen bonds with naringenin at GLN-444, THR-440,
and GLN-437 (Figure 12I).

3.4.10 Additional validation sets and in vitro
experiments

In further analysis, we selected core genes with higher binding
stability and validated their expression using the TCGA-LIHC
dataset and qRT-PCR experiments. Results from both methods
were consistent, showing that in HCC, the expression levels of
EGFR, PTGS2, and IL10 were significantly downregulated
13A-F),
upregulated (Figures 13G, H). However, no significant difference

(Figures whereas PPARG expression was notably

was detected in ERBB2 gene expression (Figures 131, J).

4 Discussion

This study demonstrates that TCM combined with TACE
treatment for HCC has significant clinical effects, providing
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strong evidence supporting this integrated treatment approach.
Traditional Chinese Medicine attributes HCC pathogenesis to
factors such as Qi stagnation, blood stasis, and accumulation of
toxins, which purportedly weaken Zheng Qi and trap pathogenic Qi
internally (Wang et al., 2015). TCM treatment for HCC emphasizes
holistic adjustment, focusing on regulating liver Qi, strengthening
the body’s foundation, and promoting blood circulation, tailored to
patients through differential diagnosis (Liao et al., 2020). Our meta-
analysis results reveal that TCM, when used alongside TACE,
significantly enhances ORR, DCR, and OS, and reduces the
incidence of AEs compared to TACE alone. These findings
indicate that TCM may be effectively utilized as an effective
adjunct to conventional cancer treatments. Notably, the Bayesian
network meta-analysis particularly highlights the significant effects
of supporting vital i (Fuzheng) herbs like Ganfu Formula combined
with TACE in improving ORR. Ganfu Formula contains ingredients
like Hedyotis Diffusae Herba and Scutellariae Barbatae Herba,
which are extensively utilized to suppress cancer cell proliferation
and promote tumor cell apoptosis, demonstrating notable anti-
tumor effects in various experimental models (Yang et al., 2021;
Hou et al., 2024). Hedysarum Multijugum Maxim. and Codonopsis
Radix enhance immune function and liver health, with Hedysarum
Multijugum Maxim. also exhibiting antioxidant and anti-
inflammatory effects, thereby reducing liver damage (Sheik et al.,
2021). Curcumae Radix and Radix Bupleuri significantly alleviate
liver Qi stagnation and blood stasis, helping reduce pain and anxiety
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(A) The expression of EGFR in the TCGA-LIHC dataset. (B) gRT-PCR Results of EGFR in HCC cell lines. (C) The expression of PTGS2 in the TCGA-
LIHC dataset. (D) gRT-PCR Results of PTGS2 in HCC cell lines. (E) The expression of IL10 in the TCGA-LIHC dataset. (F) gRT-PCR Results of IL10 in HCC
cell lines. (G) The expression of PPARG in the TCGA-LIHC dataset. (H) qRT-PCR Results of PPARG in HCC cell lines. (I) The expression of ERBB2 in the
TCGA-LIHC dataset. (J) gRT-PCR Results of ERBB2 in HCC cell lines. Note: “*", "**", and "***" indicate p < 0.05, p < 0.01, and p < 0.001, respectively.

“ns” indicates p > 0.05.

in HCC patients and decrease tumor growth (Liu et al., 2022; Li et al.,
2021). Pinellia and Licorice have expectorant, anti-inflammatory,
and detoxifying effects, helping reduce AEs in HCC treatment (Bai
et al., 2022; Aipire et al.,, 2017). These results provide additional
evidence for the potential of TCM to modulate the tumor
microenvironment, enhance immune responses, and mitigate
TACE-related toxicity. However, due to the specific nature of
TACE treatment, this study has limitations, including the
absence of double-blinding and allocation concealment, leading
to poor methodological quality. Additionally, the lack of
sufficient literature prevents the evaluation of the impact of
different categories of TCM on AEs in patients. Future high-
quality RCTs should update meta-analysis conclusions to refine
the data on AEs associated with TCM combined with TACE
treatment for HCC. Additionally, this study does not investigate
the in vivo metabolites of TCM or their specific biological activities,
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which limits a comprehensive understanding of TCM mechanisms,

particularly — regarding its potential effects on tumor

microenvironment  modulation and  immune  response
enhancement. As TCM metabolites may exhibit pharmacological
activities distinct from the original compounds, future studies will
apply advanced analytical techniques, such as high-performance
liquid chromatography-mass spectrometry, to systematically
analyze these metabolites and their bioactivities. This will help
elucidate the precise role of these metabolites in cancer treatment
and provide a theoretical basis for optimizing the combined TCM
and TACE strategy for HCC treatment.

NPA identified several key targets, including EGFR, PTGS2,
ERBB2,IL10, PPARG, etc., that are intimately linked to the initiation
and progression of HCC (Lin et al., 2024). BP analysis revealed that
these genes primarily regulate cellular responses to chemical and

oxidative stress. Consistent with existing literature, this suggests a
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strong link between HCC development and the body’s response to
internal and external stimuli (Marra et al., 2011). TCM may boost
the body’s stress resistance and inhibit tumor growth by modulating
these genes’ expression. Interactions between RNA polymerase IT
and transcription factors regulate the expression of many tumor-
related genes, crucial for the growth and differentiation of tumor
cells (Martin, Hébert, and Tanny, 2020). CC analysis indicated
significant enrichment of the RNA polymerase II transcription
regulator complex, underscoring its role in HCC cell proliferation
and metastasis. KEGG pathway analysis revealed that TCM may
exert its anti-tumor effects by regulating various cancer-related
signaling pathways, especially those involving proteoglycans and
lipid metabolism. Proteoglycans are crucial in regulating cell
proliferation,  differentiation, migration HCC.
Additionally, they influence the tumor microenvironment by

and in
modulating the extracellular matrix and cell signaling pathways
(Wei et al., 2020). Additionally, lipid metabolism is closely linked to
HCC development (Pope et al, 2019), with abnormal lipid
metabolism promoting HCC cell growth via activation of the
AKT/mTOR/SREBP1 pathway (Yin et al.,, 2017).

Quercetin suppresses cancer cell growth and triggers apoptosis
by blocking EGFR-induced phosphorylation and downstream
signaling pathways (Sharmila et al., 2014). Our docking analysis
also indicates that quercetin forms hydrogen bonds at critical sites
on the EGFR protein, suggesting that quercetin may regulate the
proliferation and apoptosis of HCC cells by affecting EGFR signaling
pathways. Additionally, studies show that quercetin and beta-
sitosterol reduce cancer-related inflammation and tumor growth
by inhibiting the expression and activity of PTGS2 (Manukyan,
2020; Salamatullah et al., 2021), supporting the relevance of our
docking results where quercetin binds to PTGS2. Stigmasterol
mitigates inflammation through the suppression of the NF-kB
signaling pathway (Ahmad Khan et al, 2020) and impedes
cancer cell proliferation and survival by targeting the Akt/mTOR
and JAK/STAT pathways (Bakrim et al., 2022). Although existing
studies have not directly proven that stigmasterol inhibits
PTGS2 activity by binding to it, our molecular docking studies
observed that stigmasterol can form stable hydrogen bonds with
PTGS2, potentially reducing its activity and thereby inhibiting
inflammation-related enzymatic reactions associated with PTGS2.
The TCGA-LIHC and qRT-PCR results both indicate that EGFR
and PTGS2 expression is significantly downregulated in HCC,
providing preliminary support for the reliability of the molecular
docking results in this study. Although these findings offer strong
initial evidence and new insights for drug design and development,
further experimental validation is required in the future.

5 Conclusion

In summary, TCM combined with TACE treatment shows more
significant clinical efficacy and safety compared to TACE alone.
NPA and molecular docking have uncovered multiple potential
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targets and their interactions pertinent to HCC treatment, offering
insights into the disease mechanisms and references for further basic
research and new drug development.
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Antibody-drug conjugates have emerged as a promising cancer treatment,
combining targeted delivery of cytotoxic agents with the specificity of
monoclonal antibodies. Despite their potential, ADCs face limitations such as
resistance and off-target effects. To enhance their efficacy, ADCs are increasingly
being combined with other therapeutic strategies, including immune checkpoint
inhibitors, chemotherapy, small-molecule inhibitors, anti-angiogenic agents, and
CAR-T cell therapies. These combination therapies aim to overcome resistance
mechanisms, improve tumor targeting, and boost immune responses. Clinical
studies have shown that such combinations can significantly improve response
rates and progression-free survival across various cancers. This review explores
the mechanisms, clinical efficacy, key studies, challenges, and future perspectives
of Antibody-drug conjugates combinations in cancer therapy.

KEYWORDS

antibody-drug conjugates (ADC), cancer therapy, combination strategies, clinical
studies, tumor microenvironment

1 Introduction

Cancer remains one of the leading causes of death worldwide, with millions of new
diagnoses each year. Despite significant advances in cancer treatment, the prognosis for
patients with advanced and metastatic cancers remains poor, particularly for malignancies
that are resistant to conventional therapies such as chemotherapy and radiation (Goswami
etal,, 2024; Zhang and Wu, 2023; Misawa et al., 2025; Xu W. et al., 2024; Zhang et al., 2023).
In recent years, ADCs have emerged as a promising therapeutic strategy, offering targeted
drug delivery to cancer cells while minimizing off-target toxicity (Dumontet et al., 2023; Liu
et al,, 2023). ADCs consist of a monoclonal antibody linked to a potent cytotoxic drug,
allowing for precise targeting of tumor cells based on specific surface antigens, such as
HER?2, CD20, and Trop-2 (Shih et al., 2024; Belluomini et al., 2023a).

While ADCs have demonstrated significant efficacy in certain cancers, their full
potential is often limited by factors such as resistance mechanisms, side effects, and the
complexity of tumor biology (Diaz-Rodriguez et al., 2022; Tsuchikama et al., 2024; Zhao
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et al, 2023). To overcome these limitations, researchers have
increasingly explored the potential of combining ADCs with
other therapeutic modalities, including immune checkpoint
inhibitors, small-molecule targeted therapies, and traditional
chemotherapies (Wei et al, 2024; Nicolo et al, 2022). The
rationale behind these combination therapies is to enhance the
overall therapeutic effect by attacking tumors through multiple
mechanisms, thereby overcoming resistance and improving
clinical outcomes (Lu et al., 2023; Yu et al., 2024; Jiang et al., 2024).

Combination therapies leveraging ADCs have shown promise
across a variety of cancers, including breast cancer, lung cancer,
urothelial carcinoma, and lymphoma (Wei et al., 2024). In these
settings, ADCs work synergistically with immune modulators and
chemotherapy agents to not only target and destroy tumor cells but
also to stimulate the immune system, enhance tumor-specific
responses, and promote long-term remission. This combination
approach represents a new Frontier in cancer therapy, with the
potential to significantly improve patient outcomes, reduce side
effects, and ultimately change the treatment paradigm for several
difficult-to-treat cancers (Wang et al., 2022).

2 Mechanisms of action of ADCs and
their combinations

ADC:s are designed to deliver potent cytotoxic drugs directly to
cancer cells while sparing normal tissues. The core mechanism of
ADOC:s relies on the specificity of monoclonal antibodies (mAbs) that
target tumor-associated antigens, such as HER2, CD20, and Trop-2
(Filis et al., 2023). However, the effectiveness of ADCs is often
constrained by several factors, including antigen heterogeneity,
resistance mechanisms, and off-target toxicity (Parakh et al,
2021). varying
HER2 expression in breast cancer, can result in suboptimal

Antigen heterogeneity, such as levels of
binding and reduced drug delivery, while changes in antigen
expression during disease progression further diminish ADC
efficacy (Schettini and Prat, 2021; Li et al, 2024). Resistance
mechanisms include antigen downregulation, as seen in Trop-2-
targeting ADCs like Sacituzumab govitecan, overexpression of
multidrug resistance transporters like P-glycoprotein that expel
cytotoxic payloads, and impaired lysosomal function that hinders
payload release (Abelman et al, 2023; Chen et al, 2023).
Additionally,
unintended binding and payload leakage contributing to adverse

off-target toxicity remains a challenge, with

effects. For instance, Enfortumab vedotin, targeting Nectin-4, has
been linked to peripheral neuropathy, and unstable linkers in earlier
ADC:s have caused systemic toxicity. Addressing these limitations is
crucial for improving ADC therapeutic outcomes (Aoyama et al.,
2022; Sardinha et al., 2023).

To overcome these challenges, ADCs are increasingly being
combined with other therapeutic strategies to enhance their
efficacy. One such combination is with immune checkpoint
inhibitors, like anti-PD-1 or anti-CTLA-4 antibodies. These
inhibitors work by reactivating the immune system to recognize
and destroy cancer cells. When combined with ADCs, immune
checkpoint inhibitors can help eliminate tumors that evade immune
detection, thereby enhancing both the immune response and the
cytotoxic effects of ADCs (Wang et al., 2023).
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FIGURE 1
Schematic overview of ADCs in clinical trials and combinational

therapy requirements. This diagram depicts the considerations in
ADC-based clinical trials. It balances toxicity, efficacy, and safety for
ADCs alone. Additionally, it outlines the prerequisites for

translating ADC - based combinational therapy, featuring mechanistic
principles and therapy components such as penetration

and depletion.

In addition, ADCs are being combined with targeted therapies,
such as small-molecule inhibitors of tyrosine kinases, which can
disrupt key signaling pathways in tumor cells. These combinations
can prevent the activation of compensatory survival mechanisms,
increasing the likelihood that the ADC will successfully kill the
tumor cell (Abuhelwa et al, 2022). Chemotherapy can also be
combined with ADCs to enhance cytotoxicity through synergistic
effects (Wei et al., 2024). By attacking the tumor from multiple
angles, these combination therapies hold the potential to overcome
resistance and improve patient outcomes in cancers that are difficult
to treat with monotherapy (Figure 1).

3 Current ADC options in
clinical practice

ADCs are complex molecules composed of three key
components: (Goswami et al., 2024): a monoclonal antibody that
specifically binds to a tumor-associated antigen, (Zhang and Wu,
2023), a cytotoxic payload that kills cancer cells, and (Misawa et al.,
2025) a chemical linker that connects the antibody to the payload.
The antibody ensures targeted delivery of the payload to cancer cells,
while the linker controls the release of the payload, minimizing off-
target toxicity (Katrini et al., 2024). Several ADCs have been
approved for clinical use, each with unique structural and
functional characteristics. For example, Trastuzumab emtansine
(T-DM1) consists of the HER2-targeting antibody trastuzumab
linked to the maytansinoid derivative DM1 via a non-cleavable
thioether linker. Upon internalization, DML is released and disrupts
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microtubule assembly, leading to cell cycle arrest and apoptosis in
HER2-positive breast cancer cells (Barok et al., 2014). Similarly,
Enfortumab vedotin combines an anti-Nectin-4 antibody with the
microtubule-disrupting agent monomethyl auristatin E (MMAE)
through a cleavable protease-sensitive linker. This ADC is approved
for advanced urothelial carcinoma and demonstrates potent tumor-
killing activity (Challita-Eid et al., 2016). Another example,
Sacituzumab govitecan, targets Trop-2 using a humanized
antibody linked to SN-38, a topoisomerase I inhibitor, via a
hydrolyzable linker. This ADC has shown significant efficacy in
triple-negative breast cancer (TNBC) by inducing DNA damage and
cell death (Bardia et al., 2021). These ADCs exemplify the potential
of targeted drug delivery, but challenges such as resistance
mechanisms and off-target effects persist, underscoring the need
for innovative combination strategies to further enhance their
therapeutic impact.

4 Clinical efficacy and advances in ADC
combinations

ADCs have revolutionized targeted cancer therapies by
combining the specificity of monoclonal antibodies with the
potent cytotoxic effects of chemotherapeutics. However, the
clinical success of ADCs often requires rationally designed
combination therapies to overcome limitations such as resistance,
antigen heterogeneity, and tumor microenvironment barriers (Wei
etal., 2024). This section explores the efficacy of ADC combinations,
key clinical trials, and their implications for future therapeutic
strategies. For clarity, the discussion is divided into two parts:
Section 4.1 focuses on the clinical of ADC
combinations, while Section 4.2 highlights pivotal trials and

outcomes

ongoing studies that have advanced this field.

4.1 Clinical efficacy of ADC combinations

The combination of ADCs with other therapeutic modalities has
shown immense promise in improving the efficacy of cancer
treatments. ADCs, designed to deliver cytotoxic agents directly to
tumor cells via targeted antibodies, can be further optimized by
combining them with chemotherapy, immunotherapy, and other
targeted agents. These combinations have demonstrated substantial
improvements in clinical outcomes, including overall survival (OS),
progression-free survival (PFS), and overall response rates (ORR),
and are a key focus in cancer therapeutics (Kang et al., 2024).

4.1.1 ADCs and chemotherapy

In clinical trials, resistance to ADCs has been reported as a
significant barrier to durable responses (Belluomini et al., 2023b).
For instance, in HER2-positive breast cancer, resistance to T-DM1
has been associated with HER2 downregulation and upregulation of
compensatory signaling pathways such as PI3K/AKT (Dey et al,
2024). Similarly, resistance to Trop-2-targeted Sacituecan in TNBC
has been linked to increased drug efflux activity mediated by MDR
transporters. Combining ADCs with traditional chemotherapeutic
agents aims to exploit their synergistic effects, overcoming tumor
resistance mechanisms and enhancing treatment efficacy.
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4.1.1.1 Combination of ADCs and taxanes

Taxanes, such as Docetaxel and Paclitaxel, are widely used in
various cancers, including breast cancer, lung cancer, and ovarian
cancer (Sun et al., 2022; Mosca et al,, 2021). These drugs work by
stabilizing microtubules, preventing cell division, and ultimately
leading to cell death. The combination of taxanes with ADCs,
in HER2-positive
promising results.

particularly breast cancer, has shown

For instance, the combination of T-DM1 with Paclitaxel has
been explored in HER2-positive breast cancer (Ruddy et al., 2021).
Clinical trials have demonstrated that this combination leads to
enhanced tumor regression, improved PFS, and a reduction in the
incidence of disease progression compared to monotherapy with
either agent alone. This combination benefits from the synergistic
effects of Paclitaxel, which may enhance ADC internalization and

drug delivery (Krop et al., 2016).

4.1.1.2 Combination of ADCs and platinum-based
chemotherapies

Platinum-based agents like Cisplatin and Carboplatin are
frequently used in solid tumors such as ovarian, non-small cell
lung cancer (NSCLC), and head and neck cancers (Zhang et al.,
2022). ADCs targeting tumor-specific antigens, such as Enfortumab
vedotin (anti-Nectin-4) and Sacituzumab govitecan (anti-Trop-2),
are being combined with platinum-based chemotherapies to
enhance their cytotoxic effect (Belluomini et al, 2023a; Wong
2021). This
development of resistance and improve the distribution of ADCs

and Rosenberg, approach may reduce the
within the tumor by inducing DNA damage and enhancing tumor
cell death.

For example, Sacituzumab govitecan combined with Cisplatin in
TNBC has shown to significantly improve ORR and PFS in clinical
trials, providing a promising strategy for patients with metastatic or

resistant TNBC (Tagawa et al., 2024).

4.1.2 ADCs and immune checkpoint inhibitors

Immunotherapy, particularly immune checkpoint inhibitors
(ICIs) targeting PD-1/PD-L1 or CTLA-4, has significantly
improved cancer treatment outcomes (Wang et al, 2024).
Combining ADCs with ICIs aims to harness the power of the
immune system to eradicate cancer cells while maintaining the
targeted cytotoxic action of ADCs.

4.1.2.1 Combination of ADCs and PD-1/PD-L1 inhibitors
The combination of ADCs with PD-1/PD-L1 inhibitors is an
active area of clinical investigation. Atezolizumab (anti-PD-L1) and
Pembrolizumab (anti-PD-1) have been combined with ADCs such
as Enfortumab vedotin (anti-Nectin-4) in urothelial carcinoma
(Nucera et al.,, 2024). In clinical trials, these combinations have
resulted in significantly improved ORR, OS, and PFS compared to
monotherapy. The rationale behind these combinations is that PD-
1/PD-L1 blockade enhances T-cell activation and
responses, allowing the immune system to more effectively

immune

recognize and eliminate tumor cells, including those targeted by
ADCs (Pessino et al., 2024).

In HER2-positive breast cancer, T-DM1 combined with
Pembrolizumab has shown encouraging early-phase clinical
results (Waks et al, 2022). The addition of the immune
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checkpoint inhibitor boosts the immune response against residual
tumor cells, which is particularly important in metastatic settings
where immune evasion is a major challenge (Waks et al., 2024).

4.1.2.2 Combination of ADCs and CTLA-4 inhibitors

The combination of T-DM1 with Ipilimumab (anti-CTLA-4) is
being explored in clinical trials for HER2-positive and other solid
tumors (Miiller et al., 2015). CTLA-4 inhibitors stimulate T-cell
activation and can help overcome immune suppression within the
TME. Combining Ipilimumab with ADCs may synergize by
improving immune-mediated destruction of cancer cells while
the ADC delivers targeted cytotoxicity directly to tumor cells.
Early results suggest that this combination may improve survival
rates and reduce disease with

progression in  patients

metastatic cancer.

4.1.3 ADCs and targeted therapies

Targeted therapies that block specific molecular pathways
involved in cancer growth can be combined with ADCs to
provide a multi-pronged approach to cancer treatment (Pérez-
Herrero and Fernandez-Medarde, 2015; Gujarathi et al., 2024).
These combinations aim to target both the tumor and its
supporting environment, leading to enhanced tumor regression
and reduced relapse rates.

4.1.3.1 Combination of ADCs and tyrosine kinase
inhibitors (TKIs)

TKIs, such as Lapatinib (targeting HER2 and EGFR) and
Osimertinib (targeting EGFR), are used in cancers with specific
mutations. Combining these inhibitors with ADCs like T-DM1 has
been studied in HER2-positive breast cancer (Scheck et al., 2024;
Aggarwal et al., 2023). Lapatinib enhances the therapeutic effects
of T-DM1 by blocking signaling pathways that promote tumor cell
survival, thus improving ADC efficacy. The combination has
shown promising results in metastatic breast cancer,
particularly in patients who have developed resistance to single-

agent therapies.

4.1.3.2 Combination of ADCs and anti-angiogenesis agents

Bevacizumab, an anti-VEGF monoclonal antibody, is used to
block angiogenesis, thereby limiting the tumor’s ability to grow new
blood vessels. When combined with ADCs such as T-DMI,
Bevacizumab helps improve ADC penetration into solid tumors
by reducing the dense extracellular matrix and normalizing the
blood vessel structure within tumors. In clinical studies, this
combination has shown increased tumor shrinkage and improved
clinical outcomes in patients with HER2-positive breast cancer
(Pondé et al., 2020).

4.1.4 ADCs and tumor microenvironment
modulation

The tumor microenvironment (TME), characterized by fibrosis,
hypoxia, and immunosuppressive factors, can create barriers to
effective drug delivery and reduce treatment efficacy. Combining
ADCs with therapies that modulate the TME is a promising strategy
for improving treatment outcomes. The dense stromal components
of the TME can impede the penetration of ADCs into tumors.
Interleukin-2 (IL-2) and other immune modulators can be
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combined with ADCs to promote T-cell activation and overcome
immunosuppressive barriers in the TME. For instance, T-DM1
combined with IL-2 or GM-CSF
Colony-Stimulating Factor) is being explored to enhance immune

(Granulocyte-Macrophage

responses, leading to better control of residual disease and prolonged
survival (Xu M. et al,, 2024).

In summary, the clinical efficacy of ADC combinations in cancer
therapy has made significant strides, providing a multi-faceted
approach to overcoming resistance and improving therapeutic
ADCs with

therapies, and

outcomes. Combining chemotherapy,

immunotherapy, targeted tumor
microenvironment modulators not only enhances tumor-specific
drug delivery but also works synergistically to improve overall
treatment responses. These combinations have shown promise in
multiple cancers, including breast cancer, urothelial carcinoma,
leukemia, and solid tumors like pancreatic cancer. While the
combination of therapies continues to evolve, the next-generation
of ADC combinations is likely to further define cancer treatment
paradigms, offering more personalized and effective treatment
options for patients. With ongoing clinical trials and refinement
of treatment regimens, ADC-based combination therapies are

poised to play a critical role in advancing cancer treatment.

4.2 Key clinical studies and ongoing trials

The development of ADCs in combination therapies has shown
significant promise in a variety of cancer types, highlighting their
potential to improve patient outcomes. Numerous clinical studies
and ongoing trials have been pivotal in advancing our
understanding of the clinical efficacy and safety of ADC
combinations. These trials span multiple malignancies, including
breast cancer, urothelial carcinoma, lymphoma, and others, and
have underscored the advantages of combining ADCs with other
therapeutic modalities, such as immune checkpoint inhibitors,
targeted therapies, and traditional chemotherapy.

4.2.1 Trastuzumab emtansine (T-DM1) and
Pembrolizumab in HER2-Positive breast cancer

One of the key studies in HER2-positive metastatic breast cancer
(MBC) is the Phase II trial combining Trastuzumab emtansine
(T-DM1), an ADC targeting HER2, with Pembrolizumab, an
anti-PD-1 immune checkpoint inhibitor (Janjigian et al., 2023).
This study aimed to investigate whether the combination could
enhance immune responses while also leveraging the cytotoxic
properties of T-DMI. Early results from this trial indicated
improved progression-free survival (PFS) and overall survival
(OS) in patients who had previously been heavily treated. The
synergy between these two agents appears to work by enhancing
the immune system’s ability to recognize and attack tumor cells,
while T-DMI1 directly delivers its chemotherapeutic payload to the
cancer cells. Notably, the combination was well tolerated, with
manageable side effects, mainly related to Pembrolizumab, such
as fatigue and immune-related adverse events. These findings
suggest that ADCs can work synergistically with immune
checkpoint inhibitors, potentially offering a novel treatment
strategy for HER2-positive breast cancer (Waks et al, 2022;
Smyth and Sundar, 2023).
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TABLE 1 Summary of combination therapies involving ADCs in cancer treatment.

Combination

therapy

Therapeutic agents

Mechanism of action

Targeted cancer
types

10.3389/fphar.2025.1556245

Key findings

ADCs + Immune Checkpoint
Inhibitors

- PD-1 inhibitors (e.g.,
Pembrolizumab)

- PD-L1 inhibitors (e.g.,
Atezolizumab)

- ADC:s deliver cytotoxic drugs to
tumor cells; immune checkpoint
inhibitors reactivate immune
response against cancer cells

- Block PD-1/PD-L1 interactions
to enhance T-cell activity against
cancer cells

HER2-positive breast cancer,
triple-negative breast cancer,
urothelial carcinoma

- ADCs enhance immune
responses by reactivating
immune surveillance

- Combined therapy increases
progression-free survival.

- Can improve tumor-specific
responses

- Synergistic effects observed
in improving overall response
rates in various cancers

- Immune-related adverse
events like fatigue and rash are
manageable

ADCs + Chemotherapy

ADCs + Targeted Small-
Molecule Inhibitors

ADCs + Anti-Angiogenic
Agents

- Traditional chemotherapies (e.g.,
paclitaxel, carboplatin)

- Chemotherapy enhances ADC
efficacy by directly killing
proliferating tumor cells while
ADCs target specific antigens

Non-small cell lung cancer,
breast cancer, lymphoma

- Increased tumor response
when ADCs and
chemotherapy are used
together

- Synergistic cytotoxic effects
- Risk of overlapping toxicities
like neutropenia and GI
symptoms

- Taxanes (e.g., Docetaxel)

- Tyrosine kinase inhibitors (e.g.,
Erlotinib, Lapatinib)

- ADC:s kill tumor cells while
chemotherapy accelerates tumor
cell death and inhibits growth

- ADCs target cancer-specific
antigens, while TKIs inhibit
downstream signaling pathways
critical for cancer cell survival

Lung cancer, breast cancer,
other solid tumors

- Enhanced tumor control,
particularly in chemotherapy-
resistant cancers

- Potential for reduced drug
resistance when used in
combination

- ADCs combined with TKIs
enhance anti-cancer effects
and block compensatory
signaling

- Can improve outcomes in
cancers with resistance to
monotherapy

- AKT inhibitors (e.g., Ipatasertib)

- VEGF inhibitors (e.g.,
Bevacizumab)

- ADCs deliver cytotoxic agents,
while AKT inhibitors block cell
survival pathways triggered by
PI3K/AKT/mTOR signaling

- ADCs target tumor cells, while
anti-angiogenics inhibit vascular
growth, improving drug delivery
and reducing tumor hypoxia

HER2-positive breast cancer,
ovarian cancer

- Synergistic cytotoxicity
observed, especially in breast
cancer and other solid tumors
- Potential to overcome
resistance by blocking
adaptive survival pathways

- Anti-angiogenic agents
increase ADC penetration in
tumors by normalizing the
vasculature

- Improved progression-free
survival and enhanced
response rates in clinical trials

- VEGER inhibitors (e.g., Axitinib)

- Disrupts blood vessel formation
within tumors, increasing ADC
delivery

- Tumor vascular
normalization improves ADC
efficacy

- Decreased drug resistance
due to better tumor perfusion

ADCs + CAR-T Cell Therapy

- Chimeric Antigen Receptor T-cell
(CAR-T) therapy

- ADCs deliver targeted cytotoxic
agents, while CAR-T cells kill
cancer cells through engineered
immune responses

Hematological malignancies,
solid tumors

- Synergistic effect observed in
hematologic cancers like
leukemia and lymphoma

- CAR-T cells help further
target antigen-positive tumor
cells after ADC delivery

- CAR-T (e.g., Kymriah, Yescarta)

- Combining CAR-T’s targeting
capabilities with ADC’s cytotoxic
payload enhances tumor cell

- Early-phase studies show
promising results

- Challenges remain in
optimizing dosing and
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TABLE 1 (Continued) Summary of combination therapies involving ADCs in cancer treatment.

Combination

therapy

Therapeutic agents

Mechanism of action

Targeted cancer

10.3389/fphar.2025.1556245

Key findings

ADCs + Immune Modulators

ADCs + Other
Immunotherapies

- TLR agonists (e.g., CpG
oligodeoxynucleotides)

targeting and immune
destruction

- ADCs deliver targeted toxins
while TLR agonists activate
innate immune responses to
boost adaptive immunity

types

Melanoma, breast cancer,
ovarian cancer

reducing CAR-T related
toxicity

- TLR agonists enhance the
immune response induced by
ADCs

- Increases tumor-specific
immunity and reduces tumor
growth

- STING agonists (e.g., ADU-5100)

- CTLA-4 inhibitors (e.g.,
Ipilimumab)

- Activates the STING pathway to
induce tumor cell death and
promote immune response,
complementing ADC
cytotoxicity

- ADC:s deliver cytotoxic drugs to
tumor cells while CTLA-4
inhibitors enhance T-cell-
mediated immune responses

Various cancers (e.g.,
melanoma, breast cancer)

Melanoma, non-small cell lung
cancer, head and neck cancers

- Synergistic tumor
destruction through enhanced
immune activation

- Significant increase in tumor
regression in preclinical
models

- Combining ADCs with
CTLA-4 inhibitors increases
T-cell activation and tumor
rejection

- Promising results in early-
phase trials for advanced
cancers

- OX40 agonists (e.g.,
MedImmune’s MEDI-575)

- ADCs and OX40 agonists work
together to enhance anti-tumor
T-cell responses and cytotoxic

Solid tumors, including
melanoma and breast cancer

- Synergistic T-cell activation
and increased anti-tumor
activity

activity

- Tumor-specific immunity
improves while reducing
immune evasion

4.2.2 Sacituzumab govitecan and Pembrolizumab
in triple-negative breast cancer (TNBC)

In a Phase I/II clinical trial exploring Sacituzumab govitecan, an
ADC targeting Trop-2, in combination with Pembrolizumab, an
anti-PD-1 antibody, the combination therapy has shown promising
results for patients with metastatic triple-negative breast cancer
(ITNBC) (Grivas et al, 2024). TNBC is notoriously difficult to
treat due to the lack of targeted therapies, and patients often face
This that
Sacituzumab govitecan with Pembrolizumab resulted in a
significantly higher overall response rate (ORR) compared to

poor  prognosis. trial demonstrated combining

monotherapies. Patients in this study also exhibited durable
responses, with some experiencing long-term remission. The
safety profile was manageable, with adverse effects such as
diarrhea and neutropenia primarily linked to Sacituzumab
govitecan. The success of this combination suggests that
combining ADCs with immunotherapy could provide a potent
treatment for TNBC, which remains a major unmet clinical need
(Tolaney et al., 2024).

4.2.3 Enfortumab vedotin and Pembrolizumab in
urothelial carcinoma

The combination of Enfortumab vedotin, an ADC targeting
Nectin-4, with Pembrolizumab is currently being evaluated in
patients with metastatic urothelial carcinoma (UC) (Niegisch,
2024; Powles et al., 2024). UC, particularly in its advanced stages,
is a difficult-to-treat cancer with few effective therapies. A Phase II
study demonstrated that this combination resulted in substantial
improvements in both progression-free survival (PFS) and overall

Frontiers in Pharmacology

response rates (ORR) in patients who had previously failed
platinum-based chemotherapy. The combination works by
targeting the cancer cells with the cytotoxic payload of
Enfortumab vedotin while also stimulating the immune system
through Pembrolizumab. Early results indicate a favorable safety
profile, with manageable side effects including rash, fatigue, and
peripheral neuropathy. This study underscores the potential for
ADC-immunotherapy combinations to offer a new therapeutic
approach for patients with advanced urothelial carcinoma
(Hoimes et al., 2022; Bantounou et al., 2023; O’Donnell et al., 2023).

4.2.4 Ongoing trials and future directions

Beyond the completed and ongoing studies mentioned above,
many other clinical trials are investigating the potential of ADC
combinations in various cancer types. These trials are exploring
combinations with other targeted therapies, small molecule
inhibitors, and chemotherapy agents to further enhance ADC
efficacy. For example, combinations of ADCs with TKIs are
being tested in lung cancer, while others are evaluating ADCs
combined with anti-angiogenic agents to target the tumor
vasculature.

In the hematological malignancies space, several trials are
investigating the combination of ADCs with immunotherapies or
other targeted therapies. One example is the combination of
Polatuzumab vedotin, an anti-CD79 b ADC, with Rituximab (a
CD20-targeting monoclonal antibody) in patients with relapsed or
refractory non-Hodgkin lymphoma (NHL). Early results have
shown promising efficacy, with many patients achieving complete
responses. These ongoing studies are crucial in determining the full
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potential of ADC combinations in treating hematological cancers
(Vodicka et al., 2022; Morschhauser et al., 2019; Terui et al., 2021).

Moreover, ongoing trials are exploring combinations with other
immune checkpoint inhibitors, such as CTLA-4 inhibitors, to
further enhance the anti-tumor immune response and overcome
resistance mechanisms in tumors that evade immune detection. By
combining ADCs with agents that modulate immune checkpoints or
other immunological pathways, these trials aim to improve the
overall efficacy of cancer therapies, especially in tumors with
complex immune evasion mechanisms (Miiller et al., 2015).

In summary, these key clinical studies demonstrate the promise
of ADC combinations in improving clinical outcomes across a
variety of cancer types (Table 1). As these studies progress into
later stages of development, the combination of ADCs with
targeted therapies, and chemotherapy is
expected to become an increasingly important strategy in cancer

immunotherapy,

treatment. The results so far have been encouraging, and these
therapies hold the potential to significantly enhance the treatment
landscape for patients with cancers that are difficult to treat with
conventional therapies alone.

5 Concluding insights: overcoming
challenges and shaping the future of
ADC combinations

The clinical development of ADCs in combination with other
therapeutic modalities has demonstrated substantial promise in
advancing cancer treatment. Combining ADCs with immune
checkpoint inhibitors, targeted therapies, and chemotherapy has
yielded encouraging clinical results across a range of cancers,
including HER2-positive breast cancer, triple-negative breast
cancer, urothelial carcinoma, and lymphoma. The synergy
between ADCs and other therapies enhances therapeutic efficacy
by leveraging multiple mechanisms of action, including direct
cytotoxicity, immune modulation, and targeted tumor
destruction. These combination strategies not only improve
treatment outcomes but also offer hope for patients with cancers
that have limited therapeutic options.

However, despite these promising developments, several
challenges remain. One significant hurdle is the management of
adverse effects, which can become more pronounced when
combining ADCs with other treatment regimens. While ADCs
typically have more targeted effects, the combination with
chemotherapy or immune checkpoint inhibitors can lead to
overlapping toxicities, such as neutropenia, diarrhea, fatigue, and
immune-related adverse events. Careful dose optimization and
monitoring are essential to minimize these toxicities and improve
the overall safety profile of combination therapies. Moreover, the
development of resistance to ADCs and other therapeutic agents
remains a persistent issue. Tumors may evolve mechanisms to evade
the effects of ADCs, such as altering drug target expression or
activating compensatory signaling pathways. Overcoming these
resistance mechanisms will require more in-depth understanding
of tumor biology and the molecular factors that drive
treatment failure.

In the realm of immuno-oncology, combining ADCs with next-

generation immune checkpoint inhibitors, such as those targeting
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LAG-3, TIM-3, and TIGIT, holds the potential to further enhance
immune responses and overcome immune evasion. Additionally,
the combination of ADCs with cellular therapies, such as CAR-T
cells, represents an exciting avenue for exploration. These strategies
could potentially provide a multi-pronged approach to fighting
cancer by utilizing both direct cytotoxicity and immune-based
tumor destruction. In conclusion, while ADC combinations have
already shown substantial promise in clinical settings, there are still
many challenges to overcome, particularly in terms of safety,
resistance mechanisms, and patient stratification. Continued
research and clinical trials will be essential in addressing these
issues and unlocking the full potential of ADC combination
therapies. With ongoing advancements in technology, biomarker
discovery, and molecular engineering, ADCs are poised to play a
central role in the future of cancer therapy, offering more
personalized, effective, and less toxic treatment options for
patients worldwide.

Overcoming these limitations through rationally designed
combination therapies is critical. For example, combining ADCs
with immune checkpoint inhibitors can counteract antigen
heterogeneity by amplifying immune-mediated destruction of
tumor cells regardless of antigen expression levels. Similarly,
incorporating  MDR inhibitors in combination regimens can
suppress efflux pump activity, restoring the efficacy of cytotoxic
payloads. Advances in linker stability and targeting strategies also
offer promising approaches to minimize off-target toxicity and
improve therapeutic outcomes.
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With the use of T cell receptor T cells (TCR-T cells) and chimeric antigen receptor
T cells (CAR-T cells), T-cellimmunotherapy for cancer has advanced significantly
in recent years. CAR-T cell therapy has demonstrated extraordinary success
when used to treat hematologic malignancies. Nevertheless, there are several
barriers that prevent this achievement from being applied to solid tumors, such as
challenges with tumor targeting and inadequate transit and adaption of
genetically  modified  T-cells, especially in unfavorable  tumor
microenvironments The deficiencies of CAR-T cell therapy in the treatment of
solid tumors are compensated for by TCR-T cells, which have a stronger homing
ability to initiate intracellular commands, 90% of the proteins can be used as
developmental targets, and they can recognize target antigens more broadly. As a
result, TCR-T cells may be more effective in treating solid tumors. In this review,
we discussed the structure of TCR-T and have outlined the drawbacks of TCR-T
in cancer therapy, and suggested potential remedies. This review is crucial in
understanding the current state and future potential of TCR-T cell therapy. We
emphasize how important it is to use combinatorial approaches, combining new
combinations of various emerging strategies with over-the-counter therapies
designed for TCR-T, to increase the anti-tumor efficacy of TCR-T inside the TME
and maximize treatment safety, especially when it comes to solid tumor
immunotherapies.

KEYWORDS

adoptive cell therapy, immunotherapy, solid tumor, TCR, TCR-T cell
1 Introduction

Cancer treatment is still a major global concern, and standard approaches, including
surgery, radiation, and chemotherapy, are frequently associated with metastasis and
recurrence. Therefore, it is essential to develop new anti-cancer therapies. By genetically
altering human immune cells to accurately detect and eliminate malignant cells, immune
cell therapy has completely changed traditional methods while minimizing collateral
damage to healthy organs. As such, it now forms the fourth essential cornerstone of
cancer treatment, following radiation, surgery, and targeted therapy. T-cell therapy has
made significant strides in recent years (Mo et al., 2017), establishing it as a key treatment
strategy for cancer patients.
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TABLE 1 Current clinical targets of TCR-T cell therapy for solid tumors (ClinicalTrials.gov).

Antigen Type of  Clinical Start Complete Phase Country Conditions
target antigen  trial
number
HPV® TSA NCT05357027 2022.08 = 2024.08 1 China HLA-A2 Recruiting Cervical Carcinoma
NCT05686226 2023.03 | 2025.01 Il United States | HLA-A*02:01 Recruiting Cervical Cancer
NCT05639972 2024.06 = 2026.10 n United States = HLA-A*02:01 Not yet Throat Cancer
NCT04015336 2020.07 | 2020.07 Il United States | HLA-A*02:01 recruiting Oropharynx Cancer
NCT04411134 2020.05 | 2020.07 | United States | HLA-A*02:01 Terminated
NCT05973487 2024.02  2026.12 | United States = HLA-C*07:02, Withdrawn
HLA-A*02: Recruiting
01 and HLA-
C*07:02 plus
HLA-A*02:01
HBV® TSA NCT05905731 2023.06 @ 2026.06 | China — Active, not Chronic Hepatitis B
NCT04745403 2022.05 | 2028.07 | Singapore HLA-A*02:01/ recruiting Hepatocellular
24:02 Recruiting Carcinoma
EBV¢ TSA NCT06135922 2023.08 = 2026.12 | China Recruiting EBV-associated
NCT04156217 2020.02 | 2021.10 | China Completed Hemophagocytic
NCT06119256 2023.08 | 2026.12 | China Recruiting Lymphohistiocytosis
NCT05587543 2022.12 | 2030.10 | China Recruiting EBV Infection
NCT04509726 2023.03 | 2023.08 n China Recruiting EBV Emia and EBV

Positive PTLD After
Allogenic HSCT

CMV* TSA NCT05140187 2021.10 = 2024.12 | China HLA-A*11:01/ Recruiting CMV Infection After
NCT05089838 2021.01 | 2023.10 I China 02:01/24:02 Unknown Allogenic HSCT
status Allogeneic

Hematopoietic Stem
Cell Transplantation
CMV Infection

KRAS* TSA NCT05438667 2022.06 = 2026.05 | China HLA-A*11:01 Recruiting Pancreatic Cancer
NCT04146298 2021.10 | 2025.03 1 China HLA-A*11:01 Recruiting Pancreatic Neoplasms
NCT05933668 2023.07 = 2026.07 | China HLA-A*11:01 Not yet Pancreatic Ductal
NCT06043713 2023.12 | 2025.12 | United States | HLA-A*11:01 recruiting Adenocarcinoma
NCT06218914 2024.02 | 2040.01 [ United States = HLA-C*08:02 Recruiting
NCT06253520 2024.03 | 2033.06 | United States = — Recruiting
NCT06105021 2024.02 | 2029.12 1l United States | HLA-A*11:01 Recruiting

Recruiting
MAGE® CGA* NCT04729543 2020.10 = 2027.10 1l Netherlands | HLA-A2*0,201 Recruiting Melanoma

Melanoma, Uveal
Head and Neck Cancer

NY-ESO-1 CGA NCT05881525 2023.06 = 2025.03 | China HLA-A2 Recruiting Triple Negative Breast
NCT05989828 2024.04 = 2027.04 | United States | (excluding HLA- = Not yet Cancer
A*0,203) recruiting
HLA-A2
TRAIL" TAA' NCT05357027 2022.08 | 2024.08 n China HLA-A2 Recruiting Cervical Carcinoma
PRAME' TAA NCT05973487 2024.02 | 2026.12 [ United States = HLA-A*02:01 Recruiting Head and Neck Cancer

Cervical Cancer
Non-small Cell
Carcinoma

“Human leukocyte antigen.
"HumanPapillomavirus.

“Hepatitis B virus.

YEpstein-Barr virus.

“Cytomegalovirus.

‘Kirsten rats arcomaviral oncogene homolog.
£Melanoma-associated antigen.
"TNF-related apoptosis inducing ligand.
'Preferentially expressed antigen melanoma.
’Tumor-specific antigen.

*Cancer germline antigen.

"Tumor associated antigen.
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CAR-T cell therapy, at the forefront of therapeutic innovation, has
numerous authorized medications that target different hematological
cancers, such as lymphoma and myeloma (Wanget al., 2021; Hu et al.,
2021). CAR-T cell therapy in hematological malignancies has brought
new life hope to many patients who were previously difficult to treat.
However, the application of this therapy in the treatment of solid
tumors faces many challenges, including the complex
microenvironment of solid tumors, high antigenic heterogeneity,
and the difficulty of effective penetration of CAR T cells into the
tumor (Zhao and Cao, 2019). Pancreatic carcinoma (PC) is one of the
most common malignancies. In an investigation, 4.1R can suppress
the anti-tumor activity of T cell responses. And overcome the problem
of tumor-specific targets. The absence of 4.1R in natural killer group
2D (NKG2D) -CAR T cells enables to overcome the problem of
tumor-specific targets and have stronger proliferation and killing
function, providing a potential therapeutic strategy for the clinical
treatment of PC (Gao et al., 2021). In one study, a CAR T cell co-
expressing CXCR5 and IL-7 (C5/IL7-CAR-T) was designed to
enhance the survival of CAR T cells and reduce cell depletion and
apoptosis through the pSTATS5 signaling pathway, showing significant
efficacy in the treatment of osteosarcoma (Hui et al., 2024). Another
study delineates a new type of CAR T cell therapy based on stem cell-
like T cells (Tgrgnr), which has a greater ability to expand compared to
traditional T cell-based CAR T cells. Five days after a single infusion in
the best patient of the same batch, an MRI scan showed almost
complete regression of the solid tumor (Choi et al., 2024). This is an
exciting milestone on the road to cancer treatment, given that blood
tumors have been largely conquered by cell therapy and solid tumors
have been left in the dark. This research results not only validate the
feasibility of CAR-T cell therapy in the treatment of solid tumors.
More importantly, it shows us the great potential of this therapy to
rapidly and significantly reduce the size of tumors.

With research endeavors in solid tumor treatment progressively
surging year by year (Table 1), TCR-T cell therapy is the optimal
alternative to the CAR-T cell therapy regimen, amalgamating
numerous advantages into one comprehensive approach. Given
the ability of major histocompatibility complex (MHC) molecules
to present peptide chains derived from both cell surface and
intracellular proteins, TCR-T cell therapy enjoys an inherent
advantage over CAR-T cell therapy by targeting a broader
spectrum of antigens. In 1988, Blithmann et al. ushered in a
new era of TCR gene therapy by introducing a novel TCR gene
into conventional T cells, thereby endowing the modified T cells
with identical antigenic specificity (Bliithmann et al., 1988). In both
hematological and solid tumor treatments, TCR-T cell therapy has
exhibited a favorable safety and efficacy profile (Garber, 2018;
Chapuis et al, 2019). Thus far, the emphasis of TCR-T cell
therapy has primarily centered on solid tumors, and more and
more new targets have been discovered (Ma et al., 2024; Ullah et al.,
2024a). This includes the recognition of tumor-specific intracellular
proteins, thereby enhancing the capacity of the targeted antigen pool
to encompass tumor self-proteins (Tran et al., 2017; Vormehr et al.,
2016; Schumacher and Schreiber, 2015), neoantigens resulting from
tumor-specific random mutations, and cancer testicular antigens.
With the added benefit that genital tissues lack MHC molecules,
these antigens are typically only expressed in specific tumors and
genital tissues. As a result, TCR-T cell therapy has a broader range of
applications in solid which treatment

tumors, improves
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effectiveness. Moreover, researchers find it easier to identify
tumor antigens with high specificity, rendering the process of
TCR-T cell therapy safer and associated with a reduced incidence
of therapeutic side effects, such as neurotoxicity. This presents an
opportunity to position TCR-T as a viable alternative to CAR-T cell
therapy in treating solid tumors (Garber, 2018). The cancer/testis
antigen New York esophageal squamous cell carcinoma 1 (NY-ESO-
1), renowned for its high immunogenicity and widespread
expression, stands out as an exemplary target antigen for TCR-T
cell therapy. TCR-T cell therapy specifically targeting NY-ESO-1 can
treat multiple myeloma (Rapoport et al, 2015), metastatic
melanoma, metastatic synovial sarcoma (Robbins et al., 2011;
Robbins et al., 2015; D’Angelo et al., 2018), provided antigen-
specific and multifunctional activity, durable antitumor responses,
and showed promising results. Nevertheless, inadequate in vivo
persistence of infused T cells during early clinical trials resulted
in the inability to demonstrate clinical efficacy in certain patients
with solid tumors (Michalek et al., 2007; Fraietta et al., 2018). For
patients experiencing advanced relapse, TCR-T cell therapy exhibits
diminished efficacy in infiltrating due to the heightened
immunosuppressive nature of the TME (Hafezi et al, 2021).
While TCR-T cells targeting tumor antigens hold promise for
treating solid tumors, numerous potential obstacles persist,
underscoring the imperative for ongoing enhancements in TCR-
T cell therapy.

Here, we discuss the structure and function of TCR-T cell
therapies and suggest possible solutions by outlining the
challenges of TCR-T for solid tumors and new strategies for
innovative coupling of TCR-T with today’s popular therapeutic
approaches. This will bring hope that subsequent TCR-T can be
effective in defeating solid tumors.

2 The structure and function of TCR-
T cells

The TCR molecule is a heterodimer made up of two
transmembrane polypeptide chains joined by different disulfide
linkages found on T cells’ surface. It enhances immunological
responses and performs the specialized function of antigen
recognition. The four peptide chains that make TCRs are a, B, vy,
and 8. Most mature T cells have TCR molecules made up of a and
chains, but some also have TCR molecules made up of y and &
chains. Less than 5% of all T cells in the circulation are y§ T cells
(Pang et al., 2023; Zhang and Wang, 2019). TCR ap cells recognize
antigenic peptides presented on the surface of antigen-presenting
cells (APCs) by class I or II MHC molecules in a selective manner.
After being recognized, they grow and differentiate into effector
cells, which produce cytokines or carry out cytotoxic actions. This
process helps the body defend against pathogenic invasion and
tumor growth by stimulating B cells or innate immune cells (Muro
et al, 2019). On the other hand, TCR 3§ cells are considered innate
immune cells since they do not require sophisticated activation
processes and are not restricted to the MHC (Hayday, 2019). During
the immune response, y§ T cells may play a role in initiating,
coordinating, and complementing af3 T cell functions (Park et al.,
2022). T cells bearing af3-type TCRs hold a pivotal role in adaptive
immunity. Immunological surveillance by T cells stems from the
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The mechanism of action differs between CAR-T cells and TCR-T cells. The generations of chimeric antigen receptors (CARs) and their structural
distinctions are illustrated. CARs typically identify surface proteins using antibody-derived scFv recognition structural domains. Conversely, TCR T-cells
operate on the principle of modifying T-cells’ natural receptors to improve cancer cell recognition. The structure of the endogenous or genetically
engineered T-cell receptor (TCR)-CD3 complex can recognize peptides presented by HLA molecules originating from various cellular

compartments. Created with BioRender.com.

process wherein peptide fragments of degraded intracellular
proteins are transported into the endoplasmic reticulum, where
they bind to self-recognized proteins. A recent study has unveiled
the high-resolution cryo-electron microscopy structure of a human
TCR-CD3 eight subunits, offering a
comprehensive molecular insight into the complex (Dong et al.,
2019). Consistent with earlier biochemical data, the TCR-CD3
complex consists of an antigen-recognition module of disulfide-
bonded TCRa/p heterodimers and three CD3 dimers, including
CD3ye and CD38¢ heterodimers, and a CD3{{ homodimer, with a
stoichiometry of 1:1:1:1 (Call et al., 2004).

An immunoreceptor tyrosine (ITAM) activation motif and an

complex containing

extracellular immunoglobulin (Ig) superfamily structural domain
are present in each CD3y/§/e subunit. On the other hand, CD3( has
three ITAMs and a brief extracellular structural domain (ECD). As a
result, a complete TCR-CD3 complex with 10 ITAMs has
20 tyrosine phosphorylation sites, which allows for reactions to
various antigenic stimuli (Courtney et al., 2018). To activate T cells
(Signal 1) and produce co-stimulatory molecules (Signal 2), which
work in concert to increase the activity of activated cells, the TCR-
CD3 complex initiates a signaling cascade. This mechanism helps
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cytotoxic T lymphocytes recognize and destroy sick or cancerous
cells (Banchereau and Steinman, 1998; Chen and Flies, 2013). A
secondary activation signal for T cells necessitates the involvement
of co-stimulatory receptors. For instance, CD28 triggers T cell
activation, and upon binding to its ligands B7 (CD80 and CD86)
on the surface of APCs (Chen and Flies, 2013), it enhances TCR-
driven tyrosine phosphorylation. This activation process recruits
phosphatidylinositol 3-kinase (PI3K) to collaborate with growth
factor receptor-bound protein 2 (Grb2) (Rudd et al., 2009). In the
absence of CD28 engagement, TCR activation often results in an
anergic state, characterized by functional inactivation of T cells upon
antigen encounter, albeit they persist for a period in a
hyporesponsive state (Linsley and Ledbetter, 1993). The collective
impact of these signals dictates T-cell expansion, memory
formation, and functional persistence (Rath and Arber, 2020).
TCR signaling strength is usually correlated with peptide-MHC
(pMHC) binding affinity (Sibener et al., 2018), and T cell signaling
constraints dictate a consensus TCR-pMHC docking topology that
is highly conserved, enabling canonical TCR-pMHC I docking to
localize CD8/Lck to CD3 complexes optimally (Zareie et al., 2021).
However, this process can be constrained by the reversal of TCR-
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TABLE 2 Comparison of car-t and tcr-t.

Factors CAR-T
Common Genetic Difficult, expensive
ground modification
Procedure of Reinfusion after in vitro modification
treatment
Specificity High
Immune Overcoming efficiently
suppression
Flexibility Less
Distinction Structure An engineered receptor composed of intracellular and

extracellular domains
Core advantage

Number of ITAMs Three

Cell surface antigen (no MHC restriction)

10.3389/fphar.2025.1493346

TCR-T

Difficult, expensive

Reinfusion after in vitro modification

High

Overcoming efficiently

Less

Native or minimally designed TCR

Intracellular antigen (pMHC restriction)

Ten

Adverse effect

Tumor applications

hematologic malignancies

pPMHC polarity, a phenomenon intricately involved in immune
responses (Gras et al, 2016). TCR binding affinity to pMHC
ranges from 500 puM to 1 puM (Huppa and Davis, 2003).
Mechanical force initiates dynamic mechano-chemical coupling,
leading to sequential alterations in agonist pMHC conformation.
In this process, the TCR establishes a capture bond with agonist
pMHC while forming a slip bond with non-agonist pMHC ligands
(Sibener et al., 2018; Wu et al., 2019). Different tumor tissues form
with different stiffnesses, especially solid tumors, generating
mechanical forces that may directly affect the TCR-pMHC
capture bond dynamic structural model. Cancer-associated
somatic mutations or subtle polymorphic changes in HLA class I
inhibit TCR-pMHC capture bond formation and reduce T cell
recognition of cancer cells (Sibener et al., 2018).

TCR and CAR-engineered T cells are manipulated ex vivo
using peripheral blood from either patients or healthy donors.
Following expansion in culture to attain adequate cell numbers,
these engineered T cells are reintroduced into patients to target and
eliminate cancer cells (Figure 1). However, they exhibit distinct
mechanisms for antigen recognition (Table 2). In contrast to
CARs, TCRs display greater sensitivity in antigen recognition.
The TCR-pMHC interaction process demonstrates remarkable
specificity, heightened
reaction kinetics. Under physiological conditions, tumor cells

sensitivity, and rapid biochemical
carry abundant self-antigens and hidden tumor antigens to
achieve antigen escape. TCR-T accurately differentiates between
abnormal and low concentrations of pMHC ligands and triggers an
adaptive immune response in the presence of most autoantigenic
interferences (Feinerman et al., 2008). If pMHC is in tandem with
multiple TCR molecules, a more significant stimulus signal can be
generated (Valitutti, 2012). TCR-T cells release fewer cytokines
compared to CAR-T cells. While CAR T cells have demonstrated
effectiveness as effector cells targeting the same malignancy, they
exhibit transiently elevated cytokine levels, increasing the risk of
cytokine storms. Conversely, TCR-T cells exhibit superior
expansion capabilities under heightened antigen exposure to
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Cytokine release syndrome; neurotoxicity

CAR-T therapy has taken a leading position in the field of = TCR-T therapy places greater emphasis on research and development

within the field of solid tumors

CAR-T cells. They also pose a reduced risk of cytokine storm,
exhibit diminished expression of co-inhibitory molecules, better
navigate the immunosuppressive microenvironment of solid
tumors, and sustain T-cell activity to efficiently eradicate
tumors (Wachsmann et al., 2022).

3 Limitations of TCR-T therapy for solid
tumor treatment

The current TCR-T for solid tumors dilemma can be divided
into four segments: TCR mismatch and multiple limitations of
potential toxicity, cytokinetic
microenvironment (Figure 2). Overcoming these challenges will

targets, storm, and tumor
be key to constructing TCR-T cells capable of recognizing
reliable targets with sufficient affinity and function to eliminate

existing tumors and prevent recurrence.

3.1 TCR mismatch

The mismatch between exogenous and endogenous TCR chains
has been a non-negligible problem for engineered TCR-T cell
therapy. Exogenous TCR chains can have a competitive
relationship with endogenous TCR chains, and exogenous TCR
chains introduced after screening have a high affinity to dominate
(Heemskerk et al., 2007). The introduction of exogenous TCRs into
T cells has several effects, including the formation of mixed TCR
dimers. However, the properties of different mixed TCR dimers are
unpredictable and may affect the subsequent biological activity of
T cells. These dimers might prevent transferring TCR-T cell therapy
to clinical applications. It has been shown that TCR transfer leads to
the generation of hybrid TCR dimers of unknown specificity, which
may cause these T cells to cannibalize each other and exhibit novel
deleterious reactivity, such as graft-versus-host response (GVHD)
(van Loenen et al, 2010). Mixed TCR dimers may compete with
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The predicament of TCR-T therapy in solid tumors lies in its limited efficacy due to several challenges. (A) Description of pairing errors between
endogenous and engineered TCRs and potential strategies. (B) TCR-modified T cells are designed to redirect antigenic responses and maintain
specificity, but at the same time TCR-engineered T cells have the potential to: “On target, on tumor”: appropriate antigen recognition leading to tumor
eradication; “Normal cell, on target”: TCR-T recognizes low-level antigens on normal tissues; “Normal cell, off-target”: TCR-T recognizes relevant or
irrelevant antigens on target or non-targeted tissues. (C) Cytokine storm is an immune dysregulation disorder encompassing several conditions
characterized by systemic symptoms, systemic inflammation, and multiorgan dysfunction, which may lead to multiorgan failure if not properly treated.
(D) The tumor microenvironment comprises three main categories: hypoxia, chronic inflammation, and immunosuppression. Created with

BioRender.com.

engineered TCR heterodimers for binding of restricted
CD3 components, resulting in off-target presentation of new
antigenic peptides to the surface and triggering off-target effects.
In the absence of the ability to eliminate mixed dimers, cysteines
were used to design TCR constant regions of the exogenous chain,
increasing the total surface expression of the introduced TCR
chain, reducing the extent of mismatch, and decreasing the risk
of developing graft-versus-host disease (Kuball et al., 2007).
Enhanced TCR chain expression using hybridized human TCR
chains containing mouse constant structural domains does not
bind to endogenous TCR chains containing human constant
(Chen et al, 2017).
immunogenicity can limit T-cell viability to some extent

(Cohen et al,, 2006). In contrast to phage display methods,

structural  domains However,

since the binding affinity of TCRs or mutants expressed on
yeast cells can be directly assessed, yeast surface display
technology screens for high-affinity TCRs and reduces the
chance of TCR mismatch (Smith et al, 2015; Shafer et al,
2022). By introducing an additional stable disulfide bond
between residue 48 of the TCR constant region a and residue
57 of the TCR constant region [ through cysteine substitution, the
inter stream binding affinity of the engineered TCR o/p chains is
enhanced while simultaneously reducing their binding affinity to
the endogenous TCR «/B chains (Krshnan et al, 2016). The
stability of the engineered TCR a chain can be enhanced
through the selection of hydrophobic substitutions in the
transmembrane region (Haga-Friedman et al, 2012). Single-
chain TCR (scTCR) entails the incorporation of TCR antigen
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recognition and signaling domains into a singular chain,
thereby minimizing mismatches through spatial site-blocking
(Knies et al., 2016).

3.2 Multiple limitations of targets

For a considerable time, tumor-specific antigens, or TSAs, have
been considered ideal targets for cellular immunotherapy.
Nonetheless, the existing repertory of TSAs against solid tumors
is still restricted, which reduces the effectiveness of traditional CAR-
T cell therapy. On the other hand, the advantage of TCR-T
treatment is that it targets both intracellular and cell surface
antigens, greatly expanding the pool of potential targets.
Notwithstanding this promise, very few peptide antigen targets
have been shown to be both safe and efficacious for TCR-T
immunotherapy. Research to detect immunogenic neoantigens in
tumor cells may provide a significant discovery. Tumor cell-
produced neoantigens need to be unique to tumor cells, not
expressed in normal cells, and have high expression levels so that
MHC molecules can recognize them (Wang and Cao, 2020). Not all
people produce neoantigens in the same way, and even individuals
with the same type of solid tumor have diverse tumor cells that
express different antigens. Individual differences in neoantigens
need the creation of customized TCR-T cell therapy regimens,
which are closely related to the financial and schedule aspects of
TCR-T cell therapy (Li et al., 2023a). Clear studies on the stability of
neoantigens are lacking, posing challenges to mitigating the risk of
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neoantigen loss. Downregulation or loss of MHC class I molecules
on tumor cells diminishes the sensitivity of TCR-T therapy and
serves as a prominent pathway for tumor evasion (Dutta et al., 2006;
Singh and Banerjee, 2020; Xu et al., 2022). The targets of TCR-T cell
therapies are further constrained by MHC type. HLA genes encoded
MHC molecules exhibit extensive diversity within the population,
with over 20,000 HLA I human alleles identified to date (Gonzalez-
Galarza et al., 2020). At present, the research field of TCR-T therapy
is constantly exploring new targets to improve the therapeutic effect
and expand the therapeutic scope. The research and development of
novel targets mainly include tumor-specific neoantigens (Xie et al.,
2023), virus-associated antigens and
(Gordeeva, 2018) (Table 1).

cancer-testis antigens

3.3 Potential toxicity

Regarding the dynamics of therapy, TCR-T therapy is more
sensitive than CAR-T therapy, making it more vulnerable to non-
tumor-targeted toxicity (on-target off-tumor) and cross-reactivity
(off-target off-tumor). The former is related to the expression of
target antigen in normal tissues, especially in the case of TAA. The
latter refers to the fact that the TCR recognizes different antigens on
normal cells, especially when the affinity of the TCR sequence is
enhanced. This vulnerability may cause damage to normal human
tissues that have comparable antigenic epitopes. An illustrative
instance involves the treatment of myeloma and melanoma
patients with engineered T cells targeting the affinity-enhancing
TCR of MAGE-A3, resulting in unforeseen occurrences of
cardiogenic shock and mortality. In these cases of myocardial
injury, histopathological analysis revealed the infiltration of T cells
but no expression of MAGE-A3 was detected in cardiac autopsy
tissue. Because TCR-T cells recognize an unrelated peptide from the
rhabdomyosarcoma-specific protein titin, it is thought to be due to
cross-reactivity (Linette et al,, 2013). In a clinical investigation, highly
reactive transferred TCR-T cells transported to melanoma tumors in
patients and destroyed melanoma in their bodies, but patients showed
damage to normal melanocytes in the skin, eyes, and ears (Johnson
etal, 2009). Another study delineates instances of severe acute colitis
induced in patients with metastatic colorectal cancer who were treated
with TCR-T cells targeting carcinoembryonic antigen (CEA). This
outcome arose from the expression of the target antigen on normal
intestinal tissue as well (Parkhurst et al., 2011). The concept of TCR
affinity embodies a paradox. It is widely acknowledged that robust
affinity is imperative for sustaining T-cell expansion and facilitating
the regression of human cancers. Excessive affinity, however, can
cause cross-reactivity with self-antigens by targeting healthy cells
across the body that carry homologous antigens and prematurely
exhausting T cells.

3.4 Cytokinetic storm

Cytokine storm represents a spectrum of clinical disorders
marked by significant health risks arising from the excessive
production of inflammatory factors by cell therapy. This
manifestations such as fever,

phenomenon encompasses

tachycardia, hypotension, rash, and respiratory distress, emerging
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as the predominant adverse reaction to T-cell immunotherapy. Key
cytokines implicated in a cytokine storm, including Interferon-
gamma, IL-1, IL-6, TNF, and IL-18, exhibit consistently elevated
levels and are believed to orchestrate the central pathological
mechanisms underlying cytokine release syndrome (CRS). Since
TCR-T can recognize peptide epitopes derived from proteins in any
(e.g.
compartment (Chandran and Klebanoff, 2019), has a broader

subcellular membrane, cytoplasmic, and nuclear)
range of antigen selection, and the TCR chain has intrinsic
signaling and regulates T cells, resulting in a lower rate of CRS
as compared to CAR-T cells, T cell receptor (TCR)-T cells are also
considered promising immunotherapy. Low incidence is not the
same as complete avoidance. Mikiya Ishihara et al. utilized retroviral
vectors to engineer precise silencing of endogenous TCRs and
induce the forced expression of the affinity-enhancing NY-ESO-
1-specific TCR in T cells. The system expresses small interfering
RNAs (siRNAs) that are specific to endogenous TCR genes to
enhance the expression of transduced tumor-specific TCR while
minimizing potential TCR mispairing. In patients with tumors that
highly express NY - ESO - 1, the infusion of TCR - T cells led to a
significant tumor response as well as early-onset CRS (Ishihara et al.,
2022). Similarly, a patient with fallopian tube cancer, unresponsive
to adjuvant chemotherapy, participated in a clinical trial of MAGE-
A4-targeted T-cell receptor T-cell therapy. Following T-cell
infusion, the patient experienced CRS and pseudogouty arthritis
accompanied by immune effector cell-associated neurotoxicity
syndrome (ICANS) within 7 days. Notably, the drug tocilizumab
was ultimately utilized to eliminate CRS and ICANS successfully
(Kim et al., 2021). Hence, to enhance the safety and efficacy of TCR-
T cell immunotherapy, it is imperative to prudently evaluate the
significance of cytokine storm risk for patient prognosis.

3.5 Tumor microenvironment

The first obstacle genetically modified T cells must overcome
while fighting solid tumors is to infiltrate the tumor’s hostile
environment successfully. Solid tumors reinforce their conquered
area by creating complex and formidable ecosystems. Cancer cells
are remarkably adaptive as tumors progress, repurposing various
non-tumor cell types to create an environment that supports their
growth and survival (Heindl et al., 2015; Wang S. et al., 2020). The
tumor microenvironment comprises three main categories: hypoxia,
chronic inflammation, and immunosuppression (Policastro et al.,
2013). Within the relatively constrained confines of solid tumors,
hypoxia emerges as a pervasive condition, significantly impacting
the rapid proliferation and metabolic activity of T cells. While CD8"
T cells serve as the cornerstone of tumor elimination, their vigor
wanes, and exhaustion sets in when confronted with hypoxic
conditions. Recent discoveries have unveiled a paradox: as this
fundamental becomes

component terminally exhausted, it

transforms, upregulating CD39 expression to foster an
immunosuppressive milieu that undermines the robust anti-
tumor capabilities of other T cells (Vignali et al., 2023; Canale
et al, 2018). Tumor-associated macrophages (TAMs) constitute
pivotal constituents of the tumor microenvironment. Studies in
hepatocellular carcinoma therapeutics have unveiled a robust

correlation between downregulation of xanthine oxidoreductase
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Schematic diagram of innovative association working mechanism. Created with BioRender.com.

(XOR) expression and specific tumor microenvironment traits,
particularly hypoxia (Ullah et al., 2024b; Ullah et al., 2024c).
dysfunction of XOR
macrophages fosters CD8+ T cell depletion by inducing the

Deletion or in monocyte-derived
upregulation of immunosuppressive metabolites (Lu et al.,
2023). Most tumor stromal cells within the TME exhibit
numerous immunosuppressive signaling proteins, including
programmed death ligand-1 (PD-L1). The interaction between
PD-L1 and programmed cell death protein-1 (PD-1) (Noman
et al., 2014) expressed in T cells can result in immune cell
dysfunction and apoptosis (Dermani et al., 2019). Hypoxia
induces elevated potassium levels and an acidic milieu,
disrupting potassium homeostasis in tumor-infiltrating
lymphocytes (TILs) within necrotic tumor microenvironment
regions (Conforti, 2017). This severely suppresses T-cell effector
function, impacting cytokine secretion capacity and activity (Eil
et al., 2016).
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TCR-T therapy needs to improve T cell expansion and
persistence in vivo to avoid rapid loss of effector function.
Because TCR-T alone may not be sufficient to generate an
effective antitumor response, innovative combination strategies
may improve response rates in patients with high tumor loads
and reduce the need for large numbers of TCR-T cells as a
potential approach to improving clinical outcomes (Figure 3).

4.1 Turning enemies into friends: TCR's
switch protein technology

The PD-1/PD-L1
checkpoint mechanism evolved by the body to regulate the

inhibitory axis represents an immune

magnitude and duration of immune responses, thereby preventing
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excessive inflammatory reactions and autoimmune diseases that may
harm healthy tissues (Dai et al., 2014; Dyble et al, 2015). In the
endeavor to corral tumor cells, the PD-1/PD-LI inhibitory axis is a
vulnerability. Tumor cells accomplish immune evasion by elevating
PD-LI ligand expression and inhibiting T cell function through PD-1
engagement. PD-L1, functioning as a natural ligand for PD-1 (Jiet al.,
2019), assumes the role of a guardian for tumor cells, endowed with
the capability to convey anti-apoptotic signals and foster tumor
proliferation (Dong et al., 2018).

When this route is unchecked, T cells’ ability to fight cancer is
compromised. To prevent the PD-1/PD-L1 pathway, scientists have
developed a variety of PD-1/PD-L1 immune checkpoint inhibitors.
These inhibitors have been successfully used to treat a variety of
malignancies, including classical Hodgkin’s lymphoma, melanoma,
non-small cell lung cancer, and squamous cell carcinoma of the head
and neck. Moon EK et al. reported that the combination of TCR-T cell
therapy with PD-1 antibody reduced hypofunctionality in tumor-
infiltrating lymphocytes (TILs) and augmented the efficacy of overt
metastatic T' cells under conditions of chronic antigenic stimulation
(Moon et al,, 2016). At present, cellular immunotherapies engineered
to produce autocrine PD-1 antibodies or to suppress PD-1 expression
are available for treating solid tumors (Hamilton et al., 2023; Wu et al.,
2023; Zhang et al., 2022). PD-1/PD-L1 immune checkpoint inhibitors
provide advantages but also significant hazards. Studies reveal
significant effects on the heart, resulting in serious illnesses such as
myocarditis, stress cardiomyopathy, pericardial disease, and an
increased risk of complications associated to the heart’s immune
system (Varricchi et al., 2017; Costa et al., 2017; Khunger et al., 2020).

If playing hardball proves ineffective, why not transform
adversaries into allies? The EtoE platform introduces an inherent
2-in-1 combination therapy (Schendel, 2023). The pivotal element of
this therapy lies in the utilization of the PD1-41BB co-stimulatory
switch protein (CPS) incorporated into TCR-T cells, enabling these
cells to concurrently express recombinant TCR and PD1-41BB switch
receptors (Sailer et al., 2022). The ingenuity of the concept resides in
substituting the inhibitory signaling structural domain of PD-1 with
the activating signaling structural domain of 4-1BB while retaining the
external structural domain of PD-1 responsible for binding to PD-L1
on tumor cells. The intracellular signaling domain of the 4-1BB
protein offers a comprehensively characterized pathway for co-
stimulation, augmenting T-cell responses, and activating various
immune cells (Vinay and Kwon, 2014). Therefore, by not
impeding PD-1 binding to PD-L1, PDI1-41BB-modified TCR-T
cells exhibit enhanced tumor cell killing even in the presence of
PD-L1-overexpressing tumor cells. This scenario converts potent
inhibitory signals into secondary activating signals, prompting
T-cell proliferation, cytokine expression, and bolstering T-cell
effector function (Schlenker et al, 2017). The PD1-41BB CPS
efficiently regulates the self-defense mechanism of tumor cells.

Another co-stimulatory switch protein targets the CD40L/
CD40 pathway and the CD28 co-stimulatory signal. The
CDA40 receptor and its ligand, CD40L, constitute one of the most
crucial molecular pairs of stimulatory immune checkpoints.
CD40 binds to its ligand, CD40L, which is transiently expressed
in T cells and other non-immune cells under inflammatory
conditions (Elgueta et al., 2009). Initially characterized on B cells
(Sacco et al., 2023), CD40 is expressed on professional antigen-
presenting cells as well as non-immune cells and tumors (van
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1997). The CD40L-CD28 CPS is
composed of an extracellular CD40L structural domain combined

Kooten and Banchereau,

with an intracellular signaling structural domain of the CD28 co-
stimulatory receptor (Olguin-Contreras et al., 2021). The principles
related to the chimeric design of this CPS are not yet clear, and it is
still unknown whether it can successfully achieve biological effects
(Oda et al., 2017). CD40L-CD28 co-stimulatory switching protein-
modified TCR-T cells provide a variety of new attributes that can
contribute to the enhancement of cellular immune responses. As
multiple cells in the tumor microenvironment express CD40,
CD40L-CD28 engineers enhanced T-cell infiltration, and CD40L
activates CD40-expressing immune cells to amplify anti-tumor
responses. The presence of the CD28 signaling structural domain
in the CSP provides further stimulation of TCR-T cells, improving
cytokine secretion and antigen-specific cytotoxicity. This intrinsic
combination enhances the function of TCR-T cells, alters the strong
inhibitory nature of the tumor microenvironment against T cells,
and mobilizes immune cells in the tumor microenvironment to
participate in the battle against solid tumors (Schendel, 2023).

4.2 Stronger together: vaccines

Although TCR-T cell therapy has great promise in treating solid
tumors, it still confronts several obstacles and frequently produces
unsatisfactory clinical results. TCR-T therapy faces significant
challenges in efficiently treating solid tumors due to factors such low
T-cell infiltration capacity, hostile tumor milieu for T-cell activation,
and limited in vivo durability of infused TCR-T cells. Permissive T cells
can be genetically engineered to express different pro-inflammatory
molecules, such as IL-12 (Liu et al., 2019; Pegram et al,, 2012), IL-15
(Nguyen et al., 2023), IL-18 (Avanzi et al., 2018), CD40L (Kuhn et al.,
2019), or DC growth factor FLT3 (Zhu et al,, 2024; Lai et al., 2020).
These modified T cells have the ability to self-supply pro-inflammatory
chemicals, promote epitope dissemination, and enhance T cells” anti-
tumor activity in vivo. These tactics are supported by the fact that
transformed T cells are viable and abundant in vivo and that T-cell
death reduces the release of pro-inflammatory chemicals. However,
because the in vitro production method takes time, there is a chance that
genetically altered T cells will not be easily accessible for subsequent
infusion. In contrast, the simplicity of tumor vaccine preparation and
the ability to control the infusion timing outweigh these strategies.
Consequently, the combination of vaccines with TCR-T cell therapy
holds promise in overcoming the lackluster outcomes associated with
TCR-T cell therapy in the treatment of solid tumors.

While co-stimulatory signaling plays a crucial role in T cell
activation, the downregulation of co-stimulatory ligand expression
within the tumor microenvironment presents a challenge by
restricting T cell activation. Attempts to enhance TCR-T efficacy
through combined vaccination in early TCR-T trials did not yield
the anticipated results in providing both TCR stimulation and co-
stimulation in vivo (Nowicki et al., 2019; Kageyama et al., 2015).
Significantly, the integration of vaccines with overt cellular therapies
effectively triggers the activation of the endogenous immune system,
facilitating the generation of host T cells targeting additional tumor
antigens, thus preventing antigen-negative tumor escapes (Author
anonymous, 2023; Mateus-Tique and Brown, 2023; Corbiére et al.,
2011). The phenomenon, termed “Antigen Spreading” (AS), has the
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potential to enhance the efficacy of TCR-T cell therapy for solid
tumors. Recent studies conducted by Elicio Therapeutics have
demonstrated that the combination of amphiphilic (AMP)
vaccination, which selectively targets homologous peptides and
adjuvants to lymph nodes, induces dendritic cell activation. This
activation not only enhances T-cell activation through endogenous
co-stimulation and cytokine-supported delivery of TCR-stimulants
but also has the potential to trigger the collaboration of newly
generated tumor-specific T cells with TCR-T cells, thus collectively
combating tumors (Drakes et al., 2024).

In order to facilitate the targeted growth of T cells in vivo,
customized vaccinations can also be made to target certain antigens
of interest called neoantigens (Hellmann and Snyder, 2017).
Personalized vaccinations can undoubtedly enhance antigen-specific
T cells in vivo, as evidenced by research done on human HLA transgenic
mice and cancer vaccine trial subjects (Sahin et al., 2017; Kunert et al.,
2016). However, the combination of TCR-T cell treatments and cancer
vaccines has only been studied in a small number of clinical trials, thus
more study is needed to determine their therapeutic efficacy and
develop a thorough and well-defined rationale.

4.3 Using poison to counter poison:
oncolytic virus therapy

Immunotherapy against the oncolytic virus (OV) is a new and
exciting treatment approach. Oncolytic viruses, whether natural or
recombinant, have the ability to preferentially infect tumor cells,
multiply within the tumor cells, and lyse tumor cells directly while
sparing healthy cells. T-cell treatment with an oncolytic virus
combination shows a synergistic impact. Targeting by
can compensate for the deficiency in T-cell
trafficking (Kaufman et al, 2015), converting the “cold” tumor

lyssaviruses

microenvironment into a “hot” one (Bommareddy et al.,, 2018).
Moreover, it inhibits tumor immune evasion mechanisms and
angiogenesis (Streby et al, 2017), achieving multifaceted tumor
eradication. In addition to eliciting classical apoptosis and
pyroptosis by targeting tumor antigens, it can induce autosis, a
previously undocumented form of cancer cell demise. A study report
delineates the synergy between an oncolytic virus and adoptive
cellular therapies (CAR-T, TCR-T), effectively directing its attack
toward drug-resistant cancer cells, ushering in new optimism for
combating treatment-resistant cancers (Zheng et al., 2022).

4.4 Other coupling strategies

Tumor-homing cell-penetrating peptides (CPPs) constitute
small amino acid sequences, typically short peptides (comprising
less than 30 residues) (Ye et al., 2016), capable of traversing cell
membranes. These peptides serve as effective vehicles for
intracellular delivery, both in vitro and in vivo, facilitating the
transportation of diverse biologically active cargoes, ranging from
nucleic acids to large proteins and other compounds, with molecular
weights extending up to 120 kDa. CPP enhances the penetration of
small molecule drugs and nanoparticles into tumor tissues (Silva
et al,, 2019). Naiqing Ding et al. achieved enhanced infiltration of
tumor-specific T cells through the rapid modification of T cells with
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the tumor-penetrating peptide iRGD using a lipid insertion
approach (Ding et al., 2019). This method circumvents the need
for intricate gene editing procedures. A novel bifunctional drug,
iRGD-anti-CD3, tightly bridges internalizing RGD (Arg-Gly-Asp)
peptide (iRGD) and T cells by binding to CD3. iRGD-anti-CD3-
modified T cells not only alleviate the challenging infiltration of
T cells in the tumor microenvironment but also induce T-cell
activation and cytotoxicity against cancer cells (Zhou et al,
2021). Using CPP in conjunction with TCR-T cell treatment is a
novel approach that has the potential to eventually improve the
therapeutic efficacy of off-the-shelf cell therapy.

A common and serious side effect of cell treatment is called CRS,
which is caused by immune cells releasing cytokines out of control.
Cytokine storm is characterized by its intensity and presents serious
dangers, including organ failure and death. Researchers have started
looking into the use of genetically altered exosomes made from altered
cells in cancer treatment as a way to lessen this difficulty. Exosomes
provide a significant benefit over using genetically changed post-
modified cells directly because of their nanoscale size and innate
ability to cross biological barriers, especially when it comes to solid
tumor therapy. Exosomes have been shown in numerous studies to be
able to be tailored for target specificity, which allows them to act as
nanocarriers for anti-tumor medicines and antigen-specific anti-tumor
immune responses (Roma-Rodrigues et al, 2014; Cheng and Hill,
2022). Therefore, exosome-based treatments show great therapeutic
promise for cancer patients. Several examples of these therapies have
been reported in preclinical models or clinical trials, including dendritic
cell exosomes (DC-Exos) (Li et al., 2023b) and natural killer exosomes
(NK-Exos) (Sun et al, 2020; Sun et al, 2019). Exosomes have
advantages
increased safety, easier storage, and lower costs (Nag et al., 2023; Xu
etal., 2020; Wang et al., 2016). V82-T cells are known for their potential
in anti-tumor and anti-infective capabilities, and they play a crucial role

over cell-based therapies, including higher yield,

in recognizing and attacking both tumor and infected cells.
Additionally, they are essential in controlling inflammatory pathways
and immunological responses. A method of treating EBV-associated
tumors with V&2-T-Exos, which possesses the cytotoxic and
immunostimulatory characteristics of VO2-T cells, was suggested by
Xiwei Wang et al. This strategy effectively controls EBV-associated
tumors by combining the benefits of merging NK-Exos and DC-Exos
(Wang X. etal., 2020). Exosomes produced from TCR-T cell culture can
be used as a unique and potentially very effective cancer therapy
approach. By acting as direct attackers and taking the place of TCR-
T cells in vivo, they improve the safety and controllability of treatment.

5 Future perspective

TCR-T therapy holds significant promise for the treatment of solid
tumors, yet various challenges must be addressed to fully realize its
potential. There are related strategies to reduce TCR mismatch by
interfering with endogenous TCRs. Tumor cells genetically engineered
to express antigens from genetically modified T cells exhibit enhanced
cytotoxic activity by specifically silencing endogenous TCRs and
introducing tumor-specific TCR vectors (Ochi et al,, 2011; Okamoto
et al,, 2009). Knockdown of its own TCR by gene editing (Georgiadis
et al,, 2018; Eyquem et al,, 2017) or the use of the TCR y§ structural
domain in TCRap to improve TCR pairwise binding (Hiasa et al., 2009;
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Parlar et al., 2019; Ishihara et al., 2023; Wang et al., 2023) to increase the
level of functional exogenous TCRs on the surface of the T cells, which
also avoids the risk of generating attacking self-antigens. The high cost
of development and production of personalized TCR-T drugs has led to
high market prices. How to reduce costs and achieve large-scale
production will be the key to future commercialization. In a stride
toward advancing scientific research, TCR-T cell therapies are
transitioning towards the allogeneic generalization of this concept,
departing from the customized design of individual antigens. The
challenge of insufficient targets for TCR-T cell therapy has been
addressed by a ground-breaking study that suggests
membrane-fused nanoparticles (NPs) as targets for specific
recognition by TCR-T cells, regardless of the original HLA type,
thereby modifying peptide-HLA (pHLA) onto the surface of tumor
cells and allowing for the selective identification and elimination of
tumor cells (Xu et al, 2023). Lower affinity T cells that have been
developed might be a more secure option, but they frequently do not

using

have the required antitumor effect. A potential solution to this
conundrum is to introduce a suicide gene into TCR-T cells. This
strategy prevents nonspecific damage to other tissues by maintaining
effective tumor killing while inducing death in T cells at certain nodes.
Another solution is to screen for TSA that is more tumor-specific than
TAA, or to reduce the risk of toxicity and improve anti-tumor efficacy
through affinity optimization and sequence modification. To counteract
the diverse adverse conditions within the tumor microenvironment,
engineered cytokines resistant to hypoxic and acidic environments
commonly found in tumors are directed toward weakening the
physical barriers of the extracellular matrix within the TME. This
strategy aims to enhance T-cell infiltration capacity and augment the
efficacy of adoptive T-cell therapies (Gaggero et al,, 2022). Targeting
TCR-T cells with immunosuppressive factors or enhancing the
signaling function of intracellular signaling structural domains can
reduce T cell depletion to counteract the immunosuppressive effects
of tumors and become effective potential strategies. TCR-T therapy has
the potential to become a transformative treatment for solid tumors.

6 Conclusion

Genetically engineered T cells represent a groundbreaking
therapy for refractory tumors, capable of selectively eliminating
cancer cells while sparing normal ones. TCR-T cell therapy and
CAR-T cell therapy stand out among the various over-the-counter
T cell therapies. However, CAR-T therapy often falls short in treating
solid tumors, highlighting the superior potential of TCR-T cells. TCR-
T cells offer unmatched advantages, as they can recognize epitopes
from both surface and intracellular proteins, enabling the detection of
a broader range of targets, including tumor-associated antigens
(TAAs), cancer germline antigens, viral oncoproteins, and tumor
neoantigens, compared to CAR-T cells. Furthermore, TCR-T cells
require a broader range of affinities to activate T cells effectively
compared to CAR-T cells. Thus, TCR-T cell therapy holds promising
prospects for solid tumor treatment, with numerous studies
progressing to the clinical stage.

Despite its potential, TCR-T cell therapy faces significant
obstacles, including TCR mismatch, potential toxicity, cytokine
storms, the tumor microenvironment, and target limitations.
Various novel technologies and strategies are being applied to

Frontiers in Pharmacology

71

10.3389/fphar.2025.1493346

enhance the efficacy and safety of TCR-T therapy. These efforts
primarily focus on reducing TCR mispairing to enhance TCR
expression and function, augmenting the persistence and anti-
tumor activity of engineered T cells, improving the homing and
infiltration of engineered T cells into solid tumors, overcoming the
immunosuppressive tumor microenvironment, and targeting
neoantigens to enhance tumor-specific killing.

The innovative combination approach has sparked a research
frenzy, with TCR-T cell therapy and other immunotherapies striving
to identify the optimal “golden pair” through rational combinations,
aiming for synergistic anti-tumor efficacy. However, developing
innovative combinations poses significant challenges, with high
barriers in the research and development process. While early
studies provide valuable insights, a long road is still ahead before
mature product development can be achieved. Additionally, TCR-T
therapy requires further refinement and optimization of its production
process to emerge as a potent tool in the fight against cancer and
substantial tumors, ultimately revolutionizing cancer immunotherapy.
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Background: The use of immune checkpoint inhibitors (ICls) in treating
hepatocellular carcinoma (HCC) has grown significantly. However, the
therapeutic benefits of ICls alone are notably modest. This meta-analysis
assesses the efficacy and safety of using PD-1/PD-L1 inhibitors in conjunction
with tyrosine kinase inhibitors (TKls) for patients with advanced or
unresectable HCC.

Methods: An extensive search of the literature was performed using databases
such as PubMed, Web of Science, Embase, and the Cochrane Library, capturing
randomized controlled trials (RCTs) until 16 October 2024. Efficacy was
measured by progression-free survival (PFS), overall survival (OS), objective
response rate (ORR), and disease control rate (DCR). Safety was gauged
through the occurrence of treatment-related adverse events (TRAEs). Hazard
ratios (HRs) for PFS and OS, along with risk ratios (RRs) for ORR, DCR, and TRAEs,
were calculated, each with 95% confidence intervals (Cls). Heterogeneity among
studies was quantified using Cochran’s Q test, |2 statistics, and 95% prediction
intervals (Pls).

Results: This analysis incorporated 4 studies with a total of 2,174 patients.
Treatment regimens combining PD-1/PD-L1 inhibitors with TKls significantly
improved PFS (HR = 0.694, 95% CI: 0.527-0.914; 95% PI: 0.228-2.114) and
ORR (RR = 2.303, 95% Cl: 1.360-3.902; 95% PI: 0.408-12.991) compared with
first-line monotherapy or TKI monotherapy in the overall population. Subgroup
analysis indicated that the improvements in PFS and OS were particularly
significant among patients of Asian descent or those with hepatitis B virus
(HBV) infection (all p < 0.05). While the occurrence of any grade TRAEs did
not differ significantly between the two groups (RR = 1.016, 95% CI: 0.996-1.036;
95% PI: 0.941-1.097), the incidence of serious (RR = 2.068, 95% Cl: 1.328-3.222;
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95% PI: 0.487-8.776) and grade >3 TRAEs (RR = 1.287, 95% Cl: 1.020-1.624; 95% PI:
0.574-2.883) increased in patients treated with the combination of PD-1/PD-
L1 inhibitors and TKiIs.

Conclusion: This study revealed that combining PD-1/PD-L1 inhibitors with TKls in
the treatment of advanced or unresectable HCC leads to superior clinical
outcomes compared to first-line monotherapy or TKls alone, particularly in
patients with HBV infection and those of Asian descent. Clinicians are advised to

be vigilant regarding the potential for TRAEs in clinical settings.

KEYWORDS

PD-1 inhibitor,

PD-L1

inhibitor, tyrosine kinase inhibitor, combination therapy,

hepatocellular carcinoma

1 Introduction

Globally, primary liver cancer poses a significant public health
challenge, being the sixth most common and the third deadliest
cancer type (Sung et al., 2021). Hepatocellular carcinoma (HCC)
accounts for approximately 75%-85% of all primary liver cancer
instances (Singal et al., 2020), with a substantial 72% of these cases
diagnosed in Asia, where hepatitis B virus (HBV) infection is the
predominant risk factor (Singal et al., 2020). Individuals diagnosed
with HCC typically present at advanced stages; nevertheless, the
introduction of targeted and immune therapies has extended their
life expectancy (Llovet et al., 2021; Villanueva, 2019). The first-line
systemic treatments for advanced HCC include monotherapy with
the oral multitargeted tyrosine kinase inhibitors (TKIs) sorafenib
and lenvatinib (Kudo et al., 2018; Llovet et al., 2008). Nonetheless,
these targeted therapies have only yielded modest improvements in
survival (Choi et al., 2022; De Matteis et al., 2021; Zhang et al., 2021).
Moreover, it has been observed that sorafenib is less effective in
patients with HBV-associated HCC compared to those without such
infections (Choi et al., 2022; De Matteis et al., 2021).

In the last 5 years, immune checkpoint inhibitors (ICIs) that
target the PD-1/PD-L1 pathway have been introduced as novel
therapeutic options for advanced HCC (Finn et al., 2020¢; Qin et al.,
2020; Yau et al,, 2022; Zhu et al., 2018). However, the response to ICI
monotherapy remains limited to a small fraction of HCC patients
(Finn et al., 2020c¢; Qin et al., 2020; Yau et al., 2022; Zhu et al., 2018),
and it has not demonstrated a survival advantage over sorafenib in
the first-line treatment context. Consequently, the integration of
TKIs with PD-1 and PD-L1 ICIs has been pursued to enhance
therapeutic outcomes. In the phase 1 b 116-KEYNOTE-524 study,
the combination of lenvatinib and the PD-1 ICI pembrolizumab
exhibited promising antitumor effects, achieving an objective
response rate (ORR) of 36.0% and a median response duration of
12.6 months in patients with unresectable HCC. Additionally, these
patients saw a median overall survival (OS) of 22.0 months and a
median progression-free survival (PES) of 8.6 months, alongside a
manageable safety profile (Finn et al, 2020a). The phase three
COSMIC-312 trial assessed the efficacy of the PD-L1 inhibitor
multikinase
cabozantinib versus sorafenib in previously untreated patients

atezolizumab  combined  with the inhibitor
with advanced HCC. The results indicated no significant
improvement in OS for the combination therapy compared to
sorafenib alone (Kelley et al., 2022). In another phase three trial,

CARES-310, the efficacy of the PD-1 inhibitor camrelizumab
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combined with the TKI rivoceranib was evaluated as a first-line
treatment. This combination significantly improved both median
OS and median PFS, recording values of 22.1 months and
5.6 months, respectively, with an ORR of 25.4%, surpassing the
performance of the sorafenib control group (Qin et al,, 2023).

In recent times, the approach to systemic treatment of HCC has
transitioned from multikinase inhibitors to regimens centered on
immunotherapy that employ combination strategies (Abou-Alfa
et al., 2022; Finn et al., 2020b; Finn et al., 2020c; Yau et al,
2020). Yet, when comparing the combination therapy of PD-1/
PD-LI1 inhibitors and TKIs with first-line monotherapy or TKI
monotherapy, the outcomes have been inconsistent. In addition,
previous systematic reviews and meta-analyses have primarily
focused on the efficacy and safety of PD-1/PD-L1 inhibitors
combined with anti-angiogenic agents for the treatment of HCC
(Cao et al., 2024; Huang et al., 2023; Zhu et al., 2024). Although the
pooled analysis has reported the benefits of PD-1/PD-L1 inhibitors
combined with TKIs in improving OS, ORR, and disease control rate
(DCR) (Liu et al., 2023), the supporting evidence is predominantly
derived from prospective cohort studies, with a notable lack of
evidence from randomized controlled trials (RCTs). Therefore, we
undertook a meta-analysis of RCTs to comprehensively evaluate the
efficacy and safety of integrating PD-1/PD-L1 inhibitors with TKIs
in treating advanced or unresectable HCC. Additionally, we also
examined whether specific subgroups demonstrated superior PFS
and OS, aiming to identify populations that derive greater benefit
from this therapeutic approach.

2 Materials and methods

2.1 Study design

Following the PRISMA guidelines, pertinent studies were
2021).
registered at the

screened and analyzed systematically (Page et al,
Additionally, this
International ~ Prospective Register of Systematic Reviews
(PROSPERO) with the registration number CRD42024605243.

research has been

2.2 Literature retrieval

We conducted a thorough search for RCT's in several databases,
including PubMed, Web of Science, Embase, and Cochrane Library,
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covering all publications up to 16 October 2024. The search strategy
focused on two main categories: therapy-related terms such as “PD-
1 inhibitors”, “PD-L1 inhibitors”, “immune checkpoint inhibitors”,
“TKIs”,

“nivolumab”,

“tyrosine  kinase  inhibitors”,

“atezolizumab”,

“pembrolizumab”,
“camrelizumab”, “sorafenib”,
“lenvatinib”, and “cabozantinib”; and disease-specific terms
carcinoma”, “liver cancer”, “liver
“HCC”,

carcinoma”. No language constraints were imposed on the

including “hepatocellular

neoplasms”,  “hepatocarcinoma”, and “liver cell
search. A comprehensive search strategy for each database is
detailed in Supplementary Files S1. Further, we examined the

references of all pertinent articles to find additional relevant studies.

2.3 Inclusion and exclusion criteria

Eligibility for inclusion in the study was determined by the
following criteria: (1) RCTs; (2) Participants suffering from
advanced or unresectable HCC; (3) Intervention involving a
combination of PD-1/PD-L1 inhibitors and TKIs; (4) Control
group treated with first-line monotherapies such as sorafenib or
lenvatinib, or other TKIs administered alone or in conjunction with
a placebo; (5) Reporting of outcomes including PFS, OS, ORR, DCR,
any grade treatment-related adverse events (TRAEs),
grade >3 TRAEs, or serious TRAEs. Studies were excluded if
they were: (1) single-arm, non-randomized, or observational; (2)
utilized monotherapy or combinations not involving PD-1/PD-
L1 inhibitors with TKIs; (3) characterized by insufficient or
duplicate data; (4) case reports, conference abstracts, systematic
reviews, animal studies, or correspondences.

2.4 Data extraction and quality assessment

Two independent professionals extracted the data, gathering
details such as the first author’s name, year of publication, name of
the trial, phase of the study, geographical area, patient population,
number of participants, ages of participants, treatment protocols for
the experimental and control groups, and the duration of follow-up.
The primary endpoints analyzed in the meta-analysis were PFS and
OS, with secondary outcomes including ORR, DCR, any grade
TRAEs, grade >3 TRAEs, and serious TRAEs. In cases where
direct data on PFS or OS were unavailable, we used Engauge
Digitizer Version 10.8 and the approach by Tierney et al. (2007)
to derive these metrics from Kaplan-Meier curves (Xie et al., 2022).
Quality assessment of the RCTs was independently performed by
two investigators using the modified Jadad scale (Jadad et al., 1996),
which evaluates RCTs on five parameters and assigns a score ranging
from 0 to 7 based on aspects of randomization, allocation
concealment, blinding, and the rate of dropouts/withdrawals.
Trials scoring between 0 and 3 were categorized as low quality,
whereas scores of 4 or above indicated high quality.

2.5 Statistical analysis

Statistical analyses were conducted using R software 4.3.2 and
STATA Version 12.0. We calculated pooled hazard ratios (HRs) and
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95% confidence intervals (CIs) for PFS and OS, in addition to pooled
risk ratios RRs and 95% CIs for ORR, DCR, any grade TRAEs,
grade >3 TRAEs, and serious TRAEs. We assessed heterogeneity
using the I” statistic, Cochran’s Q test, and 95% prediction intervals
(PIs) (Bowden et al.,, 2011; IntHout et al., 2016). In the presence of
significant heterogeneity (p < 0.1 and I* > 50%), analysis proceeded
under a random-effects model; otherwise, a fixed-effects model was
applied (Higgins and Thompson, 2002). Subgroup analyses were
performed, focusing on the stratified results for PFS and OS from the
included RCTs. Sensitivity analyses were performed by sequentially
excluding individual studies to assess the impact on the pooled HRs
or RRs. To detect publication bias, Begg’s and Egger’s tests were
utilized, indicating no significant bias with p-values over 0.05 (Begg
and Mazumdar, 1994; Egger et al., 1997). Statistical significance was
established at a two-sided p-value of less than 0.05.

2.6 Trial sequential analysis

In this meta-analysis, trial sequential analysis (TSA) was
implemented to reduce the likelihood of type I and type II errors
(Wetterslev et al., 2017). We conducted TSA on the PFS and OS data
using STATA Version 12.0 and R software 4.3.2, employing the a
priori information size (APIS) methodology. For binary outcomes,
TSA was executed using TSA software v0.9.5.10 Beta to ascertain the
required information size (RIS). When the cumulative Z-curve
crossed the RIS (or APIS) boundary or the trial sequential
monitoring boundary, it indicated that sufficient evidence to
conclude the analysis without the need for further studies. The
determination of the RIS and APIS utilized settings including a two-
sided o of 0.05, a power (1-B) of 0.80, and a 15% reduction in RR.

3 Results
3.1 Study selection
Figure 1 outlines the process of literature selection used in our

study. An identified
6,774 potentially relevant studies. We eliminated 2,887 duplicates,

initial search across four databases
then assessed the titles and abstracts of the remaining 3,887 studies.
A vast majority, 3,855, were excluded for failing to meet the
relevance criteria, which left 32 articles for detailed full-text
evaluation to assess their suitability for inclusion. Of these,
28 studies were further excluded for various reasons: 5 were
disqualified due to their single-arm trial design; 11 did not report
the necessary outcome data; and 12 were rejected because their
intervention group treatment regimens did not satisfy the inclusion
standards. Ultimately, 4 studies qualified for inclusion in the meta-
analysis (Kelley et al., 2022; Llovet et al., 2023; Qin et al., 2023; Yau

et al., 2024a).

3.2 Characteristics and quality assessment of
selected studies

Table 1 summarizes the general information, baseline patient
characteristics, and therapeutic protocols. This meta-analysis
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Records excluded after reading the title
and/or abstract
(n=3,855)

Records excluded after reading the full
text (n=28):
Single-arm trials (n=5)
Without required outcome data (n=11)

Intervention design did not meet the
inclusion criteria (n=12)

FIGURE 1
Flow diagram of the process of study selection.

covered 4 studies, including 3 Phase 3 RCTs. Notably, the
COSMIC-312 trial featured two distinct control arms: one
receiving sorafenib and the other cabozantinib. Yau et al.
(2024b) and Kelley et al. (2022) provided differing outcomes
from the COSMIC-312 trial at various follow-up intervals. We
focused on extracting data from the longer follow-up periods.
Additionally, outcome data not reported by Yau et al. were
supplemented by findings from Kelley et al. In total,
1,099 patients with HCC were treated with a combination of
PD-1/PD-L1 inhibitors and TKIs, compared to 1,075 patients
who received only TKIs or TKIs plus placebo. The administered
PD-1/PD-L1 inhibitors were camrelizumab, pembrolizumab,
and atezolizumab, while the TKIs included
rivoceranib, lenvatinib, and cabozantinib. These 4 studies

sorafenib,

were considered high-quality due to their stringent design
(with scores ranging from 5 to 7 on the modified Jadad
scale) and publication high-impact  journals. A
methodological limitation noted was the lack of double-

in

blinding in the trial design (Supplementary Files S2).

3.3 Survival outcomes

Each of the 4 studies assessed PFS outcome in HCC patients.
Results indicated that those treated with PD-1/PD-L1 inhibitors
in conjunction with TKIs showed a significantly better PFS rate
than the controls (HR = 0.694, 95% CI: 0.527-0.914; 95% PI:
0.228-2.114, I* = 80.4%) (Table 2; Figure 2A). Subgroup
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analysis revealed that combining PD-1/PD-L1 inhibitors with
TKIs significantly improved PFS in HCC patients over those
receiving first-line sorafenib (HR = 0.624, 95% CI: 0.459-0.849;
95% PI: 0.029-13.563, I” = 68.6%) or TKIs with placebo (HR =
0.830, 95% CI: 0.707-0.975) (Table 2; Supplementary Figure
S1). Additionally, we obtained stratified analysis outcomes for
PFS from the included studies based on factors including age,
sex, region, race, Eastern Cooperative Oncology Group (ECOG)
performance status, Barcelona Clinic Liver Cancer (BCLC)
alpha-fetoprotein,  disease  aetiology,
These stratified findings
consolidated to form detailed subgroup analyses of PFS, as

stage,  baseline

macrovascular invasion. were
outlined in Table 2 and Supplementary Figures S2-S10.
Significantly, the therapeutic regimen combining PD-1/PD-
L1 with TKIs

enhancing PFS among male patients, those from Asian

inhibitors was particularly effective in
regions, of Asian ethnicity, with an ECOG performance
status of 0, diagnosed with BCLC stage C, and those whose
disease etiology was related to hepatitis B or C virus, as well as
those presenting with macrovascular invasion (all p < 0.05). In
contrast, among females, individuals from regions other than
Asia, Caucasians, patients with an ECOG performance status of
1, BCLC stage B, non-viral disease etiology, and without
macrovascular invasion, the improvement in PFS was not
significant when compared to controls (all p > 0.05).

4 studies investigated the effects of combining PD-1/PD-
L1 inhibitors with TKIs on OS in HCC patients. The combined

data indicated that the addition of PD-1/PD-L1 inhibitors to
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TABLE 1 Summary of the characteristics of included RCTs.

Patient
population

Sample
size (M/F)

10.3389/fphar.2025.1535444

Follow-
up
duration
(month,
median
[IQRI)

Age (I/C,
median
[IQR],

Experimental
arm

year)

Qin et al. CARES- Phase 3 95 study Patients (aged 1: 227/45; C: 58 (48-66)/56 Camrelizumab Sorafenib 14.5
(2023) 310 centres 18 years or older) 230/41 (47-64) 200 mg 400 mg orally (9.1-18.7)
across with intravenously every twice daily
13 countries  histopathologically 2 weeks + (28-day
and regions or cytologically Rivoceranib 250 mg cycles)
confirmed HCG; orally once daily (28-
BCLC stage B or C; day cycles)
Not amenable to or
had progressed
after surgical or
locoregional
therapy; ECOG PS
of Oor1
Llovet et al. LEAP- Phase 3 172 global Patients (aged 1: 317/78; C: 66.0 Pembrolizumab Placebo 32.1
(2023) 002 sites 18 years or older) 327/72 (57.0-72.0)/ 200 mg 200 mg (29.4-35.3)
had histologically, 66.0 intravenously once | intravenously
cytologically, or (57.0-73.0) every 3 weeks + once every
radiographically Lenvatinib 8 mg (or 3 weeks +
confirmed HCC; 12 mg) orally once Lenvatinib
ECOG PSof 0 or 1 daily (up to 8 mg (or
35 cycles) 12 mg) orally
once daily (up
to 35 cycles)
Yau et al. COSMIC- Phase 3 178 centres Patients (aged 1: 360/72; C: 64 (58-70)/64 Atezolizumab Sorafenib 22.1
(2024a) 312 in 18 years or older) 186/ (57-71) 1,200 mg 400 mg orally (19.3-24.8)
32 countries  had a pathological = 31(Sorafenib); = (Sorafenib); 64 = intravenously every twice daily
diagnosis of HCC 158/30 (58-71) 3 weeks +
or a radiological  (Cabozantinib) = (Cabozantinib) = Cabozantinib tablets =~ Cabozantinib
diagnosis of HCC 40 mg orally once | tablets 60 mg
in patients with daily orally once
cirrhosis; BCLC daily
stage B or C; ECOG
PSof 0orl
Kelley et al. COSMIC- Phase 3 178 centres Patients (aged 1: 360/72; C: 64 (58-70)/64 Atezolizumab Sorafenib 133
(2022) 312 in 18 years or older) 186/ (57-71) 1,200 mg 400 mg orally (10.5-16.0)
32 countries had a pathological 31(Sorafenib); = (Sorafenib); 64 | intravenously every twice daily
diagnosis of HCC 158/30 (58-71) 3 weeks +
or a radiological (Cabozantinib) | (Cabozantinib) = Cabozantinib tablets = Cabozantinib
diagnosis of HCC 40 mg orally once | tablets 60 mg
in patients with daily orally once
cirrhosis; BCLC daily
stage B or C; ECOG
PSof 0orl

M, male; F, female; I, intervention group; C, control group; IQR, interquartile range; HCC, hepatocellular carcinoma; BCLC, barcelona clinic liver cancer; ECOG, eastern cooperative oncology

group; PS, performance status.

TKI regimens did not significantly enhance OS relative to the control
group (HR = 0.804, 95% CI: 0.634-1.019; 95% PI: 0.318-2.032, I* =
72.7%) (Table 2; Figure 2B). Subgroup analyses were performed
according to the specific TKIs used in the control groups. These
analyses demonstrated that the co-administration of PD-1/PD-
L1 inhibitors with TKIs did not yield an OS benefit over the use
of sorafenib alone (HR = 0.781, 95% CI: 0.499-1.223; 95% PI:
0.007-94.385, I” = 85.9%). However, a notable improvement in
OS was observed with the combination of PD-1/PD-
L1 inhibitors and TKIs compared to TKIs plus placebo,
though this result was based on a single study (HR = 0.840,
95% CI: 0.708-0.997) (Table 2; Supplementary Figure S11).
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Detailed results of the OS subgroup analysis, stratified by the
data from the included studies, are provided in Table 2 and
Supplementary Figures S12-S22.

3.4 Tumor responses

Figure 3 illustrates tumor responses, including ORR and
DCR, as forest plots. These metrics were each evaluated in
4 studies. The comprehensive assessment revealed that the ORR
for the combination of PD-1/PD-L1 inhibitors with TKIs in
treating HCC was significantly superior to that observed in the
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TABLE 2 Pooled effect and subgroup analysis of the primary outcomes of PD-1/PD-L1 inhibitors combined with tyrosine kinase inhibitors as first-line

treatment for hepatocellular carcinoma.

Outcomes and subgroups

Number of studies

HR

Meta-analysis

95% CI

p value

10.3389/fphar.2025.1535444

95% PI

Heterogeneity

12, tau?

p value

PD-1/PD-L1 inhibitors + TKIs vs Sorafenib alone
PD-1/PD-L1 inhibitors + TKIs vs TKIs + Placebo

<65 years
=65 years

Male
Female

Asia
Other

Asian
White

Stage B
Stage C

<400

0.624
0.830

0.696
0.651

0.634
0.817

0.562
0.750

0.567
0.763

0.697
0.663

0.934
0.590

0.749

0.459-0.849
0.707-0.975

0.527-0.918
0.508-0.834

0.543-0.741
0.400-1.666

0.466-0.679
0.483-1.162

0.469-0.687
0.489-1.189

0.573-0.847
0.418-1.052

0.687-1.270
0.501-0.694

0.625-0.897

0.003
0.023

0.010
0.001

<0.001
0.577

<0.001
0.198

<0.001
0.232

<0.001
0.081

0.663
<0.001

0.002

0.029-13.563

0.050-9.594
0.237-1.816

0.090-4.471
0.001-1,058.553

0.166-1.907
0.010-54.510

0.165-1.957
0.011-53.509

0.197-2.467
0.006-79.414

0.127-6.862
0.118-2.969

0.080-7.022

68.6%, 0.0341

56.4%, 0.0227
36.4%, 0.0294

47.8%, 0.0115
70.2%, 0.1858

0%, 0
59.4%, 0.0637

0%, 0
55.3%, 0.0605

0%, 0
77.3%, 0.0863

0%, 0
30.4%, 0.0061

46.9%, 0.0150

0.074

|

0.130
0.208

|

0.166
0.067

|

0.808
0.117

|

0.936
0.135

|

0.472
0.036

|

0.323
0.231

|

0.170

>400

Hepatitis B virus
Hepatitis C virus
Non-viral

Yes
No

0.464

0.554
0.709
0.764

0.536
0.714

0.362-0.594

0.456-0.674
0.503-0.998
0.431-1.353

0.400-0.718
0.457-1.118

<0.001

<0.001
0.049
0.356

<0.001
0.141

0.042-5.114

0.156-1.970
0.015-31.177
0.002-252.109

0.081-3.569
0.006-85.298

29.2%, 0.0132

0%, 0
26.2%, 0.0365
71.3%, 0.1231

0%, 0
85.8%, 0.0895

0.235

|

0.672
0.245
0.062

|

0.643
0.008

PD-1/PD-L1 inhibitors + TKIs vs Sorafenib alone

PD-1/PD-L1 inhibitors + TKIs vs TKIs + Placebo

<65 years

265 years

0.781
0.840

0.499-1.223

0.708-0.997

0.638-1.175
0.670-0.947

0.264-2.846
0.602-1.054

71.7%, 0.0522
0%, 0

0.280 0.007-94.385 85.9%, 0.0900 0.008
0.046
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TABLE 2 (Continued) Pooled effect and subgroup analysis of the primary outcomes of PD-1/PD-L1 inhibitors combined with tyrosine kinase inhibitors as

first-line treatment for hepatocellular carcinoma.

Number of studies

Outcomes and subgroups

Meta-analysis Heterogeneity

95% Cl pvalue  95% PI 12, tau?  p value
Sex
Male 3 0.787 = 0.606-1.023 0.073 0.280-2.214 74.8%, 0.0399 0.019
Female 3 1.049 | 0.785-1.403 0.746 0.554-1.986 0%, 0 0.773
Region
Asia 2 0.688 = 0.550-0.860 0.001 0.162-2.924 0%, 0 0.548
Other 2 0.834  0.420-1.657 0.604 0.001-1,053.612 = 76.4%, 0.1931 0.040
Race
Asian 2 0.666 = 0.533-0.834 <0.001 0.156-2.849 0%, 0 0.903
White 2 0.901 = 0.375-2.162 0.815 - 84.3%, 0.3398 0.012
ECOG performance status
0 3 0.882  0.666-1.167 0.378 0.307-2.528 65.3%, 0.0395 0.056
1 3 0.741 | 0.619-0.887 0.001 0.470-1.169 7.7%, 0.0021 0.339
BCLC stage
Stage B 3 0.999 = 0.770-1.297 0.995 0.428-2.298 19.2%, 0.0145 0.290
Stage C 3 0.778 = 0.633-0.956 0.017 0.369-1.640 57.4%, 0.0190 0.096
Child-Pugh classification
A5 2 0910 = 0.781-1.060 0.227 0.232-3.615 22.2%, 0.0037 0.257
A6 2 0.814  0.594-1.115 0.199 0.106-6.266 0%, 0 0.782
Baseline alpha-fetoprotein (ng/mL)
<400 3 0917 = 0.665-1.264 0.596 0.257-3.273 75.9%, 0.0606 0.016
>400 3 0.636 = 0.527-0.768 <0.001 0.421-0.961 0%, 0 0.887
‘ Disease aetiology
Hepatitis B virus 3 0.693 = 0.584-0.822 <0.001 0.476-1.009 0%, 0 0.708
Hepatitis C virus 3 0.930  0.725-1.193 0.569 0.263-3.015 44.2%, 0.0454 0.167
Non-viral 3 0.962  0.785-1.179 0.709 0.321-2.885 49.9%, 0.0388 0.136
‘ Extrahepatic metastasis
Yes 2 0.673 = 0.488-0.930 0.016 0.027-16911  67.9%, 0.0373 0.078
No 2 0.930  0.732-1.180 0.549 0.198-4.374 0%, 0 0.590
‘ Macrovascular invasion
Yes 3 0.726 = 0.570-0.925 0.010 0.427-1.235 0%, 0 0.607
No 3 0.864 = 0.673-1.110 0.253 0.332-2.253 68.5%, 0.0333 0.042

PFS, progression-free survival; TKIs, tyrosine kinase inhibitors; ECOG, eastern cooperative oncology group; BCLC, barcelona clinic liver cancer; OS, overall survival.

control group (RR = 2.303, 95% CIL: 1.360-3.902; 95% PI:
0.408-12.991, I* = 79.4%). further
indicated that this combination therapy achieved a higher

Subgroup analyses
ORR compared to either sorafenib alone or TKIs alone (or
combined with placebo) (all p < 0.05). Nonetheless, analyses
showed no significant differences in DCR between patients
receiving the combination therapy and those in the control
groups (RR =1.134, 95% CI: 0.955-1.347; 95% PI: 0.619-2.076,
I? = 92.7%). Further subgroup analysis suggested an improved
DCR with the PD-1/PD-L1 inhibitors and TKIs combination
compared to sorafenib alone (RR = 1.319, 95% CI: 1.106-1.573;
95% PI: 0.214-8.143, I> = 77.1%), but not when compared to
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TKIs alone (or with placebo) (RR =0.986, 95% CI: 0.891-1.091;
95% PI: 0.352-2.759, I? = 72.3%) (Table 3; Supplementary
Figures S23, S24).

3.5 Treatment-related adverse events

4 studies evaluated the occurrence of any grade TRAEs within
experimental and control groups. The overall analysis indicated that
there was no significant difference in the incidence of any grade
TRAEs between the cohort treated with PD-1/PD-L1 inhibitors
combined with TKIs and the control group (RR = 1.016, 95% CI:
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Forest plots of the survival outcomes after PD-1/PD-L1 inhibitors combined with tyrosine kinase inhibitors for hepatocellular carcinoma. (A)

Progression-free survival (B) Overall survival.

A
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Llovet 2023 103 395 70 399 E 3 1.49 [1.13; 1.95] 29.9%
Yau 2024a 56 432 10 217 —— 2.81 [1.46; 540] 21.7%
Yau 2024b 56 432 14 188 — - 1.74 [0.99; 3.05] 23.7%
Random effects model 1531 1075 - 2.30 [1.36; 3.90] 100.0%
Prediction interval ——— [0.41; 12.99]
Heterogeneity: % = 79.4%, 1* = 0.2231, p = 0.0022
0.1 05 1 2 10

FIGURE 3

Experimental Control
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
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Forest plots of tumor responses after PD-1/PD-L1 inhibitors combined with tyrosine kinase inhibitors for hepatocellular carcinoma. (A) Objective

response rate (B) Disease control rate.

0.996-1.036; 95% PL: 0.941-1.097, I* = 49.6%) (Figure 4A).
Nevertheless, subgroup demonstrated that this
combination therapy led to a higher risk of any grade TRAEs
compared to treatment with sorafenib alone (RR = 1.038, 95%
CI: 1.006-1.072; 95% PI: 0.853-1.273, I* = 0%). Specifically, the
combination therapy was associated with significantly higher
aspartate (AST),
increased alanine aminotransferase (ALT), decreased platelet

analyses

incidences of increased aminotransferase
count, increased blood bilirubin, hypothyroidism, and increased
lipase compared with the control (all p < 0.05). Conversely, there
were no notable differences in the incidence of hypertension,
erythrodysesthesia
diarrhea, fatigue, rash, reduced appetite, weight loss, asthenia,
and nausea between the experimental and control groups (all p >
0.05) (Table 3; Supplementary Figures S25-S28).

Analysis from 4 studies revealed a significantly elevated occurrence
of grade >3 TRAEs in patients receiving a combination of PD-1/PD-
L1 inhibitors and TKIs compared to those in the control group (RR =
1.287,95% CI: 1.020-1.624; 95% PI: 0.574-2.883, > = 90.4%) (Figure 4B).
Subsequent subgroup analyses further confirmed that this combination

proteinuria,  palmar-plantar syndrome,

therapy increased the risk of grade >3 TRAEs relative to sorafenib
monotherapy (RR = 1.590, 95% CI: 1.419-1.780; 95% PI: 0.779-3.181,
I = 0%). In particular, treatment with the combination therapy
significantly increased the occurrences of elevated AST, proteinuria,
elevated ALT, and increased blood bilirubin, while simultaneously
reducing the incidence of decreased appetite and nausea relative to
the control group (all p < 0.05). However, no significant differences
were observed in the rates of grade >3 hypertension, reduced platelet
count, palmar-plantar erythrodysesthesia syndrome, diarrhea, fatigue,
rash, weight loss, asthenia, and increased lipase between the experimental
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and control cohorts (all p > 0.05) (Table 3; Supplementary Figures
$29-832).

4 investigations evaluated the incidence of serious TRAEs. The
comprehensive analysis indicated that the regimen combining PD-
1/PD-L1 inhibitors with TKIs was associated with an increased
occurrence of serious TRAEs compared to the control group (RR =
2.068, 95% CI: 1.328-3.222; 95% PI: 0.487-8.776, 1> = 77.4%)
(Figure 4C). Moreover, this increase in risk was also observed
when the combination therapy was compared to either sorafenib
monotherapy or TKIs alone (or in conjunction with placebo) (all p <
0.05) (Table 3; Supplementary Figure S33).

3.6 Sensitivity analysis and publication bias

In this study, a leave-one-out sensitivity analysis was carried out to
assess the influence of each individual study on the overall pooled HRs
and RRs. Given the limited number of studies included, the sensitivity
analysis revealed that the exclusion of individual study could potentially
affect the overall results (Supplementary Figure S34). To further evaluate
publication bias, we applied both funnel plots and Begg’s and Egger’s tests.
These methods collectively found no indication of publication bias in the
outcomes related to efficacy and safety (all p > 0.05). The associated
funnel plots can be found in Supplementary Figure S35.

3.7 Trial sequential analysis results

In the TSA for PFS and OS, we calculated an APIS of 1,990. It
was observed that the cumulative Z-curves for PFS, ORR, and
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TABLE 3 Pooled effect of the secondary outcomes of PD-1/PD-L1 inhibitors combined with tyrosine kinase inhibitors as first-line treatment for
hepatocellular carcinoma.

Outcomes Number of Meta-analysis Heterogeneity
studies
95% Cl pvalue 95% PI 12, tau? p
value

ORR

Overall 4 2.303 | 1.360-3.902 0.002 0.408-12.991 79.4%, 0.2231 0.002
PD-1/PD-L1 inhibitors + TKIs vs Sorafenib alone 2 3624 | 2421-5424  <0.001 0.264-50.526 0%, 0 0.319
PD-1/PD-L1 inhibitors + TKIs vs TKIs alone (or plus 2 1.542 | 1.208-1.969 0.001 0.317-7.405 0%, 0 0.616

placebo)

DCR

Overall 4 1.134 | 0.955-1.347 0.152 0.619-2.076 92.7%, 0.0284 <0.001
PD-1/PD-L1 inhibitors + TKIs vs Sorafenib alone 2 1319 | 1.106-1.573 0.002 0.214-8.143  77.1%, 0.0125  0.037
PD-1/PD-L1 inhibitors + TKIs vs TKIs alone (or plus 2 0.986  0.891-1.091 0.782 0.352-2.759 | 72.3%, 0.0039 0.058

placebo)

Any grade TRAEs

Overall 4 1.016 = 0.996-1.036 0.114 0.941-1.097 49.6%, 0.0004 0.114
PD-1/PD-L1 inhibitors + TKIs vs Sorafenib alone 2 1.038 = 1.006-1.072 0.021 0.853-1.273 0%, 0 0.384
PD-1/PD-L1 inhibitors + TKIs vs TKIs alone (or plus 2 0.998 ' 0.974-1.022 0.857 0.856-1.168 0.9%, <0.0001 0.315

placebo)
Hypertension 4 1.102 = 0.767-1.584 0.599 0.316-3.845 90.8%, 0.1199 <0.001
Aspartate aminotransferase increased 4 1.501 = 1.114-2.022 0.008 0.580-3.882 74.2%, 0.0660 0.009
Proteinuria 4 1.210 = 0.756-1.935 0.427 0.255-5.732 86.9%, 0.1815 <0.001
Alanine aminotransferase increased 4 1.623 | 1.097-2.402 0.015 0.443-5.947 82.5%, 0.1265 0.001
Platelet count decreased 4 1.250 = 1.070-1.460 0.005 0.692-2.278 41.9%, 0.0216 0.160
Blood bilirubin increased 4 1.269 | 1.071-1.504 0.006 0.695-2.221 34.8%, 0.0193 0.204
Palmar-plantar erythrodysaesthesia syndrome 4 0.886 | 0.690-1.137 0.341 0.379-2.072  85.2%, 0.0551 <0.001
Diarrhoea 4 0976 = 0.825-1.153 0.772 0.582-1.635 65.7%, 0.0190 0.033
Hypothyroidism 4 2.282 | 1.105-4.709 0.026 0.189-27.547  92.2%, 0.4760 <0.001
Fatigue 4 1.328 = 0.854-2.065 0.208 0.298-5.927 85.4%, 0.1702 <0.001
Rash 4 0.997 = 0.668-1.487 0.987 0.274-3.631 74.2%, 0.1233 0.009
Decreased appetite 4 1.080 = 0.772-1.511 0.653 0.359-3.254 78.8%, 0.0907 0.003
Weight decreased 4 0914 = 0.591-1.413 0.686 0.218-3.833 78.2%, 0.1535 0.003
Asthenia 4 1.148 = 0.930-1.418 0.199 0.548-2.488 42.0%, 0.0353 0.160
Nausea 4 1.153 = 0.789-1.684 0.463 0.357-3.721 67.2%, 0.0982 0.027
Lipase increased 4 1.950 = 1.407-2.702 <0.001 1.138-3.272 0%, 0 0.936

Grade > 3 TRAEs

Overall 4 1.287 | 1.020-1.624 0.033 0.574-2.883 90.4%, 0.0502 <0.001
PD-1/PD-L1 inhibitors + TKIs vs Sorafenib alone 2 1.590 | 1419-1.780  <0.001 0.779-3.181 0%, 0 0.543
PD-1/PD-L1 inhibitors + TKIs vs TKIs alone (or plus 2 1.057 | 0.965-1.158 0.233 0.587-1.908 0%, 0 0.431

placebo)
Hypertension 4 1.179 = 0.639-2.176 0.599 0.145-9.604 88.5%, 0.3367 <0.001
Aspartate aminotransferase increased 4 2.177 | 1.564-3.030 <0.001 0.798-5.661 29.9%, 0.0517 0.233
Proteinuria 4 1.854  1.175-2.926 0.008 0.209-25.115 = 47.0%, 0.3555 0.129
Alanine aminotransferase increased 4 2.198 | 1.154-4.187 0.017 0.309-15.639 = 63.8%, 0.2721 0.041
Platelet count decreased 4 1.890 = 0.632-5.649 0.255 0.054-65.684 77.0%, 0.9310 0.005
Blood bilirubin increased 4 2.706 = 1.556-4.705 <0.001 0.335-21.454  34.7%, 0.2461 0.204
Palmar-plantar erythrodysaesthesia syndrome 4 0.952 | 0.730-1.241 0.717 0.613-1.455 0%, 0 0.541
Diarrhoea 4 1.075 | 0.474-2.434 0.863 0.083-13.959 = 71.3%, 0.4752 0.015
Fatigue 4 1.334 | 0.620-2.868 0.461 0.158-11.295  50.9%, 0.2980 0.106
Rash 4 1.943  0.800-4.717 0.142 0.411-7.936 0%, 0 0.774
Decreased appetite 4 0.565 | 0.321-0.992 0.047 0.219-1.438 0%, 0 0.446
Weight decreased 4 0.788 | 0.466-1.333 0.374 0.307-1.920 1.8%, 0.0056 0.383
Asthenia 4 1.496 = 0.891-2.511 0.128 0.592-3.315 0%, 0 0.408
Nausea 4 0.334 = 0.113-0.986 0.047 0.004-26.811 21.9%, 0.4533 0.278
Lipase increased 4 1.519 | 0.919-2.510 0.103 0.655-3.414 0%, 0 0.671

(Continued on following page)
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TABLE 3 (Continued) Pooled effect of the secondary outcomes of PD-1/PD-L1 inhibitors combined with tyrosine kinase inhibitors as first-line treatment for

hepatocellular carcinoma.

Number of
studies

Outcomes

Serious TRAEs

Overall 4
PD-1/PD-L1 inhibitors + TKIs vs Sorafenib alone 2
PD-1/PD-L1 inhibitors + TKIs vs TKIs alone (or plus 2

placebo)

Meta-analysis Heterogeneity

95% ClI 95% PI

12, tau? p
value

p value

‘ 2.068 = 1.328-3.222 ‘ 0.001

ORR, objective response rate; TKIs, tyrosine kinase inhibitors; DCR, disease control rate; TRAEs, treatment-related adverse events.

Experimental Control
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Qin 2023 265 272 249 269 1‘—.— 1.05 [1.01;1.09] 22.2%
Llovet 2023 381 395 378 395 : 1.01 [0.98;1.04] 33.5%
Yau 2024a 399 429 188 207 1.02 [0.97;1.08] 22.5%
Yau 2024b 399 429 178 188 0.98 [0.94;1.03] 21.9%
Common effect model 1525 1059 1.02 [1.00; 1.04] 100.0%

Prediction interval
Heterogeneity: /2 = 49.6%, 1 = 0.0004, p = 0.1142

[0.94; 1.10]

Experimental Control

Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Qin 2023 66 272 16 269 i —M— 4.08 [243;6.86] 22.7%
Llovet 2023 99 395 65 395 - 1.52 [1.15;2.02] 29.1%
Kelley 2022a 78 429 16 207 —— 2.35 [1.41;3.92] 22.9%
Kelley 2022b 78 429 24 188 il 1.42 [0.93;2.18] 25.3%
Random effects model 1525 1059 ‘ 2.07 [1.33; 3.22] 100.0%
Prediction interval e — [0.49; 8.78]
Heterogeneity: /> = 77.4%, 1* = 0.1551, p = 0.0041
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0.487-8.776 77.4%, 0.1551 0.004

‘ 3.092 | 1.803-5.303 ‘ <0.001 0.020-483.941 = 54.3%, 0.0824 0.139

1.490 1.179-1.883 0.001 0.328-6.791 0%, 0 0.796
B

Experimental Control

Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Qin 2023 220 272 141 269 k3 154 [1.36,1.75] 25.8%
Llovet 2023 247 395 227 395 : 1.09 [0.97;1.22] 26.2%
Yau 20242 244 429 71 207 . 1.66 [1.35;2.04] 22.9%
Yau 2024b 244 429 106 188 ; 1.01 [0.87;1.17] 25.0%
Random effects model 1525 1059 > 1.29 [1.02; 1.62] 100.0%
Prediction interval —_—— [0.57; 2.88]
Heterogeneity: /* = 90.4%, ¥* = 0.0502, p < 0.0001 i : 3

Forest plots of the safety outcomes after PD-1/PD-L1 inhibitors combined with tyrosine kinase inhibitors for hepatocellular carcinoma. (A) Any grade
treatment-related adverse events (TRAEs) (B) Grade >3 TRAEs (C) Serious TRAEs.

serious TRAEs crossed the trial sequential monitoring boundary,
though they did not exceed the RIS boundary. This suggests the
potential for drawing robust conclusions from these parameters.
However, the cumulative Z-curves for OS, DCR, any grade TRAEs,
and grade >3 TRAEs did not breach either the RIS threshold or the
trial sequential monitoring boundary, indicating that these findings
remain inconclusive and potentially subject to false positives
(Figures 5, 6).

4 Discussion

In the treatment of advanced HCC, single-agent ICIs have
demonstrated ORRs of 15%-20%, generally without notable
improvements in OS. Additionally, intrinsic resistance to ICIs
occurs in approximately 30% of HCC cases (Rimassa et al,
2023). With no predictive biomarkers available to determine
which patients would most benefit from immunotherapy,
researchers have shifted focus to evaluate combination therapies
that might be effective in a wider range of patients. Among these, the
combination of PD-1/PD-L1 inhibitors with TKIs has emerged as a
particularly promising strategy for advanced HCC. Our meta-
analysis, which pooled data from RCTs, found that this

Frontiers in Pharmacology

combination therapy significantly improved PFS and ORR when
compared to either first-line monotherapy or TKI monotherapy.
However, it also raised the incidence of grade >3 and serious TRAEs.
Additionally, the combined regimen of PD-1/PD-LI inhibitors and
TKIs did not significantly impact OS, DCR, or the occurrence of any
grade TRAEs.

The reasons for the discrepancy between PFS and OS in our
analysis remain uncertain. Numerous oncology studies have
demonstrated a weak association between PES and OS, with one
proposed explanation being that OS may be adversely impacted by
reduced treatment duration due to toxicity (Merino et al.,, 2023).
Furthermore, the combination of PD-1/PD-L1 inhibitors with TKIs
is associated with an increased incidence of immune-related AEs,
which may necessitate dose reductions, interruptions, or
discontinuation of therapy (Yau et al., 2024b), thereby potentially
diminishing overall therapeutic efficacy and affecting OS.
Additionally, the impact of subsequent therapies after disease
progression also plays a crucial role in influencing OS. Patients
who experience disease progression following first-line treatment
with PD-1/PD-L1 inhibitors and TKIs may undergo second-line
therapies that affect their OS outcomes. Variability in post-
progression treatments among the included studies could have
contributed to the observed lack of OS improvement. Moreover,
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FIGURE 5

Trial sequential analysis of PD-1/PD-L1 inhibitors combined with tyrosine kinase inhibitors for hepatocellular carcinoma. (A) Progression-free
survival (B) Overall survival. Red inward-sloping line to the left represents trial sequential monitoring boundary. Blue line represents evolution of
cumulative Z-score. Horizontal green lines represent the conventional boundaries for statistical significance. Heterogeneity-adjusted required
information size to demonstrate or reject 15% relative risk (a priori estimate) of mortality risk (with alpha of 5% and beta of 20%) is 1,990 patients for
PFS and OS (vertical red line). Cumulative Z-curve crossing the trial sequential monitoring boundary or the APIS boundary provides firm evidence

of effect.
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FIGURE 6

Trial sequential analysis of PD-1/PD-L1 inhibitors combined with tyrosine kinase inhibitors for hepatocellular carcinoma. (A) Objective response rate
(B) Disease control rate (C) Any grade treatment-related adverse events (TRAEs) (D) Grade >3 TRAEs (E) Serious TRAEs. Uppermost and lowermost red
curves represent trial sequential monitoring boundary lines for benefit and harm, respectively. Inner red lines represent the futility boundary. Blue line
represents evolution of cumulative Z-score. Horizontal green lines represent the conventional boundaries for statistical significance. Cumulative
Z-curve crossing the trial sequential monitoring boundary or the RIS boundary provides firm evidence of effect.
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the time needed for PD-1/PD-L1 inhibitors to generate a significant
anti-tumor response may exceed the follow-up durations of some
included studies. Extended follow-up periods might be required to
fully capture the OS benefits.

The progression of cancer is intricately linked to its ability to
circumvent immune surveillance. Checkpoint proteins play a crucial
role in modulating the immune system’s response to both pathogens
and tumor cells. Specifically, PD-1 impedes T-cell receptor signaling,
curbing T-cell proliferation and the release of cytotoxic substances;
sustained activation of PD-1 results in T-cell fatigue (Sen et al.,
2016). Agents such as atezolizumab, camrelizumab, pembrolizumab,
nivolumab, durvalumab, and tislelizumab, which inhibit PD-1 and
PD-LI, have been shown to elicit objective tumor responses in
approximately 15% of patients in phase 2 and 3 prospective trials
(Sangro et al., 2021). The immunologic implications of TKIs have
begun to be explored and remain incompletely elucidated. TKIs
commonly target receptors for vascular endothelial growth factor
(VEGF) and platelet-derived growth factor (PDGF), which are
pivotal in their anti-angiogenic effects (Sampat and O’Neil,
2013). The inhibition of VEGF might also provoke immune-
TKIs
landscape of tumors, turning “cold” tumors “hot” and thereby

stimulating responses. can alter the immunological
broadening the cohort of patients who respond to checkpoint
inhibitors due to unique immunomodulatory effects (Llovet et al.,
2022). Experimental research has highlighted such transformations
in the tumor microenvironment with the combination of
pembrolizumab and lenvatinib in HCC, notably increasing the
CD8 T-cell count while reducing regulatory T-cell numbers
(Torrens et al, 2021). The combination of PD-1/PD-
L1 inhibitors and multi-targeted TKIs is a VEGF-based method
to enhance therapeutic efficacy. Beyond targeting the VEGF
TKIs other

potentially influencing the effectiveness of PD-1/PD-L1 inhibitors

receptor, also interact with various kinases,
(Rimassa et al., 2023). This synergistic interaction likely underpins
the observed improvements in PFS and ORR with the combination
therapy in our study. While no enhancements in OS or DCR were
noted, more RCTs are necessary to further validate these findings.

Notably, our subgroup analysis revealed that combination
therapy substantially enhanced OS in patients aged 65 years or
older, of Asian descent, with an ECOG performance status of 1,
BCLC stage C, baseline alpha-fetoprotein levels exceeding 400 ng/
mL, and presenting with extrahepatic metastasis, macrovascular
invasion, or HBV infection. Similarly, this therapeutic approach
notably improved PFS in patients of male, Asian descent, with an
ECOG performance status of 0, BCLC stage C, infected with HBV or
hepatitis C virus (HCV), or exhibiting macrovascular invasion.
These findings indicate that tailoring combination therapy to
these specific demographics may enhance clinical outcomes. It is
understood that chronic HBV infection leads to virus-specific T cell
exhaustion, with the PD-1/PD-L1 pathway playing a critical role in
inhibiting the activity of HBV-specific CD8" T cells (Ye et al., 2015).
Blocking PD-1/PD-L1 can, therefore, rejuvenate HBV-specific
T-cell responses to viral antigens, potentially increasing the
effectiveness of ICIs (Raziorrouh et al., 2010; Zhao et al., 2022).
Conversely, non-viral HCC, including cases with hepatic steatosis,
appears less responsive to immunotherapy compared to other HCC
etiologies (Pfister et al., 2021). This pattern of response has been

corroborated by studies like CheckMate 459 (Yau et al, 2022),
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KEYNOTE-240 (Finn et al., 2020c) and IMbravel50 (Finn et al.,
2020b), where immunotherapy appeared less effective in patients
with non-viral causes of HCC (Pfister et al., 2021). Furthermore, in
subgroups with alpha-fetoprotein levels at or above 400 ng/mL,
combination therapy also demonstrated a preference over the
subgroups with alpha-fetoprotein less than 400 ng/mL in terms
of both PFS and OS. The angiogenic nature of HCC and the
association between high alpha-fetoprotein levels, increased
VEGF expression, and immunosuppression might explain these
outcomes (Galle et al., 2019). However, the scarcity of studies
addressing these specific subgroup factors necessitates further
investigation to elucidate the impact of immune-combination
therapy on HCC treatment. Additionally, we established two
subgroups based on the type of TKIs used in control treatments.
Compared with first-line sorafenib monotherapy, the combination
therapy of PD-1/PD-L1 inhibitors and TKIs significantly improved
PES, ORR, and DCR, but had no significant effect on OS. Similarly,
compared to other TKI monotherapy (or plus placebo), adding PD-
1/PD-L1 inhibitors to TKI monotherapy markedly improved PFS
and OS, and increased ORR, but did not significantly influence DCR.
Given the limited number of studies within these comparisons,
further research is needed to refine and validate these findings.
The superior effectiveness of PD-1/PD-L1 inhibitors combined
with TKIs in HBV-infected HCC patients can be linked to the
distinct immune microenvironment shaped by chronic HBV
HBV is to upregulate PD-L1
expression within the tumor microenvironment (Raziorrouh

infection. Chronic known

et al., 2014), potentially increasing the susceptibility of these

tumors to PD-1/PD-L1 blockade. Furthermore, antiviral
treatment in HBV-positive individuals may complement
immunotherapy by lowering viral loads and mitigating

inflammation, thereby restoring immune activity (Zheng et al,
2022). TKIs, through their antiangiogenic properties, may further
augment the impact of ICIs by remodeling tumor vasculature and
facilitating immune cell infiltration (Xing et al., 2021). Additionally,
the enhanced outcomes of combination therapy observed in Asian
populations can be attributed to several factors. First, HBV infection,
the leading cause of HCC in Asian patients, is associated with
elevated PD-L1 levels and a more immunogenic tumor milieu
(Xuan Hoan et al, 2022). Second, genetic and pharmacokinetic
variations in this population, including differences in drug-
metabolizing enzymes and immune-related gene polymorphisms,
may boost responsiveness to PD-1/PD-L1 inhibitors and TKIs.
Moreover, the prevalent use of antiviral therapies and early
detection strategies in Asian regions likely contributes to more
favorable responses to combination treatments. These findings
highlight the importance of understanding the underlying
mechanisms driving enhanced efficacy in HBV-infected and
Asian patients. A deeper understanding of these biological and
clinical factors could inform patient stratification and optimize
treatment strategies for advanced HCC. Future studies should
explore the genetic, immunological, and pharmacological factors
that contribute to these observed differences, with the goal of
developing personalized treatment approaches.

Besides therapeutic efficacy, TRAEs warrant close scrutiny
(Zeng et al, 2023). In our research, a majority of participants
from both reported
experiencing TRAEs. inhibitors

and control arms
of PD-1/PD-L1

the experimental
The use
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combined with TKIs led to a higher incidence of serious and
grade >3 TRAEs compared to the control regimen. Across the
included 4 studies, prevalent TRAEs observed in combination
and control therapies included hypertension, elevated AST,
proteinuria, increased ALT, reduced platelet counts, increased
blood bilirubin, palmar-plantar erythrodysaesthesia syndrome,
diarrhea, fatigue, rash, reduced appetite, weight decreased,
asthenia, nausea, and increased lipase levels. Notably, the
combination therapy group showed a significant uptick in cases
of elevated AST, ALT, and blood bilirubin compared to controls.
Although the majority of TRAEs were classified as grade 1-2,
suggesting manageability, the elevated risk of AEs highlights the
imperative for rigorous monitoring and proactive management of
these toxicities. The engagement of multidisciplinary care teams,
encompassing hepatologists, oncologists, and supportive care
professionals, is vital for enhancing patient outcomes and
sustaining quality of life (QoL) throughout the treatment process
(Xu and Sun, 2022).

This study has several limitations. First, this meta-analysis did
not incorporate individual patient data, leading to an inherent
selection bias. Second, our analysis only encompassed 4 studies
that compared the efficacy and safety of PD-1/PD-L1 inhibitors
combined with TKIs against first-line monotherapy or TKI
monotherapy in patients with advanced or unresectable HCC.
More comprehensive clinical trials are needed to generate robust
data that could be included in subsequent analyses. Third, the RCT's
included in this meta-analysis featured a variety of therapeutic
agents and had diverse patient baseline characteristics, such as
age, sex, region, race, ECOG performance status, BCLC stage,
baseline alpha-fetoprotein levels, disease etiology, macrovascular
invasion, Child-Pugh classification, and extrahepatic metastasis.
These factors could potentially introduce significant heterogeneity
in the analysis of clinical outcomes and TRAEs. Thus, subgroup
analyses were performed to categorize data based on baseline
characteristics, aiming to reduce the effects of heterogeneity.
Future research could more comprehensively explore the efficacy
and safety of the combination therapy through further subgroup
analyses, such as PD-L1 expression levels and Albumin-Bilirubin
(ALBI) grade, or by employing network meta-analysis. Fourth, the
RCTs analyzed in this study did not report QoL outcomes, despite
QoL being a critical factor in the management of advanced HCC.
The lack of QoL information hinders a comprehensive evaluation of
the benefit-risk profile of combination therapies when compared to
TKI monotherapy or other established first-line options. Future
RCTs should prioritize the collection and reporting of QoL
outcomes using standardized and validated instruments to
provide a more holistic evaluation of treatment efficacy and safety.

5 Conclusion

In conclusion, the combination of PD-1/PD-L1 inhibitors with
TKIs emerges as a promising therapeutic option for advanced or
unresectable HCC. This meta-analysis has demonstrated the efficacy
of this combination therapy in enhancing PFS and ORR, and for the
first time, identified better survival benefits among patients with
HBYV infection and within the Asian demographic. Nonetheless, the
associated increase in serious and grade >3 TRAEs demands
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rigorous patient selection and management strategies. Future
studies should concentrate on optimizing treatment protocols
and investigate new therapeutic combinations.
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Background: Colorectal cancer (CRC) ranks as the third most common cancer
globally. Neoadjuvant radiotherapy is the standard treatment for locally advanced
rectal cancer; however, primary or acquired resistance often leads to treatment
failure. Identifying new targets to overcome radiotherapy resistance in CRC is
crucial for improving patient outcomes.

Methods: To evaluate the antitumor effects of Milciclib in CRC cells, we
conducted assays measuring cell viability, cell cycle progression, and
apoptosis in HCT116 and RKO cell lines following Milciclib treatment.
Additionally, CRC cells were treated with a combination of Milciclib and
irradiation to determine whether Milciclib could enhance their radiosensitivity.
The efficacy of Milciclib was also assessed in radiation-resistant CRC cells.

Results: The results of cytotoxicity and proliferation assays indicated that the
IC50 values of Milciclib for human colorectal cancer cell lines HCT-116 and RKO,
based on cell viability measurements, were 0.275 uM and 0.403 uM, respectively.
Milciclib induced a dose-dependent reduction in the proportion of CRC cells in
the G2/M phase and promoted apoptosis. When combined with irradiation,
Milciclib led to a 20% increase in the proportion of cells in the G1 phase and a
10% decrease in the G2 phase, suggesting an alteration in cell cycle distribution.
Additionally, Milciclib impaired DNA damage repair by inhibiting Rad51, thereby
enhancing radiation sensitivity. In radiation-resistant CRC cells, the combination
of Milciclib and irradiation demonstrated increased efficacy, with a sensitizer
enhancement ratio (SER) above 1, indicating a potential radiosensitizing effect.

Conclusion: Milciclib exhibits antitumor activity in CRC cells as a monotherapy
and enhances the effectiveness of radiotherapy when used in combination. It
disrupts the G2/M checkpoint and impairs DNA repair mechanisms. These
findings suggest that Milciclib has the potential to be an effective therapeutic
agent for CRC.
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Introduction

Colorectal cancer (CRC) is the third most common cancer
worldwide and the second leading cause of cancer-related deaths.
In 2020, there were approximately 1.9 million new cases of CRC
globally, resulting in 935,000 deaths. By 2035, the number of CRC cases
is expected to rise to 2.5 million (Sung et al., 2021; Dekker et al., 2019).
Advanced CRC is characterized by a high recurrence and distant
metastasis rate, with limited treatment options in chemotherapy and
targeted therapies (e.g, anti-angiogenic agent bevacizumab and
epidermal growth factor receptor (EGFR) inhibitor cetuximab),
leading to a 5-year survival rate of only 14% (Modest et al,
2019).The currently available conventional therapies for CRC are
surgical techniques, radiation, and chemotherapy treatment (Wahab
et al,, 2021). However, after neoadjuvant chemoradiotherapy, only
50%-60% of patients achieve partial remission, with just 15%-20%
attaining a pathological complete response (pCR) (Shao et al., 2023).
Some patients, particularly those with poor responses to preoperative
radiotherapy, do not benefit from neoadjuvant chemoradiotherapy,
leading to disease progression and delayed surgery. While it is well
known that the effectiveness of radiotherapy increases with higher
radiation doses, the risk of severe side effects, such as radiation-induced
enteritis, limits the radiation dose in clinical practice (Van Cutsem
et al, 2016). Therefore, an alternative strategy to improve clinical
outcomes is to enhance tumor sensitivity to radiation. Developing
effective methods to overcome radioresistance is urgently needed to
achieve this goal.

CDK2, a member of the cyclin-dependent kinase family that
regulates the cell cycle, plays a critical role in cell proliferation by
controlling progression from the late G1 phase through the S phase
(Faber et al., 2020; Zardavas et al., 2017). It is involved in various
biological processes such as signal transduction, DNA damage
repair, protein degradation and metabolism, and is functionally
linked to the excessive proliferation and drug resistance of various
cancer cells (Fagundes and Teixeira, 2021; Liu et al., 2020; Tadesse
et al,, 2020). Increasing evidence suggests that CDK2 contributes to
radioresistance in cancer cells by enhancing DNA damage repair.
CDK2 promotes homologous recombination and non-homologous
end joining, facilitating the efficient repair of radiation-induced
DNA damage. This enhanced repair capacity allows cancer cells
to survive and proliferate despite radiotherapy, highlighting
CDK2 as
radioresistance. (Tadesse et al., 2020; Morgan and Lawrence,
2015; Deans et al., 2006; Ceccaldi et al, 2016). Additionally,
CDK2 inhibitors are currently under clinical investigation for

a potential therapeutic target for overcoming

their potential to treat various cancers by inhibiting cell cycle
progression (Jin et al., 2020; Satriyo et al, 2021; Wang et al,
2016).
challenges,

However, their clinical application faces significant
limited and the
development of drug resistance, which necessitate further

including selectivity, toxicity,
research to optimize their efficacy and safety. Milciclib is an
orally bioavailable CDK inhibitor with potential antitumor
activity. It effectively targets and inhibits CDK2, which may lead
to cell cycle arrest and apoptosis in CDK2-expressing tumor cells
(Shi et al., 2015; Lim et al., 2014). However, the effect of Milciclib on
colorectal cancer (CRC), whether as a monotherapy or in
combination with radiotherapy, remains unclear and requires
further research.
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This study aims to investigate the expression and prognostic
significance of CDK2 in CRC and explore the therapeutic potential
of CDK2 inhibition. Specifically, we examine the effects of Milciclib,
a CDK?2 inhibitor, on CRC cell cycle progression, apoptosis, and
response to radiotherapy. By elucidating the underlying
mechanisms, we seek to determine whether Milciclib could serve
as a promising therapeutic agent for CRC, either alone or in

combination with radiotherapy.

Materials and methods
Cell culture and drugs

Human CRC cells (Colorectal carcinoma cell lines: HCT116,
RKO; Colorectal adenocarcinoma cell lines: DLD-1, HT-29) and
human normal intestinal epithelial cells (NCM460) were cultured
at 37°C with 5% CO,. The cells were maintained in 90% DMEM
(HyClone, United States) or RPMI1640 medium (HyClone,
United States), supplemented with 10% fetal bovine serum
(HyClone, United States) and 1% penicillin-streptomycin (Life
Technologies, Grand Island, NY). The stable radioresistant HCT-
116RR and DLD-IRR cell lines were established from their
parental HCT-116 and DLD-1 cell lines through repeated
exposure to 2 Gy X-ray per day for a total of 25 fractions
(typically 5 fractions per week), accumulating a total radiation
dose of 50 Gy. All cell lines were purchased from the Chinese
Academy of Sciences (Shanghai, China). Milciclib (HY-10424)
was purchased from MedChemExpress (MCE, USA), dissolved in
dimethyl sulfoxide (DMSO) (Sigma) at a concentration of
10 mM, and added to the culture medium at a final
concentration not exceeding 0.1% DMSO. 3-Methyladenine
(HY-19312), Z-VAD-FMK (HY-16658B), Belnacasan (HY-
13205), Necrostatin-1 (HY-15760) and Ferrostatin-1 (HY-
100579) were purchased from MedChemExpress (MCE,
United States).

Cell viability assay

Each of the tested cell lines was seeded into 96-well plates at a
density of 3000 cells per well and incubated overnight in a complete
medium. Following a 72-h drug treatment, cell viability was measured
using the Cell Counting Kit-8 (CCK8) (MCE, United States) according
to the protocol and assessed with a microplate reader (BioRad,
United States) at an absorbance of 450 nm. The method of action
of programmed cell death inhibitors: The two groups of colon cancer
cells were seeded in 96-well plates at a density of 3000 cells per well.
After 24 h, various programmed cell death inhibitors were added to
each column (each column had 6 replicate wells), including the
autophagy inhibitor 3-Methyladenine (1 uM), the apoptosis
inhibitor Z-VAD-FMK (20 pM), the necroptosis inhibitor
Necrostatin-1 (2 uM), the ferroptosis inhibitor Ferrostatin-1
(I pM), and the pyroptosis inhibitor Belnacasan (1 pM), and
pretreated for 6 h. Then, 400 nM Milciclib was added to each
column, and the cells were treated for an additional 72 h. Cell
proliferation activity was assessed using the CCK-8 assay. Assays
were performed on three independent experiments.
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Colony formation assay

The effect of varying concentrations of Milciclib on tumor cells was
evaluated using a colony formation assay. Briefly, 1 x 10° cells were
cultured in 6-well plates and treated with different concentrations of
Milciclib (200, 400, 800 nM). After 72 h, the media was replaced with
fresh drug-free medium and then the plate was incubated at 37°C, until
visible colonies formed. The cells were then fixed with 4%
paraformaldehyde (PFA, Solarbio, Beijing, China) for 15 min,
followed by staining with 0.1% crystal violet at room temperature
for 30 min. After washing with phosphate buffered saline (PBS, Bio-
Channel, Jiangsu, China), colonies were observed under a microscope
(ECLIPSE TS100, Nikon, JAPAN). Colonies containing more than
50 cells were counted using Image] software 1.53a version. Assays were
performed on three independent experiments.

Clonogenic survival assay

The parental HCT116 and DLD-1 cells, along with their
radiation-resistant counterparts, HCT116-R and DLD-1-R, were
cultured in six-well plates and subjected to a single-dose
irradiation of 0, 2, 4, or 8 Gy. The initial seeding densities were
adjusted according to the radiation dose, with 2000 cells for 0 Gy,
3000 cells for 2 Gy, 4000 cells for 4 Gy, and 6000 cells for 8 Gy. Cells
were irradiated using a Precision X-RAD 225 machine operating at
225 kV and 13.3 mA with a 2-mm Al filter (source-to-skin distance
(SSD)): 36 c¢m; dose rate: 1.3 Gy/min). The medium was changed
2 days after irradiation. 2 weeks post-irradiation, the plates were
fixed with 4% PFA for 15 min, stained with 0.1% crystal violet for
30 min, and then washed with PBS. The linear quadratic (LQ) model
(SF = exp (-aD-bD?)) was used to fit the survival curves. Each
experiment included three duplicate wells and was performed thrice.

Cell cycle assay

After exposure to Milciclib (with or without radiotherapy) for
24 h, the adherent cells were harvested and washed three times with
PBS. It is important to note that floating dead cells in the
supernatant were not collected, which may result in an
underestimation of the sub-Gl population and represents a
limitation of this study. The harvested cells were then fixed in
75% pre-cooled ethanol and incubated overnight at —20°C.
Following three additional washes with PBS, the cells were
stained with propidium iodide (PI)/RNase solutions using a
commercial cell cycle detection kit (BD Biosciences) at room
temperature for 15 min in the dark. The stained cells were
analyzed using the BD FACS Canto II (BD Biosciences) within
1 h. Data analysis was performed using ModFit LT version
5.0 software (Verity Software House, Topsham, ME). Assays were
performed on three independent experiments.

Cell apoptosis assay

Cells were cultured in 6-well plates and treated with Milciclib,
radiotherapy, or a combination of both for 72 h. Following
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treatment, all cells were collected and washed with PBS. They
were then double-stained using the Annexin V-Phycoerythrin
(PE) kit and the FITC apoptosis detection kit (BD Biosciences,
Erembodegem, Belgium) for 30 min. Apoptotic cells, including both
early (Annexin V+/PI-) and late apoptosis (Annexin V+/PI+), were
detected by flow cytometry (BD Biosciences) within 1 h. The total
apoptotic rate was calculated as the sum of early and late apoptotic
cells. Data analysis was performed using FlowJo version
10.8.1 software (FlowJo, Oregon). Assays were conducted in three
independent experiments.

Western blot analysis

Cells were seeded in 6-well plates at a density of 2 x 10° cells per
well and lysed using Radio Immunoprecipitation Assay Lysis buffer
(RIPA buffer, Beyotime, China) supplemented with 1 x protease
inhibitor (Solarbio, China) and phosphatase inhibitor (Solarbio,
China). The proteins were denatured by boiling in a 1.5 x SDS
loading buffer. Equal amounts of proteins were separated by SDS-
PAGE and transferred to NC membranes. The membranes were
blocked at room temperature with 5% non-fat milk and then
incubated overnight at 4°C with primary antibodies. After
washing with Tris-buffered saline containing Tween 20 (TBST),
the membranes were incubated with secondary antibodies at room
temperature for 1 h. Following another wash, an ECL reagent was
applied, and the membranes were analyzed using the Bio-Rad
Imager ChemiDoc XRS + system (BioRad,
United States). We have normalized the Western blot results
by comparing the grayscale values of the target protein to those of

Molecular

the housekeeping protein in the same sample to ensure
consistency. Regarding the concentration of Milciclib, we
determined it based on the IC50 values in 2 cell lines,
selecting three concentrations on either side of the IC50 (200,
400, and 800 nM) for treatment. To investigate the time-
dependent effects of Milciclib on colon cancer cells, we first
conducted cell cycle and apoptosis experiments on RKO cells,
choosing time points of 24, 48, and 72 h (sub 1D,E). The results
showed that Milciclib significantly inhibited the cell cycle in RKO
cells at 24 h, so we selected 24 h as the time point for detecting cell
cycle-related proteins. In the apoptosis experiment, colon cancer
cells showed significant apoptosis at 72 h, so we selected 72 h as
the time point for detecting apoptosis-related proteins.

The primary antibodies against CDK2 (#2546T), phosphor-
CDK2 (THrl60, #2561S), phospho-H2AX (S139, #9718T),
CyclinE (#20808T), B-Actin (#4970T), PARP (#9532S), Cleaved
PARP (#5625S), Bcl-2 (#3498S), Bax (#5023T), Rad51 (#8875T),
Rad50 (#3427T) and GAPDH (#2118T) were purchased from Cell
Signaling Technology (Danvers, MA), The secondary antibodies
anti-rabbit (A0208) and anti-mouse (A0216)
purchased from Beyotime (Shanghai, China).

against, were

Statistical analysis
The data were analyzed and visualized using GraphPad Prism

8.0, Modfit 5, Flow]Jo, and SPSS 26.0 software. All experiments were
performed in triplicate, and the results are presented as mean + SD.
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FIGURE 1

p-CDK2 and CCNE1 expression in CRCs tissues at protein levels (A, B). Immunohistochemical tissue chip images of CDK2 and CCNEL1 proteins
obtained from the HPA database. (C) The expression of total CDK2 protein in normal and cancer tissues was obtained from the HPA website CPTAC
database (D). Western blot analysis of p-CDK2 and CyclinEl expression in NCM460, HCT116, RKO, HT-29, and DLD-1 cells.

Statistical analysis was conducted using the t-test, with a p-value of
less than 0.05 considered statistically significant. The significance
levels are indicated as follows: *p < 0.05, **p < 0.01, **p < 0.001,
00t < 0.0001.

Results

Phosphorylated CDK2 expression is
upregulated in colorectal cancer cells

We initially assessed the expression of CDK2 and CCNEL1 (the
gene encoding the G1/S phase-specific cell cycle protein Cyclin E1)
in human cancers using public databases. The results presented here
are based, in whole or in part, on data generated by the UALCAN
platform (https://ualcan.path.uab.edu). In colorectal cancer (CRC),
both CDK2 and CCNEI were significantly upregulated (sub 1A,B).
Compared to normal tissues, the expression levels of these genes
were markedly higher in cancerous tissues (sub 1C). Additionally,
we examined the protein expression levels of CDK2 and CCNEI in
normal and cancerous intestinal tissues using the HPA database
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(https://www.proteinatlas.org). The immunohistochemistry results
showed no difference in total CDK2 protein levels between normal
and tumor tissues, while CCNE1 protein expression exhibited
significant differences in the tumor group (Figures 1A, B).
Subsequently, we re-evaluated the expression differences of total
CDK?2 protein levels between normal and tumor groups using the
CPTAC database on the HPA website. The results showed that there
was no significant difference in total CDK2 protein expression
between the two groups (Figure 1C). This discrepancy suggests
that RNA and protein expression may be regulated by different
mechanisms, particularly — post-transcriptional  modifications.
Although CDK2 RNA expression was elevated in cancerous
tissues, its protein levels may be influenced by post-translational
modifications, such as phosphorylation. Given that CDK2 function
is contingent on its phosphorylation status, we hypothesized that
alterations in CDK2 phosphorylation might underlie these
observations. To investigate this further, we analyzed the
expression of phosphorylated CDK2 and total CDK2 in normal
intestinal epithelial cells and colorectal cancer cells. The results
demonstrated a significant upregulation of phosphorylated CDK2 in
colorectal cancer cells (Figure 1D).
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FIGURE 2

Milciclib blocks G1/S phase of the cell cycle in a dose-dependent manner (A). Chemical structure of Milciclib (B). The IC50 of Milciclib in RKO,
HCT116 and NCM460 cells (C, D). Colony formation assay of CRC cells treated with varying concentrations (0 nM, 200 nM, 400 nM, and 800 nM) of
Milciclib (E, G). Flow cytometry analysis indicates Milciclib-induced G1 phase arrest in CRC cells (F, H). Western blot analysis shows the inhibition of cell
cycle-related proteins in CRC cells mediated by Milciclib. The statistical significance shown in the figure is compared to the control group. *P < 0.05,

**P < 0.01, ***P < 0.001, ****p < 0.0001.
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FIGURE 3

Milciclib induce apoptosis in a dose-dependent manner (A, B). Cells were pretreated with various cell death inhibitors for 6 h, followed by co-
incubation with Milciclib for 72 h, and cell proliferation was subsequently assessed using the CCK-8 assay (C, E). Milciclib induced apoptosis in CRC cells in
a concentration-dependent manner (The statistical significance shown in the figure is compared to the control group) (D, F). Changes in the expression of
apoptosis-related proteins were induced by Milciclib. *P < 0.05, **P < 0.01, ***P < 0.001, ****p < 0.0001.

The CDK2 inhibitor Milciclib induces cell
cycle arrest by inhibiting activated CDK2 in
colorectal cancer

To evaluate the anti-tumor effects of Milciclib in CRC cells, we
assessed cell viability at various concentrations of Milciclib (Figure 2A).
The results showed that the IC50 values of Milciclib in two CRC cell
lines were 0.275 pM for HCT116 and 0.403 uM for RKO, which were
lower than those in NCM460 cells (Figure 2B). This difference may be
related to the elevated expression of p-CDK2 and CCNEI in CRC cells.
A dose-escalation colony formation assay conducted with Milciclib in
HCT116 and RKO cells revealed a decrease in the number of cell
colonies as the dose of Milciclib increased (Figures 2C, D). Since
CDK2 is a critical kinase in the G1/S phase of the cell cycle, we
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further explored the mechanism of action of Milciclib in CRC cells by
treating HCT116 and RKO cells with different concentrations of the
drug (200, 400, and 800 nM). After 24 h of treatment, cells were
collected for flow cytometry to analyze cell cycle distribution. The
results indicated that Milciclib induced Gl phase arrest in a
concentration-dependent manner, as evidenced by an increasing
percentage of cells in the G1 phase. This was accompanied by a
corresponding decrease in the percentage of cells in the S and G2/M
phases. Additionally, after 24 h of treatment with 800 nM Milciclib, the
percentage of cells in the sub-G1 phase remained low, with RKO cells at
1.9% and HCT116 cells at 1.85%. (Figures 2E-G). Additionally, protein
samples were collected for Western blot analysis to detect the expression
levels of cell cycle-related markers, and the results were consistent with
those from the flow cytometry analysis (Figures 2F-H).

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1557925

Ma et al.

Milciclib induces apoptosis in CRC cells

To further investigate the mechanism by which Milciclib
affects CRC cells, we pretreated HCT116 and RKO cells with
various inhibitors for 6 h: autophagy inhibitor 3-Methyladenine
(1 uM), apoptosis inhibitor Z-VAD-FMK (20 pM), necroptosis
inhibitor Necrostatin-1 (2 pM), ferroptosis inhibitor Ferrostatin-1
(1 uM), and pyroptosis inhibitor Belnacasan (1 pM). After
pretreatment, the cells were incubated with 400 nM Milciclib
for 72 h, and their proliferative activity was measured using the
CCK-8 assay. The results showed that the apoptosis inhibitor
partially reversed the proliferation inhibition of HCT116 and
RKO cells induced by 400 nM Milciclib, while the autophagy,
necroptosis, ferroptosis, and pyroptosis inhibitors had no such
effect (Figures 3A,B). To confirm that Milciclib induces apoptosis
in CRC cells, we performed apoptosis assays on HCT116 and RKO
cells. Annexin V staining demonstrated that the proportion of
apoptotic cells significantly increased in a dose-dependent manner
after 72 h of Milciclib treatment at different concentrations
(Figures 3C-E). This finding was further supported by dose-
dependent alterations in apoptosis-related proteins. As the
Milciclib
upregulation of the pro-apoptotic protein Bax and cleaved
PARP, accompanied by a downregulation of both PARP and
Bcl-2 proteins. (Figures 3D-F).

concentration increased, there was a marked

The combination of Milciclib and
radiotherapy may enhance the anti-
tumor effect

Currently, the first-line clinical treatment for CRC involves a
combination of chemotherapy and radiotherapy. To evaluate the
effect of combining Milciclib with radiotherapy, HCT116, and RKO
cells were cultured in six-well plates and Milciclib was added 24 h
before irradiation. 24 h post-irradiation, cells were collected for flow
cytometry and Western blot analysis. Flow cytometry results showed
that Milciclib induced G1 arrest in CRC cells, with a significant
reduction in the proportion of cells in the G2 phase (Figures 4A-C).
Western blot analysis further confirmed these results, revealing a
downregulation of key G1/S phase proteins, including CDK2,
p-CDK2, and cyclin El in the combination treatment group
(Figures 4B-D). The disruption of the cell cycle also triggered
apoptosis, and the combination of Milciclib with irradiation
exhibited an accumulative effect in CRC cells (Figures 4E, G).
Western blot results were consistent with flow cytometry
findings, showing a downregulation of Bcl2 and PARP
expression, of cleaved PARP

alongside an upregulation

expression (Figures 4F, H).

Milciclib partially reversed the
radioresistance of cells by inhibiting CDK2

We analyzed whole-genome sequencing data from the GEO
gene expression database (https://www.ncbi.nlm.nih.gov/geo/),
comparing 4 radiotherapy-tolerant patients to 4 radiotherapy-
sensitive patients (Zhou et al., 2023). The analysis revealed that
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CDK2 and CCNE1 were more highly expressed in radiotherapy-
tolerant patients than in those sensitive to radiotherapy (Figures
5A,B). To validate these findings, we established radiotherapy-
resistant strains of HCT116 and DLD-1 cells (named HCT116-R
and DLD-1-R). Using a colony formation assay, we confirmed
their radioresistance (Figure 5D). We further examined the
protein levels of CDK2 and CCNEI in the radioresistant cells,
which aligned with our initial analysis from the GEO database
(Figure 5C). To assess Milciclib’s effect on these radioresistant
cells, HCT116, DLD-1, and their radioresistant strains were
treated with varying concentrations of Milciclib 24 h before
irradiation. After 72 h of gradient irradiation, cell proliferation
In the
HCT116 parental cell line, the Sensitization Enhancement
Ratio (SER) for 100 nM Milciclib combined with 2Gy radiation
compared to 2Gy radiation alone was 1.68. In the DLD-1 parental

activity was measured using the CCK-8 assay.

cell line, the SER for the same combination was 1.88. In the
HCT116 radiation-resistant cell line, the SER for 100 nM Milciclib
combined with 2Gy radiation compared to 2Gy radiation alone
was 1.67, while in the DLD-1 radiation-resistant cell line, the SER
was 1.78. These results suggest that Milciclib can enhance the
sensitivity to radiotherapy, thereby improving the effectiveness of
radiotherapy (Figure 5E).

Milciclib induces apoptosis in radiation-
resistant colorectal cancer cells by
inhibiting RAD51

To assess the impact of Milciclib on radiation-resistant
colorectal cancer (CRC) cells, HCT116-R and DLD-1-R cells
were seeded in six-well plates and treated with Milciclib 24 h
before irradiation. After 24 h of irradiation, cells were collected
for flow cytometry and Western blot analysis. Flow cytometry
results revealed that the combination of Milciclib and radiation
cycle While
irradiation alone caused a prominent G2/M phase arrest, the

significantly altered the cell distribution.
addition of Milciclib further enhanced this arrest, with a
notable reduction in the proportion of cells in the G2/M
phase compared to irradiation alone (Figures 6A, B). This
suggests that Milciclib may synergize with radiation by
impairing the cells’ ability to repair DNA damage, thereby
amplifying the cytotoxic effects.

Furthermore, this disruption in cell cycle progression was closely
associated with an increase in apoptosis. Both flow cytometry
(Figures 6C, D) and Western blot analysis confirmed that the
combination treatment induced a significantly higher apoptotic
rate than either Milciclib or irradiation alone. Specifically,
Western blotting showed a downregulation of anti-apoptotic
proteins such as Bcl-2 and PARP, while cleaved PARP levels
were upregulated, indicating a marked increase in apoptosis
following the combination treatment (Figure 6E).

Given the critical role of DNA damage in radiation-induced cell
death, we further investigated the effect of Milciclib on the DNA
damage repair pathways in resistant cells. Western blot analysis
demonstrated a significant upregulation of y-H2AX (H2A histone
family member X, a well-established marker of DNA double-strand
breaks), in cells treated with the combination of Milciclib and
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irradiation. In contrast, RAD51, a key protein involved in
homologous recombination repair of DNA breaks, was notably
downregulated, suggesting that Milciclib may impair the DNA
repair machinery, thereby enhancing the DNA damage caused by
irradiation (Figure 6F). These results highlight the cooperative
effects of Milciclib and irradiation in disrupting the cell cycle,
promoting apoptosis, and inhibiting DNA repair pathways in
radiation-resistant CRC cells.

Discussion

Colorectal cancer (CRC) is one of the leading causes of cancer-
related mortality worldwide. Despite advancements in treatment
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modalities, the clinical prognosis of CRC patients remains poor.
Radiotherapy, as one of the crucial treatment strategies, is often
challenged by radioresistance. Tumor cells counteract radiation-
induced DNA damage during radiotherapy by activating DNA
repair mechanisms and cell cycle checkpoints, thereby enhancing
their radioresistance (Morgan and Lawrence, 2015). Therefore,
overcoming radioresistance and improving tumor sensitivity to
radiation have become key issues in improving the prognosis of
CRC patients.

Currently, chemotherapy combined with radiotherapy
(chemoradiotherapy) is one of the most effective strategies for
treating various human cancers, particularly CRC (Glynne-Jones
et al.,, 2006; Wilson et al.,, 2006; Gerard et al., 2006). The
combination of 5-fluorouracil (5-FU) and radiotherapy has
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become the standard treatment regimen in CRC (Sauer et al,
2012). Studies have shown that the synergistic effect of 5-FU and
radiation has been successfully applied in the clinical treatment
of several cancers, including rectal cancer, pancreatic cancer, and
cholangiocarcinoma (Ojima et al., 2006). 5-FU enhances the
efficacy of radiotherapy by affecting multiple biological
processes. For example, 5-FU increases radiosensitivity by
inducing the degradation of SIRT7, thereby reducing the
proportion of cells in the S phase (Kiran et al, 2015; Tang
et al, 2017). In this study, we explored the potential of
Milciclib, a CDK2 inhibitor, to enhance CRC cell sensitivity to
Our that  Milciclib
significantly inhibited CRC cell growth when used alone, with

radiotherapy. results demonstrated
its mechanism involving the reduction of the G2/M phase cell
proportion and induction of dose-dependent apoptosis.
Importantly, when combined with radiotherapy, Milciclib
significantly increased the radiosensitivity of both standard
and radioresistant CRC cells, as evidenced by a sensitization
enhancement ratio (SER) greater than 1. This suggests that,
compared to existing chemoradiotherapy strategies, Milciclib
not only enhances the radiotherapeutic effect but also reduces
the side effects of radiotherapy by decreasing the required
radiation dose. In contrast to conventional chemotherapy
drugs such as 5-FU, which typically require higher sensitizing
concentrations (around 10 pM) (Tang et al., 2017), our study
shows that Milciclib can effectively enhance radiotherapy efficacy
at concentrations as low as 0.1 puM. This marked difference
highlights the superior potential of Milciclib in enhancing
radiotherapy sensitivity.

Moreover, our study also reveals that Milciclib can effectively
overcome radiotherapy resistance, a topic that has not been fully
explored in current research. Radiotherapy resistance is a critical
factor contributing to poor clinical outcomes and tumor
recurrence in CRC patients (Yao et al., 2022). Only 15%-20%
of patients with tumor volume reduction after radiotherapy
exhibit complete responses, and their 5-year survival rate is
less than 65% (Siegel et al, 2022). Milciclib, by inhibiting
CDK2, significantly reverses radiotherapy resistance, reduces
the DNA repair capacity of cancer cells, and enhances
radiotherapy efficacy. Previous studies have indicated that
CDK2 plays a key role in both homologous recombination
(HR) and non-homologous end joining (NHEJ) DNA repair
pathways, and the expression of Rad51 is an important
marker of HR repair (Deans et al., 2006; Ceccaldi et al., 2016).
We found that Milciclib could suppress Rad51 expression, reduce
the DNA repair capability of radioresistant cells and significantly
enhance their sensitivity to radiation. This is consistent with
previous research findings.

In conclusion, our study demonstrates that Milciclib, by
targeting and inhibiting CDK2, significantly enhances CRC cell
sensitivity to radiotherapy and overcomes radiotherapy resistance
by suppressing the G2/M checkpoint and DNA repair mechanisms.
Compared to conventional chemotherapy drugs like 5-FU, Milciclib
shows a stronger radiosensitizing effect at lower concentrations. Our
findings provide important experimental evidence for the
application of Milciclib as a radiosensitizer in CRC treatment
and offer a novel therapeutic strategy to overcome radiotherapy
resistance in clinical settings.
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unresectable hepatocellular
carcinoma: a prospective cohort
study on the effects of Huaier
granules with targeted therapy
plus immunotherapy

Hui Li*, Hongliang Zhang? and Wenting He?*

Affiliated Tumor Hospital of Xinjiang Medical University, Urumgi, China, *Department of Oncology,
Traditional Chinese Medicine Hospital of Xinjiang Uygur Autonomous Region, Urumgi, China

Objective: This study evaluated the clinical efficacy of Huaier granules combined
with targeted therapy plus immunotherapy in patients with unresectable
hepatocellular carcinoma (HCC) who had not undergone systemic treatment.

Methods: Patients with unresectable HCC and no prior treatments were recruited
from the Hospital of Traditional Chinese Medicine of Xinjiang and the First
Affiliated Hospital of Xinjiang Medical University between March 2022 and July
2023. Patients received targeted therapy and immunotherapy with (exposure
group) or without Huaier Granules (non-exposure group). The primary endpoint
was progression-free survival (PFS), with secondary endpoints including 6-month
PFS rate, HCC Symptom Severity Quantitative Response, EORTC QLQ-HCC18
Score, and safety.

Results: The mPFS in the exposure group was 8.9 months compared to 5 months
in the non-exposure group (P = 0.001; HR = 0.50). The 6-month PFS rates were
66.7% and 34.1% for the exposure and non-exposure groups, respectively (P =
0.001). The clinical efficacy rate of TCM symptom classification in HCC was
higher in the exposure group (87.50% vs 59.09%; P = 0.001). The exposure group
also showed improvement in fatigue (P = 0.023). Extrahepatic metastasis was an
independent prognostic factor (HR = 1.77; P = 0.016), while Huaier granules
reduced the risk of disease progression by 47% (HR = 0.53; P = 0.006). No
significant differences were observed for adverse events. The most common
adverse events were hypertension, proteinuria, abnormal liver function,
and diarrhea.

Conclusion: Huaier granules significantly prolong PFS and improve the 6-month
PFS rate, reducing disease progression risk in HCC patients. Subgroup analysis
showed more pronounced benefits in patients with vascular invasion and alcohol
consumption, with mPFS extending beyond 1 year.

hepatocellular carcinoma, Huaier granules, immune checkpoint inhibitors, targeted
therapy, clinical efficacy
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Introduction

HCC is the predominant pathological type of primary liver
cancer, accounting for 75%-85% of cases (Petrick et al., 2020).
According to statistics from 2022, the detection rate and mortality
rate of HCC in China rank fourth and second among all malignant
tumors, respectively, with new and fatal cases representing nearly
half of the global total (Xia et al., 2022). The 5-year survival rate is
merely 12.1%, reflecting a high incidence and poor prognosis that
contribute to significant disease and economic burdens (Wang and
Deng, 2023). The incidence continues to rise, and it is estimated that
by 2040, there will be 1.4 million new cases globally, presenting a
persistent challenge to global public health (Rumgay et al., 2022).

In China, since more than 70% of patients have no chance of
receiving curative treatment at the time of initial diagnosis and
require systemic therapy, the current guidelines recommend a
combination of targeted therapy and immunotherapy as the first-
line treatment for patients with unresectable HCC. Although this
approach has improved overall survival, the PFES is around
4-6 months, highlighting an urgent need for new strategies to
improve PFS. Huaier granules have been shown to reduce the
postoperative recurrence rate of liver cancer by 33% and are an
independent protective factor for 5-year survival (P < 0.0001) (Chen
et al., 2018; Liu et al, 2019). The Chinese Society of Clinical
Oncology (CSCO)
Treatment Guidelines

Primary Liver Cancer Diagnosis and
2022 Edition provides
recommendation for its use in postoperative adjuvant therapy.

a grade II

The Chinese Integrative Therapy of Primary Liver Cancer
Working Group has recommended that, following the eight
principles of Zheng identification, liver cancer should be
categorized according to eight basic Zheng types: qi stagnation,
blood stasis, heat, (water) dampness, qi deficiency, blood deficiency,
yin deficiency and yang deficiency, after retrieving, organizing and
reviewing both classical and modern TCM literature, summarizing a
large amount of clinical experience and examining epidemiological
survey results (Ling et al., 2018). In this study, we enrolled patients
who were diagnosed with Qi Deficiency and Blood Stasis Syndrome,
a Traditional Chinese Medicine (TCM) classification.

It has been demonstrated that adjuvant Huaier therapy Huaier
can significantly prolongs patients survival as well as improving the
quality of life for patients (Shi et al., 2023). However, due to a lack of
large-scale, high-level clinical studies, no explicit recommendation
has been made in the guidelines. Huaier granules may have a
synergistic effect with targeted therapies and immune checkpoint
inhibitors (ICIs), but there is currently no evidence from clinical
studies to support this. Therefore, we conducted a prospective
cohort study to observe the clinical efficacy of combining Huaier
granules with targeted therapy and ICIs in patients with
unresectable HCC who had not received systemic treatment.

Material and methods
Study population
Patients with unresectable hepatocellular carcinoma (HCC) who

had not received prior anti-tumor systemic treatment were enrolled
between 1 March 2022, and 1 July 2023, at the Hospital of
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Traditional Chinese Medicine of Xinjiang Uygur Autonomous
Region and the First Affiliated Hospital of Xinjiang Medical
University. This study is registered with the Chinese Clinical
Trial Registry, registration number ChiCTR2400079626, and has
been approved by the Ethics Committee of the Hospital of
Traditional Chinese Medicine of Xinjiang Uygur Autonomous
Region (2023-GS012). Inclusion criteria: 1) Age >18 vyears; 2)
unresectable locally advanced, or metastatic HCC at diagnosis,
(BCLC C or unsuitable for curative surgery or local treatment at
stage B); 3) Presence of measurable lesions as assessed by the
Response Evaluation Criteria in Solid Tumors (RECIST) version
1.1; 4) Performance status (PS) score of 0-1 and Child-Pugh liver
function score <7; 5) Expected survival time of more than 12 weeks;
6) received targeted therapy plus immunotherapy 7) diagnosed with
Qi Deficiency and Blood Stasis Syndrome, a Traditional Chinese
Medicine (TCM) classification. The TCM syndrome diagnostic
criteria for Qi Deficiency and Blood Stasis Syndrome referred to
the “Guiding Principles for Clinical Research of New Chinese
Medicine (Trial)” (Zheng, 2002) and the “Study of a qualitative
diagnostic criterion for basic syndromes of traditional Chinese
medicine in patients with primary liver cancer” (Ling et al,
2005). Main Symptoms: (D Fatigue and weakness @ Lumps
under the costal cartilage; Other Symptoms: @ Dull complexion
or cyan and purple lips and nails @ Numbness or abdominal
distension after eating ® Pain fixed without moving; Tongue
Manifestation: light and fat tongue, or purple tongue or
ecchymosis; Pulse Manifestation: Weak or thin or astringent
pulse. If both main symptoms @ and @ are present along with
at least two or more other symptoms, a diagnosis of Qi Deficiency
with Blood Stasis Syndrome can be made. This syndrome type is an
indication for Huaier Granules. Exclusion criteria: 1) History of
autoimmune diseases or liver transplantation; 2) Acute or chronic
active hepatitis B virus (HBV) or hepatitis C virus (HCV) infection,
with HBV DNA levels greater than 2,000 IU/mL or 1,054 copies/mL,
HCV RNA levels greater than 10° copies/mL, or simultaneous
positivity for hepatitis B surface antigen and anti-HCV antibodies
(nucleotide antiviral therapy is permitted); 3) Central nervous
system metastasis or presence of inferior vena cava tumor
thrombus; 4) Interstitial lung disease or pulmonary fibrosis.

Treatments

The use of Huaier granules during treatment was considered as
the exposure factor, dividing the patients into two groups: those
receiving Huaier granules (exposure group) and those who did not
(non-exposure group). For the exposure group: Initiation of HuaiEr
Granules oral administration concurrently with ICIs and targeted
therapy treatments, 20 g per granule, produced and supplied by
Qidong Gaitianli Pharmaceutical Co., Ltd., at a dosage of 20 g per
administration, three times daily. Exposure to Huaier granules must
be maintained for at least 15 days, and targeted therapy must include
a minimum of two treatment cycles. For the non-exposure group,
the dosage of ICIs and targeted drugs is to be determined by the
attending clinician. No other systemic anti-tumor treatments are
allowed for the target lesions, but localized palliative radiotherapy
for isolated lesions (non-liver lesions) and treatment for bone
metastases are permitted to control symptoms.
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The use of other Chinese patent medicines or herbal decoctions
with confirmed anti-tumor effects is prohibited. Following
enrollment, patients will undergo baseline abdominal CT or MRI
scans, with follow-up scans conducted every 1.5-2 months.
Traditional Chinese Medicine (TCM) symptom grading for HCC
and HCC-related quality of life assessments will be conducted at
baseline and 1 day prior to the third treatment cycle. Before each
(AFP) and safety
parameters will be monitored, and adverse events, as well as

treatment cycle, alpha-fetoprotein levels
concomitant medication use, will be recorded until disease

progression, patient death, or the study’s conclusion.

Endpoints and assessments

The primary endpoint of this study was PFS. PFS was defined as
the time from the date of enrollment to the occurrence of either
disease progression, death, or the end of the study. The key
secondary endpoints included 6-month PES rate, HCC Symptom
Severity Quantitative Response, EORTC QLQ-HCC18 Score and
safety. The formula of Six-month PFS Rate is: (Number of non-
progressed patients/Total number of patients) x 100%.
Improvement Rate of HCC-Related Quality of Life: Quality of
life is assessed across eight dimensions, each with a maximum
score of 100 points. Scores are recorded at baseline and 1 day
before the third treatment cycle. For each dimension, the scores
from these two time points are compared; a decrease in score
compared to the baseline is considered an improvement, while
unchanged or increased scores indicate no improvement. The
improvement rate is calculated for each dimension.

Statistical analysis

The sample size for the cohort study was calculated using
the formula:

o <zw/2p (1-D) +ZgPi(1-PD) + P, (1 —P2)>2

Pl—Pz

Utilizing PASS 15.0 software, with a significance level (a) set at
0.05 and statistical power at 0.8 and based on literature and pre-
exposure group results with P1 = 0.65 and P2 = 0.90, the calculation
determined that n1 = n2 = 44. Accounting for a 10% loss to follow-
up rate, the required sample size for each group was adjusted to 48,
resulting in a total of 96 participants across the two groups.

The final follow-up date for this study is 30 October 2023. The
PES of the two groups was compared using SAS JMP (Pro 16.0)
software for data processing. Continuous data with a normal
distribution are presented as mean + standard deviation, while
data not following a normal distribution are expressed as median
(interquartile range) [M (P25, P75)]. Baseline characteristics,
including age, gender, alcohol consumption, BCLC stage, tumor
number, presence of hepatitis, liver cirrhosis, intrahepatic
metastasis, extrahepatic metastasis, vascular invasion, and AFP
levels, were analyzed using the Chi-square test. For variables
where the sample size did not meet the requirements of the Chi-
square test, Fisher’s exact test was applied.
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PES was assessed using Kaplan-Meier survival analysis to construct
survival curves. Subsequently, a multivariate Cox proportional hazards
analysis was employed to explore further and establish a nomogram
prediction model. The receiver operating characteristic (ROC) curve
was plotted, and the area under the curve (AUC) was calculated. The
model’s goodness-of-fit was evaluated using the Hosmer-Lemeshow
test, with calibration curves constructed accordingly. Decision curve
analysis (DCA) was also utilized to predict the risk of PFS events. The
6-month PFS rate was analyzed using the Chi-square test, with a
significance level set at a = 0.05. A p-value of less than 0.05 was
considered statistically significant.

Results
Baseline characteristics

A total of 98 participants were initially enrolled in the study.
During the treatment phase, six participants were excluded: four due
to the use of additional anti-tumor herbal decoctions and two who
voluntarily withdrew (Figure 1). Consequently, 92 participants were
included in the final efficacy analysis—48 in the exposure group and
44 in the non-exposure group. The study concluded with the final
follow-up on 30 October 2023.

Baseline characteristics of the participants are summarized in
Table 1. At enrollment, the two groups were balanced and
comparable regarding baseline characteristics such as gender,
history of alcohol consumption, history of hepatitis, AFP levels,
lesion size, presence of cirrhosis, intrahepatic and extrahepatic
metastasis, tumor number, vascular invasion, Child-Pugh score,
and BCLC staging. The average age of the exposure group was
significantly higher than that of the non-exposure group (P = 0.009),
but this bias does not exaggerate the efficacy of the exposure group.

Survival outcomes

The exposure group had a significantly longer mPFS of 8.9 months
compared to 5 months in the non-exposure group (HR = 0.50; 95% CI,
0.317-0.783; P = 0.001) as shown in Figure 2. The 6-month PFS rate
was significantly higher in the exposure group compared to the non-
exposure group, at 66.7% versus 34.1%, respectively, with a statistically
significant difference (P = 0.001).

Subgroup analysis suggested that those with hepatitis, cirrhosis,
vascular invasion, extrahepatic metastasis, tumor maximum
diameter >5 c¢m, a history of alcohol consumption, no history of
alcohol consumption or baseline AFP >400 ng/mL, had the prolonged
mPFS in the exposure group compared to the non-exposure group,
with all differences being statistically significant. Detailed results are
presented in Table 2 and Supplementary Figure 1.

In patients with hepatitis, cirrhosis, vascular invasion, extrahepatic
metastasis, tumor diameter >5 cm, the mPFS was significantly extended
in the exposure group compared to the non-exposure group (9 months
vs 5 months, 10 months vs 4 months, 13 months vs 3 months,
8.3 months vs 4 months, 9 months vs 4 months, and 9 months vs
5 months, respectively), all showing statistical significance (P = 0.002,
P = 0.003, P = 0.000, P = 0.014, P = 0.001, and P = 0.007)

(Supplementary Figure 1). In patients with a history of alcohol
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Patients with hepatocellular carcinoma
from March 1, 2022, to July 1, 2023
(n=98)

Meet inclusion and

exclusion criteria

Based on exposure to Huaier granules

[

L ]

Exposure group: Huaier
granules + ICIs +
targeted therapy (n=50)

After 1 cycle, voluntarily
withdrew from the study
(n=1): after 1 cycle, took

other Chinese herbal :‘ T
medicines with antitumor :
effects (n=1) ]
L — :

Exposure group (n=48)

[}

Non-exposure group:
ICIs + targeted therapy
(n=48)

Took other Chinese herbal :
medicines with antitumor 1
effects at other hospitals :
during the study (n=3); 1
requested to withdraw :
from the study after 1 1
cycle (n=1) :

Non-exposure group
(n=44)

v

Endpoint events: follow-up until disease
progression, patient death, or study end,
comparing PFS, 6-month PFS rate, HCC TCM
symptom grading and quantification, efficacy
rate, and quality of life between the two
groups.

Statistical analysis

FIGURE 1
Flowchart of patient selection.

consumption, mPFS was extended by 9 months in the exposure group
compared to the non-exposure group (14 months vs 5 months; P =
0.010), while in those without a history of alcohol consumption, mPES
was extended by 3.7 months (8.7 months vs 5 months; P = 0.022). For
patients with baseline AFP >400 ng/mL, mPFS was extended by
6 months (9 months vs 3 months; P = 0.017), and for those with
baseline AFP <400 ng/mL, mPFS was extended by 2.9 months
(89 months vs 6 months; P
statistically significant Supplementary Figure 1.

0.024). All comparisons were

Safety results and liver cancer-related
quality of life

The most common adverse events of any grade observed were
primarily hypertension, proteinuria, abnormal liver function,
diarrhea, and hypothyroidism (Table 3). All of them were of
graded 1 or 2, indicating a favorable safety profile. No statistically
significant difference was observed between the two groups.

This study utilized the EORTC QLQ-HCCI18 scoring scale,
which includes eight dimensions of quality of life related to liver
cancer. Only the fatigue dimension showed a statistically significant
improvement, with improvement rates of 68.75% in the exposure
group versus 45.45% in the non-exposure group (P = 0.023).
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COX regression model analysis

A multivariate COX proportional hazards regression model
was used to explore factors influencing the prognosis of all HCC
patients enrolled. PFS was used as the dependent variable, and
independent variables included the presence of extrahepatic
metastasis, vascular invasion, AFP >400 ng/mL, and treatments.
that metastasis
independent prognostic factor, with the risk of disease
progression being 1.807 higher in patients with
extrahepatic metastasis compared to those without (HR = 1.807;
95% CI, 1.138-2.867; P = 0.013). The use of Huaier Granule was
identified as a protective factor (HR = 0.514; 95% CI, 0.326-0.810;
P = 0.004) as shown in Table 4.

Analysis  indicated extrahepatic was an

times

Construction of a nomogram
prediction model

Based on the results of the multivariate Cox proportional
hazards analysis, exposure to Huaier Granule and the presence of
extrahepatic metastasis were identified as key factors for inclusion in
the nomogram prediction model. The nomogram was developed
(Figure 3A), with each variable assigned a specific score. By adding
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TABLE 1 Baseline characteristics.

Exposure group (n = 48)

10.3389/fphar.2025.1529010

¥’[Fisher's exact test

Non-exposure
Group (n = 44)

Gender Male 40 (83.33%) 36 (81.82%) 0.037 0.848
Female 8 (16.67%) 8 (18.18%)

Drinking Yes 15 (31.25%) 21 (47.73%) 2.626 0.105
No 33 (68.75%) 23 (52.27%)

History of Hepatitis Yes 40 (83.33%) 41 (93.18%) - 0.202%
No 8 (16.67%) 3 (6.82%)

AFP (ng/mL) <400 34 (70.83%) 25 (56.82%) 1.965 0.161
>400 14 (29.17%) 19 (43.18%)

Tumor <5 cm 20 (41.67%) 15 (34.09%) 0.560 0.454
>5 cm 28 (58.33%) 29 (65.91%)

Cirrhosis Yes 23 (47.92%) 25 (56.82%) 0.730 0392
No 25 (52.08%) 19 (43.18%)

Intrahepatic Metastasis Yes 30 (62.50%) 25 (56.82%) 0.308 0.578
No 18 (37.50%) 19 (43.18%)

Extrahepatic Metastasis Yes 15 (31.25%) 22 (50.00%) 3.373 0.066
No 33 (68.75%) 22 (50.00%)

Child-Pugh Score A 38 (79.19%) 32 (72.73%) 0.523 0.569
B 10 (20.83%) 12 (27.27%)

Tumor Count Single 8 (16.67%) 6 (13.64%) 0.164 0.685
Multiple 40 (83.33%) 38 (86.36%)

Vascular Invasion Yes 19 (39.58%) 20 (45.45%) 0.324 0.569
No 29 (60.42%) 24 (54.55%)

BCLC Stage B 3 (6.25%) 8 (18.18%) - 0.074"
C 45 (93.75%) 36 (81.82%)

Age - 48 (61.89 + 1.38) 44 (56.52 + 1.44) 9.339 0.009*

Note: * indicates that there is a statistically significant difference between the two groups with P < 0.05 as determined by the Chi-square test. # indicates that Fisher’s exact test was used.

100

] —— exposed group
X —— non-exposed group
T ]
= ]
z 50
2 ]
=
@
2
@
%

0 T T T T L

0 5 10 15 20 25 times( month)

FIGURE 2

Kaplan-Meier curve comparing progression-free survival
between exposed and non-exposed groups.

up these scores, the probability of PES events for individual patients
can be estimated, with a higher total score indicating a greater
likelihood of PFS events.

Frontiers in Pharmacology

Performance and clinical utility of the
predictive model

The ROC curve was generated to evaluate the predictive accuracy of
the nomogram. The area under the curve (AUC) for the 6-month follow-
up prediction model was 0.713, while the AUC for the 12-month follow-
up prediction model was 0.629 (Figure 3B). At the 6-month follow-up, the
calibration curve of the nomogram demonstrated good concordance
between predicted and observed outcomes (Figure 3C). The Hosmer-
Lemeshow goodness-of-fit test indicated that the model fit was not
statistically significant (P > 0.05), suggesting a good alignment with the
observed data. The 12-month follow-up exhibited similar results, though
the model’s fit was superior at 6 months compared to 12 months. Decision
curve analysis (DCA) was conducted using the nomogram prediction
model to evaluate PFS events for the selected variables. The analysis
showed that at the 6-month follow-up, the net benefit of predicting PFS
event risk using the nomogram was higher for threshold probabilities
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TABLE 2 Subgroup analysis of PFS between two groups.

10.3389/fphar.2025.1529010

Subgroup PFS (95%Cl) Chi-square value (y?)
Exposure group Non-exposure group
Hepatitis 9 (7.2.13) 5 (4.8) 9.3988 0.0022*
Cirrhosis 10 (5.14) 4 (3.6) 8.8167 0.0030*
Vascular invasion Yes 13 (6.20) 3(2.7) 12.8767 0.0003*
No 8.3 (6.8.9) 6 (4.10) 0.9702 0.3246
Drinking Yes 14 (7.19) 5(2.9) 6.6855 0.0097*
No 8.7 (5.3.9) 5(3.8) 5.2260 0.0223*
Tumor size >5 cm 9 (6.14) 4 (2.1.6) 12.2333 0.0005*
<5 cm 8 (4.2.12) 8 (4.13) 0.8193 0.3564
Sintilimab plus bevacizumab Yes 6.8 (4.10) 5(2.1.8) 2.0846 0.1488
No 9 (7.5.14) 5(3.9) 7.3017 0.0069*
Sintilimab Yes 9 (7.5.13) 5 (3.10) 3.3245 0.0683
AFP level (ng/mL) <400 8.9 (7.2.12.2) 6 (4.8.5) 5.0665 0.0244*
>400 9 (4.14.6) 3(2.8) 5.7314 0.0167*
Extrahepatic metastasis Yes 8.3 (4.12.2) 4 (2.5) 5.996 0.014*
No 9 (6.8.14) 8 (3.9.10) 3.641 0.056

*Indicates a statistically significant difference between the two groups.

TABLE 3 Incidence of Adverse events.

Exposure group (n = 48)

Non-exposure group (n = 44)

¥’[Fisher's exact test P

Hypertension 3 (6.25%) 7 (15.91%) - 0.133*
Proteinuria 15 (31.25%) 8 (18.18%) 2.121 0.145*
Abnormal Liver Function (Baseline 15 (31.25%) 7 (15.91%) 3.032 0.082
Normal, Post-Treatment Abnormal)

Diarrhea 13 (27.08%) 9 (20.45%) 0.557 0.455
Hypothyroidism 18 (37.5%) 19 (43.18%) 0.308 0.579

*Chi-square test, P > 0.05 indicates no statistical significance.
“Fisher’s Exact Test.

TABLE 4 Multivariate cox analysis of factors influencing disease progression.

Factor
Extrahepatic metastasis (Yes/No) 0.296 0.118
Huaier granule (Yes/No) 0.333 0.116

6.152

8.217

95%Cl
0.013 1.807 1.138-2.867
‘ 0.004 0514 0.326-0.810

between 0 and 0.680. At the 12-month follow-up, the net benefit was
higher for threshold probabilities between 0 and 0.830 (Figure 3D).

Discussion

In this prospective cohort study, we demonstrated that the
inclusion of Huaier granules alongside standard targeted therapy
and immunotherapy markedly improved progression-free survival

Frontiers in Pharmacology

in patients with unresectable hepatocellular carcinoma (HCC),
extending median PFS from 5 months in the non-exposure
group to 8.9 months in the exposure group (P = 0.001; HR =
0.50; 95% CI 0.32-0.78). This significant enhancement not only
underscores the potential of Huaier granules as an effective adjunct
in HCC treatment. Furthermore, our findings highlight a notable
improvement in the quality of life, particularly in reducing fatigue,
which is often one of the most debilitating symptoms for cancer
patients, thereby supporting the integration of traditional Chinese
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medicine in modern oncologic care regimens. The primary bioactive
constituents of Huaier consist of fungal-derived compounds, including
polysaccharides, proteins, ketones, alkaloids, and minerals, which are
part of the main essential nutrients required for the body to function
and maintain overall health to avoid fatigue. From the TCM
perspective, Huaier can also enhance Qi, invigorate blood, and
resolve blood stasis, which make Qi and blood move through the
body very well to help fight fatigue. Not only was quality of life
improvement observed in our study as first-line treatment setting, but
also it was shown the same as adjuvant therapy (Shi et al., 2023).

In vitro experiments and animal experiment data revealed the
underlying anti-HCC mechanism of Huaier and further showed that
Huaier had synergistic effect with targeted therapy of sorafenib. Li X.
etal. (2024) observed that HP showed a weaker proliferation inhibitory
effect on the mouse source and human HCC cells in vitro but exhibited
stronger anti-HCC effects in animals. And nude mice models
confirmed that macrophages play an important role in the anti-
HCC effect of Huaier. Zhang et al. (2024) utilized 7-day-old
goldfish embryos as hosts and successfully established an orthotopic
xenograft model of HCC in goldfish livers. They evaluated the efficacy
of the targeted therapy drug Sorafenib and Huaier granules, alone or in
combination in the goldfish HCC orthotopic xenograft model and
found that the combination therapy showed the best efficacy against
HCC cells in terms of macrophage infiltration, polarization as well as
tumor cells proliferation, metastasis and apoptosis.

In the subgroup analysis of patients with a history of alcohol
consumption, the PFS of the exposure group was significantly
extended to 14 months. This is related to the well-documented
effect of moderate alcohol consumption in improving the tumor
microenvironment, enhancing T-cell activation, and boosting
immune responses (Bonavita et al, 2020). Huaier granules can
upregulate PD-L1 positively
modulating immune function (Li H. et al, 2024). Therefore, a

expression in tumor tissues,

history of alcohol consumption may enhance T-cell activation and
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improve immune responses, combined with the immunoregulatory
effects of ICIs and Huaier granules, contributing to prolonged PFS. A
similar trend was observed in the hepatitis subgroup, likely related to
the role of inflammatory factors in improving the immune
microenvironment. Vascular invasion is recognized as a critical
marker of poor prognosis, representing greater invasiveness and
metastatic potential, significantly shortening patient survival (Li
et al,, 2020). In this study, we found that in the subgroup with
vascular invasion, patients treated with Huaier granules experienced a
significant extension of PFS to 13 months. This effect may be related
to Huaier granules’ ability to inhibit tumor angiogenesis and suppress
tumor metastasis (Li et al., 2020).

In China, most HCC cases occur against the background of viral
hepatitis and cirrhosis. Statistics show that approximately 20% of
hepatitis patients eventually develop cirrhosis, with nearly 80%
potentially progressing to HCC (Rizzo et al., 2022). In our study,
the subgroup analysis of cirrhosis patients demonstrated that
combining Huaier granules extended PFS to 10 months. Huaier
granules may exert their effects by enhancing Qi, invigorating blood,
and resolving blood stasis. These actions can inhibit inflammatory
factors and the epithelial-mesenchymal transition, thereby slowing
the progression of cirrhosis (Luo et al, 2023). By delaying the
progression of cirrhosis, liver function can be preserved, which in
turn improves the tolerance of HCC patients to anti-tumor
treatments, ultimately enhancing patient survival.

In this study, the treatment subgroup analysis included patients
who received sintilimab combined with bevacizumab. The results
indicate variable efficacy when sintilimab was part of the therapeutic
regimen. For patients treated with sintilimab plus bevacizumab, the
mPFS was 6.8 months, compared to 5 months in patients who did
not receive this combination, although this difference did not reach
statistical significance (P = 0.1488). In the subgroup receiving
sintilimab alone, mPFS extended to 9 months, compared to
5 months for those not treated with sintilimab, suggesting a
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more favorable outcome, although this result approached but did
not reach statistical significance (P = 0.0683). These findings suggest
a potential benefit of sintilimab in extending PFS among patients
with unresectable hepatocellular carcinoma when wused in
combination with other treatments, although the benefits vary
depending on the combination of therapies used. Further studies
are warranted to clarify the specific impact of sintilimab, particularly
in combination regimens, to better understand its role in the
management of hepatocellular carcinoma.

AFP was initially identified as a specific tumor marker in serum,
later confirmed to exist in tumor cell cytoplasm, functioning as an
oncogene (Chen et al, 2020). As a tumor marker, AFP assists in
diagnosing HCC and predicting prognosis, but as an oncogene, it
resists apoptosis, promotes proliferation, migration, and invasion of
tumor cells (Zhang et al., 2020; Li H. et al., 2021), inhibits immune
function, and facilitates immune evasion (Munson et al., 2023). In
HCC treatment, AFP is a key cytokine leading to resistance against
anti-tumor therapies. Studies have found that silencing the AFP gene
can enhance the efficacy of treatments like all-trans retinoic acid
analogs for HCC (Li W. et al,, 2021). Based on the aforementioned
reasons, the poor prognosis associated with high serum AFP levels is
primarily due to its function as an oncogene that promotes tumor
initiation, progression, and metastasis. Studies have shown that the
traditional Chinese medicine, Huaier granules, can reduce the
expression of serum AFP (Shi et al, 2024). In our previous
research, we found that Huaier granules can downregulate AFP
expression, leading to more significant benefits in patients with
high AFP expression by inhibiting tumor growth.

Results indicate that extrahepatic metastasis is an independent
prognostic factor, with a disease progression risk 1.807 times higher
in patients with extrahepatic metastasis than those without (HR =
1.807, 95% CI 1.138-2.867, P = 0.013). The combination with
Huaier granules was identified as a protective factor (HR = 0.514,
95% CI 0.326-0.810, P = 0.004). Therefore, patients with
extrahepatic metastasis and without exposure to Huaier granules
are more likely to experience disease progression. From the
perspective of traditional Chinese medicine, according to the
Pharmacopoeia, Huaier has a bitter taste and is non-toxic,
functioning to “treat wind, break blood, and enhance strength,”
promoting vital energy and blood circulation while eliminating
tumors. It is thought that the core pathogenesis of liver cancer
involves an underlying deficiency (Chang et al, 2023), with
subsequent treatments like surgery, chemotherapy, radiotherapy,
and targeted therapies further depleting vital energy. Vital energy
deficiency persists throughout HCC, suggesting that herbal
interventions should be integrated into liver cancer treatment,
including post-surgery and in combination with localized or
molecular-targeted therapies in intermediate and advanced stages.
It has been confirmed that integrating Chinese herbal medicine can
synergistically inhibit tumor growth and improve patients’ quality of
life (Wang et al., 2019). Basic research indicates that herbal medicine
can upregulate immune responses, inhibit tumor growth and
metastasis, and promote tumor cell apoptosis (Wang et al., 2020).

However, this study has several limitations that warrant careful
consideration when interpreting its results. First, the follow-up
period, concluding in October 2023, does not allow for a
comprehensive assessment of long-term outcomes such as overall
survival, suggesting a need for extended follow-up to more
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accurately evaluate the treatment’s efficacy. An extension phase
of survival follow up is ongoing by collecting patients’ death
events through phone call every 3 months. In addition, the lack
of blinding for both patients and clinicians could introduce bias,
particularly in subjective assessments such as quality of life. The use
of diagnostic criteria based on Traditional Chinese Medicine,
specifically Qi Deficiency and Blood Stasis Syndrome, may not
resonate in non-TCM clinical settings. Future research will use
blinding to mitigate and limit the occurrence of conscious and
unconscious biases. Several relative points will be considered,
including clinical supply planning, dispensing and inventory
management, and disclosure of unplanned unblinding events.
Lastly, despite efforts to balance baseline characteristics, the
potential influence of unmeasured confounding factors, including
lifestyle and genetic disparities, cannot be discounted.

In conclusion, the results of this study illustrate the significant
clinical benefit of incorporating Huaier granules with standard
targeted therapy and immunotherapy in the treatment of
unresectable hepatocellular carcinoma. The wuse of Huaier
granules led to a substantial extension of progression-free
survival and was associated with notable improvements in the
quality of life, specifically in managing fatigue. These findings
suggest that Huaier granules can play a crucial role in enhancing
the efficacy of existing cancer therapies while simultaneously
managing symptoms, thereby providing a dual therapeutic
benefit. Furthermore, the safety profile of this combination
therapy proved to be favorable, encouraging its use in clinical
practice. This study not only supports the incorporation of
traditional Chinese medicine into contemporary treatment
paradigms but also calls for further investigation into its
mechanisms and potential benefits across different patient
subgroups. Future research should focus on randomized, blinded,
controlled trials to confirm these results and to explore the long-
term outcomes and optimal integration of Huaier granules in the

management of liver cancer.
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Introduction: Proliferating cell nuclear antigen (PCNA) is associated with the
proliferation and recurrence of various cancers, and its high expression is
associated with poor prognosis in hepatocellular carcinoma (HCC) patients.
However, the mechanistic role of PCNA in HCC progression remains poorly
understood. This study aimed to investigate how PCNA regulates DNA damage
repair and cell cycle progression in HCC, with a focus on its interaction with poly
(ADP-ribose) polymerase 1 (PARP1) and therapeutic implications.

Methods: PCNA was targeted genetically and pharmacologically in HCC cells to
assess its effects on DNA damage repair and cell cycle arrest. Protein-protein
interactions between PCNA and PARP1 were validated through co-
immunoprecipitation and functional assays. The sensitivity of HCC cells to the
PARP1 inhibitor Olaparib was evaluated under PCNA inhibition. Synergistic effects
of AOH1160 (a PCNA inhibitor) and Olaparib were tested in vitro and in vivo using
proliferation assays, DNA damage quantification, and cell cycle analysis.
Prognostic relevance of PCNA expression was analyzed using TCGA datasets.

Results: Targeting PCNA suppressed DNA damage repair and induced cell cycle
arrestin HCC cells. Mechanistically, PARP1 was identified as a downstream target
of PCNA and directly interacted with PCNA. Inhibiting the expression or activity of
PCNA increased the sensitivity of HCC cells to the PARP1 inhibitor, Olaparib. In
addition, AOH1160 and Olaparib synergistically inhibited the proliferation, DNA
damage repair and cell cycle progression of HCC cells. Elevated PCNA levels
correlated with unfavorable HCC prognosis, supporting its role as a therapeutic
biomarker. In vivo experiments also confirmed that repression of the PCNA/
PARP1 axis significantly reduced HCC tumor growth.

Discussion: This study elucidates the relationship between PCNA and PARP1 in
regulating the malignant progression of HCC, and highlight the pivotal role of
PCNA/PARP1 axis in DNA damage repair and cell cycle progression. The
correlation between elevated PCNA levels and unfavorable prognosis
underscores its potential as a therapeutic biomarker. Repression of PCNA/
PARP1 axis significantly inhibits the malignant proliferation of HCC cells both
in vitro and in vivo. Collectively, the study provides a mechanistic foundation for
therapies targeting PCNA/PARP1 axis.

hepatocellular carcinoma, PCNA, PARP1, DNA damage repair, cell cycle progression
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1 Introduction

Hepatocellular carcinoma (HCC) is a common malignancy and
one of the leading causes of cancer-related death worldwide (Dopazo
et al,, 2024; Sankar et al., 2024). In particular, the incidence of HCC
in China accounts for over 50% of the global total (Rumgay et al.,
2022). Because the subtle early symptoms of HCC, many patients are
diagnosed at an advanced stage. At this stage, HCC shows significant
invasiveness and metastatic potential, resulting in an extremely high
mortality rate, making it become one of the most difficult
malignancies to treat (Dopazo et al, 2024; Sankar et al,, 2024;
Yang et al, 2024). Surgical resection is currently the most
effective curative treatment for HCC patients with localized
lesions, however, it is not available for more than 50% of HCC at
advanced stage (Vogel et al,, 2022; Brown et al,, 2023). Systematic
chemotherapy has become the main treatment for advanced HCC.
Besides, there have been significant advances in the systemic
treatment options for HCC over the past few decades, with
several approvals of immune checkpoint inhibitors and tyrosine
kinase inhibitors in patients with HCC (Rimassa et al., 2023; Sankar
et al., 2024). Despite the emergence of new systemic therapies,
survival for patients with advanced HCC remains poor, most
patients with advanced HCC still suffer from therapeutic
resistance and disease malignant progression (Brown et al., 2023;
Lei et al, 2024). Meanwhile, the side effects of systemic
chemotherapy seriously affect the life quality of patients. With
the development of sequencing technology and bioinformatics,
novel targets and pathways driving the malignant progression of
HCC have been rapidly discovered (Yang et al., 2024; Suresh et al.,
2023). Therefore, identification of novel targets and discovery of
innovative targeted therapies have potential to improve survival and
quality of life for patients with challenging HCC.

Proliferating cell nuclear antigen (PCNA) is a ring-shaped
homotrimer protein, and it is evolutionarily well conserved found
in all eukaryotic species from yeast to humans, reflecting its essential
role in cellular processes (Cardano et al., 2020). The overall structure
of PCNA resembles a sliding clamp around DNA, which is crucial
for its role in DNA replication (Arbel et al., 2021; Shao et al., 2023).
PCNA serves as a processivity factor for DNA polymerase and is
regulated by cell cycle checkpoints to maintain genomic integrity
and prevent the propagation of DNA errors (Cazzalini et al., 2003).
PCNA is not only involved in DNA replication, but also in other
vital cellular processes such as DNA damage repair, chromatin
remodeling, and cell cycle progression (Boehm et al, 2016).
Mechanistically, PCNA interacts with its binding partner PCNA
clamp-associated factor (PCLAF/PAF15/KIAA0101) to stabilize the
trimeric conformation of PCNA, thereby facilitating the recruitment
of DNA polymerases to replication forks and ensuring efficient
DNA synthesis (Xie et al., 2024). Beyond replication, the PCNA-
PCLAF complex orchestrates DNA repair pathway selection and
modulates cell cycle checkpoints, particularly under genotoxic stress
(Kim B. et al,, 2024). Notably, PCNA is frequently overexpressed in
highly proliferating tumor cells, where it functions as both a
biomarker of uncontrolled proliferation and a promising
therapeutic target. Elevated PCNA levels are associated with poor
prognosis in various cancers (Suresh et al., 2023). Emerging evidence
indicates that PCNA drives the malignant progression of cancer
through modulating various pathophysiological processes. For
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instance, phosphorylation of PCNA at tyrosine 211 (Y211) has
been shown to promote metastatic dissemination and sustain
cancer stemness, highlighting its role in tumor evolution (Wang
et al., 2022). Meanwhile, PCNA on cell surface can enhance immune
evasion by prevention of natural killer cells activation and
degranulation through the inhibitory receptor NKp44 (Kundu
2019; Knaneh et al, 2023). PCNA
participates in the DNA damage repair of various tumors by

et al, Furthermore,
regulating or interacting with other factors such as nuclear
insulin-like growth factor 1 receptor (IGFIR) and a nuclease
scaffold SLX4 (Waraky et al, 2017; Yang et al, 2020; Kim S.
et al, 2024). This suggests that targeted inhibition of PCNA
expression or activity may be an effective strategy to inhibit
cancer cell proliferation (Kwan et al, 2024). Previous studies
have shown that PCNA is overexpressed in HCC tissues
compared to normal liver tissues, and is associated with
aggressive tumor behavior, poor differentiation, and unfavorable
clinical outcomes, suggesting that PCNA may be a potential target
for the treatment of HCC (Cheng et al., 2020; Shen et al., 2022).
In recent years, targeted DNA damage response network
strategies have achieved remarkable results in the treatment of
cancer (Groelly et al, 2023). Indubitability, poly (ADP-ribose)
polymerase (PARP) inhibitors represented by Olaparib are the
most successful representatives and have been used in the clinical
treatment of breast cancer, ovarian cancer, prostate cancer, colon
cancer, pancreatic cancer, and other cancers (Morganti et al., 2024;
Zeng et al., 2024). Similar to PCNA, PARP1 is another important
DNA repair signaling molecule that is overexpressed in many
cancers and associated with poor prognosis. PARPI plays a
crucial role in DNA single-strand breaks (SSBs) repair through
the base excision repair (BER) pathway (Wei et al., 2024; Laspata
etal,, 2024). When the expression or enzymatic activity of PARP1 is
inhibited, SSBs accumulate and eventually lead to double-strand
breaks (DSBs) during DNA replication. If the homologous
recombination (HR) repair pathway, the precise DNA DSBs
repair pathway, is not activated at this time, it will lead to a large
accumulation of DNA fragments, resulting in chromosome
instability and cell death (Wei et al., 2024; Zhang and Zha, 2024;
Laspata et al., 2023). Based on synthetic lethality, PARP inhibitors
have been widely used in the treatment of cancers with HR
deficiency. However, only a small portion of cancers exhibit HR
deficiency, and the majority of cancer patients still do not benefit
from PARP inhibitors (Li et al., 2020). Meanwhile, the issue of
resistance to PARP inhibitors also limits its clinical application
(Dilmac and Ozpolat, 2023). PCNA is the center of DNA replication
and DNA damage repair and plays an important role in
coordinating the function of protein factors such as polymerase &
(Cazzalini et al., 2003). Importantly, the repair of DNA damage is
tightly regulated by cell cycle checkpoints, which act as surveillance
mechanisms to ensure genomic stability. In response to DNA
ATM (ataxia-
telangiectasia mutated) and ATR (ataxia-telangiectasia and Rad3-

damage, key checkpoint kinases such as
related) activate downstream effectors, including CHK1 and CHK2,
to halt cell cycle progression and facilitate repair (Smith et al., 2020).
If damage is beyond repair, these pathways can induce apoptosis or
senescence to prevent malignant transformation. Given that both
PCNA and PARP1 are closely linked to DNA replication stress and

repair, investigating the molecular mechanism of PCNA in

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1571786

Li et al.

regulating DNA damage repair and the regulatory relationship
between PCNA and PARPI can not only provide a novel
strategy for targeted therapy of HCC but also expand the clinical
indication of PARP inhibitors.

Herein, we delineate the mechanistic interplay between PCNA
and PARPI in HCC progression and therapeutic resistance. We
demonstrate that PCNA directly interacts with PARP1 to sustain
DNA repair proficiency and cell cycle progression. Genetic or
pharmacological PCNA inhibition sensitizes HCC cells to
Olaparib by impairing compensatory DDR  pathways.
Furthermore, the PCNA inhibitor AOHI1160 synergizes with
Olaparib to suppress HCC growth in vitro and in vivo. Our
findings establish the PCNA/PARP1 axis as a key regulator of
HCC malignancy and provide theoretical support for combining
PCNA inhibitors with PARP inhibitors in HCC treatment, as well as
for the development of dual-target PCNA/PARP1 inhibitors.

2 Materials and methods
2.1 Reagents, primers, and antibodies

AOHI1160, a PCNA inhibitor, which targets amino acids region
L126-Y133 of PCNA (Gu et al., 2018), and Olaparib (AZD2281), a
PARP inhibitor, were purchased from Targetmol (Wellesley Hills,
MA, United States) and dissolved in dimethyl sulfoxide (DMSO) at
10 mM to produce stock solutions at —20°C. All other chemicals used
were analytical grade without purification. The antibodies are listed
in Supplementary Table 1.

2.2 Bioinformatics analysis

The differential expression of genes in the cancer genome atlas
(TCGA) database was analyzed by Gene Expression Profiling
(GEPIA) online website. The mRNA
expression of genes in cancer samples were compared with that

Interactive Analysis

in normal adjacent from TCGA database, and the P value was
obtained by one-way ANOVA. The significant values of P-value and
folding change are 0.05 and 2.0 respectively. The correlation
between gene and patient survival was evaluated using the
Kaplan-Meier Plotter. Samples were divided into groups with
high and low expression according to the median expression.
The 95% confidence interval, log-rank risk ratio (HR), and P
value of overall survival (OS) and disease-free survival (DES)
were analyzed. The relationship between gene expression and
prognosis was analyzed using receiver operating characteristic
(ROC) curves. The original clinical data source of 424 HCC
RNA sequencing information was obtained from the TCGA
database. The R package pROC analyzed the area under the
curve (AUC) values, and the data were visualized as ggplot2. The
AUC value greater than 0.9 indicates strong evidence of model
success (Zhang et al., 2021). Statistical analysis and visualization
were performed in R v4.0.3. The expression correlation of genes was
performed using TCGA data in the GEPIA online tool.
Immunohistochemical results for the differential expression of
PCNA and PARPI1 in HCC tissues and normal adjacent tissues
were obtained from the Human Protein Atlas (HPA) online
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database The
interaction (PPI) network of PCNA was constructed using the

(https://www.proteinatlas.org/). protein-protein

Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING)
enrichment online platform (https://cn.string-db.org/).

protein-protein  interaction networks functional

2.3 Cell culture

The human HCC cell lines HepG2 and Hep3B cell lines were
procured from Cell Resources Center of Shanghai Academy of Life
Sciences (Shanghai, China). Huh7 cell lines were purchased from
Procell Life Science & Technology Co., Ltd. (Wuhan, China).
HepG2 cells, Hep3B cells, and Huh7 cells were cultured in
DMEM (KGL1206, KeyGEN Biotech, Nanjing, Jiangsu, China)
with 10% fetal bovine serum (FBS). All cells were incubated at
37°C in a 5% CO, atmosphere. The cells were not passaged more
than six times from collection to use and were authenticated by STR
profiling regularly every half year.

2.4 Lentivirus transfection

Lentiviral recombination vectors of human PCNA gene
(pGV492-PCNA) and its scrambled control (pGV492-NC),
Lentiviral recombination vectors of short-hairpin RNA against
PCNA (pGV112-shPCNA), short-hairpin RNA against PARP1
(pGV248-shPARP1) and the scrambled control (pGV112-shNC)
were constructed and purchased from Genechem Co. Ltd.
(Shanghai, China). The pGV112-shPCNA vector and pGV248-
shPARP1 vector were confirmed by sequencing. HepG2 cells and
Huh?7 cells were infected with 0ePCNA, shPCNA, shPARP1 and
shNC Lentiviral vectors using HitransG A promoting reagent
according to the manufacturer’s instructions. Hep3B cells were
infected with 0ePCNA and 0eNC. After infection with lentiviral
vector for 3 days, culture medium containing virus was removed.
Transfected cells were allowed for growth for 3-5 days, and then
treated with 2.0 pg/mL puromycin for 24 h to select positive infected
cells. For the rescue experiment, cells were infected with one
lentiviral vector for 3 days and the culture medium containing
virus was removed. The cells were then infected with another vector
for 3 days, and the culture medium containing virus was removed.
Cells transfected with two vectors were allowed for growth for
3-5 days, and then treated with 2.0 pg/mL puromycin for 24 h
to select positive infected cells. All transfected cells were validated by
quantitative PCR and Western blots, and maintained in a medium
containing 1.0 ug/mL puromycin. The target sequence of shPCNA is
5'-AAGCCACTCCACTCTCTTCAA-3/, target sequence of
shPARP1 is 5'-CAACTCCAGGAAGGAAACCAA-3/,
sequence of shNC is 5'-TTCTCCGAACGTGTCACGT-3’.

target

2.5 RNA sequencing and data processing
of DEGs

According to the manufacturer’s manual, total RNA was extracted
from the HepG2 cells transfected with shNC or shPCNA using TRIzol
reagent (Vazyme, Nanjing, China). A total of 500 ng of RNA was used

frontiersin.org


https://www.proteinatlas.org/
https://cn.string-db.org/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1571786

Li et al.

to prepare libraries using the NEBNext Ultra RNA Library Prep Kit for
Mlumina. RNA quantity and quality were assessed on an Agilent
2,100 Bioanalyzer. RNA library sequencing was performed on an
Mlumina HiSeqTM 2,500/4,000 by Gene Denovo Biotechnology Co.,
Ltd. (Guangzhou, Guangdong, China). Differentially expressed genes
(DEGs) in the shNC group vs. the shPCNA group were
identified based on a [log2FC| > 1.0 and an adjusted P < 0.05.
DEGs with a [log2FC| < 1.0 were considered downregulated genes,
while DEGs with a [log2FC| > 1.0 were considered upregulated genes
(Wang et al,, 2021).

2.6 GO, KEGG pathway, reactome and GSEA
enrichment analysis

The biological attributes of the DEGs were identified using gene
ontology (GO) enrichment and gene set enrichment analysis
(GSEA) enrichment analysis. The functional attributes of the
DEGs were identified using Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment, Reactome enrichment
and GSEA enrichment analysis. GO enrichment analysis, KEGG
pathway enrichment analysis, Reactome enrichment, and GSEA
enrichment analysis were performed using Omicsmart online
platform (http://www.omicsmart.com) (Huang et al., 2022).

2.7 Colony formation assay

For colony formation analysis, single-cell suspensions were
seeded at 1 x 10° cells/well into 24-well plates. After overnight
incubation, the cells were treated with the designed drugs for
10-14 days, and the medium was replaced every 3 days. The
colonies were fixed in formaldehyde and stained with 0.1%
crystal violet (Solarbio Life Sciences, China), and imaged using a
fully automated live cell imaging system (Thermo Fisher EVOS
M7000, Waltham, MA, United States). The quantitative analysis on
the results of the colony formation assay was performed by Image]
software (Version 1.53K).

2.8 Cell viability assay and determination of
drug synergy

The cells of interest (1.5 x 10°~4 x 10° cells per well) were seeded
into 96-well plates overnight in 100 pL of complete growth medium
and then treated with AOHI1160 and Olaparib at different
combination ratios for 6 days in triplicate. Following treatments,
MTT solution was added to each well, plates were incubated for 4 h
at 37°C, medium was removed, and formazan crystals were dissolved
in DMSO. Cell viability was evaluated by measuring the well
absorbances at 490 nm using microplate reader (Synergy NEO2,
BioTek). The combined effects of AOH1160 and Olaparib were
assessed using Calcusyn software (Biosoft, Cambridge, UK).
Combination indexes (CI), which were used to evaluate the
effects of two-drug combinations, were calculated using the
Chou-Talalay method. Drug synergism was defined as a CI value
of <1, while antagonism was defined as a value of >1. Additivity was
defined as a CI = 1 (Chou, 2006; Wu et al., 2022).
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2.9 Analysis of apoptosis and cell cycle

Flow cytometry analysis was used to assess cell apoptosis and the
cell cycle (Huang et al., 2022). The cells of interest were treated with
the designed drugs for 6 days and digested with EDTA-free trypsin.
For apoptosis evaluation, the cells were collected and stained using
an Annexin V-FITC/PI apoptosis kit (AT101, MultiSciences,
Hangzhou, China) or Annexin V-PE/7-AAD apoptosis kit
(AT104, Multisciences, Hangzhou, China). The cell cycle was
analyzed by a PI cell cycle detection kit (CCS012, MultiSciences,
Hangzhou, China). The above cells were all identified and quantified
by a flow cytometer (NovoCyte Quanteon, United States) according
to the manufacturer’s instructions, and the data were analyzed by
FlowJo v10 software, and the cell cycle data were analyzed
by ModFit LT5.

2.10 Alkaline comet assay

Alkaline comet assay was performed as previously reported (Wu
etal., 2022; Walsh and Kato, 2023). Briefly speaking, HepG2 cells or
Huh?7 cells were treated with different concentrations of AOH1160,
Olaparib and their combination for 6 days. After treatment, 1X10*
cells were mixed with low melting point agarose at a ratio of 1:10 (v/
v), layered onto the slide, lysed by the lysis buffer at 4°C for 2 h, and
unwound by alkaline unwinding solution for 30 min at room
temperature. The gel electrophoresis was conducted in the
condition of 25V and 40 min. The DNA was finally stained with
propidium iodide (PI) for 15 min at room temperature. Then the
slides were observed and imaged under a fluorescence microscope
(Nikon-ECLIPSE 80i, Tokyo, Japan). Subsequently, we employed
the CASP software (Version 1.2.3) to quantify the percentage of tail
DNA measured in the comet assay (Collins et al., 2023).

2.11 Immunoblotting (IB) and
immunoprecipitation (IP) assays

The western blot protocol has been described in detail previously
(Wang et al,, 2021; Wu et al., 2022). In short, HepG2 cells were lysed
in RIPA cell-lysis buffer (KGB5203-100, KeyGEN Biotech, Nanjing,
China) containing protease and phosphatase inhibitors on ice for
30 min. The lysates were centrifuged at 12,000 rpm for 15 min, the
supernatants were collected, and the protein concentrations were
determined with a Bicinchoninic (BCA) Protein Assay Kit (Solarbio,
PC0020). A total of 20-30 g of protein was separated on 8%-15%
SDS-PAGE gels and transferred to PVDF membranes (Millipore,
United States, IPVH00010, ISEQ00010). Membranes with protein
were blocked with 5% (w/v) skim milk, incubated with primary
antibody overnight at 4°C, and then incubated with secondary
antibodies (1:5,000) for detection. The primary and secondary
antibodies are described in Supplementary Table 1. The
immunoprecipitation (IP) assay was performed using Protein
A/G Magnetic IP/Co-IP kit (ACE Biotechnology, Nanjing,
China). Briefly, the cells were lysed in enhanced lysis buffer
containing protease and phosphatase inhibitors. The supernatants
were incubated with 1-4 pg of primary antibodies overnight at 4°C
on a rotating platform, followed by immunoblotting analysis. Image]
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was used to quantify the immunoblotting results by measuring the
protein band densities.

2.12 RNA extraction and Q-PCR

Total RNA was extracted with TRIzol reagent (Vazyme,
China)
instructions. RNA was reverse transcribed into cDNA by using a
HiScript II one-step RT-PCR kit (P612-01, Vazyme, Nanjing,
China) with 1.0 pg of total RNA in a 20 pL reaction system.

Nanjing, Jiangsu, according to the manufacturer’s

1.0 pL of the resulting cDNA was used in per quantitative PCR
(Q-PCR) in triplicate. Q-PCR was carried out using ChamQ SYBR
Q-PCR master mix (Q311-02, Vazyme, Nanjing, China) on a
QuantStudio three real-time PCR detection system (Life Tech,
New York, United States). Relative expression levels were
calculated as ratios normalized against the endogenous control
(GAPDH). The relative fold changes of candidate genes were
analyzed using the 27**“" method. All primers were synthesized
by Tsingke Biotech (Wu et al., 2022). The sequences of the primers
are listed in Supplementary Table 2.

2.13 Immunofluorescence assay

After treatment, cells (5 x 10*) were seeded on a confocal plate.
After overnight incubation, cells were treated as described in the
text. Cells were then collected and fixed with 4% formaldehyde,
permeabilized with 0.1% (v/v) Triton X-100 in PBS, and blocked
with 1% (w/v) BSA in PBS for 1.0 h. After blocking, cells were
incubated with the phospho-Histone H2A.X (Ser139) rabbit
antibody at 4°C overnight, washed twice with PBS, and incubated
for 2.0 h at room temperature with appropriate secondary
antibodies. Cells were counterstained with DAPI (4',6-diamidine-
2'-phenylindole dihydrochloride).
visualized using a Zeiss LSM 900 laser scanning confocal

Fluorescence signals were
microscope (Jena, Germany) and photographs were taken at a
magnification of x40 (Wang et al., 2021; Wu et al., 2022). The y-

H2AX foci in each cell were captured and counted.

2.14 Mouse xenograft tumor model

All animal procedures were carried out following the
institutional guidelines for the care and use of laboratory animals
and approved by the Committee on the Ethics of Animal
Experiments of Lanzhou University (Lzujcyxy20230314). Every
effort was made to ensure the comfort and safety of the animals.
Female BALB/c nude mice aged 6-8 weeks were randomly used to
establish xenograft models. 5 x 10° HepG2 cells (wild-type, empty
stably PCNA-knockdown vector
transfected) were subcutaneously inoculated into the right axilla

control vector-transfected,
of the mice. After the average tumor volume (mm?®) reached to
50mm’, the tumor-bearing mice were treated using different
5/group). Olaparib (40 mg/kg), AOHI1160
(20 mg/kg), the combined group of Olaparib (20 mg/kg) and
AOHI1160 (10 mg/kg), the sequential treatment (40 mg/kg
Olaparib for 10 days, followed by 20 mg/kg AOHI1160 for

strategies (n =
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10 days) were administered by intraperitoneal injection for
21 consecutive days. The sequential regimen was designed to
PARP inhibitor
emerges, thereby evaluating potential of AOH1160 to overcome

model clinical scenarios where resistance
acquired therapeutic resistance. Tumor volume was recorded every
2 days using a digital caliper. Tumor volume was calculated using the
formula, (ab’)/2, where a and b represent the length and width of the
tumor (Wu et al., 2022). For ethical considerations, mice were

euthanized via CO, inhalation after 28 days.

2.15 Histological staining

The xenografted tumor tissues for immunohistochemistry
(THC) staining and the lung, liver, heart, kidney and spleen tissue
samples of HepG2 xenograft tumor model mice were fixed in 4%
paraformaldehyde, embedded in paraffin and sectioned at 3-pum
thickness. For IHC staining, the slides were incubated in primary
antibody diluted in blocking solution overnight at 4 °C. After
incubation peroxidase conjugated secondary antibody was used
against the primary antibody. For chromogenic detection, 3,3'-
(DAB)
United States) was used as the substrate for peroxidase. Slides

diaminobenzidine tetrahydrochloride (Sigma,
were counterstained with hematoxylin. Cells with brown nuclei
were considered as positively stained. For haematoxylin and
eosin (H&E)

haematoxylin and 0.1% sodium bicarbonate and counterstained

staining, slides were stained with Mayer’s
with Eosin Y solution (Beyotime, Shanghai, China). Each group
of samples was observed with Nikon-ECLIPSE 80i microscope with

a Nikon DS-Ri2 Digital Camera (Tokyo, Japan).

2.16 Statistics

All data were representative of three independent experiments
and illustrated as means + standard error of the mean. Differences
between groups were analyzed by one-way or repeated measures
ANOVA using SPSS Version 20.0 software (SPSS Inc., Chicago, IL).
P < 0.05 was considered statistically significant.

3 Results

3.1 PCNA promotes the malignant
proliferation of HCC cells

We evaluated the differential expression of PCNA in HCC
tissues and adjacent normal tissues from TCGA and HPA
databases. As depicted in Figures 1A-C, the expression of PCNA
was significantly higher in HCC tissues compared to normal liver
tissues and its expression levels increased with the progression of
tumor stages. The ROC curve analysis for PCNA revealed an AUC
value of 0.949, indicating that PCNA expression was significantly
associated with poor prognosis of HCC (Figure 1D). The log-rank
test analysis revealed that patients with HCC with lower PCNA
expression had significantly longer survival than those with higher
PCNA (Figure 1E). PCNA expression was highly expressed in
HepG2 cells and Huh7 cells among three HCC cell lines (Figures
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FIGURE 1

PCNA promotes the malignant proliferation of HCC cells. The differential expression of PCNA between HCC tissues and adjacent tissues obtained

from TCGA dataset (A, B) and the HPA databases (C). (D) Diagnostic ROC for PCNA in HCC and normal samples. (E) The impact of PCNA mRNA expression
on patient survival was analyzed by Kaplan-Meier survival curve. The expression levels of PCNA in HCC cell lines were detected via Q-PCR (F) and Western
blotting (G). HepG2 cells and Huh7 cells were transfected by shNC, shPCNA, shPCNA and 0ePCNA, the transfected efficiency was verified by Q-PCR

(H) and Western blotting (I). The viability and colongenic growth of HepG2 cells and Huh7 cells with or without PCNA knockdown was analyzed using MTT
assay (J) and colony formation assay, followed by quantification of colony numbers. (K). (L) Apoptosis of HepG2 cells with or without PCNA knockdown
was assessed via flow cytometry with 7-AAD and annexin V-PE double staining. Hep3B cells was transfected by oeNC and 0oePCNA, the transfected
efficiency was verified by Q-PCR (M) and Western blotting (N). The viability and colongenic growth of Hep3B cells with or without PCNA overexpression
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FIGURE 1 (Continued)

was analyzed using colony formation assay, followed by quantification of colony numbers. (O) and MTT assay (P). (Q-S) HepG2 cells were
subcutaneously implanted into nude mice after shNC or shPCNA transfection. Mice weight (Q) and tumor volume (R) were measured. The picture shows
the size of the tumor (S). (T) Immunohistochemical staining of Ki67 in the isolated xenograft tumor. (U) The ICsq of AOH1160, PCNA inhibitor, in
HepG2 and Huh7 cells. (V) Colony formation of HepG2 cells and Huh7 cells treated with different concentrations of AOH1160, followed by
quantification of colony numbers. (W) Apoptosis of HepG2 cells treated with different concentrations of AOH1160. The results from three independent
experiments were statistically analyzed using one-way ANOVA: *P < 0.05, **P < 0.01.

1F, G), so we selected them to investigate the effect of PCNA
knockdown on the proliferation of HCC cells (Figures 1H, I). As
shown in Figures 1], K, PCNA knockdown inhibited proliferation
and clonogenic growth, whereas overexpress of PCNA rescued these
effects. PCNA silencing significantly promoted apoptosis in
HepG2 cells (Figure 1L). To further explore the role of PCNA in
HCC progression, we investigated its effect on Hep3B cells by
inducing PCNA overexpression (Figures 1M, N). The result
showed that PCNA overexpression enhanced Hep3B cells
proliferation and clonogenic potential. Furthermore, we assessed
the impact of PCNA knockdown on tumor growth in a
HepG2 xenograft model using nude mice. Silencing PCNA
significantly reduced tumor volume without affecting body
weight and led to a notable decrease in Ki67 expression (Figure
1Q-T). AOH1160 is a small molecular inhibitor of PCNA identified
through high-throughput screening, targeting a surface pocket
partly delineated by the L126-Y133 region of PCNA (Gu et al,
2018). To evaluate its cytotoxic effects on HCC cells, HepG2 and
Huh7 cells were treated with AOH1160. MTT assays revealed that
AOH1160 exhibited potent anticancer effect in a dose-dependent
manner on HCC cells (Figure 1U), with calculated half-maximal
inhibitory concentration (ICs,) values of 1.17 uM for HepG2 and
0.89 uM for Huh7 cells. Based on these results, AOH1160 was used
at concentrations of 0.5 uM, 1.0 uM, and 1.5 uM in the subsequent
assays. Similar to the inhibition of PCNA,
AOH1160 reduced HepG2 and
Huh7 colony formation while also increasing apoptosis in
HepG2 cells (Figures 1V, W).

genetic

treatment  significantly

3.2 PCNA regulates genes involved in DNA
repair and cell cycle progression

To elucidate the mechanism of PCNA in promoting the
proliferation of HCC cells, we performed RNA sequencing
(RNA-Seq) to analyze the effect of PCNA on the expression of
total genes in HepG2 cells (Figures 2A-D). Knockdown of PCNA
induced upregulation of 537 DEGs and downregulation of
156 DEGs in HepG2 cells. The results of GO functional
KEGG pathway
enrichment demonstrated that DEGs induced by knockdown of

enrichment, enrichment and Reactome
PCNA were mostly associated with DNA replication, DNA repair
and cell cycle (Figure 2A). Supportively, the GSEA enrichment
showed that high PCNA expression was positively correlated
with the enrichment of gene sets related to DNA replication,
DNA repair and cell cycle pathways (Figure 2B). Subsequently,
we constructed the protein-protein interaction (PPI) network of
PCNA, and analyzed the top 50 protein by the GO enrichment and
KEGG pathway enrichment. The enrichment results showed that
proteins in the PCNA PPI network were mainly involved in DNA
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replication, DNA repair, and the cell cycle (Figure 2C). And then, we
selected the key genes-involved in DNA repair and cell cycle.
Knockdown of PCNA led to significant downregulation of five
genes-involved in DNA repair, exonuclease 1 (EXO1), PARPI,
histone H2AX (H2AX), breast cancer susceptibility gene 1
(BRCAL), and recombinase Rad51 (RAD51), and four genes-
involved in cell cycle progression, cyclin Bl (CCNBI1), cyclin E2
(CCNE2), cyclin-dependent kinase 1 (CDK1), and cell-division
cycle 25C (CDC25C) (Figure 2D). In addition, expression
analysis of those key genes in HCC tissues compared to normal
tissues demonstrated that EXO1, PARP1, H2AX, BRCA1, RAD51,
CCNBI1, CDK1, CDC25C, and CCNE2 were overexpressed in HCC
tissues, further supporting the role of these genes in HCC
progression (Figure 2E).

3.3 Repression of PCNA inhibits DNA repair
in HCC cells

We next investigated the impact of PCNA depletion in the
DNA damage repair of HCC cells. Damaged DNA has a tail in the
comet assay that resembles a comet. Knockdown of PCNA
significantly increased the number and extent of tailed DNA
in HepG2 and Huh?7 cells, indicating that repression of PCNA
promoted DNA damage (Figure 3A). The accumulation of
YH2AX foci also reflects the extent of DNA damage (Prabhu
et al,, 2024). Similarly, we found that the increased nuclear
yH2AX foci was induced by PCNA silencing which was
confirmed by confocal microscopy. However, overexpression
of PCNA impaired the extent of DNA damage induced by
knockdown of PCNA (Figures 3B, C). We then applied
Q-PCR assays to assess the expression of genes-involved in
DNA repair, including PARP1, EXO1, BRCA1, RAD51, X-ray
repair cross complementing 1 (XRCCl1), X-ray repair cross
complementing 2 (XRCC2), breast cancer susceptibility gene 2
(BRCA2), partner and localizer of breast cancer 2 (PALB2), and
DNA polymerase 6 (POLQ), the mRNA levels of these genes were
reduced in PCNA knockdown cells (Figure 3D; Supplementary
Figure 1A). PCNA inhibitor AOH1160 also resulted in a dose-
dependent increase in DNA damage in both HepG2 and
Huh7 cells, as evidenced by the comet assay (Figure 3E).
Correspondingly, Q-PCR analysis showed that
AOHI1160 significantly inhibited the expression of DNA repair
genes in a dose-dependent manner (Figure 3F; Supplementary
Figure 1B). Analysis of TCGA data demonstrated a significant
positive correlation between PCNA expression and DNA damage
HCC (Figure 3F;
Supplementary Figure 1C). These findings demonstrated that

repair-related gene expression in

targeting PCNA genetically or pharmacologically inhibits DNA
repair of HCC cells.
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FIGURE 2

PCNA regulates genes involved in DNA repair and cell cycle progression. (A) Top 15 biological pathways of these downregulated genes after PCNA
knockdown in HepG2 cells were analyzed by GO enrichment, KEGG pathway enrichment, and Reactome enrichment. (B) GSEA plots of the
downregulated gene signature resulting from the knockdown of PCNA in HepG2 cells. (C) GO enrichment and KEGG pathway enrichment analysis of
PCNA PPI network. (D) Heatmap plot of the key DEGs induced by PCNA knockdown. (E) The differential expression of the key DEGs in HCC of the

TCGA project.
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FIGURE 3

Repression of PCNA inhibits DNA repair in HCC cells. (A) The alkaline comet assay was performed to evaluate DNA damage in PCNA-knockdown
HepG2 and Huh7 cells, with DNA damage levels quantified by measuring the percentage of tail DNA. (B) The foci of yH2AX were measured via
immunofluorescence to evaluate the DNA double-strand break of HepG2 cells after PCNA knockdown. Magnification is X100, scale bar = 10 um. (C)
Quantification of the number of y-H2AX-positive foci in each cell based on immunofluorescence in HepG2 cells. (D) The Relative mRNA levels of
indicated regulators of DNA repair following PCNA knockdown in HepG2 cells and Huh7 cells. (E) The effects of AOH1160 on DNA damage were assessed
using the alkaline comet assay, with results quantified by measuring the percentage of tail DNA. (F) The effects of AOH1160 on the expression of DNA
repair-related genes were analyzed by Q-PCR. (G) Expression correlation analysis of PCNA and key factors involved in DNA damage repair using the data
from TCGA project. The results from three independent experiments were statistically analyzed using one-way ANOVA: *P < 0.05, **P < 0.01 compared
with the control
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FIGURE 4

Inhibition of PCNA arrests cell cycle progression in HCC cells. (A-D) Cell cycle analysis was performed by flow cytometry in HepG2 cells and

Huh? cells with or without PCNA knockdown. (E-H) Cell cycle analysis was performed by flow cytometry in HepG2 cells and Huh7 cells treated with
AOH1160. (I) Relative mRNA levels of indicated regulators of cell cycle progression following PCNA knockdown in HepG2 cells and Huh7 cells. (J) The
effects of AOH1160 on the expression of genes involved in the cell cycle were analyzed by Q-PCR. (K) Expression correlation analysis of PCNA and

the genes involved in cell cycle progression using the data from TCGA project. The results from three independent experiments were statistically analyzed
using one-way ANOVA: *P < 0.05, **P < 0.01 compared with the control.
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FIGURE 5

PCNA directly interacted with PARP1 to promote HCC proliferation. (A) Venn diagram for downregulated gene signature resulting from knockdown

of PCNA and the PCNA PPI network. (B) Representative IHC staining intensity of PARP1 in HCC and normal tissues from the HPA databases. (C) ROC
curves of PARP1 for HCC prediction in TCGA. The expression of PARP1 among different HCC cell lines was detected by Q-PCR (D) and Western blotting
(E). The expression of PCNA and PARP1 in HepG2 cells and Huh7 cells transduced with shPCNA or shPARP1 was analyzed by Q-PCR (F, G) and
Western blotting (H, 1). (J—M) The relationship between PCNA and PARP1 was analyzed by Co-IP assay. Colony formation assays were performed to
analyze proliferation in PARP1-knockdown (N) and Olaparib-treated (O) HepG2 cells, followed by quantification of colony numbers. Apoptosis of
HepG2 cells with PARP1 knockdown (P) or Olaparib (Q) was assessed by flow cytometry. The results from three independent experiments were
statistically analyzed using one-way ANOVA: *P < 0.05, **P < 0.01.
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FIGURE 6

Knockdown of PCNA increases the sensitivity of HCC cells to PARP1 inhibitor Olaparib. HepG2 cells were transfected with shNC or shPCNA and
followed by Olaparib (10 uM) treatment for 6 days. (A, B) Proliferation was detected by colony formation assay, followed by quantification of colony
numbers. (C, D) DNA damage level was assessed by alkaline comet assay, followed by quantification of the percentage of tail DNA. (E) Apoptosis was

assessed by flow cytometry with Pl and annexin V-FITC double staining

. (F) Cell cycle analyses were conducted by flow cytometry. (G) Relative

expression of DNA repair-related genes and factors involved in cell cycle progression were analyzed by Q-PCR. (H, 1) The protein expression levels of
DNA repair-related factors following each individual treatment were analyzed via Western blotting. (3, K) The protein expression levels of factors involved
in cell cycle progression were analyzed by Western blotting. The effects of shPCNA, Olaparib, and their combination on mice weight (L), tumor
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volume (M), and tumor weight (N). The photos of tumor nodules (O) in each group. (P) Immunohistochemical staining of PCNA and PARP1 in the
isolated xenograft tumor. The results from three independent experiments were statistically analyzed using one-way ANOVA: *P < 0.05, **P <
0.01 compared with the shNC group; #P < 0.05, ##P < 0.01 compared with the shPCNA/Olaparib combined group (Olaparib: 40 mg/kg).

3.4 Inhibition of PCNA arrests cell cycle
progression in HCC cells

To assess the effect of targeting PCNA on cell cycle progression,
flow cytometry analysis was performed in HCC cells. The analysis
revealed that PCNA silencing increased the proportion of
HepG2 and Huh7 cells in the G2/M phase, which may further
lead to the death of HCC cells. In contrast, overexpression of PCNA
reduced the proportion of the G2/M phase to accelerate the rate of
cell mitosis (Figures 4A-D). Furthermore, AOH1160 inhibited the
G2/M transition and arrested the cell cycle at the G2/M phase
(Figures 4E-H). To further clarify the potential mechanisms, we
evaluated the expression of genes-involved in cell cycle regulation
using Q-PCR. The results demonstrated that inhibition of the
expression or activity of PCNA decreased the expression levels of
CDC25C, CCNBI, CDKI, CCNE2, cell-division cycle 25A
(CDC25A), and cyclin-dependent kinase 2 (CDK2) (Figures 41, J;
Supplementary Figure 2A). Based on the data from TCGA project,
correlation analysis revealed that PCNA expression was positively
associated with the expression of CDC25C (R = 0.68), CDK1 (R =
0.73), CCNBI (R = 0.67), CCNE2 (R = 0.66), CDC25A (R = 0.62),
and CDK2 (R = 0.75) in HCC tissues (Figure 4K; Supplementary
Figure 2B). These data suggested that inhibition of PCNA induced
cell cycle arrest at G2/M phase in HCC cells.

3.5 PCNA directly interacted with PARP1 to
promote HCC proliferation

To delineate the molecular mechanism of PCNA in HCC
tumorigenesis, we systematically identified key effector proteins
downstream of PCNA. Through Venn diagram analysis integrating
DEGs downregulated upon PCNA silencing with genes within the
PCNA protein-protein interaction (PPI) network, we identified three
overlapping candidates: PCNA, PCLAF, and PARPI. Structural and
functional analyses confirmed that PCNA interacts with PCLAF to
orchestrate its canonical roles in DNA replication and repair. Building
on this foundation, we further discovered that PCNA mechanistically
modulates PARP1 expression (Figure 5A). Based on these findings, we
postulated that PARP1 may serve as the pivotal mechanistic target
through which PCNA drives HCC pathogenesis. Subsequently, we
explored that the expression of PARP1 is significantly higher in HCC
tissues compared to normal adjacent tissues (Figure 5B). The ROC
curve analysis indicates that the AUC value of PARPI is 0.922,
suggesting a high diagnostic value (Figure 5C). Correlation analysis
also showed that PARP1 was associated with DNA repair-related
genes and cell cycle regulation genes (Supplementary Figure 3). And
we also that the differential expression of PARP1 among different
HCC cell lines was similar to PCNA, which was highest in HepG2 cells
(Figures 5D, E). Surprisingly, knockdown of PCNA inhibited the
expression of PARP1 in mRNA and protein levels, however,
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knockdown of PARP1 had no effect on the expression of PCNA
(Figures 5F-I). Indeed, Co-IP assay suggested that PCNA directly
interacted with PARP1 (Figure 5]-M). Collectively, these results
indicate that PARP1 is the downstream target of PCNA and
directly interacts with PCNA. We further explored the effect of
PARPI on the proliferation of HepG2 cells. Inhibition expression
or enzymatic activity of PARP1 significantly inhibited the formation
of HepG2 clones (Figures 5N, O), and promoted the apoptosis of
HepG2 cells (Figures 5P, Q). In summary, these results suggest that
PARPI is the key downstream target of PCNA-mediated HCC
proliferation.

3.6 Knockdown of PCNA increases the
sensitivity of HCC cells to
PARP1 inhibitor olaparib

To investigate the effect of knocking down PCNA on the sensitivity
of HCC to PARP1 inhibitor, HepG2 cells were treated with shtPCNA or
10 uM Olaparib for 6 days separately or in combination. Both Olaparib
and shPCNA inhibited the proliferation and DNA repair of HepG2 cells
and promoted cell apoptosis (Figures 6A-E). Besides, Olaparib and
shPCNA inhibited the cell cycle transition from G2 phase to M phase in
HepG2 cells (Figure 6F). Compared with the shPCNA infected group
and Olaparib treated group, the combination of shPCNA and Olaparib
significantly inhibited the proliferation and DNA repair of HepG2 cells,
promoted cancer cell apoptosis, and arrested the cell cycle at G2/M
phase (Figures 6A-F). Q-PCR and Western blotting were used to
investigate the mRNA and protein levels of factors-involved in DNA
repair and cell cycle progression (Figures 6G-K). Knockdown of PCNA
significantly inhibited the expression of PARP1, RAD51, BRCAL, and
EXOl in both mRNA and protein levels. Olaparib significantly
promoted the expression of PARP1, RAD51 and EXO1 after 6 days
of treatment. The combination of shPCNA and Olaparib induced a
significant decrease of these DNA repair-related genes (Figures 6G-I).
Subsequently, we investigated the effects of sShPCNA, Olaparib, and
their combination on cell cycle regulatory genes. Knockdown of PCNA
significantly promoted the expression of ATR and CHK1, and inhibited
the expression of CDC25C, CDK1, CCNB1, CDK2 and CCNE2, but
did not affect the expression of ATM and CHK?2. Olaparib promoted
the expression of CDK1, CCNB1 and CCNE2. The combination group
significantly promoted the expression of ATR and CHK1, and inhibited
the expression of CDC25C, CDK1, CCNB1, CDK2, and CCNE2 in
mRNA and protein levels (Figures 6G, J, K). We also investigated the
effect of knocking down PCNA on the sensitivity to PARP1 inhibitor
Olaparib in vivo. To construct the xenograft tumor mouse model,
PCNA-knockdown stable HepG2 cell lines were subcutaneously
injected into nude mice. Subsequently, Olaparib treatment was
performed once a day at 40 mg/kg for 21 days, and the tumor
growth curve was detected. As shown in Figure 6L-O, knockdown
of PCNA or treatment with Olaparib significantly inhibited the growth
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Combined inhibition of PCNA and PARP1 has a synergistic effect on HCC cells. (A) The effects of combining AOH1160 and Olaparib on the
proliferation of HepG2 cells. (B) Cl values for concurrent treatment with AOH1160 and Olaparib in HepG2 cells. (C) The effects of AOH1160 and/or
Olaparib on the proliferation of HepG2 cells were measured by colony formation assay, followed by quantification of colony numbers. (D) The effects of
AOH1160 and/or Olaparib on the apoptosis of HepG2 cells. (E-I) HepG2 cells were injected into nude mice and the mice were subsequently treated

with AOH1160 and/or Olaparib at the indicated times. The tumor volume (E), tumor weight (F), mice weight (G), relative volume and weight inhibition (H),
and tumor nodules (1) in each group. (J) Immunohistochemical staining of Ki67 in the isolated xenograft tumor. (K) Tissue damage was determined by
H&E staining. The results from three independent experiments were statistically analyzed using one-way ANOVA: *P < 0.05, **P < 0.01 compared with the
control; #P < 0.05, ##P < 0.01 compared with the AOH1160/Olaparib combined group (AOH1160/Olaparib: 10 + 20 mg/kg).
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Olaparib on the expression of DNA repair-related proteins were analyzed by Western blotting in HepG2 cells. (E, F) The effects of AOH1160 and/or
Olaparib on cell cycle progression in HepG2 cells. (G, H) The effects of AOH1160 and/or Olaparib on the expression of proteins involved in cell cycle
control were analyzed by Western blotting in HepG2 cells. (1) Effects of AOH1160 and/or Olaparib on the expression of PCNA and PARP1 in vivo analyzed
by immunohistochemistry.
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of HepG2 xenograft tumors. Compared with the sShPCNA infection
group and Olaparib treatment group, the combined treatment group
had a more significant inhibition effect on HepG2 xenograft tumor
growth. Further research showed that knockdown of PCNA
significantly repressed the expression of PCNA and PARPI in
Olaparib decreased PCNA
expression and increased PARP1 expression. Their combination
significantly inhibited the expression of PCNA and PARP1
(Figure 6P). Collectively, these results suggest that knockdown of
PCNA promotes the sensitivity of HCC cells to Olaparib in vitro
and in vivo.

HepG2 xenograft tumor tissues.

3.7 Combined inhibition of PCNA and
PARP1 has a synergistic effect on HCC cells

To evaluate the therapeutic potentials of targeting PCNA and
PAPRI, we treated HepG2 cells with AOH1160/Olaparib alone or in
combination for 6 days to assess their anticancer efficiency. The
effect of AOH1160 and Olaparib (1:32, 1:16, 1:8, 1:4) in combination
were examined in HepG2 cells (Figure 7A). The drug combination
indexes (CI) values were less than 1.0 for all concentration groups,
suggesting a synergistic effect between AOH1160 and PARP1 at the
indicated concentrations (Figure 7B). The dose ratio of 1:8 induced
the most significant inhibition (CI < 0.5), therefore, we selected the
dose ratio of 1:8 for further study. Compared with AOH1160
(1.0 uM) alone- and Olaparib (8.0 uM) alone-treated group, the
combination of AOH1160 (0.5 uM) and Olaparib (4.0 uM) at lower
concentrations could significantly inhibit the clonogenic growth of
HepG2 cells (Figure 7C). Meanwhile, AOH1160 and Olaparib
synergistically promoted the apoptosis of HepG2 cells after
6 days of treatment (Figure 7D). To further evaluate the
anticancer effect of the combined inhibition of PCNA and
PARP1 in vivo, BALB/c nude mice were subcutaneously injected
with HepG2 cells. Approximately 1 week later, the mice were equally
divided into five groups and intraperitoneally injected with 20 mg/kg
AOH1160, 40 mg/kg Olaparib, a combination of both drugs
(10 mg/kg AOHI1160 plus 20 mg/kg Olaparib), a sequential
treatment (40 mg/kg Olaparib for 10 days, followed by 20 mg/kg
AOH1160 for 10 days), or an equal volume of saline as a control
group. After 21 days of treatment, AOHI1160 and Olaparib
synergistically inhibited tumor size and tumor weight but did not
affect the body weight of mice at our tested dosages, and it also
reduced the expression of Ki67 (Figures 7E-]). After analysis of
H&E-stained organs, we found that AOH1160, Olaparib, and their
combination did not cause significant damage to the kidney, lung,
spleen, liver, or heart (Figure 7K). Together, these results suggested
that AOH1160 and Olaparib synergistically inhibited the malignant
proliferation of HepG2 cells in vitro and in vivo.

3.8 AOH1160 and olaparib synergistically
inhibit DNA damage repair and cell cycle
progression

To evaluate the effect of AOH1160 and Olaparib in combination

on DNA repair and cell cycle progression, we conducted a series of
in vitro experiments (Figures 8A-H). Compared with single
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treatment, DNA damage was more pronounced in the
AOHI1160 and Olaparib combined group, as determined by the
comet assay (Figures 8A, B). Western blots were used to analyze the
Olaparib
significantly promoted the expression of PARP1, RAD51 and
EXOl, AOH1160 significantly inhibited the expression of
PARP1, BRCA1l, EXO1, and RADS51, but did not affect the
expression of PCNA. The combination of AOHI1160 and
Olaparib synergistically inhibited the expression of BRCAI,
EXO1, XRCC1, XRCC2, and RADS51, but did not affect the
expression of PARP1 and PCNA (Figures 8C, D). AOH1160
(1.0 uM) inhibited the G2/M transition and arrested the cell
cycle at the G2/M phase. Olaparib (8.0 uM) promoted the G1/S
transition and arrested the cell cycle at the G2/M phases. Combining
AOH1160 (1.0 uM) with Olaparib (8.0 uM) arrested the cell cycle at

the G2/M phase (Figures 8E,F). Western blots were used to analyze

expression of proteins involved in DNA repair,

the expression of proteins involved in cell cycle progression (Figures
8G, H). Olaparib significantly promoted the expression of CDC25C,
and CDKI1 to accelerate mitosis. AOH1160 significantly inhibited
the expression of CCNB1, CDK2 and CCNE2. The combination of
AOH1160 and Olaparib promoted the expression of ATR and
CHKI, and inhibited the expression of CDC25C, CDK1, CCNBI,
CDK2 and CCNE2. AOHI1160
expression of these proteins in HepG2 cells. ITHC staining for
PCNA and PARPI confirmed that Olaparib combined with
AOH1160 could induce the down expression of PARP1 and
PCNA respectively (Figure 8I). Overall, these findings indicated
that PCNA and PARP1 depletion synergistically inhibit DNA repair
and cell cycle progression.

impaired Olaparib-induced

4 Discussion

HCC is the leading causes of cancer-related death worldwide,
due to mild symptoms at early stage and almost half of the patients
are diagnosed at advanced stage (Sadagopan and He, 2024; Wang
et al, 2024). With advances in sequencing technology and
bioinformatics, innovative targeted therapies can potentially
improve survival and quality of life for patients with challenging
HCC (Wang et al, 2024; Becht et al., 2024). The success of
antiangiogenic agents and tyrosine kinase inhibitors in treating
HCC demonstrates that targeted therapy is another option and
hope for the treatment of challenging HCC (Becht et al., 2024).
However, existing targeted drugs have limitations such as drug
resistance, significant side effects, narrow clinical indications, and
high tendency for relapse (Lei et al., 2024). Therefore, novel targets
and strategies are urgently required for the treatment of HCC.
Previous studies have found that PCNA is highly expressed in
various types of tumors and contributes to malignant progression
and poor prognosis (Lv et al., 2016; Gu et al., 2023). Targeting PCNA
in monotherapy or combination therapy may have a good
therapeutic effect on HCC (Cheng et al, 2020). Herein, we
investigated the mechanism of PCNA in regulating the malignant
progression of HCC cells from the perspective of regulating DNA
repair and cell cycle progression.

PCNA is the center of DNA replication and DNA damage repair
that plays an important role in maintaining genomic integrity and
preventing the propagation of DNA errors (Gonzdlez-Magafa and
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Blanco, 2020). PCNA is highly expressed in many cancers and
contributes to malignant proliferation and poor prognosis (Lv et al.,
2016). Consistently, our research confirmed that PCNA is
overexpressed in HCC cells and high expression of PCNA is
associated with poor prognosis and short survival in HCC
patients. Additionally, we found that suppression of PCNA with
shPCNA or AOH1160 significantly inhibited the proliferation of
HCC cells both in vitro and in vivo. AOH1160 is a PCNA inhibitor
that can selectively kill many types of cancer cells at below
micromolar concentrations through specifically targeting the
L126-Y133 region of PCNA in cancer cells, without causing
significant toxicity to a broad range of nonmalignant cells (Gu
et al,, 2018). To elucidate the specific mechanisms, we performed
RNA sequencing to analyze the effect of PCNA on total mRNA
expression in HepG2 cells. The result showed that PCNA promoted
the malignant progression of HCC cells by regulating cell cycle
progression and DNA damage repair. Further mechanism studies
showed that knockdown of PCNA inhibited the expression of EXO1,
BRCA1, RAD51, PARPI, and other genes-involved in DNA damage
repair. The long-range end-resection factor EXOL1 is a multipotent
DNA exonerase that is mainly involved in HR repair and non-
homologous end-link repair (Gioia et al., 2023; van de Kooij et al.,
2024). BRCA1 and RADS51 are the essential factors involved in HR
repair pathway that trigger the precise repair of DNA DSBs (Zhao
et al,, 2017). In cells lacking EXO1, BRCA1 and RAD51, the precise
DSB repair pathway does not work properly (van de Kooij et al.,
2024; Zhao et al.,, 2017). PARP1 is involved in DNA SSBs repair
through the BER pathway. The effect of PCNA on the expression of
these genes suggested that PCNA could repair both SSBs and DSBs
of DNA through multiple pathways. Precise DNA damage repair
occurs in the S and G2 phases of the cell cycle, especially in the HR
repair pathway (Bournaka et al., 2024). Indeed, knockdown of
PCNA blocked the cell cycle in the G2/M phase and inhibited
the expression of CDC25C, CDK1, and CCNBI. CDC25C is a cell
cycle regulatory protein that can activate CDK1 and CCNBI to
promote cell mitosis (Liu et al., 2020). The combination of
CDK1 and CCNBI can promote cells from G2 phase to M phase
and ensure normal cell division and proliferation (Smith et al.,
2020). Decreased expression of CDC25C, CDKI, and
CCNBI inhibited the transfer of cell cycle from G2 phase to M
phase, resulting in the inhibition of cancer cell proliferation (Liu
et al.,, 2020; Smith et al., 2020). When the cell cycle is blocked in the
G2 phase, precise DNA repair is initiated. If DNA cannot be repaired
in this phase, large amounts of DNA fragments accumulate, leading
to chromosomal instability and cell death (Wang et al., 2021; Smith
etal,, 2020). The regulatory effects of PCNA on DNA repair and cell
cycle progression suggest that PCNA is a key driving target for HCC
progression and poor prognosis. Targeting PCNA has the potential
to improve survival and quality of life for patients with advanced and
metastasis HCC.

Subsequently, we identified PARP1 as the key target involved in
the PCNA-mediated HCC proliferation. While previous studies have
established that PCNA orchestrates DNA replication and repair via its
functional interplay with PCLAF (De March et al., 2018), our work
extends this paradigm by revealing the role of PCNA as a modulator of
PARP1 expression. To dissect the cooperative mechanism underlying
PCNA-PARP1 oncogenic activity, we employed Co-IP assays and
confirmed their direct interaction. Our results position PARP1 as a
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downstream effector of PCNA and suggest its potential integration into
a tripartite regulatory complex involving PCNA and PCLAF. This
cooperative interaction likely fine-tunes DNA replication fidelity and
repair pathway selection. Clinically, PARP inhibitors such as Olaparib
have demonstrated synthetic lethality in homologous recombination
(HR)-deficient cancers. Emerging strategies aim to overcome PARP
inhibitors resistance and broaden their utility to HR-proficient
malignancies, including HCC. Based on our findings, we propose
that PCNA inhibition may sensitize HR-competent HCC to PARP
by destabilizing the PCNA/PARP1 thereby
exacerbating replication stress-induced genomic instability. This

inhibitors axis,
synergistic therapeutic vulnerability could expand PARP inhibitors
applications in HCC treatment, particularly in tumors resistant to
conventional therapies. Supporting this hypothesis, we used shPCNA
or AOH1160 to inhibit the expression or activity of PCNA and
investigated the regulatory effect of PCNA on the sensitivity of
HepG2 cells to Olaparib in vitro and in vivo. Knockdown of PCNA
promoted the inhibitory effect of Olaparib on the malignant
proliferation of HepG2 cells in vitro and in vivo. Meanwhile,
silencing PCNA expression enhanced the effect of Olaparib on cell
apoptosis and DNA repair and cell cycle progression. Moreover,
AOH1160 and Olaparib synergistically inhibited the proliferation of
HepG2 cells and HepG2 xenograft tumors. Further mechanistic studies
showed that knockdown of PCNA inhibited the expression of BRCA1,
RAD51, XRCC1, and EXO1. AOH1160 also inhibited the expression
of these DNA repair-related genes. The reduction of these genes would
block HR-mediated repair, thereby increasing the sensitivity of HCC
cells to Olaparib. Olaparib induced the upregulation of PARP1 and
RAD?51, a compensatory feedback mechanism activated in response to
persistent DNA damage, which may drive the development of
therapeutic resistance (Fu et al,, 2024; Liu et al., 2024). Suppression
of PCNA impaired Olaparib-induced overexpression of PARP1 and
RAD?5], thereby reversing the resistance of cancer cells to Olaparib.
Meanwhile, we found that inhibition of PCNA with AOH1160 and
inhibition of PARP1 with Olaparib could arrest the cell cycle at the G2/
M phases. Olaparib significantly promoted the expression of CCNE2 to
accelerate mitosis (Smith et al., 2020; Ditano et al., 2021). Olaparib-
induced accelerating of cell cycle progression was beneficial for HR-
mediated DNA repair (Wicks et al,, 2022). AOH1160 repressed the
expression of CDK1, CCNB1, CDK2 and CCNE2 to arrest the cell
cycle at G2/M phase, thus blocking the promotion of cancer cell
mitosis. The combination of Olaparib and AOH1160 promoted the
expression of ATR and CHKI, inhibited the expression of CD25C,
CDKI1, CCNBI, CDK2 and CCNE2. DNA single-strand breaks
activate ATR, which phosphorylates and activates CHK1. Activated
CHK1 then phosphorylates CDC25C, resulting in its inactivation and
maintaining CDKI1 in an inactive phosphorylated state, thereby
arrested the cell cycle at G2/M phase to inhibit the malignant
proliferation of HCC cells (Smith et al., 2020). However, neither
AOH1160 nor Olaparib affects the expression of ATM and CHK2,
whether they influence the phosphorylation of these targets will be
explored in our further studies.

In conclusion, we clarified the mechanism for the effect of
PCNA on the proliferation of challenging HCC in vitro and in
vivo. PCNA is overexpressed in HCC cells and closely correlated
with the poor prognosis of HCC patients. PCNA promotes the
proliferation and progression of HCC by regulating DNA repair and
cell cycle progression. Mechanistically, PARP1 is the downstream
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target of PCNA and directly interacts with PCNA. Targeting PCNA
increase the sensitivity of HCC cells to Olaparib. Further
AOHI1160 and Olaparib synergistically inhibited the proliferation,
DNA damage repair and cell cycle progression of HCC cells. The
present findings support the premise coinhibition of PCNA and
PAPRI for the treatment of advanced HCC. Collectively, the study
provides a mechanistic foundation for therapies targeting PCNA/
PARP1 axis and the development of dual-target PCNA/
PARPI inhibitors.
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Nanotechnology-driven
strategies in postoperative cancer
treatment: innovations in drug
delivery systems
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Xi-Bo Zhao

The Stomatological Hospital, Anyang Sixth People’'s Hospital, Anyang, China

Cancer remains a global health challenge, and this challenge comes with a
significant  burden. Current treatment modalities, such as surgery,
chemotherapy, and radiotherapy, have their limitations. The emergence of
nanomedicines presents a new frontier in postoperative cancer treatment,
offering potential to inhibit tumor recurrence and manage postoperative
complications. This review deeply explores the application and potential of
nanomedicines in the treatment of cancer after surgery. In particular, it
focuses on local drug delivery systems (LDDS), which consist of in situ
injection, implantation, and spraying. LDDS can provide targeted drug delivery
and controlled release, which enhancing therapeutic efficacy. At the same time, it
minimizes damage to healthy tissues and reduces systemic side effects. The
nanostructures of these systems are unique. They facilitate the sustained release
of drugs, prolong the effects of treatment, and decrease the frequency of dosing.
This is especially beneficial in the postoperative period. Despite their potential,
nanomedicines have limitations. These include high production costs, concerns
regarding long-term toxicity, and complex regulatory approval processes. This
paper aims to analyze several aspects. These include the advantages of
nanomedicines, their drug delivery systems, how they combine with multiple
treatment methods, and the associated challenges. Future research should focus
on certain issues. These issues are stability, tumor specificity, and clinical
translation. By addressing these, the delivery methods can be optimized and
their therapeutic efficacy enhanced. With the advancements in materials science
and biomedical engineering, the future design of LDDS is set to become more
intelligent and personalized. It will cater to the diverse needs of clinical treatment
and offer hope for better outcomes in cancer patients after surgery.

local drug delivery system, nanomedicines, postoperative treatment, anti-cancer,
combination therapies

1 Introduction

Cancer, a disease that has been plaguing humanity, continues to represent a significant
challenge to global health. (Cronin et al, 2022; Jassim et al., 2023; Mahalingam and
Newsom-Davis, 2023; Bray et al., 2024). The International Agency for Research on Cancer
(IARC), through its Global Cancer Observatory, provides a crucial view of the present
global cancer situation. (Bray et al., 2024). The latest data in 2022 reveals a reality: t there are
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almost 20 million new cancer cases emerging, and nearly 10 million
lives are unfortunately lost to cancer. (Bray et al, 2024). These
figures not only highlight the unyielding rise in the global cancer
burden but also underscore the pressing need for comprehensive
cancer control strategies (Dhas et al., 2024; Li Q. et al., 2024; Taranto
et al., 2024). China, with its extensive population and evolving
healthcare dynamics, bears a significant share of this burden. In
collaboration with the IARC, the National Cancer Center (NCC) of
China has reported that in 2022, the country faced approximately
4.82 million new cancer cases and 2.57 million cancer-related deaths
(Bray et al, 2024). These statistics translate to a substantial
proportion of the global cancer incidence and mortality rates,
with lung, colorectal, thyroid, liver, and stomach cancers being
the most frequently diagnosed, and lung, liver, stomach,
colorectal, and esophageal cancers leading as the primary causes
of cancer mortality (Cronin et al., 2022; Labrie et al., 2022; Bray et al.,
2024; Budczies et al., 2024; Lasser et al., 2024).

Currently, the primary treatment modalities for cancer include
surgery, chemotherapy, radiotherapy, and immunotherapy (Lim
et al, 2018; Cramer et al, 2019; Chow and Longo, 2020).
Surgical resection remains the predominant treatment strategy
for most solid tumors in clinical practice (Schroder et al., 2021;
Mi et al, 2023). Despite the remarkable progress in surgical
techniques in recent years, however, minuscule tumor cells may
still remain at the surgical margins, significantly increasing the risk
of tumor recurrence and metastasis and being closely associated with
a diminished overall survival rate (Cannon et al., 2017; Hiller et al.,
2017; Tohme et al., 2017; Joshi and Badgwell, 2021).

As for chemotherapy and radiotherapy, which are often
employed as adjuvant treatments after surgery, they bring about
a host of side effects (Bu et al., 2019; Ji et al., 2020; McLaughlin et al.,
2020). Immunosuppression renders patients more susceptible to
infections and can delay the recovery process (Ji et al, 2020;
McLaughlin et al., 2020).

In this context, the utilization of nanomedicines and controllable
drug delivery systems implanted in the surgical region emerges as a
highly promising strategy (Wang K-N. et al., 2024). Nanomedicines
have the potential to inhibit local tumor recurrence and distant
metastasis after surgery. Moreover, they can also deal with
postoperative complications. (Shao et al.,, 2018; Chu et al., 2021;
Yang X. et al,, 2021; Cheng et al.,, 2022; Li et al., 2022; Wang et al.,
2023; Wang R. et al., 2024; Wei et al,, 2024). Nanomedicines provide
multiple advantages. These advantages include enhanced targeting
capabilities, which allow for a more accurate delivery of drugs to
cancer cells and minimize the damage to healthy tissues. (Shi et al.,
2016; Zhou et al., 2021; Li ZZ. et al., 2024; Pan et al., 2024). This can
be particularly beneficial during the postoperative period. It enables
a more sustained treatment approach over time. Moreover,
nanomedicines have the potential to target and reduce
inflammation at the surgical site. This helps to prevent wound
infections and promote the healing process. (Siemer et al., 2019;
Jiang et al., 2020; Huang et al., 2024; Zhen et al., 2024).

However, nanomedicines also have some limitations (Shi et al.,
2016). The synthesis and formulation of nanomedicines are
complex, and this complexity can result in high production costs.
(Shi et al., 2016). Besides, there are concerns regarding their long-
term toxicity and the potential for accumulation within the body.
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(Shi et al., 2016). Additionally, the regulatory approval process for
nanomedicines tends to be long and filled with challenges.

This paper focuses on exploring the application and potential of
nanomedicines in postoperative cancer treatment. It aims to analyze
the advantages of nanomedicines, their drug delivery systems,
multiple treatment methods, and the associated challenges. The
goal is to provide new insights and strategies. These can enhance the
effectiveness of cancer treatment, reduce the recurrence risk,
minimize postoperative complications, and improve the quality
of life of cancer patients.

In the field of cancer treatment, LDDS of nanomedicines have
emerged. These methods are a highly promising approach for
postoperative therapy. (Zhang et al., 2022; Mimansa et al., 2024).
The LDDS has a host of unique advantages. These advantages are
crucial for enhancing the effectiveness and safety of cancer
treatment after (Zhang et al, 2022; Mimansa
et al., 2024).

First and foremost, when compared with systemic drug

surgery.

delivery, local delivery significantly increases the drug dose in
the surgical area (Wang et al., 2023; Lin et al., 2024). This targeted
approach ensures a higher concentration of therapeutic agents
directly at the site where these agents are most needed. As a result,
this maximizes the potential for eliminating residual cancer cells.
(Chao et al., 2023; Cao et al., 2024; Wei et al., 2024). For example,
in the cases of solid tumors, a concentrated dose of nanomedicines
in the surgical bed can be highly effective. This effectiveness is
shown in contending with any tumor cells that might have
remained after the main tumor is removed. (Erthal et al., 2023;
Lin et al., 2024; Wang R. et al., 2024).

Secondly, LDDS can decrease the toxic and side effects of drugs
on other organs and tissues. (Li et al., 2021; Liu et al.,, 2021; Dang
et al,, 2022). By restricting the drugs to the surgical area, the risk of
systemic toxicity is minimized (Zhao et al., 2020). This is especially
significant because traditional systemic chemotherapy and
radiotherapy frequently lead to a wide variety of adverse effects,
including nausea, hair loss, fatigue, and damage to the liver, kidneys,
and immune system. (Lu et al,, 2021; Guan et al,, 2022; Wang et al.,
2022). With local nanomedicine delivery, patients can experience
fewer side effects and a better quality of life during the recovery
period (Xu et al,, 2020; Lu Q. et al., 2022).

Moreover, LDDS facilitate the continuous and controllable
release of drugs (Wang et al, 2022; Wei et al, 2024).
Nanoparticles can be engineered to release drugs at a
predetermined rate, ensuring a sustained therapeutic effect over
an extended period (Liu et al., 2022a; Wang et al., 2023; Lin et al,,
2024). This not only decreases the dosing frequency but also offers a
more stable and consistent drug concentration level in the target
area. For instance, biodegradable nanoparticles are able to slowly
degrade and release drugs over a period of time. This maintains an
effective drug level and minimizes the risk of overdosage or
underdosage simultaneously (Huang et al, 2021; Yang X. et al,
2021; Liu et al.,, 2022a; Lu Y. et al,, 2022).

Finally, LDDS of nanomedicines can facilitate the growth of
normal tissues and the healing of wounds in the surgical area. Some
nanomedicines can be designed to release growth factors or other
bioactive molecules that are capable of stimulating tissue

regeneration and repair. This can not only speed up the healing
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process but also contribute to the restoration of the normal function
of the affected area (Lu Y. et al., 2022; Luo et al., 2022).

In this section, we delve deeper into three main LDDS: in situ
injection, in situ implantation, and in situ spraying. In situ injection
involves directly injecting nanomedicines into the surgical site
(Zhang H. et al, 2021; Xie et al,, 2023; Zhang P. et al, 2024).
This method is relatively straightforward. It can be carried out
rapidly, enabling the immediate delivery of drugs to the target
area. (Figure 1).

In situ implantation, in contrast, consists of placing an implant
loaded with drugs into the surgical area (Hu et al., 2021; Mimansa

et al,, 2024). This approach can achieve long-term and sustained
release of drugs. (Zhou et al., 2021). Biodegradable implants can
degrade gradually over time, enabling the controlled release of drugs.
In situ spraying means spraying a nanomedicine solution onto the
surgical wound. (Chen et al., 2018; Shao et al., 2018; Chu et al., 2021).
This method can cover the wound surface evenly and ensure a
consistent distribution of drugs (Chen et al., 2018; Li et al., 2021). It
is especially valuable for large wounds or surgical areas with
irregular shapes. Meanwhile, these LDDS offer new hope to

patients by cleverly combining multiple advanced treatment
FIGURE 1
Schematic illustration of the local drug delivery systems (LDDSs).

There are three typical strategies within LDDSs, including in situ
injection, in situ implantation, in situ spraying.

methods (Table 1). These methods include chemotherapy,

radiotherapy, photothermal and photodynamic therapy,

immunotherapy, chimeric antigen receptor T - cell (CAR - T)
therapy, and magnetic hyperthermia (Figure 2) (Wu et al., 2018;

TABLE 1 Representative nanomaterials summarized in this review for administration strategies of postoperative cancer treatment.

Materials In vitro/vivo model Therapeutics Reference

Administration strategies

In situ injection DOXC;,-LNC* GL261 tumor mice model Chemotherapy Wang et al. (2023)
GlioGel U-87 tumor mice model Chemotherapy Erthal et al. (2023)
DTX-CTs/Gel B16F10/4T1 tumor mice model Chemotherapy Liu et al. (2021)

GPDF

PLCNP

Tel@PGE
THINRTHINR-CXCL10

CAR-T@Met/gel

A375 tumor mice model
patient-derived GICs tumor mice model
B16F10/4T1 tumor mice model

Luci + GL261%**" tumor mice model

HGC-27 tumor mice model

Photothermal Therapy
Photodynamic Therapy
Immunotherapy
Immunotherapy

Immune cell therapy

Luo et al. (2022)
Lin et al. (2024)
Liu et al. (2022a)
Zhang et al. (2021c)

Chao et al. (2023)

GODM-gel H22 tumor mice model Immune cell therapy Cheng et al. (2022)
GM-CSF Panc02 tumor mice model Immune cell therapy Lu et al. (2022b)
In situ implantation PDA@DH/PLGA bone tumor mice model Chemotherapy Lu et al. (2021)

In situ spraying

TB/aPD-1@AuNCs/OBC

SCC7 tumor mice model

Photothermal Therapy

Zhou et al. (2021)

Gel-SA-CuO

BI(R848 + aOX40)

H22 tumor mice model

CT26 tumor mice model

Photothermal Therapy

Immunotherapy

Dang et al. (2022)

Ji et al. (2020)

3D-ENHANCE-NK cells

MDA-MB-231 tumor mice model

Immune cell therapy

Ahn et al. (2020)

BP@PLEL HeLa tumor mice model Photothermal Therapy Shao et al. (2018)
GOx@MnCaP@fibrin IDH1 (R132H) U87 tumor mice model  Starvation/Chemodynamic Therapy = Li et al. (2021)
aCD47@CaCO3 B16F10 tumor mice model Immunotherapy Chen et al. (2018)

Frontiers in Pharmacology

133

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1586948

Zhou et al. 10.3389/fphar.2025.1586948
Glioblastoma el el
: squamous cell
multiforme 2
carcinoma
Melanoma Gastric
cancer
Pancreatic
cancer
FIGURE 2

The scheme illustrates the application of local drug delivery systems (LDDSs) in the postoperative treatment of various tumors. The LDDSs are
combined with chemotherapy, phototherapy, immunotherapy, and immunocyte therapy.

Zhang et al., 2018; Hu et al., 2021; Li et al., 2021; Wang et al., 2021;
Guan et al., 2022; Chao et al., 2023).

In conclusion, LDDS of nanomedicines have significant
advantages for postoperative cancer treatment. These systems can
provide targeted drug delivery, reduce side effects, facilitate
controlled release, and promote tissue healing. Therefore, these
methods hold great promise in improving the outcomes of
cancer patients after surgery. Furthermore, further research and
development in this field are required to perfect these delivery
methods and enhance their therapeutic efficacy.

2 In situ injection

In the field of treatment for tumor recurrence after surgery,
the local in situ injection drug delivery system offers a brand-
new ray of hope to patients deeply afflicted by illness through
artfully integrating multiple advanced treatment modalities
(Xiong et al., 2021; Zhang J. et al, 2021). Within this
diversified treatment landscape, it covers a variety of highly
promising means such as chemotherapy, radiotherapy,
photothermal and photodynamic therapy, immunotherapy,
CAR-T, and magnetic hyperthermia (Yang X. et al., 2021;
Luo et al, 2022; Wang et al., 2022; Erthal et al., 2023; Xie

et al., 2023; Wei et al., 2024).
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2.1 Combination of chemotherapy

Local in situ injection can accurately deliver chemotherapeutic
drugs to the site of tumor recurrence or the surgical area (Erthal
et al., 2023; Wang et al., 2023; Wang R. et al., 2024). This targeted
approach increases the local drug concentration, enhances the
cytotoxic effect of chemotherapy, can more effectively kill
residual tumor cells, reduce the risk of tumor recurrence, and
simultaneously minimize systemic side effects (Liu et al, 2021;
Wang R. et al., 2024).

Glioblastoma multiforme (GBM) is the most common brain
tumor and one of the most aggressive cancers in humans (Fiorica
etal,, 2006; Zhao et al., 2019; Tan et al., 2020; Schaff and Mellinghoff,
2023). Currently, the main clinical treatment for GBM is still
surgical  resection  supplemented by radiotherapy and
chemotherapy (Reardon et al., 2006; Roca et al., 2023; Wu and
Lim, 2023). However, due to the high permeability of GBM, after the
above treatments, tiny tumor cells unavoidably remain in the
operative region, ultimately leading to tumor recurrence and
metastasis (Zhang W. et al., 2024). As a result, various forms of
LDDS in situ injection have been used in the treatment of tumor
recurrence after surgery.

Eduardo Ruiz-Hernandez ’s research group designed an LDDS
(GlioGel), which is composed of an injectable hydrogel carrying free
temozolomide and stimulus-responsive paclitaxel-loaded MSN for

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1586948

Zhou et al.

10.3389/fphar.2025.1586948

- GBM resection

- DOXC12-LNC hydrogel injection

/L
i/

- Long-term survival

\ 4

FIGURE 3

Amphiphilic surfactant (Kolliphor HS15%)
@» Lipid surfactant (Span 80%)

Oily core (Labrafac 1349%)
+— Crosslinking agent (Cyt-C1¢)
@— Anti-cancer drug (DOXC,;)

The scheme illustrates the application of DOXC;,-LNC®* for postoperative local treatment of GBM. Reprinted with permission from Ref (Wang et al.,

2023). Copyright 2024 Springer.

postoperative local treatment of GBM(Erthal et al., 2023). GlioGel
demonstrated a greater ability to penetrate GBM spheroids. The new
formulation demonstrated efficacy in decelerating tumor regrowth
in vivo. It augmented the survival of mice bearing U-87 tumors and
enhanced their wellbeing. Simultaneously, Mingchao Wang et al.
constructed an injectable lipid nanocapsule (LNC)-based
formulation loaded with lauroyl-doxorubicin prodrug (DOXC;,)
(DOXC,,-LNC") that integrates the advantages of nanomedicine
and local drug delivery to target these infiltrating GBM cells
(Figure 3) (Wang et al., 2023). In vitro experiments, DOXC,,-
LNC®" showed sustained drug release for more than 1 month,
suggesting its potential as a long-term drug delivery system.
Moreover, in an orthotopic GL261 GBM preclinical model, the
injection of DOXC,-LNC" into the tumor resection cavity resulted
significantly inhibiting the recurrence of GBM and prolonging the
survival period of mice.

In situ injection of LDDS combining chemotherapy are also
used in the treatment of melanoma (Liu et al., 2021; Wang R. et al,,
2024). Melanoma is a type of skin cancer that develops from the
pigment-producing cells called melanocytes (Ajithkumar et al,
2015; Ossio et al., 2017; Centeno et al., 2023). It is often
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characterized by the uncontrolled growth of abnormal
melanocytes, which can form tumors on the skin (Shain and
Bastian, 2016; Luke et al., 2017; Carvajal et al., 2023).
Melanoma has a risk of tumor recurrence after surgery,
especially if it had spread before the operation, and metastasis
to other parts of the body may also occur (Lian et al., 2022; Patel
et al., 2023). Therefore, surgery plus adjuvant therapy remains the
preferred clinical strategy for melanoma (Carvajal et al., 2023;
Centeno et al., 2023; Patel et al, 2023). Tianyue Jiang et al.
constructed a LDDS (DTX-CTs/Gel) that encapsulates DTX
within cell-penetrating peptide-modified transfersomes, followed
by embedding them in an oligopeptide hydrogel (Liu et al., 2021).
DTX- CTs/Gel can precisely deliver the chemotherapeutic drug
DTX to the tumor site, enabling LDDS and increasing the
concentration of the drug in the tumor tissue. DTX-CTs has a
high skin and tumor penetration efficiency, which can promote the
chemotherapeutic drug to cross the skin and penetrate into the
tumor tissue, enhancing the therapeutic effect. In mouse
DTX-CTs/Gel can
effectively slow down tumor recurrence, reduce tumor volume,
and improve the therapeutic effect (Liu et al., 2021).

melanoma and breast tumor models,
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The scheme illustrates a multifunctional photothermal ferric citrate hydrogel scaffold (GPDF) for the treatment of postoperative melanoma.
Reprinted with permission from Ref (Luo et al., 2022). Copyright 2022 Elsevier.

2.2 Combination of photothermal and
photodynamic therapy

Photothermal therapy (PTT), as a minimally invasive treatment
method, can convert light energy into heat energy and eliminate
tumor tissue through thermal ablation (Li et al., 2020; Xiong et al.,
2023; Zhao et al., 2023). Studies have shown that compared with
radiotherapy and chemotherapy, PTT is less invasive in the
treatment of cancer (Alamdari et al., 2022; Bian et al., 2024).
Indocyanine green (ICG) is a near-infrared (NIR) absorbing
material widely used in tumor diagnosis and treatment approved
by the U.S. Food and Drug Administration (FDA) (Wang et al.,
2018; Changalvaie et al., 2019). However, ICG shows limitations
such as low light stability, potential toxicity, and poor water stability
as a photothermal conversion material (Changalvaie et al., 2019).
The new ICG (IR820) has good biocompatibility and stability (Della
Pelle et al,, 2021; Yang X. et al., 2021; Liu et al., 2024). Therefore,
Jinfeng Liao et al. constructed a methylcellulose photothermal
hydrogel (IR820/Mgel) for postoperative treatment of breast
cancer (Yang X. et al, 2021). The IR820/Mgel hydrogel can
quickly heat up under NIR irradiation and can achieve a
significant inhibitory effect on tumor recurrence in vivo through
PTT (Yang X. et al, 2021). At the same time, the IR820/Mgel
hydrogel can also achieve breast augmentation by filling the residual
cavity after breast surgery and promote breast reconstruction. PTT
hydrogels can also be used for postoperative treatment of melanoma.
Recently, Lei Bo’s team designed a multifunctional bioactive
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therapeutic ferric citrate hydrogel scaffold (GPDF) for the
treatment of postoperative melanoma (Figure 4) (Luo et al,
2022). The GPDF scaffold has the abilities of injectability, self-
healing, antioxidation, enhanced photothermal effect and ultraviolet
shielding, and can achieve the purposes of inhibiting tumor
recurrence and accelerating wound repair at the same time. The
polycitric acid-dopamine (PCD) and Fe’" ions are prepared into a
GPDF with a double network through the photo-crosslinking of the
gel. Among them, PCD can chelate with Fe** jons to form dynamic
coordination bonds, so that the hydrogel scaffold has injectable and
self-healing properties. At the same time, PCD-Fe’* shows excellent
photothermal treatment effect and ultra-high efficiency (100%). In
conclusion, the GPDF scaffold not only significantly inhibits tumor
recurrence but also achieves effective wound repair treatment (Luo
et al, 2022). Photodynamic therapy (PDT) indeed shows great
promise as a non-invasive cancer treatment approach (Abbas
et al, 2017; Yang et al., 2023; Zou et al., 2023). The role of the
photosensitizer in PDT is crucial as it facilitates the production of
singlet oxygen (Wan et al., 2021; Liu et al., 2022b; Zou et al., 2023).
Through the energy transfer between its excited triplet state and the
ground triplet state of molecular oxygen, reactive oxygen species
(ROS) are generated. These ROS have the ability to selectively target
and destroy cancer cells (Wan et al., 2021; Liu et al., 2022b; Zou et al.,
2023). Gan Jiang’s research group developed a self - disassembling
and oxygen - generating porphyrin - lipoprotein nanoparticle
(PLCNP) that can be used for fluorescence - guided surgery and
enhanced postoperative PDT in GBM(Lin et al, 2024). The
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FIGURE 5

The scheme illustrates an in situ self-assembling hydrogel LDDS (THINRTHINR-CXCL10) based on oligopeptides for the treatment of a
postoperative mouse model of GBM. Reprinted with permission from Ref (Zhang J. et al., 2021). Copyright 2021 Springer Nature.

porphyrin - lipoprotein shell enables targeted accumulation of
PLCNP in GBM tissue, and the CaO2 core enhances the
fluorescence intensity of the porphyrin photosensitizer, improves
the imaging effect, and increases the oxygen level and PDT efficiency
in GICs(Lin et al., 2024). This nanoplatform prolongs the survival of
GICs - bearing mice and can be combined with clinical surgical
practices, providing a new strategy for the precise elimination of
GBM and future research (Lin et al., 2024).

2.3 Combination of immunotherapy

Immunotherapeutic agents can also be easily loaded into
hydrogels (Yang A. et al., 2021). In recent years, immunotherapy
has prevented tumor recurrence after surgery by activating T cells at
the tumor site through immune checkpoint blockades (ICB) therapy
(Hargadon et al., 2018). However, less than 20% of patients have a
sustained clinical response to ICB treatment (Pérez-Ruiz et al., 2020;
Schoenfeld and Hellmann, 2020). In addition, ICB is ineffective in
tumors characterized by new antigens and somatic mutations.
Therefore, it is  extremely urgent to relieve the
immunosuppressive environment in the tumor
microenvironment (TME) (Byun et al., 2017; He and Xu, 2020).
Recently, Jiang Xinyi’s research group designed an in situ self-

assembling hydrogel LDDS (THINRTHINR-CXCL10) based on
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oligopeptides for the treatment of a postoperative mouse model
of GBM (Figure 5) (Zhang H. et al,, 2021). The THINRTHINR-
CXCL10 hydrogel has the characteristics of high biocompatibility
and low viscosity. It is easy to flow during administration and can
quickly form a gel network in the cavity of the surgical area.
Subsequently, the THINRTHINR-CXCL10 hydrogel acts as a
drug reservoir and synergistically releases CXCL10 and THINR
in a sustained manner in the surgical area. THINR specifically
targets residual tumor cells and is stimulated to decompose
TME. The released
silDO1 can relieve Treg-related immunosuppression and activate
T cells. At the same time, the CXCL10 chemokine can activate the
body’s systemic immunity and enrich T cells to kill residual tumor

under the acidic environment of the

cells, ultimately significantly inhibiting the recurrence of GBM and
prolonging the survival period of mice (Zhang J. et al, 2021).
Postoperative recurrence and metastasis of cancer are the main
reasons for the high mortality rate. Some immunostimulants can
reduce local recurrence and distant metastasis and increase the
survival rate during the perioperative period, but excessive
immune response is a key therapeutic challenge. Telratolimod
(Tel), a TLR 7/8 agonist, has a lipid tail structure to improve
hydrophobicity and lymphatic targeting ability, but an effective
delivery system is still needed to reduce systemic exposure and
inflammatory reactions (Liu et al., 2022a). Liu Hongzhuo developed
an injectable delivery platform (Tel@PGE) to deliver Tel to the
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tumor resection site, which can lead to more infiltration of
CD8+T cells and DCs in the tumor tissue and draining lymph
nodes, convert M2 macrophages to M1 macrophages, and make the
tumor change from “cold” to “hot” and trigger a strong local and
systemic immune response at the resection site, inhibit postoperative
tumor recurrence and metastasis, improve the survival rate of
B16F10 and 4T1 tumor models (Liu et al., 2022a).

2.4 Combination of immune cell therapy

Immunocyte therapy is an emerging approach for cancer
treatment that utilizes the body’s own immune system to combat
tumors (Maxwell et al., 2024; Zeng et al., 2024). This therapy mainly
includes cytotoxic T lymphocyte (CTL) therapy, CAR-T therapy,
natural killer (NK) cell therapy, tumor-infiltrating lymphocyte (TIL)
therapy, and dendritic cell (DC) vaccine therapy, etc., (Maxwell
et al, 2024; Zeng et al, 2024). These therapies enhance the
recognition and killing ability of immune cells against tumor
cells through different means, such as in vitro expansion and
activation of immune cells, genetic modification of immune cells,
and loading of tumor antigens, thereby achieving the goal of treating
cancer (Chan et al., 2021; Lopez-Cantillo et al., 2022). Immunocyte
therapy has achieved remarkable efficacy in the treatment of some
tumors, but further research and development are still needed to
improve its therapeutic effect and safety.

Studies have shown that ex vivo edited T cells are a source of
tumor-specific T cells (Lopez-Cantillo et al., 2022). It has been
proven that T cells expressing chimeric antigen receptor are
particularly effective in the treatment of some patients with
malignant hematological tumors (Sterner and Sterner, 2021;
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Lopez-Cantillo et al.,, 2022). In contrast, the application of CAR-
T cell therapy in solid tumors is still challenging. This may be
because the TME in solid tumors has a highly immunosuppressive
effect and can induce CAR-T cell exhaustion (Blass and Ott, 2021).
Then, combining CAR-T cells and ICB may be one of the ways to
improve the role of CAR-T cells in solid tumors (Blass and Ott,
2021). It was found that metformin could upregulate the oxidative
phosphorylation and energy metabolism of CAR-T cells, promote
their proliferation, and simultaneously inhibit the oxidative and
glycolytic metabolism of cancer cells, reducing tumor hypoxia. Thus,
Liu Zhuang’s group designed a hydrogel scaffold based on sodium
alginate to load metformin and CAR-T cells (CAR-T@Met/gel)
(Figure 6) (Chao et al, 2023). CAR-T@Met/gel showed the
strongest tumor recurrence prevention effect in the post-surgical
tumor models of gastric and pancreatic cancers, and could
significantly reduce the tumor volume. Meanwhile, CAR-T@Met/
gel has an excellent antitumor response against post-surgical solid
tumors with high safety. This strategy provides a modular platform
technology for addressing the critical challenge of the ineffectiveness
of CAR-T cell therapy against solid tumors and has the potential for
clinical translation.

NK infusion is considered a promising cancer therapy, but the
acidic TME and neutrophil extracellular traps (NETs) greatly weaken
its therapeutic effect (Vivier et al., 2008; Dagher and Posey, 2023;
Vivier et al., 2024). Wenjie Chen et al. developed a dual pH-responsive
hydrogel cross-linked with a tumor acidity neutralizer (mesoporous
bioactive glass nanoparticles) and a NET lyase (deoxyribonuclease I,
DNase I), and used it in combination with NK infusion to prevent
postoperative tumor recurrence (Figure 7) (Cheng et al., 2022). This
hydrogel can be injected into the surgical margin and form an
adherent gel with a rapid hemostatic effect. At the same time, it
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The scheme illustrates an in situ injectable dual pH-responsive hydrogel for enhancing adoptive NK cell therapy to prevent post-resection HCC
recurrence. Reprinted with permission from Ref (Cheng et al,, 2022). Copyright 2022 Elsevier.

neutralizes the acidic environment of TME to reduce tumor
infiltration of immunosuppressive cells and releases DNase I under
pH response to lyse NET. This combination therapy significantly
enhances the therapeutic effect of NK infusion, inhibits postoperative
tumor recurrence, and does not produce systemic toxicity.

In addition, more and more evidence show that LDDS can be
tailored according to the patient’s condition to promote personalized
tumor treatment (Lu Y. et al., 2022). Tumor cells are the main targets of
anti-tumor immune responses, but TME will produce a series of
immunosuppressive mechanisms during malignant progression to
promote tumor immune escape (Saleh and Elkord, 2020).
Obtaining relevant biological information through resected surgical
specimens can guide the preparation of personalized hydrogel LDDS
(Lu Y. et al, 2022). For example, Deng Junjie’s research group
developed a hydrogel vaccine system based on granulocyte-
macrophage colony-stimulating factor (GM-CSF). The hydrogel is
prepared by cross-linking the lysate of surgically resected tumor cells at
a low temperature (Lu Y. et al,, 2022). The personalized GM-CSF
released by the hydrogel vaccine system can recruit DCs, which
provides a personalized tumor antigen pool. They combine to
individual ~immune
Implanting this personalized hydrogel vaccine system into the

promote the activation of the system.
surgical area activates a strong anti-tumor immune response in the
body and eliminates residual tumor cells after surgery. In vivo
experiments, this personalized hydrogel vaccine system combined
with anti-programmed cell death one ligand 1 (aPD-L1) antibody
significantly inhibited tumor recurrence and metastasis in a
postoperative tumor model of pancreatic cancer mice.
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In situ injection has emerged as a promising strategy for
postoperative cancer treatment due to its direct delivery of
therapeutics to the surgical site. The primary advantages include
rapid administration, localized drug accumulation, and minimized
systemic toxicity, which collectively enhance therapeutic efficacy while
reducing off-target effects (Wang et al., 2023). However, challenges
remain. Precise control over drug release kinetics is technically
demanding, as uneven distribution or premature degradation may
compromise efficacy. Patient-specific factors, including tumor
heterogeneity and surgical cavity morphology, may also influence
outcomes, highlighting the need for personalized formulations.
these through
engineering and long-term safety studies will be critical to

Addressing limitations advanced material

optimizing in situ injection for broader clinical adoption.

3 In situ implantation

In situ implantable entities encompass various forms, including
implantable hydrogel scaffolds and tissue engineering scaffolds (Sun
et al,, 2011; Al-Jawadi et al., 2018). These biological entities boast
numerous remarkable advantages, regarding biological safety, which
lack immunogenicity and adverse reactions towards the human
body, and will not trigger human immune rejection reactions,
thereby greatly ensuring patient safety (Sun et al, 2011; Al-
Jawadi et al.,, 2018). They exhibit excellent biocompatibility and
can coexist harmoniously with human tissues without causing
inflammation or other adverse physiological responses (Al-Jawadi
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The scheme illustrates a polydopamine (PDA)-coated composite (PDA@DH/PLGA) for simultaneously repairing bone defects and preventing tumor
recurrence. Reprinted with permission from Ref (Lu et al., 2021). Copyright 2021 American Chemical Society.

et al, 2018). Simultaneously, they also possess excellent
biodegradability. After fulfilling their

functions, they can be gradually decomposed and metabolized

specific  therapeutic
within the body and will not remain for a long time to cause
potential harm to the human body (Al-Jawadi et al., 2018).

Numerous studies have demonstrated that implantable biological
entities have been widely utilized in clinical treatments, particularly
playing an important role in promoting wound healing and tissue
regeneration (Balaure et al., 2019). Wound healing is a complex
physiological process. Implantable biological entities can provide a
suitable microenvironment for wounds, promote cell proliferation
and differentiation, and accelerate the closure and repair of wounds.
In terms of tissue regeneration, implantable biological entities can act
as scaffolds to guide the growth and development of new tissues and
restore the functions of damaged tissues.

3.1 Combination of chemotherapy

Currently, a variety of implantable biological entities have been
applied in post-tumor treatment (Bagé et al., 2016; Zhang H. et al,,
2021). For instance, Zhiwei Yang et al. prepared a polydopamine
(PDA)-coated composite (PDA@DH/PLGA) (Lu et al, 2021).
PDA@DH/PLGA achieved controlled drug release, inhibited the
growth of tumor cells in the early stage, promoted the proliferation
of normal cells in the later stage, and greatly enhanced the
bioactivity. The PDA@DH/PLGA scaffold is expected to be a
potential candidate for simultaneously repairing bone defects and
preventing tumor recurrence (Figure 8).

3.2 Combination of PTT and PDT

The recurrence of head and neck squamous cell carcinoma
(HNSCC) following surgical resection remains a significant
2018; Chow and
Longo, 2020). Advanced HNSCC shows a low response rate to

challenge in cancer treatment (Mahvi et al,

ICB, whereas PTT can enhance the infiltration of immune cells,
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making tumors more receptive to cancer immunotherapy. Our
group designed and constructed a novel multifunctional
nanocomposite (TB/aPD-1@AuNCs/OBC) consisting of oxidized
bacterial cellulose (OBC), thrombin (TB), and gold nanocages
(AuNCs) containing anti-programmed death receptor 1 (aPD-1)
antibody (aPD-1@AuNCs), enabling the combination of therapies
to achieve remarkable postoperative antitumor immunity and
control local tumor recurrence (Figure 9) (Zhou et al,, 2021).
The TB/aPD-1@AuNCs/OBC + L could generate ROS to induce
pyroptosis and release intracellular contents, which triggered T-cell-
mediated robust tumor eradication due to the enhanced DC process
and presentation of tumor-specific antigens.

The TB/aPD-1@AuNCs + L displayed potent photothermal
therapeutic effect, which activated potent antitumor immunity
combined ICB therapy to prevent tumor recurrence. Meanwhile,
the TB/aPD-1@AuNCs/OBC could be adapted in
practice’ and might a promising candidate for HNSCC treatment.

‘real-world

Furthermore, Mingqiang Li’s group developed an implantable 3D
printed hydrogel scaffold (Gel-SA-CuO) that inhibits postoperative
tumor recurrence by combining glutathione (GSH) depletion-induced
ferroptosis and photothermal-augmented chemodynamic therapy
(Dang et al., 2022). They used 3D printing technology to prepare a
hydrogel scaffold containing CuO nanoparticles, which allows for
controlled and sustained release of CuO during the biodegradation
process. CuO nanoparticles function as a reservoir for releasing Cu*
to generate intracellular ROS and also serve as a photothermal agent
to generate heat. The heat generated by photothermal conversion
further enhances the efficiency of the Fenton-like reaction. Moreover,
the scaffolds induce ferroptosis through GSH depletion and
inactivation of GPX4. The results indicated that Gel-SA-CuO
treatment the inhibition of

offered a novel strategy for

postoperative tumor recurrence.
3.3 Combination of immunotherapy

Colorectal cancer (CRC) is a commonly occurring malignant
tumor in the digestive tract, and surgery is the first-line treatment for
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Schematic illustration of the versatile OBC-based membrane for achieving a therapeutic effect in antitumor immunotherapy towards HNSCC

postoperative treatment.

it (Fakih, 2015; Biller and Schrag, 2021; Moorman et al., 2024).
However, for advanced CRC, the efficacy of surgical resection is
limited, and the recurrence and metastasis of tumors after surgery
lead to high morbidity and mortality (Fakih, 2015). Postoperative in
situ immunotherapy presents a promising option for preventing
tumor recurrence and metastasis, and material-based local
immunotherapy has potential in cancer treatment. Xuesi Chen
et al. proposed a biopolymer implant fabricated with 4-arm poly
(ethylene glycol) amine (4-arm PEG-NH2) and oxidized dextran
(ODEX), and co-loaded with resiquimod (R848) and anti-OX40
antibody (a0X40) for CRC post-surgical treatment (Figure 10) (Ji
et al., 2020). The research team demonstrated a straightforward
post-surgical CRC immunotherapy strategy by placing pre-formed
therapeutic biopolymer immune implants in the tumor resection
cavity. The sequential activation of innate and adaptive immunity,
along with immune memory effects from the gradual release of
R848 and a0X40, not only resulted in complete clearance of residual
tumors but also inhibited the growth of distant tumors and provided
resistance to tumor re-challenge.

3.4 Combination of immune cell therapy

In situ implantable biological entities do indeed include various
forms, such as implantable hydrogel scaffolds and tissue engineering
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scaffolds (Zhang et al., 2023). These entities can provide scaffolding
functions for immune cells (Singh and Peppas, 2014). Specifically:
Implantable hydrogel scaffolds have good biocompatibility and
adjustable physicochemical properties, which can provide a
suitable living environment and attachment sites for immune
cells (Singh and Peppas, 2014). Tissue engineering scaffolds can
simulate the structure and function of the extracellular matrix, guide
the migration, proliferation, and differentiation of immune cells,
and promote the effective recruitment and activation of immune
cells (Singh and Peppas, 2014).

For instance, the team led by Tae-Don Kim proposed a 3D
multi-polymer scaffold (3D-ENHANCE) constructed based on HA
(Figure 11) (Ahn et al., 2020). This scaffold features a unique porous
niche-like structure that is highly conducive to cell amplification. It
provides a cytokine-free microenvironment for the expansion of NK
cells in vitro, significantly enhancing the tumor immunotherapeutic
efficacy of NK cells. After in-depth research, it was found that 3D-
ENHANCE can be rapidly degraded within 18 days. This
characteristic avoids the potential risks of long-term residual in
the body. At the same time, it also significantly inhibits the
recurrence and metastasis of tumors after breast cancer surgery.
In the treatment of breast cancer, after surgical resection of the
tumor, there is often a risk of residual tumor cells. The application of
the 3D-ENHANCE
reduce this risk.

scaffold provides a new solution to
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Schematic illustration of the biopolymer immune implant BI(R848 + aOX40) for preventing CRC postoperative tumor relapse and metastasis.

Reprinted with permission from Ref (Ji et al., 2020). Copyright 2020 WILEY.

4 |n situ spraying

The in situ spraying drug delivery system presents several
remarkable advantages (Chen et al., 2018; Shao et al,, 2018; Chu
et al, 2021; Li et al., 2021). It often employs a multi-in-one spray
bottle to blend liquid gels with multiple functional components and
then sprays them onto the wound surface (Chen et al., 2018; Shao
etal., 2018; Chu et al.,, 2021; Li et al.,, 2021). Taking advantage of the
unique physiological environment of the wound, it rapidly organizes
and forms a film covering the wound, which is highly suitable for
relatively large wound surfaces after tumor resection. This system
can extensively cover the entire wound area, playing roles in
hemostasis, antibacterial activities, promoting wound healing, and
slowly releasing drugs.

In previous studies, Yu Xuefeng’s research group designed a
degradable black phosphorus nano-spray photothermal hydrogel
(Shao et al,, 2018). After being sprayed on the tumor surgical area,
this spray hydrogel can quickly form a film. While eliminating
residual tumor cells in the surgical area through PTT, it also takes
into account the bactericidal effect of PTT, reducing the occurrence
of common clinical complications such as wound infection. The
biocompatibility and degradability of this photothermal spray
hydrogel are excellent, and it can be gradually degraded in the
body, facilitating its further transformation towards clinical
applications.

Frontiers in Pharmacology

In addition, Gu Zhen’s team developed an immunotherapy
spray (Figure 12) (Chen et al, 2018). After spraying on the
surgical site, it can form a bioactive gel. The immunotherapy
antibody embedded in it can be slowly released to awaken the
body’s immune system and control postoperative local tumor
recurrence and the occurrence of potential distant tumor
metastasis. This immunotherapy spray is a two-in-one storage
spray device. One storage bottle contains fibrinogen and calcium
carbonate nanoparticles loaded with aCD47 antibody, and the other
storage bottle contains TB solution. After spraying on the surgical
site, TB in the solution quickly acts in the environment of micro-
bleeding in the surgical area, making the entire gel adhere to the
surface of the surgical area. At the same time, the low pH value in the
TME will gradually interact with calcium carbonate nanoparticles
and release aCD47 antibody, thereby activating the immune system
and clearing residual tumor cells in the surgical area. Later, this
research group further tested the in vivo effect of the spray gel
through a postoperative model of melanoma mice. According to the
in vivo imaging results, it can be seen that after receiving spray
treatment, tumor cells in more than 50% of mice are completely
inhibited, significantly improving the survival period of mice.

Approximately 12% of malignant gliomas express the
IDH1 gene, and the RI132H mutation accounts for 92.7% of
IDHI1 gene mutations (Choi et al, 2018). IDHI is a very
important enzyme in the tricarboxylic acid cycle. Isocitrate is
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converted into a-ketoglutaric acid under the catalysis of IDHI,
thereby forming nicotinamide adenine dinucleotide phosphate
(NADPH). NADPH is a sacrificial agent for intracellular ROS
(McBrayer et al., 2018). Therefore, when the IDHI gene has an
R132H mutation, the expression level of NAPDH will be
significantly reduced, thereby increasing the sensitivity of
IDH1 cells to oxidation. In addition, mutated IDHI mainly
obtains energy through glycolysis (Fu et al., 2015). Therefore, by
reducing the glucose level in the postoperative environment and
increasing the generation of ROS, it is expected to inhibit the
recurrence of IDH1 (R132H) glioma. Based on this, Huang
Peng’s team developed a spray gel combining starvation therapy/
chemodynamic therapy to inhibit residual IDH1 (R132H) glioma
cells after surgery (Li et al., 2021). This team first mineralized glucose
oxidase and further loaded it into fibrin gel. When this gel material is
sprayed on the surgical area, glucose oxidase can catalyze the
oxidation reaction of glucose to produce hydrogen peroxide,
which increases the level of ROS while reducing the glucose level
in the surgical area environment. The increased ROS further kills the
residual IDH1 (R132H) glioma cells, and finally significantly inhibits
the recurrence of IDH1 (R132H) glioma. Yao He et al. developed a
multifunctional flavonoid-silica nanocomposite (FSiNCs) with good
aqueous solubility and fluorescent properties using a facile
microwave-assisted synthetic method (Chu et al., 2021). In vitro
experiments showed that FSINCs have concentration-dependent
cytotoxicity towards cultured cancer cells and normal cells, with
higher toxicity towards cancer cells. The developed FSiNCs@Fibrin
gel shows potential in preventing post-surgical tumor recurrence
and bacterial infections, suggesting its potential for clinical
translation in the treatment of post-surgical cancer recurrence
and infections.

5 Avoid complications after
cancer surgery

Postoperative complications of tumors are significant factors
that affect the recovery and quality of life of patients (Nathan et al.,
2016). Common complications include bleeding, infection, poor
wound healing, lymphedema, organ dysfunction, deep vein
thrombosis, intestinal obstruction, nerve injury, pain, and tumor
recurrence or metastasis (Savioli et al., 2020). These complications
are related to various factors such as surgical trauma, decreased
immune function, and residual tumor cells (Eto et al., 2017). The
LDDS emerges as a novel therapeutic strategy, providing new ideas
for resolving postoperative complications.

Postoperative infection is the most prevalent complication
following tumor surgery, and it is attributed to multiple factors
(Sun and Kim, 2021). Initially, surgery can impair the skin and
mucosal barriers of patients, offering an entry point for bacterial
intrusion (Xia et al., 2022). Secondly, tumor patients typically have a
lower immunity, making it challenging for them to effectively
combat infections. Furthermore, the inappropriate use of
antibiotics before and after surgery may result in the emergence
of bacterial resistance, consequently augmenting the risk of
Thus, Hsiu-Mei Li’s group developed a novel
multifunctional mesoporous bioactive glass (Fe-MBG-SS-CPT-

FA@TC) that

infection.

integrates chemotherapeutic, magnetothermal,
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chemodynamic, and antibacterial properties for targeted tumor
therapy and postoperative infection prevention (Wei et al., 2024).
Tetracycline (TC) was employed as the antibacterial agent, which
was loaded into the pores of the multifunctional mesoporous
bioactive glass (Fe-MBG). This allows for a sustained release of
the antibiotic in the affected area following surgery to prevent
bacterial infections. The study indicates that the sustained release
of tetracycline from Fe-MBG-SS-CPT-FA@TC generate an
antibacterial environment within the postoperative bone cavity.
This can decrease the risk of infection. Additionally, the release
of tetracycline can be controlled through the porous structure of Fe-
MBG to meet various therapeutic needs. These characteristics
indicate that Fe-MBG-SS-CPT-FA@TC is not only an effective
material for tumor treatment but also possesses excellent
antibacterial properties, which contribute to enhance surgical
success rates and better quality of postoperative recovery for
patients. Meanwhile, by introducing thrombin and fibrinogen,
Yao He’s group resulted that FSiNCs@Fibrin gel was formed in
situ at the tumor surgical bed to prevent postoperative tumor
recurrence (Figure 13a). Compared with free counterparts, the
locally released FSiNCs had an
antibacterial effect and a 12-fold increase in antitumor effect in

18-fold enhancement in

vivo. In addition, the previously mentioned LDDS combined with
PTT can also inhibit the growth of bacteria and achieve the effect of
preventing postoperative infection.

Postoperative inflammatory response is a common and crucial
complication that cannot be ignored after tumor surgery (McSorley
et al,, 2016). During the surgical procedure for tumors, the body
undergoes trauma, and the damaged tissues will initiate a series of
immune reactions, consequently resulting in inflammation
(Barhoum et al.,, 2023). This inflammatory response is typically a
natural reaction of the body to the surgical wound. However, if it is
not adequately controlled, it may adversely affect the patient’s
recovery. Surgical trauma can aggravate the colonization of
residual tumor cell “seeds” in the pre-metastatic niches (PMNs)
“soil” at distant sites, thereby promoting postoperative metastasis.
The inflammatory response plays a dual role after surgery by
reshaping the local immune environment and resuscitating
autologous cancer cells succumbing to oncolysis (ACCO) (Li
et al, 2022). This helps to eradicate the residual tumor “seeds”
and simultaneously intercept the “seed-soil” crosstalk, normalizing
the distant lung and leading to the regression of the pre-existing
PMNs “soil”. Lian Li designed an injection hydrogel in situ that can
respond to the enriched ROS at the trauma site, enabling the local
delivery and on-demand release of ACCO and anti-inflammatory
agents (Figure 13b) (Li et al., 2022). They presented an innovative
approach that effectively suppresses postoperative tumor recurrence
and metastasis by combining oncolysis immunization and
inflammation alleviation. Through the use of a trauma-responsive
scaffold, it

inflammatory microenvironment, offering new perspectives for

hydrogel achieves effective regulation of the
postoperative tumor treatment.

Postoperative bleeding is a common complication following
tumor surgery, and it can happen at various stages after the
operation, bringing potential risks to the patient’s recovery (Ohta
et al,, 2019). During the surgical procedure, although doctors will
make every effort to take all kinds of measures to control the

bleeding, it is sometimes hard to entirely prevent the occurrence
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of postoperative bleeding due to factors such as the location and size
of the tumor, as well as the complexity of the surgery. Wenjie Chen
reported a novel, dual pH-responsive adhesive hemostatic hydrogel
(GODM-gel) (Figure 13c) (Cheng et al.,, 2022). GODM-gel offered
rapid adhesion upon injection at the surgical margin, forming a
stable gel that achieves swift hemostasis. Both in vitro and in vivo
experiments demonstrated that the GODM-gel possessed superior
adhesive strength and burst pressure compared to conventional
hemostatic agents, such as fibrin glue, indicating its exceptional
hemostatic capabilities in surgical procedures.

Tissue adhesion following tumor surgery is one of the common
postoperative complications (Wang J. et al., 2024). After a tumor
operation, the normal separating structure between the body’s
tissues and organs is disrupted. In the healing process, tissues
that should have been independent are joined by fibrous tissue,
resulting in tissue adhesion. This connection can lead to various
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problems and requires careful management. Post-surgery tissue
adhesion also limits the possibility of reoperation, affecting long-
term survival of cancer patients (Wang J. et al., 2024). To address
CRC recurrence and post-surgery tissue adhesion, Qingsong Yu’s
group developed a novel stimulator of interferon genes (STING)
membrane using coaxial electrospinning technology and hyaluronic
acid modification (Figure 13d) (Wang R. et al, 2024). The
membrane co-loads a ROS responsive prodrug of gambogic acid
(GB) and a potent STING agonist (CDN), enabling sustained and
sequential drug release. Localized delivery of GB and CDN can
selectively induce efficient immunogenic cell death of cancer cells
and activate the systemic anticancer immunity by stimulating the
c¢GAMP synthase/STING pathway. The “STING” membrane not
through  synergistic

post-surgery tissue
adhesion, facilitating clinical intervention for CRC.

only tumor

chemoimmunotherapy but

prevents recurrence

also avoids
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6 Conclusion and outlook

This review comprehensively summarizes the significant potential
demonstrated by the current nanotechnology-based LDDS. It not only
has a positive impact on the future development of tumor surgery,
providing more effective adjuvant treatment modalities, but also
significantly reduces the recurrence and metastasis of postoperative
tumors, lowering the risk of tumor recurrence. Furthermore, LDDS
shows outstanding capabilities in the treatment of various
complications after surgery. It effectively alleviates the suffering of
patients and improves their quality of life. Simultaneously, LDDS
enhances the therapeutic effect. It contributes to prolonging the
survival period of patients, providing them with more hope for survival.

However, in this field, there are still several issues. These issues

require careful consideration and resolution:

1. Stability and Long-Term Storage: The LDDS need be stable and
capable of long-term storage under various environmental
conditions without losing its activity. This involves

resistance to temperature, humidity, and light. Moreover, it

requires maintaining the completeness of the system’s
structure and function during storage.

The LDDS

biocompatibility. This is to minimize toxicity and immune

2. Biocompatibility: requires  excellent
reactions towards normal tissues.

3. Biosafety: The LDDS must demonstrate good biosafety. In
other words, it should not lead to unexpected side effects or
long-term adverse consequences within the body.

4. Drug Release Kinetics: The LDDS is required to have the ability
to control the release rate of the drug. It also needs to control
the release duration of the drug to ensure optimal therapeutic
efficacy within the treatment window.

5. Clinical Translation: Translating laboratory research into
clinical applications is a complex process. It requires
overcoming multiple obstacles, such as obtaining regulatory
approval, conducting cost - effectiveness analysis, and
designing clinical trials.

In summary, LDDS are playing an increasingly crucial role in the
treatment of postoperative complications of tumors. This system has
the ability to release drugs directly at the surgical site after tumor
resection, which effectively reduces the risk of tumor recurrence.
Simultaneously, it exhibits remarkable efficacy in controlling
postoperative complications, such as infection, inflammation, and
adhesion. It not only improves the therapeutic outcome but also
enhances the patients” quality of life and decreases the incidence of
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lodine-131 induces ferroptosis
and synergizes with sulfasalazine
in differentiated thyroid cancer
cells via suppressing SLC7A11

Li Ling*, Jinhe Zhang®, Xiao Zhang?, Peigi Wang? Mingjun Ma?
and Bingling Yin*
*Graduate School, Guangzhou University of Chinese Medicine, Guangzhou, Guangdong, China,

2Department of Nuclear Medicine, General Hospital of Southern Theater Command, Guangzhou,
Guangdong, China

lodine-131 (**Y) plays a key role in the treatment of differentiated thyroid cancer
(DTCQ). Ferroptosis represents a form of regulated cell death that is distinct from
necrosis and apoptosis, constituting a unique mode of programmed cell death. In
this study, we aimed to ascertain the potential of **| to trigger ferroptosis in DTC
and to assess the synergistic therapeutic impact of combining **! with sulfasalazine
(SAS), a ferroptosis inducer, in the context of DTC. The FTC-133 and TPC-1 cell
lines were employed to evaluate the impact of **1| and SAS on cellular functions.
Ferrostatin-1 (Fer-1) reversed the cell viability and colony formation ability inhibited
by 1. 3! led to an elevation in the levels of malondialdehyde (MDA), reactive
oxygen species (ROS), and lipid peroxidation. DTC cells exposed to ! displayed
characteristic ferroptotic ultrastructure, featuring shrunken mitochondria with
increased membrane density. Concurrently, there was a reduction in the content
of glutathione (GSH), as well as a downregulation of the expression levels of
glutathione peroxidase 4 (GPX4) and solute carrier family 7 member 11 (SLC7A11) in
the cells treated with **YI. The Cl values for the combination of SAS and **! in DTC
cells were less than 1, demonstrating that SAS synergized with 1. Moreover, the
combination of SAS and '*! significantly increased the MDA levels and lipid
peroxidation, decreased the GSH levels, and suppressed the expression of
SLC7A11 and GPX4, while SLC7A11 knockdown significantly enhanced
ferroptosis-related markers in DTC cells. Animal experiments demonstrated that
SAS synergized with 3! resulted in notable decreases in tumor volume and weight.
Furthermore, immunohistochemical analyses revealed that the combination of 13|
and SAS significantly downregulated the expression of GPX4 and SLC7A11 in vivo.
Taken together, our results suggest that =!I may induce lipid peroxidation and
ferroptosis, and demonstrate the potential for a synergistic therapeutic effect when
1311 is combined with SAS in the treatment of DTC.

differentiated thyroid cancer, ferroptosis, lodine-131, sulfasalazine, SLC7A11 (xCT)
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Introduction

Thyroid cancer is the most prevalent type of endocrine cancer
globally. In 2022, it ranked as the seventh most frequently
diagnosed cancer worldwide, with its incidence steadily increasing
annually (1, 2). The predominant subtype, differentiated thyroid
cancer (DTC), generally demonstrates favorable prognosis
following standard treatments including surgery and radioactive
iodine (RAI) therapy (3). RAI is primarily utilized for three clinical
purposes: remnant ablation, adjuvant therapy, and therapeutic
intervention in metastatic disease (4, 5).

Ferroptosis, a regulated form of cell death distinct from necrosis
and apoptosis in morphology, biochemistry, and genetics, was first
conceptualized by Dixon et al. in 2012 (6). This iron-dependent
process is driven by lipid peroxidation and has been implicated in
both physiological processes and pathological conditions ranging from
ischemia-reperfusion injury to neurodegenerative diseases (7-10).
Although ferroptosis functions as a natural tumor-suppressive
mechanism, its activity is often suppressed in cancer cells (11-13).
Given this tumor-suppressive paradox, reactivating ferroptosis
represents a promising therapeutic strategy for diverse malignancies.
Studies have confirmed that conventional cancer therapies, including
radiotherapy, can induce ferroptosis (14, 15). However, the ability of
'1—a widely used internal radiotherapy agent in DTC—to trigger
ferroptosis remains underexplored.

GPX4, a central inhibitor of ferroptosis, suppresses lipid
peroxidation by catalyzing the reduction of lipid hydroperoxides
to lipid alcohols using glutathione (GSH) as a cofactor (16).
SLC7A11 (xCT) is a cystine/glutamate antiporter that plays a
crucial role in transporting cystine into cells, which is essential
for the production of cysteine—a rate-limiting precursor for GSH
synthesis (17). Consequently, pharmacological inhibition of
SLC7AI11 promotes ferroptosis through dual mechanisms:
depleting intracellular GSH and indirectly impairing GPX4-
mediated lipid repair (18). Recent studies demonstrated
that ionizing radiation triggers ferroptosis by downregulating
SLC7A11 expression in solid tumors (15). Sulfasalazine (SAS), an
FDA-approved drug for inflammatory bowel disease, has
recently been repurposed as a ferroptosis inducer that directly
inhibits SLC7A11 activity, thereby accelerating lipid peroxidation
(19). Notably, SAS exhibits radiosensitizing effects by synergistically
reducing GSH levels to amplify radiation-induced ferroptosis
(20, 21). Moreover, SLC7AI11 overexpression in thyroid cancer
tissues suggests its inhibition could offer therapeutic benefits (22—
25). Integrating the dual roles of SLC7A11 in ferroptosis regulation
and thyroid cancer progression, we hypothesize that combining
SAS with "*'I may synergistically enhance treatment efficacy
through concerted SLC7A11 inhibition.

This study aims to investigate the involvement of ferroptosis in
"'Tinduced cell death in DTC and evaluate the therapeutic

potential of combining SAS with *'I.
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Materials and methods
Cell culture and reagents

The normal thyroid cell lines Nthy-ori3-1, kindly provided by
the Department of Nuclear Medicine, First Affiliated Hospital of
Guangdong Pharmaceutical University, and the human thyroid
cancer cell lines TPC-1 and FTC-133, obtained from Zhonggiao
Xinzhou Biological Co., Ltd. (Shanghai, China), were cultured in
RPMI-1640 medium supplemented with 10% fetal bovine serum
(BI, Shanghai, China) and 1% penicillin/streptomycin (BI,
Shanghai, China). Cells were maintained at 37°C in a humidified
5% CO, atmosphere. Ferrostatin-1 (HY-100579) and sulfasalazine
(HY-14655) were procured from MedChemExpress (Monmouth
Junction, NJ, USA). Z-VAD-FMK (T7020) and necrostatin-1
(T1847) were obtained from TargetMol (Boston, MA, USA).
Sodium iodide-131 (Na'*'I) was purchased from HTA Co., Ltd.
(Beijing, China).

CCK-8 assay

Cell viability of FTC-133 and TPC-1 cells treated with "'I,
Ferrostatin-1 (Fer-1), Z-VAD-FMK, necrostatin-1, or SAS was
quantified using a CCK-8 assay kit (GIPBIO, Montclair, NJ,
USA). Cells were seeded into 96-well plates at a density of 5,000
cells/well and treated with compounds according to experimental
protocols. After treatment, the medium in each well was replaced
with 100 uL of fresh RPMI-1640 containing 10 uL CCK-8 reagent.
Following a 3-hour incubation at 37°C under light-protected
conditions, absorbance was measured at 450 nm using a
microplate reader (Thermo Fisher Scientific, Waltham, MA,
USA). Cell viability (%) was calculated using the formula:

Vlablhty ( % ) = [(ODtreated - ODblank)/(ODumreated - ODblank)]

x 100 %

ODyjanc refers to wells containing medium without cells

Colony-formation assay

Cells were seeded in 6-well plates at a density of 700 cells/well.
The combination group and Fer-1 monotherapy group were pre-
treated with 1 uM Fer-1 for 4 hours; subsequently, the combination
group and "*'T monotherapy group were exposed to *'T (50 pCi/
mL). Cells were cultured in a humidified 5% CO, incubator at 37°C
until visible colonies formed. Colonies were fixed with 4%
paraformaldehyde (PFA) and stained with 0.5% crystal violet
(Biosharp, Hefei, Anhui, China) for 30 minutes at room
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temperature. Colonies in each well were imaged and quantified
using ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

Transmission electron microscopy

Cells cultured in 100-mm dishes were exposed to 1311 (50 uCi/
mL) for 48 h. After treatment, cells were fixed with 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) at 4°C overnight. Subsequently, cells were washed
three times with phosphate buffer and post-fixed in 2% osmium
tetroxide at room temperature for 1 hour. Following dehydration
through a graded acetone series (50%, 70%, 90%, 100%), cells were
stained with 1% uranyl acetate, embedded in Epon 812 resin (SPI
Supplies, West Chester, PA, USA), and polymerized at 60°C for 48
hours. Ultrathin sections (70 nm) were prepared using an
ultramicrotome (Leica EM UC7, Germany) and examined with a
transmission electron microscope (HT7800, Hitachi, Tokyo, Japan).

GSH measurement

Intracellular GSH levels were determined using a GSH assay kit
(Solarbio Science & Technology Co., Ltd., Beijing, China) according
to the manufacturer’s protocol. Briefly, cells were seeded in 6-well at
a density of 1x10 cells/well and treated according to experimental
protocols. After treatment, cells were harvested and divided into
two equal aliquots: one for protein quantification via the
bicinchoninic acid (BCA) assay and the other for GSH analysis.
For GSH detection, cells were lysed by sonication after adding
Reagent I from the kit. The lysate was centrifuged at 12,000 x g for
10 minutes at 4°C to collect the supernatant. Reagents I and III
were sequentially added to the supernatant, mixed thoroughly, and
incubated at 25°C for 5 minutes. Absorbance at 412 nm was
measured using a microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA).

Malondialdehyde measurement

Intracellular MDA levels were quantified using an MDA assay
kit (Beyotime Biotechnology, Shanghai, China) based on the
thiobarbituric acid (TBA) reaction. Cells were seeded in 6-well
plates at a density of 1x10° cells/well and treated according to
experimental protocols. After treatment, cells were harvested, lysed,
and centrifuged to collect the supernatant. After protein
quantification of the lysates, the MDA working solution was
added, and the mixture was heated at 100°C for 15 minutes. The
samples were then centrifuged at 1,000 x g for 10 minutes at 4°C.
Absorbance of the supernatant was measured at 532 nm using a
microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

Frontiers in Oncology

10.3389/fonc.2025.1580828

ROS detection

Intracellular reactive oxygen species (ROS) levels were detected
using the fluorescent probe 2°,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA). Cells were seeded in 6-well plates at a
density of 1 x 10° cells/well. After cell adhesion, the combination
group and Fer-1 monotherapy group were pre-treated with 1 uM
Fer-1 for 4 hours; subsequently, the combination group and "'l
monotherapy group were exposed to '>'T (50 uCi/mL) for 48 h.
After treatment, cells were incubated with 10 uM DCFH-DA
(prepared in serum-free RPMI-1640) under light-protected
conditions for 30 minutes. After washing three times with
phosphate-buffered saline (PBS), fluorescence images were
acquired using a fluorescence microscope (Axio Observer 7, Carl
Zeiss AG, Oberkochen, Germany).

Lipid peroxidation measurement

Cells (2x10° cells/well) were seeded in 24-well plates and treated
according to experimental groups. Lipid peroxidation levels were
quantified using the C11-BODIPY 581/591 fluorescent probe
(Beyotime Biotechnology Co., Ltd., Shanghai, China) according to
the manufacturer’s protocol. Briefly, cells were incubated with 5 uM
C11-BODIPY 581/591 under light-protected conditions for 30
minutes. Fluorescence intensity was measured using a microplate
reader (Fluoroskan Microplate Reader, Thermo Fisher Scientific,
Waltham, MA, USA) (reduced form: Ex/Em 581/591 nm; oxidized
form: Ex/Em 488/510 nm). The results were expressed as the ratio
of oxidized to reduced fluorescence intensity.

Reverse transcription-quantitative
polymerase chain reaction

Total RNA was isolated from FTC-133 and TPC-1 cells using
TRIzol™ reagent (Thermo Fisher Scientific, Waltham, MA, USA).
Complementary DNA (cDNA) was synthesized from 1 ug RNA
using SuperScriptTM II Reverse Transcriptase (Vazyme Biotech Co.,
Ltd., Nanjing, Jiangsu, China). RT-qPCR amplification was
conducted on a LineGene Pro Real-Time PCR System (Bioer
Technology, Hangzhou, China) with the following cycling
conditions: 95°C for 5 min, followed by 40 cycles of 95°C for 10 s
and 60°C for 30 s. mRNA expression levels were normalized to the
endogenous control gene GAPDH. Primer sequences were
as follows:

Homo-GPX4-F: 5-ACATGGTTAACCTGGACAAGT ACCG-3

Homo-GPX4-R: 5-GGTCGACGAGCTGAGTGTAG TTTAC-3

Homo-SLC7A11-F: 5-TGGAAGTCTTTGGTCCATTACC

AGC-3’

Homo-SLC7A11-R: 5°-GGTTCCAGAATGTAGCGTCCA

AATG-3
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Homo-GAPDH-F: 5>~ ACAGCCTCAAGATCATCAGCA-3
Homo-GAPDH-R: 5-ATGAGTCCTTCCACGATACCA-3’.

Western blotting

Proteins were extracted from FTC-133 and TPC-1 cells of each
experimental group using RIPA lysis buffer (Biosharp Life
Sciences, Anhui, China). Protein concentrations were determined
using a BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Equal amounts of protein (40 ug per lane)
were separated by SDS-PAGE and transferred onto polyvinylidene
difluoride (PVDF) membranes (Merck Millipore, Burlington, MA,
USA). Membranes were blocked with 5% non-fat milk for 1 h at
room temperature, followed by overnight incubation at 4°C with
primary antibodies. After washing, membranes were incubated
with HRP-conjugated secondary antibodies for 1 h. Protein bands
were visualized using an Enhanced Chemiluminescent (ECL)
Substrate Kit (Abbkine Scientific Co., Ltd., Wuhan, Hubei,
China) and imaged on a ChemiDoc MP Imaging System (Bio-
Rad Laboratories, Hercules, CA, USA). Antibody details: Anti-
SLC7A11 (1:1,000; HUABIO, Hangzhou, Zhejiang, China), Anti-
GPX4 (1:1,000; Cell Signaling Technology, Danvers, MA, USA),
Anti-GAPDH (1:10,000; HUABIO, Hangzhou, Zhejiang, China),
HRP-conjugated Goat Anti-Rabbit IgG (1:10,000; HUABIO,
Hangzhou, Zhejiang, China).

siRNA transfection

SLC7A11-targeting siRNAs were synthesized by IGE
Biotechnology Co., Ltd. (Guangzhou, Guangdong, China). Transient
transfection was performed using siRNA-Mate Transfection Reagent
(GenePharma Co., Ltd., Shanghai, China) following the
manufacturer’s instructions. FTC-133 cells were transfected with
sSiRNA-SLC7A11-1(5-GAAGAUAAGUUAUGAACUA-3’). TPC-1
cells were transfected with siRNA-SLC7A11-2 (5-GGAAGAGA
UUCAAGUAUUA-3’). Cells were harvested 48 h post-transfection
for downstream analyses.

Animal experiment

All animal experiments were conducted in accordance with the
National Guidelines for Experimental Animal Welfare (the
Ministry of Science and Technology of People’s Republic
Laboratory Animals 2006-09-30) at the Animal Experiment
Center of General Hospital of Southern Theater Command
(Guangzhou, China). The animal experiments were approved by
the Institutional Animal Care and Use Committee of General
Hospital of Southern Theater Command. Sixteen BALB/C nude
mice (3-4 weeks, 16-18 g) purchased from Guangzhou Ruige
Biological Technology Co., Ltd (Guangzhou, China) were used for
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the TPC-1 cell xenografts. One week after adaptive feeding, the mice
were randomly divided into four groups: control group (nude mice
were administered an equivalent volume of saline as the other
group), "*'I group (nude mice were administered 7.4 MBq of "*'I
once every three days), SAS group (nude mice received 8 mg/kg SAS
daily) and combination group (nude mice were administered 7.4
MBq of "*'T once every three days and received 8 mg/kg SAS daily).
After three courses of *'I treatment, mice were euthanized by
cervical dislocation. Tumor size was calculated in accordance with
the following formula: tumor volume = 1/2 x A x B, where A and B
represent the longest and shortest tumor diameters, respectively.

Immunohistochemistry

Tumor tissues removed from mice models were fixed in 4%
buffered formalin and embedded in paraffin. After the tumor tissue
was sectioned into 5 um thickness, hematoxylin-eosin staining was
performed on the sections. For the purpose of immunohistochemical
staining, the primary antibodies, including GPX4 (1:500, CST, USA)
and SLC7A11 (1:500, HUABIO, Hangzhou, China), were incubated
at 4°C overnight. Images were scanned using 3DHISTECH
(PANNORAMIC MIDI, Budapest, Hungary).

Statistical analysis

Quantitative data are presented as mean * standard deviation
(SD) derived from at least three independent biological replicates.
Intergroup differences were analyzed by Student’s unpaired t-test
(two groups) or one-way analysis of variance (ANOVA) with
Tukey’s post hoc test (three or more groups). All analyses were
performed using SPSS v26.0 (IBM Corp., Armonk, NY, USA).
Statistical significance was defined as follows: p < 0.05 (¥), p <
0.01 (**), and p < 0.001 (***); nonsignificant (ns) indicates p = 0.05.

Results

Fer-1 alleviates cell viability and colony
formation ability suppressed by ¥l in DTC
cells

Ionizing radiation has been shown to trigger ferroptosis in

3T emits both B- and y-radiation, we

cancer cells (14). Given that
hypothesized it could induce ferroptosis in DTC cells. To test this
hypothesis, we first examined the effects of the ferroptosis inhibitor
Fer-1 on FTC-133 and TPC-1 cells exposed to grade doses of "*'I.
Fer-1 significantly attenuated '*'I-induced cytotoxicity, manifested
by increased cell viability (Figure 1A). Colony formation assays
corroborated these findings, demonstrating that Fer-1 alleviated
B1.mediated suppression of clonogenic capacity in both cell

lines (Figure 1B). To elucidate the contribution of ferroptosis to
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FIGURE 1

Fer-1 alleviates cell viability and colony formation ability suppressed by **I in DTC cells. (A) Cell viability of FTC-133 and TPC-1 cells that were
pretreated with 1 uM Fer-1 for 4 h followed by treatment of 5, 10, 20 uCi ***| for 48 h. (B) Colony formation ability of FTC-133 and TPC-1 cells that
were pretreated with 1 uM Fer-1 for 4 h followed by treatment of 50 pCi 311 (C) Cell viability of FTC-133 and TPC-1 cells that were pretreated with 1
UM Fer-1, 5 uM Necrostatin-1s or 10 uM Z-VAD-fmk for 4 h followed by treatment of 10 pCi **!| for 48 h. Images are representative of at least three

independent experiments.

*!Linduced cell death, we performed comparative analyses of Fer-1
with apoptosis inhibitor ZVAD-FMK and necroptosis inhibitor
necrostatin-1 (Nec-1s). All three inhibitors partially restored
viability in '*'I-treated DTC cells (Figure 1C), indicating co-
activation of ferroptotic, apoptotic, and necroptotic pathway.
Based on these findings, we focused subsequent investigations on
ferroptosis mechanisms in "*'I-treated DTC cells.

Frontiers in Oncology

154

Biochemical hallmarks of ferroptosis are
observed in *!I-treated DTC cells

We systematically evaluated ferroptosis-associated biochemical
alterations in DTC cells following '*'T exposure. GSH levels were
first quantified in FTC-133 and TPC-1 cells, revealing significant
depletion upon ''I treatment (Figure 2A). Consistent with
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ferroptosis characteristics, MDA-a lipid peroxidation byproduct
indicative of ferroptosis (26) - showed marked elevation in 131
treated cells versus controls (Figure 2B). ROS production and lipid
peroxidation were also substantially amplified in both cell lines
post-"*'T exposure (Figures 2C, D). Notably, co-treatment with Fer-
1 effectively abrogated B induced perturbations in GSH, MDA,
ROS, and lipid peroxidation markers (Figures 2A-D). These data
collectively confirm '*'I-triggered ferroptosis activation in DTC
cells through canonical biochemical pathways.

Ferroptosis morphological and genetic
signatures are observed in *|-treated DTC
cells

Ferroptosis is characterized by distinct ultrastructural features
that distinguish it from apoptosis and necroptosis. To systematically
characterize these morphological changes, we performed TEM on
1317 _treated DTC cells. Notably, FTC-133 and TPC-1 cells exposed
to '*'I displayed pathognomonic ferroptotic ultrastructure,
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featuring shrunken mitochondria with increased membrane
density (27) (Figure 3A).

To e elucidate ferroptosis-related molecular mechanisms, we
quantified GPX4 and SLC7A11 expression at both transcriptional
and translational levels. RT-qPCR analyses revealed that '*'I
treatment significantly downregulated GPX4 and SLC7AIl
mRNA levels relative to untreated controls (Figure 3B). Protein
expression paralleled transcriptional changes, with marked
reductions in GPX4 and SLC7A11 observed by western blot
(Figures 3C, D). These results collectively demonstrate that 131
triggers ferroptosis in DTC cells through coordinated suppression
of GPX4 and SLC7AI11 and induces mitochondrial remodeling
characteristic of ferroptosis in DTC cells.

SAS synergizes with **!| to promote DTC
cells death

Given the observed role of SLC7AII suppression in "*'I-

induced ferroptosis, we investigated whether pharmacological
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SLC7A11 inhibition could enhance "*'T efficacy in DTC cells. The
system xc inhibitor SAS, a class 1 ferroptosis inducer targeting
SLC7A11, was selected for combination therapy. Dose-response
analysis determined IC50 values of 0.42 mM for FTC-133 and 0.48
mM for TPC-1 cells (Figure 4A), prompting selection of sub-IC50
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SAS concentrations (0.1 mM) for synergy testing. DTC cells were
treated with escalating B3I doses (5, 10, 15, 20, 25 uCi) alone, 0.1
mM SAS monotherapy, or their combination. Combination Index
(CI) was calculated using the Chou - Talalay method (28), where CI
> 1 indicates antagonism; = 1 additive effect; < 1 synergy.
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Quantitative analysis demonstrated the CI values for the
combination of SAS and '*!1 in DTC cells were less than 1,
confirming synergistic effects between SAS and "*'I in DTC cells
(Figure 4B). Additionally, our findings indicated that the combined
use of SAS and "*'T also inhibits the activity of normal thyroid cells.
However, compared to normal thyroid cells, the combined
treatment exhibits a significantly more pronounced inhibitory
effect on thyroid cancer cells, suggesting a potential therapeutic
advantage in thyroid cancer cells while minimizing the toxic effect
on healthy tissue (Supplementary Figure S1).

Combination SAS and **!| enhance
ferroptosis in DTC cells

To mechanistically delineate the synergistic effects of SAS and
B! combination therapy in DTC cells, we quantified canonical
ferroptosis biomarkers (MDA, GSH and lipid peroxidation) using
standardized protocols described above. Intriguingly, the
combination group exhibited significantly GSH depletion in FTC-
133 and TPC-1 cells compared with the other groups (Figure 5A).
And the cotreatment with SAS and ''I resulted in a marked
elevation in MDA levels compared to the other treatment groups
(Figure 5B). Furthermore, the combination of SAS and 1317 resulted

in a significant induction of lipid peroxidation, which was
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significantly higher than that in the other groups (Figure 5C).
Moreover, we examined the protein expression levels of GPX4
and SLC7A11 in FTC-133 and TPC-1 cells using Western Blotting.
Our results showed that GPX4 and SLC7A11 expression levels were
significantly lower in the group treated with the SAS and "'
combination than in those treated with SAS alone, '*'I alone, or
in the control group. Additionally, GPX4 and SLC7A11 expression
levels were significantly downregulated in groups treated with '*'I
or SAS alone compared to the control group. (Figures 5D, E). The
above results indicate that cotreatment with SAS and "*'I robustly
induces cell death through enhanced lipid peroxidation and
activation of ferroptosis.

SLC7A11 knockdown enhances ferroptosis
induced by I and SAS in DTC cells

Given that the mechanism of action of SAS involves the
inhibition of SLC7AII activity, and our study has also
demonstrated that ">'I can downregulate the expression of
SLC7A11, we posited that their synergistic effects arose from dual
targeting of this cystine/glutamate antiporter. To validate this
hypothesis, we established SLC7AI1-knockdown DTC cell
models, validated by RT-qPCR and Western blotting (Figures 6A,
B). To further elucidate the role of SLC7A11 in mediating the effects
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of *'T and SAS on DTC cells, we assessed cell viability, intracellular
GSH levels, and lipid peroxidation in SLC7A11-knockdown DTC
cells. Our results demonstrated that SLC7AI11 knockdown
significantly reduced cell viability, irrespective of whether "'I,
SAS, or their combination was applied (Figure 6C). Additionally,
SLC7A11 knockdown led to a marked decrease in intracellular GSH
levels across all treatment groups, except for the control group
(Figure 6D). Moreover, lipid peroxidation levels were significantly
elevated in cells treated with '>'I alone, SAS alone, or the
combination therapy following SLC7A11 knockdown (Figure 6E).
Collectively, these findings highlight the pivotal role of SLC7A11 in
the cytotoxic effects of '*'T and SAS on thyroid cancer cells.

SAS synergizes with *!l in DTC xenograft
nude mice model

To validate the therapeutic synergy of SAS and '*'I in vivo, TPC-1
xenograft-bearing nude mice were treated with SAS in combination
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with "*'1. Post-treatment, significant reductions in tumor volume and
weight were observed in the combination-treated group compared to
the control group (Figures 7A-C). Additionally, treatment with 1311
alone also resulted in notable decreases in tumor volume and weight
compared to the control group. Immunohistochemical analyses
revealed that the combination of '*'I and SAS significantly
downregulated the expression of GPX4 and SLC7A11 compared to
all other group in vivo (Figure 7D). Moreover, GPX4 and SLC7A11
expression levels were also reduced in mice treated with '*'I alone or
SAS alone compared to the control group. Collectively, these findings
131

suggest that SAS synergized with "I to effectively treat DTC in vivo,

an effect that is associated with enhanced lipid peroxidation
and ferroptosis.

Discussion

Ferroptosis, an iron-dependent form of regulated cell death
driven by lipid peroxidation (29), functions as a tumor-suppressive
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mechanism that is frequently silenced in malignancies (11).
Emerging evidence links multiple frontline oncologic therapies—
including radiotherapy, endocrine therapy, immune checkpoint
blockade, and platinum-based chemotherapy—to ferroptosis
potentiation (15, 30-32). The synergistic application of ferroptosis
inducer in combination with other therapeutic approaches
represents a promising strategy for cancer therapy (33, 34). In
this study, we demonstrated that *'T induces lipid peroxidation and
ferroptosis in DTC cells and synergizes with SAS in treating DTC
cells. Fer-1 alleviated the inhibitory effects of '*'I on the viability
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ith 0.1 mmol/L sulfasalazine and 50 uCi ***| for 24 h with or without
dent experiments

and clonogenic potential of DTC cells. Through a comprehensive
analysis encompassing biochemical, morphological, and genetic
perspectives, we have identified that '
DTC cells. Specifically, "*' treatment results in elevated levels of
MDA and ROS, concurrent with a reduction in GSH content within

DTC cells. Additionally, *'I induces characteristic morphological

I induces ferroptosis in

changes associated with ferroptosis, including a reduction in
mitochondrial volume and contraction of mitochondrial cristae.
Furthermore, the expression levels of SLC7AIl and GPX4 are
downregulated in DTC cells after '*'I treatment.
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(D) Immunohistochemical analysis of SLC7A11 and GPX4.

As a radionuclide,"*'T emits B radiation that induces cell death
by damaging DNA and eliciting cytotoxicity. The presence of the
NIS on the basal membrane of certain tumor cells, such as those in
DTC, cholangiocarcinoma and hepatocellular carcinoma, facilitates
iodine uptake and forms the basis for radioiodine therapy (35).
However, 1 can be used for the radiolabeling of molecules,
peptides, antibodies and nanomaterials that selectively binding to
cancer cells, thereby targeting cancer cells that do not express NIS.
For instance, a '*'I-labeled programmed cell death ligand 1 (PD-L1)
antibody can target PD-L1 expressed on the cancer cell membrane,
inducing ferroptosis in cancer cells (36). Two studies on the
synthesis of radiopharmaceuticals using '*'I-conjugated PD-L1
antibodies have demonstrated that these radiotherapeutic agents
can induce ferroptosis in tumor cells (36, 37). Moreover, Shen et al.
employed 3 nm ultrasmall single-crystal iron nanoparticles as a
ferroptosis inducer to synergize with '>'I-PD-L1 antibodies in
treating murine breast cancer cells and embryonic fibroblast cells.
These findings support our investigation that "*'I can induce lipid
peroxidation and ferroptosis in cancer cells. However, given the
inability of these cells to uptake '*'I, experiments on the therapeutic
application of "*'T as a solitary agent were not conducted in their
research. By contrast, the DTC cells used in the present study are
capable of iodine uptake, allowing us to directly observe the role of
ferroptosis in tumor cells treated with *'L.

Extensive scholarly research has demonstrated that the induction
of ferroptosis enhances the efficacy of radiotherapy in cancer
treatment, and can even overcomes the radioresistance of some

cancer cells (34, 38-40). SAS has been shown to induce ferroptosis
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by inhibiting the SLC7A11 transporter, a transmembrane protein
responsible for cysteine uptake into cells (41). This inhibition leads to
a depletion of GSH, a coenzyme essential for the function of GPX4.
Previous studies have identified that SAS exhibits significant
radiosensitizing effect both in vivo and in vitro (14, 20, 42).
However, no research has yet explored whether SAS can
synergistically treat DTC by enhancing the ferroptosis-inducing
effects of 1. In the current study, we treated DTC cells with a
combination of *'I with SAS, and observed that the CI was below 1,
indicative of a synergistic interaction. Additionally, cotreatment
resulted in the depletion of GSH and the elevation of ROS and
MDA levels in DTC cells, along with a marked decrease in the
expression of SLC7A11 and GPX4. Our study confirmed that
SLC7AI1 is downregulated in DTC cells treated with '*'I.
Furthermore, SAS induces ferroptosis by inhibiting the activity of
SLC7A11. Therefore, we propose that SLC7A11 plays a crucial role in
the synergistic effects of '*'T and SAS on DTC cells. Accordingly, in
this study, we knocked down the expression of SLC7A11 in TPC-1
and FTC-133 cells and subsequently examined the changes in
ferroptosis-related markers following exposure to '*'I. The results
revealed that, compared with cells without knockdown, cells with
SLC7A11 knockdown exhibited more pronounced ferroptosis-related

131
311 alone,

responses, regardless of whether they were treated with
SAS alone, or a combination of both agents. Furthermore, this study
also demonstrated that SAS and "*'I can exert synergistic antitumor
effects through inducing ferroptosis in vivo. Overall, we suggest that
SAS and "'I can synergistically induce lipid peroxidation and

ferroptosis by depleting GSH through the inhibition of SLC7AI1.
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While our study demonstrates the potential of combining "*'I

and SAS to induce ferroptosis in DTC, we acknowledge that the
effects of this combination therapy on normal thyroid cells and
GPX4 or SLC7A11 overexpression experiments on DTC cells were
not explored. Although "*'I is a standard treatment for DTC with a
well-established safety profile, and SAS selectively targets
ferroptosis in cancer cells, the toxicity of this combination
therapy on normal thyroid tissue remains an important
consideration. Normal thyroid cells typically express lower levels
of GPX4 and SLC7A11 compared to DTC cells, which may reduce
their susceptibility to ferroptosis induction (22-25). However,
further comparison and in vivo studies are required to assess the
potential toxicity of '>'T and SAS on normal thyroid cells and to
investigate effects of GPX4 or SLC7A11 overexpression on DTC
cells, ensuring that this combination therapy can be applied safely
within a therapeutic window. Additionally, given the crucial role of
the NIS in iodine uptake by thyroid cancer cells, future research
should focus on whether and how SAS affects NIS expression. This
is vital for understanding the synergistic effects of combining "*'I
and SAS in DTC cells.

Conclusions

Our study highlights that the combination of '*'T and SAS can
synergistically induce lipid peroxidation and ferroptosis in DTC
cells, leading to enhanced therapeutic efficacy. This suggests that
targeting ferroptosis pathways, in conjunction with traditional
therapies like '*'I, may provide a promising approach to improve
the treatment of DTC.
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Background: Small-cell lung cancer (SCLC) has limited therapeutic options
beyond first-line treatment, and the efficacy of PD-1/PD-L1-based
immunotherapy in this setting remains uncertain. This study evaluates the
efficacy and safety of serplulimab-based immunochemotherapy as a second-
or later-line treatment for SCLC.

Methods: This retrospective, real-world study included 39 SCLC patients treated
with post-initial serplulimab-based immunochemotherapy at Shanxi Provincial
Cancer Hospital between May 2022 and November 2023. Primary and secondary
endpoints were overall survival (OS) and progression-free survival (PFS),
respectively. Cox analyses were conducted to explore factors associated with
survival outcomes.

Results: The median follow-up duration was 13.7 months. The OS was
12.00 months (95% CI: 6.87-not reached), and the median PFS was
4.07 months (95% Cl: 3.07-7.17), with an objective response rate of 20.51%.
Patients who underwent immunotherapy re-challenge showed numerically
higher median OS (12.77 vs. 9.17 months) and PFS (5.93 vs. 3.87 months) than
those without prior immunotherapy. Patients with an objective response to front-
line therapy exhibited a trend toward improved median OS (not reached vs.
6.47 months) and PFS (5.93 vs. 3.17 months). Cox analysis identified ECOG PS of 2,
elevated LDH, ProGrp, and NSE, and liver metastasis were associated with worse
OS. The most common adverse events were thrombocytopenia, elevated ALT,
and hypothyroidism, with a manageable safety profile.

Conclusion: Second- or later-line serplulimab-based immunochemotherapy
shows promising antitumor activity and survival benefits for SCLC, regardless
of prior immunotherapy exposure. Although limited by sample size and
retrospective design, these findings highlight the potential of immunotherapy
combinations beyond first-line therapy.

small-cell lung
serplulimab-based

cancer, recurrent, immunochemotherapy, second-line,
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1 Introduction

Small-cell lung cancer (SCLC) represents one of the most critical
oncological challenges worldwide, accounting for approximately
15% of all lung cancer cases (Gazdar et al., 2017). While anti-
PD-1/PD-L1-based
improved survival outcomes, achieving response rates of 80%-
90% in limited-stage SCLC (LS-SCLC) and 50%-80% in
extensive-stage SCLC (ES-SCLC) (Schmittel, 2011), this approach
remains restricted to first-line settings. Despite initial responses to

immunochemotherapy  strategies  have

first-line therapy, median progression-free survival (PFS) is typically
less than 6 months (Sathiyapalan et al., 2022; Zhang et al., 2023), and
disease progression or recurrence is almost inevitable. Currently,
effective options for subsequent lines of therapy remain limited
(Tariq et al, 2021). As the standard second-line treatment,
topotecan, a topoisomerase I inhibitor, has demonstrated a
survival advantage over best supportive care, with a median
overall survival (OS) of 25.9 weeks compared to 13.9 weeks
(O’Brien et al, 2006). However, its utility is compromised by
significant toxicity, primarily myelosuppression and hematologic
adverse events, which impact tolerability for many patients (Goto
et al, 2016; Das et al,, 2021). In 2020, lurbinectedin received
from the U.S. Food
Administration (FDA) as the first drug in over 20 years for

conditional  approval and Drug
second-line treatment of SCLC, based on an objective response
rate (ORR) of 35%. Unfortunately, subsequent randomized trials
failed to demonstrate a survival benefit with lurbinectedin in this
setting (Trigo et al., 2020; Baena et al., 2021).

The efficacy of PD-1-targeted immune checkpoint inhibitors
(ICIs), such as pembrolizumab and nivolumab, in the later-line
setting for SCLC remains controversial. In 2020 and 2021, the FDA
withdrew accelerated approvals for these agents as third-line
options, citing insufficient evidence of survival benefit (Rudin
et al.,, 2020; Owonikoko et al., 2021; Spigel et al., 2021). Despite
this, the recent National Comprehensive Cancer Network (NCCN)
guidelines recommend PD-1-targeted ICIs as a second-line
treatment for patients who have not previously received
immunotherapy (NCCN, 2024). Given the significant survival
benefit observed with ICIs in the frontline setting (Horn et al,
2018; Paz-Ares et al.,, 2019; Cheng et al., 2022), further investigation
into their potential role in later lines of treatment is warranted to
address the unmet needs in SCLC management.
anti-PD-1
demonstrated promising efficacy in the international phase III
ASTRUM-005 trial, showing a median OS benefit of 15.4 months
compared to 10.9 months in ES-SCLC patients (Cheng et al., 2022).
Based on these results, regulatory authorities such as China’s
National Medical Products Administration (NMPA), the
Indonesian Food and Drug Authority (BPOM), and the
European Medicines Agency (EMA) have approved serplulimab

Serplulimab, an monoclonal antibody, has

in combination with etoposide and platinum as a first-line treatment
for ES-SCLC. Several studies have highlighted its therapeutic
potential and its cost-effectiveness advantage, particularly for
Chinese patients (Shao et al, 2023; Liu et al, 2024). In the
absence of alternative options for recurrent SCLC, clinicians may
still consider serplulimab-based immunotherapy or re-challenge
with immunotherapy. This study aims to leverage real-world data
from a single-center retrospective cohort to evaluate the efficacy and
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Patients with histologically or cytologically
confirmed SCLC between May 2022 and
November 2023
m=372)

Exclusion:
«  Without systemic therapy (n=115)

Patients who received systemic
therapy
(0=257)

Exclusion:

*  Received first-line therapy and
without disease progression or
recurrence (n=145)

Patients who received second-or
later-line treatment
m=112)

Exclusion:

+ Did notreceive serplulimab-based
immunochemotherapy (n=37)

« Insufficient clinical data (n=33)

¢ The presence of other primary
malignancies (n=3)

Eligible patients included in analysis
(n=39)

FIGURE 1
Flowchart of patients screening. SCLC, small-cell lung cancer.

safety of serplulimab-based regimens in SCLC patients beyond first-
line treatment.

2 Subjects and methods

2.1 Patients

This retrospective, real-world study was conducted at the Shanxi
Provincial Cancer Hospital, with medical records of patients reviewed
by investigators between May 2022 and November 2023. The inclusion
criteria were: (1) age > 18 years old; (2) histologically or cytologically
confirmed SCLG; (3) disease progression or recurrence after at least one
prior regimen; (4) treatment with either a serplulimab-based
combination or serplulimab monotherapy as second- or later-line
therapy. The exclusion criteria were: (1) insufficient clinical data and
(2) the presence of other primary malignancies. This study was
approved by the Ethics Committee of the Shanxi Provincial Cancer
Hospital (No. KY2024046), with a waiver of written informed consent
from patients, and was conducted in accordance with the Declaration of
Helsinki. This study was reported following the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
guidelines (Supplementary Material).

2.2 Data collection and outcome
assessment

We gathered a spectrum of demographic and clinicopathological
characteristics, including age, sex, body mass index (BMI), smoking
status, family tumor history, Eastern Cooperative Oncology Group
performance status (ECOG PS), clinical stage, metastasis status,
treatment regimens, biomarkers, and toxicity. The antitumor
activity of the first line was also collected. Clinical data were
collected from the electronic medical database and telephone
follow-ups.

frontiersin.org
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TABLE 1 Baseline characteristics of included patients.

Characteristics, n (%) Patients
(N = 39)

Age', y 56.56 + 10.39
Age

<60 years 21 (53.85)

260 years 18 (46.15)
Gender

Male 34 (87.18)

Female 5(12.82)
BMI

<18.5 kg/m* 2 (5.13)

18.5-24.9 kg/m? 19 (48.72)

>25 kg/m? 18 (46.15)
Family tumor history

Yes 6 (15.38)

No 33 (84.62)
History of smoking

Yes 31 (79.49)

No 8 (20.51)
ECOG PS

1 36 (92.31)

2 3 (7.69)
History of complication

Yes 11 (28.21)

No 28 (71.79)
Clinical stage

1] 12 (30.77)

\% 27 (69.23)
Baseline NLR

<3 13 (33.33)

>3 26 (66.67)
Baseline LDH

<225 U/ 21 (53.85)

2225 U/T 18 (46.15)
Baseline ProGrp

<300 ng/L 30 (76.92)

>300 ng/L 9 (23.08)
Baseline NSE

<16.3 ng/mL 37 (94.87)

>16.3 ng/mL 2 (5.13)
Baseline CEA

<6 ng/mL 35 (89.74)

>6 ng/mL 4 (10.26)
Bone metastasis

(Continued in next column)
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TABLE 1 (Continued) Baseline characteristics of included patients.

Characteristics, n (%) Patients
(N = 39)
Yes 5 (12.82)
No 34 (87.18)

Brain metastasis

Yes 13 (33.33)
No 26 (66.67)

Liver metastasis

Yes 7 (17.95)
No 32 (82.05)

Treatment lines

2 33 (84.62)
>3 6 (15.38)

Combined chemotherapy regimen®

Taxane-based 22 (56.41)

Platinum-based 27 (69.23)

Others® 3 (7.69)
Prior immunotherapy

Yes 16 (41.03)

No 23 (58.97)
First-line SD/PD

Yes 13 (33.33)

No 26 (66.67)

“data was presented as mean + standard deviation.

"Thirteen patients received both taxane- and platinum-based as the chemotherapy regimen,
resulting in an overall percentage greater than 100.

“Patients received anlotinib (n = 1), vinorelbine (n = 1), and temozolomide (n = 1)
chemotherapy.

BMI, body mass index; ECOG PS, eastern cooperative oncology group performance status;
NLR, neutrophil-lymphocyte ratio; LDH, lactate dehydrogenase; ProGrp, Pro Gastrin-
Releasing Peptide; NSE, Neuron-Specific Enolase; CEA, carcinoembryonic antigen; SD,
stable disease; PD, progressive disease.

The primary endpoint of this study was OS, defined as the
time from the first dose of serplulimab-based second- or later-
line treatment to death from any cause. The secondary endpoint
was PFS, defined as the time from serplulimab-based second or
to the first
progression or death from any cause. We also performed

further-line treatment documented disease
subgroup analyses to explore clinicopathological factors that
may be associated with treatment efficacy. Additionally, the
ORR was calculated as the proportion of patients who
achieved a complete response (CR) or partial response (PR)
according to the Response Evaluation Criteria in Solid Tumors
version 1.1 (RECIST v1.1). The disease control rate (DCR) was
calculated as the proportion of patients achieving CR, PR, or
stable disease (SD) for at least 4 weeks. Adverse events (AEs)
during serplulimab-based treatment were assessed according to
the Common Terminology Criteria for Adverse Events (CTCAE)
version 5.0 by two independent investigators who reviewed safety
events recorded in medical charts. Any discrepancies were
resolved by the third investigator.
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FIGURE 2

Survival of entire cohort following second- or later-line serplulimab-based immunochemotherapy. (A) Kaplan-Meier estimates of progress-free

survival. (B) Kaplan-Meier estimates of overall survival.

2.3 Statistical analysis

Categorical variables were summarized as counts and
percentages, while continuous variables were described using
mean + standard deviation or median (range), as appropriate.
PES and OS were estimated with the Kaplan-Meier method, and
median values with 95% confidence intervals (CIs) were calculated.
Survival and tumor response analyses were further stratified based
on first-line tumor response status and prior immunotherapy
exposure. To identify survival risk factors, univariate and
multivariate Cox proportional-hazards models were applied, with
hazard ratios (HR) and corresponding 95% CIs reported. Data
management and statistical analyses were performed using R
software (version 4.3.2), with statistical significance defined at a

two-sided P-value of < 0.05.

3 Results
3.1 Baseline characteristics

We reviewed the medical records of 372 SCLC patients treated at
the Shanxi Provincial Cancer Hospital between May 2022 and
November 2023. Among them, 257 patients received systemic
112 had documented
treatment. After applying the inclusion and exclusion criteria,

therapy, and second- or later-line

39 patients were included in this retrospective analysis (Figure 1).

Frontiers in Pharmacology

Most of the included patients (n = 33, 84.62%) received second-line
serplulimab-based therapy. The baseline characteristics of these
39 patients are shown in Table 1. The mean age was 56.56 years,
with the majority being male (87.18%), smokers (79.49%), having an
ECOG PS of 1 (92.31%), and presenting with stage IV disease
(69.23%). (41.03%) had
immunotherapy, and 26 patients (66.67%) achieved an objective

Sixteen patients received  prior

response to first-line therapy. The majority received
immunochemotherapy beyond first-line with taxane- (n = 22,
56.41%) or platinum-based (n = 27, 69.23%) regimens, with
13 of them receiving both and platinum-based

chemotherapy. Additionally, another three patients received

taxane-

serplulimab combined with anlotinib (n = 1), vinorelbine (n = 1),
and temozolomide (n = 1), respectively.

3.2 Efficacy and subgroup analysis

After a median follow-up of 13.7 months, the median PFS
(mPFS) and median OS (mOS) for the entire cohort were
4.07 months (95% CI, 3.07-7.17) and 12.00 months (95% CI,
6.87-not reached), respectively (Figures 2A,B). In subgroup
analysis stratified by prior immunotherapy, patients who
underwent immunotherapy re-challenge showed numerically
higher mPFS and mOS than those without prior immunotherapy,
although the differences were not statistically significant (mPFS:

593 vs. 3.87 months, log-rank P = 0.633; mOS: 12.77 vs.
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FIGURE 3

Subgroup analysis of survival following second- or later-line serplulimab-based immunochemotherapy. (A) Kaplan-Meier estimates of progress-
free survival stratified by prior immunotherapy exposure. (B) Kaplan-Meier estimates of overall survival stratified by prior immunotherapy exposure. (C)
Kaplan-Meier estimates of progress-free survival stratified by first-line tumor response status. (D) Kaplan-Meier estimates of overall survival stratified by

first-line tumor response status.

9.17 months, log-rank P = 0.322) (Figures 3A,B). Univariate Cox
analysis also confirmed no significant association between prior ICIs
use and survival outcomes in subsequent immunotherapy (both P >
0.05, Table 2). Patients with an objective response to front-line
therapy had numerically longer mPFS (5.93 vs. 3.17 months, log-
rank P = 0.097, Figure 3C) and mOS (not reached vs. 6.47 months,
log-rank P = 0.113, Figure 3D) compared to those without an
objective response. Univariate Cox analysis also showed that the
relationship between first-line tumor response status and survival
was not statistically significant (both P > 0.05, Table 2).

During immunochemotherapy beyond first-line, 8/39 patients
achieved an objective response (all PR), 17/39 achieved SD, and 14/
39 had progressive disease. Overall, the ORR was 20.51% (8/39; 95%
CI, 9.30-36.46) and DCR was 64.10% (25/39; 95% CI, 47.18-78.80).
Additionally, patients with prior immunotherapy showed
numerically higher ORR (31.25% vs. 13.04%) and DCR (75.00%
vs. 56.52%) compared to those without prior immunotherapy.

Based on clinicopathological characteristics, we conducted an
exploratory analysis of factors related to PES and OS in patients
receiving immunochemotherapy beyond first-line using a Cox
proportional hazards model (Table 2). Univariate analysis for
PES indicated that females were associated with significantly
better PFS (HR, 0.14; 95% CI, 0.03-0.61; P = 0.009). In contrast,
factors associated with poorer PES included family history of cancer,
ECOG PS of 2, elevated baseline levels of lactate dehydrogenase
(LDH), pro-gastrin-releasing peptide (ProGrP), and neuron-specific
enolase (NSE) (all P < 0.05). On multivariate analysis, the
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association of PFS with gender and family history of cancer was
also confirmed (all P < 0.05). For OS, only univariate analysis
showed that ECOG PS of 2, elevated baseline levels of LDH,
ProGrp, and NSE, and the presence of liver metastasis were
associated with worse OS (all P < 0.05).

3.3 Safety

Through a comprehensive review of medical records and
telephone follow-ups, we identified 47 AEs in 24 patients,
resulting in an overall AE incidence of 61.54%. The incidence of
grade 1-2 AEs and grade >3 AEs were 46.15% and 5.13%,
respectively. Additionally, there were 12 AEs in eight patients for
which severity could not be assessed due to incomplete
documentation further
included

and patient refusal to provide
information. The most commonly reported AEs
thrombocytopenia, elevated alanine aminotransferase (ALT), and
hypothyroidism (Table 3). All patients tolerated the combination
immunotherapy  well,

and no treatment-related deaths

were reported.

4 Discussion

In this retrospective, real-world study, we evaluated the efficacy
of serplulimab-based immunochemotherapy as second- or later-line
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therapy for patients with SCLC. Our results suggest that this
treatment regimen had impressive antitumor activity and
encouraging survival outcomes, with 20.51% of patients achieving
an ORR, a mPFS of 4.07 months, and a mOS of 12.00 months.
Additionally, patients who had received prior immunotherapy and
achieved an objective response in front-line therapy showed
with
serplulimab-based later-line therapy. Most patients (66.67%)

improved antitumor activity and survival outcomes
included in our study achieved an objective response to first-line
therapy, which is consistent with the approximately 70% reported in
previous studies (Paz-Ares et al., 2019; Rudin et al.,, 2020). This
consistency enhances the credibility of our findings, even with the
limitation of the small sample size included in our cohort.

The role of PD-1/PD-L1-based immunotherapy in second-line
treatment for SCLC has been explored in the CheckMate 331 trial
(Spigel et al., 2021). In this study, nivolumab monotherapy did not
demonstrate an OS benefit, with a median OS of 7.5 months
compared to 8.4 months in the topotecan or amrubicin
chemotherapy group (HR, 0.86; 95% CI, 0.72-1.04; P = 0.11).
Similarly, mPFS showed no advantage with nivolumab
monotherapy (1.4 vs. 3.8 months; HR, 1.41; 95% CI, 1.18-1.69).
These results suggest that mono-immunotherapy offers limited
efficacy for previously treated SCLC patients. However, the trial
identified subgroups with low LDH levels and no liver metastases as
having better survival benefits from immunotherapy, which is
consistent with our findings. Nivolumab also showed limited
efficacy as a third-line therapy in SCLC, with the CheckMate
032 trial reporting a median OS of 5.6 months and a median
PES of 1.4 months (Ready et al., 2019). In addition, a pooled
analysis of the phase Ib KEYNOTE-028 and phase II KEYNOTE-
158 studies showed that pembrolizumab achieved an mOS of
7.7 months and an mPFS of 2.0 months in patients with
recurrent or metastatic SCLC who had received two or more
prior therapies (Chung et al,, 2020). In our study, all patients
received serplulimab-based combination regimens, which may
have contributed to the relatively longer survival observed in our
cohort. This finding aligns with previous reports demonstrating that
immunotherapy-chemotherapy combinations achieved median PFS
ranging from 3.2 to 4.8 months in patients with previously treated
SCLC (Ishii et al,, 2021; Liu et al., 2025). The therapeutic synergy
likely stems from checkpoint blockade-enhanced T-cell cytotoxicity
coupled with chemotherapy-induced immunogenic cell death,
which promotes tumor antigen release and dendritic cell
maturation. Lurbinectedin, a newly FDA-approved second-line
option, is a synthetic alkaloid that covalently binds to DNA,
inducing cell death. In a phase II study of lurbinectedin for
second-line SCLC, an ORR of 35% and a median duration of
response (mDOR) of 5.3 months were observed (Trigo et al,
2020). Additionally, tarlatamab (AMG 757), a bispecific T-cell
engager molecule targeting delta-like ligand 3 (DLL3) and CD3,
demonstrated preliminary efficacy and safety in recurrent SCLC,
with an ORR of 23.4%, median PFS of 3.7 months, and median OS of
13.2 months (Paz-Ares et al, 2023). However, the journey from
developing a novel therapy to regulatory approval and clinical
application is lengthy and complex. Thus, alongside ongoing
drug development, there is a critical need to enhance patient
benefits using existing agents. Our study suggests that the
immunotherapy-based combination

strategies may provide
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additional clinical benefits for SCLC patients beyond first-
line treatment.

Although not statistically significant, our data showed a trend
toward improved OS in patients who received immunotherapy
rechallenge (12.77 vs. 9.17 months), consistent with previous
studies. Campelo et al. (Garcia-Campelo et al., 2023) reported
potential survival benefits with atezolizumab rechallenge in
patients with progressed ES-SCLC. Other studies have shown
that rechallenge with immunochemotherapy can achieve durable
antitumor activity and significant survival benefits compared to
monotherapy approaches (Li et al., 2022; Zhang et al., 2024). For our
treatment regimen, previous research has indicated that serplulimab
combined with chemotherapy may provide additive and synergistic
effects, reaffirming immunochemotherapy as a viable strategy in
both first-line and subsequent lines for SCLC patients (Kataoka
et al., 2020; Ishii et al., 2021). Additionally, our study revealed an
interesting phenomenon: patients who achieved tumor response in
to Dbenefit subsequent
immunotherapy. This result may be attributed to several factors

front-line therapy continued from
(Tang et al., 2016; Xia et al., 2024). First, the initial tumor response
may successfully activate the immune microenvironment, allowing
for a more robust response to subsequent immunotherapy. Second,
the reduction in tumor burden and reshaping of the tumor
microenvironment following front-line therapy may enhance the
efficacy of subsequent immunotherapy.

Our Cox analysis revealed a significant association between the
female gender and longer PFS in the recurrent SCLC setting,
indicating that female patients might experience enhanced
benefits from immunotherapy. While the correlation between
gender and prognosis in SCLC remains inconsistent, most studies
suggesting better survival were related to the female gender and
largely due to the fewer smokers (Lim et al., 2018; Tas et al., 2024).
However, our findings support potential biological differences in
immune response between genders. Factors such as sex hormones,
genetic polymorphisms, and immune modulation may contribute to
these observed differences, and potentially influence the
immunotherapy efficacy (Salgado et al., 2015; Lim et al, 2018;
Vavala et al, 2021). In addition to LDH, elevated levels of
ProGRP and NSE were associated with worse outcomes in our
cohort. These markers, which are associated with neuroendocrine
differentiation in SCLC, are generally associated with tumor
aggressiveness and worse prognosis, consistent with previous
research suggesting that they may indicate reduced tumor
responsiveness and poorer patient survival outcomes (Shibayama
et al,, 2001; Li et al, 2023; Muley et al., 2024). Notably, despite
extensive biomarker exploration in SCLC, no validated predictive
biomarker has emerged to reliably identify patient subsets benefiting
from PD-L1/PD-1 inhibitor-based While PD-L1
expression serves as a key biomarker for immunotherapy

regimens.

selection in non-small cell lung cancer (NSCLC), its predictive
utility has not been reliably established in SCLC. For instance,
pooled analysis of KEYNOTE-158 and KEYNOTE-028 trials
revealed that pembrolizumab exhibited antitumor activity in
heavily pretreated SCLC patients regardless of PD-L1 expression
status (Chung et al, 2020). Similarly, the CheckMate 331 trial
showed no survival benefit of nivolumab over chemotherapy in
relapsed SCLC when stratified by PD-L1 combined positive score at
a cutoff of 1% (Spigel et al, 2021). The use of tumor mutational
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TABLE 2 Univariate and multivariate Cox analyses of PFS and OS for SCLC patients following second or later-line serplulimab-based immunochemotherapy.

Variable

Male
Female

<60 years
260 years

<18.5 kg/m*
18.5-24.9 kg/m?
>25 kg/m*

Yes

Yes

Yes

<225 U/T
2225 U/l

<300 ng/L
>300 ng/L

<16.3 ng/mL
>16.3 ng/mL

<6 ng/mL
>6 ng/mL

PFS

Univariate analysis

HR (95%Cl)

Ref.
0.14 (0.03-0.61)

Ref.
1.09 (0.54-2.18)

Ref.
0.57 (0.13-2.52)
0.53 (0.12-2.35)

Ref.
2.90 (1.12-7.47)

Ref.
1.74 (0.70-4.34)

Ref.
7.22 (1.85-28.25)

Ref.
0.54 (0.23-1.25)

Ref.
1.76 (0.77-3.99)

Ref.
1.26 (0.59-2.69)

Ref.
2.22 (1.10-4.49)

Ref.
3.69 (1.60-8.48)

Ref.
6.58 (1.38-31.29)

Ref.
1.28 (0.44-3.68)

P

0.009

0.814

0.459
0.400

0.028

0.233

0.004

0.148

0.178

0.552

0.026

0.002

0.018

0.652

Multivariate analysis

HR (95%Cl)

Ref.
0.19 (0.04-0.86)

Ref.
3.54 (1.26-9.98)

Ref.
4.35 (0.59-32.31)

Ref.
1.57 (0.66-3.72)

Ref.
2.21 (0.80-6.14)

Ref.
1.10 (0.10-11.67)

P

0.031

0.017

0.151

0.305

0.128

0.936

(O

Univariate analysis

HR (95%Cl)

Ref.
1.86 (0.76-4.56)

Ref.
0.46 (0.10-2.14)
0.38 (0.08-1.8)

Ref.
2.18 (0.72-6.62)

Ref.
1.55 (0.45-5.31)

Ref.
5.24 (1.40-19.58)

Ref.
0.49 (0.16-1.49)

Ref.
2.13 (0.71-6.38)

Ref.
0.64 (0.26-1.56)

Ref.
3.80 (1.45-9.97)

Ref.
5.66 (2.22-14.38)

Ref.
5.60 (1.22-25.73)

Ref.
1.34 (0.31-5.83)

P

0.175

0.325
0.221

0.168

0.482

0.014

0.210

0.176

0.325

0.007

<0.001

0.027

0.693

10.3389/fphar.2025.1591643

Multivariate analysis

HR (95%Cl)

Ref.
5.10 (0.62-41.70)

Ref.
2.61 (0.86-7.90)

Ref.
1.89 (0.55-6.50)

Ref.
0.65 (0.07-6.51)

P

0.129

0.090

0.312

0.715
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TABLE 2 (Continued) Univariate and multivariate Cox analyses of PFS and OS for SCLC patients following second or later-line serplulimab-based

immunochemotherapy.

Variable PFS

Univariate analysis

HR (95%Cl) P HR (95%Cl)

Bone metastasis

Multivariate analysis

P HR (95%Cl) P

(O
Univariate analysis Multivariate analysis

HR (95%Cl) P

No Ref. Ref.
Yes 1.45 (0.50-4.21) 0.496 1.72 (0.50-5.92) 0.386
Brain metastasis
No Ref. Ref.
Yes 1.08 (0.51-2.26) 0.848 1.00 (0.40-2.52) 0.995
Liver metastasis
No Ref. Ref. Ref.
Yes 2.15 (0.85-5.44) 0.106 3.65 (1.39-9.58) 0.008 2.77 (0.85-9.06) 0.091
Prior immunotherapy
No Ref. Ref.
Yes 0.84 (0.41-1.72) 0.636 0.64 (0.26-1.57) 0.327
First-line SD/PD
No Ref. Ref.
Yes 1.81 (0.89-3.72) 0.104 2.02 (0.83-4.88) 0.120

* The relationship between gender and OS, was not analyzed because the model did not converge due to the absence of mortality events in female patients.
PFS, progress-free survival; OS, overall survival; HR, hazard ratio; BMI, body mass index; ECOG PS, eastern cooperative oncology group performance status; NLR, neutrophil-to-lymphocyte

ratio; LDH, lactate dehydrogenase; ProGrp, pro-gastrin-releasing peptide; NSE, neuron-specific enolase; CEA, carcinoembryonic antigen; SD, stable disease; PD, progressive disease.

TABLE 3 AEs of SCLC patients following second or later-line serplulimab-
based immunochemotherapy.

AEs, n (%) Total Grade 1-2  Grade 3-4

Total 24 (61.54) 18 (46.15) 2 (5.13)

Incidence > 5%
Thrombocytopenia 9 (23.08) 8 (20.51) 1 (2.56)
Elevated ALT 6 (15.38) 5 (12.82) B
Hypothyroidism 6 (15.38) 2 (5.13) B
Anemia 5 (12.82) 5 (12.82) B
Elevated AST 4 (10.26) 2 (5.13) -
Neutropenia 4 (10.26) 3 (7.69) 1 (2.56)
Pneumonia 2 (5.13) 2 (5.13) B
Myelosuppression 2 (5.13) 2 (5.13) -

AEs, adverse events; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

burden (TMB) in SCLC also yielded inconclusive results. A
correlation between TMB and tumor response was observed in
the CheckMate 032 trial using whole-exome sequencing, but this
association was not replicated in the IMpower 133 trial where
circulating tumor DNA analysis was employed (Horn et al., 2018;
Ready et al., 2020).

As noted, our study is limited by its sample size and
geographic scope, which introduces the potential for selection
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bias and limits the generalizability of our findings to the broader
SCLC population. Additionally, as a single-cohort retrospective
analysis, our study lacks a control group, restricting us to
comparisons with historical data rather than allowing for
direct, controlled comparisons with other second- or later-
line therapies. This study design further limits our ability to
establish causative relationships between treatment regimens
and outcomes. The undocumented severity of 12 adverse
events in eight patients, attributable to incomplete medical
records or patient refusal, may underestimate toxicity risks,
underscoring the necessity for enhanced real-time monitoring
and standardized reporting in future studies in the real-world
research. Moreover, due to the absence of an in-depth biomarker
analysis, we were unable to investigate the underlying
mechanisms by which patients may benefit from serplulimab-
based combination therapy. Future multicenter, prospective
studies with larger, more diverse cohorts and biomarker
evaluation are essential to validate these findings and to
explore potential mechanisms driving response.

In conclusion, this real-world study suggests that
immunochemotherapy as a second- or later-line treatment
demonstrates promising efficacy and safety in SCLC patients,
regardless of prior immunotherapy exposure and first-line tumor
response status. Although limited by sample size and study design,
the tendency towards extended survival in patients rechallenged
with immunotherapy reaffirms immunochemotherapy as a feasible
approach for SCLC patients in both first-line and subsequent lines.
Our findings underscore the need for further investigation into
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tailored immunotherapy approaches that could maximize clinical
benefit in SCLC, supporting the rationale for immunochemotherapy
beyond first-line treatment.
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The combination of chemotherapy and immune checkpoint inhibitors (ICls)
represents a promising strategy for enhancing the efficacy of tumor
immunotherapy. This review elaborates on its mechanisms and clinical
significances. Chemotherapy-induced immunogenic cell death (ICD) serves as
the foundation of this therapeutic synergy, involving the release of damage-
associated molecular patterns (DAMPs) such as calreticulin, ATP, and HMGBL,
which enhance immune activation in the presence of ICls. Clinical trials have
demonstrated that this combination approach markedly improves clinical
outcomes across multiple tumor types, including non-small cell lung cancer,
melanoma, bladder cancer, and triple-negative breast cancer. In clinical practice,
this combination is increasingly adopted as a first-line or advanced-stage
treatment, often guided by personalized medicine approaches. However,
several challenges persist, including the management of treatment-related
toxicity, high costs, and the identification of predictive biomarkers.

cancer therapy, ICIS, chemotherapy, immunotherapy, clinical applications

1 Introduction

Tumor immunotherapy has fundamentally transformed the therapeutic landscape of
cancer treatment (Yasinjan et al., 2023; Rui et al., 2023; da Silva et al., 2019). Immune
checkpoint inhibitors (ICIs), including anti-PD-1 and anti-PD-L1 antibodies, have shown
substantial effectiveness in certain patient populations (Dall’Olio et al., 2022; Naimi et al.,
2022). These agents function by blocking inhibitory signals on T cells, thereby enhancing
the immune system’s ability to target and eliminate tumor cells. However, not all patients
respond favorably, and resistance to ICIs continues to pose a significant clinical challenge
(Sun and Xu, 2020; Sharma and Allison, 2015; Hughes et al., 2016).

Chemotherapy, a longstanding cornerstone in cancer treatment, utilizes various drugs
that primarily target rapidly proliferating cells, including cancer cells (Knezevic and Clarke,
20205 Jiang et al., 2024). These agents exert their effects by inducing DNA damage (Bai et al.,
2024), arresting cell cycle progression (Sun et al, 2021a), and triggering cell death.
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TABLE 1 Clinical trial outcomes of combination chemotherapy and ICls in tumor immunotherapy.

Cancer type Trial

Melanoma CheckMate 067
alone
Melanoma Phase II Pembrolizumab
Trial
Bladder Cancer IMvigor130

Combination

Ipilimumab + Nivolumab vs. Ipilimumab or Nivolumab

Pembrolizumab + Dacarbazine

Atezolizumab + Cisplatin/Gemcitabine

Outcome
Highest response rate and extended OS
56% response rate, median OS 23.5 months, median PFS
8.9 months

Improved OS and PFS in PD-L1-positive tumors; 12-month
OS rate of 71%

Bladder Cancer KEYNOTE-361

Pembrolizumab + Chemotherapy (Gemcitabine/

Positive trend in improving PFS and response rates

Docetaxel + Carboplatin/Cisplatin)

Triple-Negative Breast KEYNOTE-522

Cancer

Pembrolizumab + Chemotherapy (Carboplatin/
Paclitaxel + Epirubicin/Doxorubicin)

Improved EFS and pCR, 91% EFS at 18 months

Non-Small Cell Lung KEYNOTE-189

Cancer

Non-Small Cell Lung
Cancer

IMpower130

Head and Neck Cancer KEYNOTE-048

Pembrolizumab + Platinum-based agent + Pemetrexed

Atezolizumab + Nab-paclitaxel + Carboplatin

Pembrolizumab + Chemotherapy (Cisplatin/Carboplatin

Median PFS 8.8 months vs. 4.9 months (chemotherapy
only), 12-month OS 69.2% vs. 49.4%

Improved OS and PFS, 18-month OS 64% vs. 52%, median
PFS 7 months vs. 5.5 months

Improved OS in PD-L1-positive tumors

+ Fluorouracil)

Gastric and Esophageal KEYNOTE-590

Cancer

Specifically, chemotherapy-induced ICD serves as the pivotal
process enabling the immune system to recognize and attack
tumor cells more effectively when combined with ICIs. ICD is
marked by the exposure and release of immunostimulatory
signals—particularly calreticulin, ATP, and HMGBl—which
collectively enhance T cell-mediated immune responses (Bian
et al., 2022; Obeid et al., 2007; Kroemer et al., 2013).

The synergistic potential of combining chemotherapy and ICIs
is promising. This dual approach can amplify the immune system’s
antitumor response (Qian et al, 2022; Galluzzi et al, 2020).
Chemotherapy triggers ICD, leading to tumor antigen release and
TME modulation, which subsequently activates antigen-presenting
cells and promotes T cells recruitment to the tumor site. ICIs can
block T cells’ inhibitory signals, further boosting their antitumor
efficiency (Zouein et al, 2022). This combinatorialstrategy helps
overcome the limitations of monotherapies, providing a more
comprehensive and potent anticancer approach. It holds the
promise of improved patient outcomes, particularly for those
who do not respond adequately to either ICIs or chemotherapy
alone (Roskoski, 2024; Li et al., 2022).

In addition to inducing immunogenic cell death, chemotherapy
exerts multiple immunomodulatory effects within the tumor
microenvironment. For instance, chemotherapeutic agents like
cyclophosphamide and gemcitabine have been demonstrated to
selectively deplete immunosuppressive cells, including regulatory
T cells (Tregs) and myeloid-derived suppressor cells (MDSCs). This
depletion alleviats local immune suppression and promoting
effector T-cell infiltration and activity. Moreover, chemotherapy
can enhance antigen presentation by upregulating major
histocompatibility complex (MHC) class I molecules on tumor
cells, thus improving tumor recognition by cytotoxic T
lymphocytes (CTLs) (Galluzzi et al, 2015). These multifaceted
immunological alterations, when combined with ICIs, foster a

Frontiers in Pharmacology

Pembrolizumab + Chemotherapy (Fluorouracil +
Cisplatin)

Improved PFS and OS compared to chemotherapy alone

more permissive immune landscape that significantly enhances
antitumor efficacy relative to monotherapy (Pfirschke et al., 2016).

2 Clinical trial outcomes of the
combination of chemotherapy and ICls
in tumor immunotherapy

2.1 Melanoma

In the treatment of melanoma, combining chemotherapy with
ICIs has emerged as a promising strategy. The CheckMate 067 trial
compared the effects of ipilimumab and nivolumab combination
therapy to ipilimumab or nivolumab alone in patients with
melanoma (Wan et al, 2021; Choueiri Toni et al, 2023;
Owonikoko et al., 2021). The results were noteworthy, with the
combination regimen yielding the highest response rate and the
longest OS observed. The median OS didn’t achieve the combination
group, while patients receiving ipilimumab alone had a median OS
of 199 months and 36.9 months in the nivolumab-alone
indicate that
ipilimumab and nivolumab exerts a synergistic effect, intensifying

group. These findings the combination of
the antitumor immune response and substantially improving
survival outcomes.

In addition, pembrolizumab combined with chemotherapy has
been tested in melanoma patients. A phase II trial examined the use
of pembrolizumab alongside dacarbazine in metastatic melanoma
patients. The outcomes suggest that this combination achieved a
56% response rate, with a median OS of 23.5 months and
a median PFS of 8.9 months. These results suggest that
integratingchemotherapy with ICIs may represent an effective
therapeutic approach for melanoma, capable of improving both
response rates and survival.
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2.2 Bladder cancer

In the treatment of bladder cancer, combining chemotherapy
with ICIs has shown notable advantages. The IMvigor130 trial
investigated the addition of atezolizumab to chemotherapy
(cisplatin and gemcitabine) vs. chemotherapy alone in patients
with metastatic or locally advanced urothelial carcinoma (Funt
et al, 2022; Galsky et al.,, 2024; Balar et al, 2017). The results
showed a notable improvement in OS and FPS among patients with
PD-L1-positive tumors. The combination therapy group
experienced a median PFS of 82 months, while the
chemotherapy-only group had a median PFS of 6.3 months.
Additionally, the 12-month OS rate was 71% in the combination
group, compared to 62% in those treated with chemotherapy alone.

The KEYNOTE-361 trial trial assessed the efficacy of
pembrolizumab combined with chemotherapy (gemcitabine or
docetaxel plus carboplatin  or cisplatin) compared to
chemotherapy alone in patients with urothelial carcinoma. While
the combination therapy did not meet its primary endpoint for OS, it
showed a positive trend toward improvoved PFS and response rates
(Suzuki et al, 2023; Kelley et al, 2023; Sharma et al, 2024;

Nakamura et al., 2023).

2.3 Triple-negative breast cancer

In triple-negative breast cancer (TNBC), the combination of
chemotherapy and ICIs has produced encouraging results. For
KEYNOTE-522
pembrolizumab combined with chemotherapy (carboplatin and
paclitaxel ~ followed by doxorubicin  and

instance, the trial assessed the wuse of
epirubicin  or
cyclophosphamide) vs. chemotherapy alone in early-stage TNBC
patients (Rizzo et al., 2022; Pusztai et al.,, 2024; Dent et al., 2024;
Zhao et al., 2023). The trial demonstrated significant improvements
in both event-free survival (EFS) and pathological complete
response (pCR) for the combination treatment. Specifically,
patients receiving the combination therapy achieved an 18-month
event-free survival (EFS) rate of 91%, significantly higher than the
85% observed in those treated with chemotherapy alone.
Additionally, the combination group achieved a pCR rate of 65%,
which was higher than the 51% observed with chemotherapy alone.
These results suggest that incorporating ICIs into chemotherapy
could enhance outcomes for patients with TNBC, potentially
This
combination approach may offer a promising strategy for

lowering recurrence rates and boosting survival.
patients with this aggressive breast cancer subtype. A summary

of key clinical trials is presented in Table 1.

2.4 Non-small cell lung cancer

In non-small cell lung cancer (NSCLC), combining chemotherapy
with ICIs has led to significant improvements in patient outcomes. The
KEYNOTE-189 trial evaluated pembrolizumab in combination with
chemotherapy (a platinum-based agent and pemetrexed) versus
chemotherapy alone in patients with metastatic nonsquamous
NSCLC (Gandhi et al, 2018 Wu et al, 2022; Yang et al, 2022;
Huang et al, 2024). The findings were compelling, showing a
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marked improvement in progression-free survival (PFS) among
patients receiving the combination therapy. In the combination
group, the median PFS in the combination group was 8.8 months,
significantly longer than the 4.9 months observed in the chemotherapy-
alone group. This data highlights a significant delay in disease
progression and offering patients more time with stable disease and
improved quality of life. Additionally, the overall survival (OS) benefit
was impressive, with 12-month OS rates of 69.2% in the combination
group vs. 49.4% in the chemotherapy-alone group. These results
indicate not only delayed disease progression but also a clinically
meaningful extension in overall survival.

The IMpowerl130 trial further confirmed the efficacy of this
combination in NSCLC. This trial compared atezolizumab
combined with chemotherapy (nab-paclitaxel and carboplatin) to
chemotherapy alone for the treatment of advanced nonsquamous
NSCLC (Zhang et al., 2023; Felip et al., 2021; Horn et al., 2018; Park
et al., 2023). The oresults confirmed that the combination therapy
significantly enhanced OS and PFS. The 18-month OS rate was 64%
in the combination set vs. 52% in the chemotherapy-alone set, while
the median PES was 7 months in the combination set, vs. 5.5 months
in the chemotherapy-only set, while.

2.5 Other tumor types

The combination of ICIs and chemotherapy has also been
investigated in several other malignancies, including head and
neck, gastric, and esophageal cancers. In head and neck cancer,
the KEYNOTE-048 trial assessed the effect of pembrolizumab
combined with chemotherapy (cisplatin or carboplatin plus
fluorouracil) in comparison to chemotherapy alone or with
cetuximab in patients with recurrent or metastatic head and neck
squamous cell carcinoma (Burtness et al., 2022; Harrington et al.,
2022; Burtness et al., 2019). The study demonstrated that the
addition of pembrolizumab to chemotherapy significantly
improved OS in patients with PD-L1-positive tumors compared
to chemotherapy alone.

Similarly, the KEYNOTE-590 trial evaluated pembrolizumab
combined with chemotherapy (fluorouracil and cisplatin) versus
chemotherapy alone in patients with gastroesophageal junction or
esophageal cancer (Kojima et al., 2022; Sun et al., 2021b; Kato et al.,
2019). This combination treatment significantly enhanced both PES
and OS compared to chemotherapy alone.

2.6 Real-world applications

For certain malignancies, such as NSCLC, the combination of
pembrolizumab and chemotherapy has been established as a
standard first-line treatment. This regimen has demonstrated
superior PES and OS compared to chemotherapy alone (Gandhi
et al, 2018). Similarly, in melanoma, the combination of
chemotherapy with ICIs such as ipilimumab and nivolumab may
also be incorporated into treatment regimen (Larkin et al., 2015).
For patients with advanced-stage cancers, particularly those with
limited treatment options and poor prognoses after prior therapies,
combining chemotherapy with ICIs may improve quality of life and
delay disease progression. For instance, in TNBC and bladder
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cancer, the addition of pembrolizumab or atezolizumab to
chemotherapy has shown promising benefits for patients (Emens
et al.,, 2021).

In clinical practice, there is an increasing emphasis on
personalized medicine approach. Physicians increasingly tailor
treatment strategies according to tumor-specific characteristics,
including biomarker expression profiles. Tumors with high PD-
L1 expression may respond better to the combination therapy, while
those with lower expression may require alternative strategies.
Genomic profiling plays a crucial role in identifying mutations or
alterations that may be more responsive to this combined treatment,
thereby allowing for a more individualized and potentially more
effective therapeutic approach (Xu et al., 2024; Malone et al., 2020).

2.7 Selected failed or negative trials

Although numerous clinical trials have demonstrated the
efficacy of chemotherapy combined with ICIs, several studies
have reported limited or negligible benefits. For instance, the
KEYNOTE-361 trial evaluated pembrolizumab in combination
with chemotherapy versus chemotherapy alone in advanced
urothelial carcinoma. Despite showing a trend toward improved
PES, it failed to meet the primary endpoints for OS or PES
statistically (Powles et al., 2021). Potential reasons for this failure
include a heterogeneous patient population with variable PD-L1
expression, suboptimal selection of chemotherapy agents for
immune synergy, and insufficient biomarker-based stratification.

Another example is the IMvigor211l study in metastatic
urothelial cancer, where atezolizumab failed to demonstrate OS
superiority compared to chemotherapy in patients with high PD-
L1 expression (Powles et al, 2018). Although early-phase trials
yielded promising results, phase III studies failed to replicate
these benefits, underscoring the variability of immune responses
and the critical need for improved patient selection strategies. These
failed trials highlight the importance of biomarker-guided patient
selection, appropriate chemotherapy pairing, and understanding of
tumor immunobiology to enhance future trial success. It is worth
noting that the chemotherapeutic agents used in these successful
combinations are recognized for their ability to robustly induce ICD,
significantly contributing to the observed clinical benefits.

3 Analysis of clinical trial
success factors

A comparative analysis of clinical trials highlights notable
similarities and differences in treatment outcomes but alsoreveals
several critical factors underlying the varying degrees of success
observed when combining chemotherapy with immune checkpoint
inhibitors (ICIs).

3.1 Commonalities and individualities across
tumor types
Clinical trials spanning diverse cancer types (e.g., NSCLC,

melanoma, bladder cancer, TNBC) consistently demonstrate that
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high PD-L1 expression is positively associated with superior
clinical outcomes, as evidenced by studies such as KEYNOTE-189
and IMvigor130. Nevertheless, tumor-intrinsic characteristics
significantly influence the therapeutic benefit. Melanoma
and NSCLC typically exhibit more robust responses to
chemotherapy-ICI combinations, This heightened responsiveness
is likely attributable to their
mutational burdens (TMB) and intrinsic immunogenicity,

relatively higher tumor

which enhance the potential for immune recognition and
attack. In bladder
variable responses to such combinations. This variability

sharp contrast, cancer demonstrates
indicates that the complexity and heterogeneity of the
tumor microenvironment may profoundly impact the tumor’s
responsiveness to chemotherapy-ICI regimens, as illustrated
by the findings of KEYNOTE-361 (Reck et al., 2016; Galsky

et al., 2024).

3.2 Why some treatments worked and
others did not

Successful clinical trials, including KEYNOTE-189 (NSCLC)
and KEYNOTE-522 (TNBC) typically employed regimens
integrating chemotherapy agents with proven immunogenic
potential (e.g., platinum compounds, taxanes). These regimens
were highly effective in enhancing antigen presentation,
(e.g.,
MDSCs), and robustly inducing ICD, thereby potentiating
the effect of ICIs. Conversely, trials with limited
success or failures—such as KEYNOTE-361 in bladder
cancer—commonly exhibited inadequate patient stratification,

depleting immunosuppressive  populations Tregs,

suboptimal chemotherapy drug selection, or less favorable
These
stratification, suboptimal selection of chemotherapy drugs, and

immune modulation. included insufficient patient
ineffective immune modulation. Such deficiencies impeded the
creation of an optimal immune microenvironment, which is
essential for the successful activity of ICIs (Gandhi et al,

2018; Felip et al.,, 2021; Pusztai et al., 2024).

3.3 Factors influencing superior outcomes

The selection of chemotherapy selection plays a pivotal role in
determining treatment efficacy. Platinum-based chemotherapy
(KEYNOTE-189, IMpowerl30)

clinical ~ outcomes  due to

regimens consistently yield
improved their ~ potent
immunomodulatory effects, including robust ICD induction and
enhanced CTL infiltration into tumors. Timing and dosing are
equally critical: administering chemotherapy concurrently with or
shortly before ICIs maximizes immune priming and antigen release,
fosteringa favorable immune environment that significantly
enhances therapeutic efficacy. A key determinant of success in
ability  of
chemotherapeutic agents to induce ICD. Agents such as

chemotherapy-ICI ~ combinations  is  the

anthracyclines, oxaliplatin, and cyclophosphamide are well
documented to elicit strong ICD responses (Zitvogel et al., 2010).
The combination of pembrolizumab and certain chemotherapy

drugs (KEYNOTE-361) in bladder cancer illustrates such a
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Mechanistic illustration of chemotherapy in conjunction with ICls

for tumor treatment. Chemotherapy induces ICD, leading to the
release of tumor-associated antigens and DAMPs, such as ATP,
calreticulin, and HMGBL. These signals activate dendritic cells

(DCs), which process and present tumor antigens to CD8" T cells.
Chemotherapy also modulates the tumor microenvironment by
reducing immunosuppressive populations such as Tregs and MDSCs.
Meanwhile, immune checkpoint inhibitors (e.g., anti-PD-1, anti-PD-
L1) block inhibitory signals between tumor cells and T cells, restoring
T cell cytotoxic function. The combination of chemotherapy and ICls
enhances T cell activation, tumor infiltration, and tumor cell killing,
providing a synergistic anti-tumor immune response.

scenario, indicating that not all chemotherapy agents synergize
equally well with ICIs (Galluzzi et al., 2015; Pfirschke et al., 2016).

4 Mechanisms of action

The synergistic effect of chemotherapy and ICIs relies on a
multifaceted mechanism network that collectively boost the
antitumor immune response. As a cornerstone of cancer
treatment, chemotherapy influences the immune system through
various pathways. A pivotal mechanism is the induction of
immunogenic cell death: chemotherapy-induced damage to
cancer cells leads to the release of tumor antigens and DAMPs
(Galluzzi et al,, 2017; Kroemer et al., 2022). Tumor antigens are
captured and processed by antigen-presenting cells (APCs), while
DAMPs act as “danger signals” that alert the immune system. This
dual activation primes APCs to mature and migrate to lymph nodes,
where they initiate a cascade of immune responses—including the
activation of CTLs—to recognize and eliminate tumor cells.
Moreover, chemotherapy can modify the TME, which is
inherentlyimmunosuppressive, filled with factors that dampen
immune cell activity. A core fundamental mechanism driving the
efficacy of chemotherapy in this combination is its ability to induce
ICD, characterized by the release of DAMPs—including calreticulin,
ATP, and HMGBI.

Calreticulin  promotes dendritic cell
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ATP
chemoattractant and immunomodulator for dendritic cells, and

phagocytosis of dying cancer cells, serves as a
HMGBI enhances antigen presentation and T-cell priming (Szulc
and Wozniak, 2024; Li et al., 2024; Zhou et al., 2019; Kepp et al.,
2014). By reducing immunosuppressive elements and releasing
these immunostimulatory signals, chemotherapy transforms the
TME into a more “inflammatory” state, thereby enhancing the
of ICIs

immune response.

responsiveness and enabling a robust antitumor

ICIs are pivotal in amplifying the antitumor immune response.
T cells express inhibitory receptorslike PD-1 on their surface, while
in the TME
overexpress ligands such as PD-L1 (Wei et al, 2018; Kuzume
et al., 2020). When PD-L1 on tumor cells interacts with PD-1 on

T cells, it transmitsan inhibitory signal that suppresses T cell activity,

tumor cells (tumor microenvironment) often

suppressing effective tumor attack. ICIs, such as anti-PD-L1 or anti-
PD-1 antibodies, block this interaction, essentially releasing the
inhibitory “brakes” on T cells, enabling them to restore their
antitumor activity.

When used in combination, ICIs and chemotherapy work
synergistically (Hodi et al, 2010; Peggs and Quezada, 2010).
Chemotherapy initiates a cascade by inducing ICD and alters the
TME, thereby creating favorable conditions for immune activation.
The activation of APCs and the release of tumor antigens prime
naive T cells and recruit them to the tumor site. Concurrently, ICIs
prevent these T cells from being inhibited by the immune evasion
strategies employed by tumors, allowing them to mount a stronger
attack against tumor cells. This integrated approach offers a
promising strategy to overcome the limitations of each treatment
on its own and enhance the overall effectiveness of cancer therapy
(Brahmer et al., 2015; Horn et al., 2017). As illustrated in Figure 1,
the synergistic mechanism of chemotherapy-induced ICD in
combination with ICIs. By promoting the exposure and release
of damage-associated molecular patterns (DAMPs)—such as
ATP, and HMGBl—chemotherapy
dendritic cell (DC) activation and T cell priming. This process

calreticulin, enhances
creates a highly immunogenic TME that, when paired with ICIs,
amplifies the anti-tumor immune response through sustained T cell-
mediated tumor elimination.

5 Conclusion

In conclusion, the combination of chemotherapy and ICIs
represents a highly promising strategy in tumor treatment.
Mechanistically, chemotherapy induces immunogenic cell death
and reprograms the tumor microenvironment, while ICIs block
inhibitory signals on T cells, working synergistically to enhance the
antitumor immune response. Clinical trials across diverse tumor
types, including NSCLC, melanoma, bladder cancer, and TNBC,
have demonstrated improved patient outcomes such as enhanced
progression - free survival and overall survival. In clinical practice,
this combination is increasingly utilized as a first-line or advanced
treatment option, with a growing emphasis on personalized
medicine. However, several challenges warrant attention,
including toxicity management, cost considerations, and the
identification of predictive biomarkers to guide patient selection.

Future research should prioritize optimizing treatment protocols to
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further enhance the efficacy and safety of this combination,
ultimately providing better treatment options for cancer patients.
The analysis of unsuccessful trials underscore the necessity for
meticulous trial design, including patient selection based on
predictive biomarkers, appropriate chemotherapy regimens that

promote ICD, and strategic treatment sequencing. These

elements are indispensable for optimizing the therapeutic

potential of chemotherapy and ICI combinations.
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The combination of DNA-damaging agents (DDAs) and DNA damage response
inhibitors (DDRis) has been extensively studied to improve therapeutic outcomes.
While both groups of agents show promise individually, DDAs are limited by
tumor resistance, and DDRIs are limited by specific genetic context. Combining
DDAs with DDRis may overcome these challenges and enhance patient
outcomes. This review systematically analyzes clinical trials investigating the
combination of DDAs and DDRis by dividing them into two sections: PARP and
non-PARP inhibitors. An evaluation was conducted on 221 DDA-DDRI
combination-arm trials involving 22 DDAs and 46 DDRis. DDAs were classified
into eight subclasses, and DDRIis into 14 distinct subclasses based on their
mechanisms of action and specific targets, respectively. 89 of the 221
combination-arm trials had interpretable outcomes and were selected for
further analysis. These were assigned outcome scores based on predefined
criteria, reflecting their clinical effectiveness, safety, and benefit across different
tumor types and patient populations. Our analysis emphasizes the patterns in
treatment effectiveness, safety, and emerging trends across various cancer types
and discusses the potential of biomarkers to guide treatment selection and
improve patient outcomes. This review outlines an understanding of the recent
state of DDA-DDRi combinations, offering critical insights for refining future
cancer treatment strategies.

KEYWORDS

DNA-damaging agents, DNA damage response inhibitors, PARP inhibitors, combination
therapy, clinical trials, DNA repair pathways, cancer treatment, biomarkers
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1 Introduction

DNA-damaging agents (DDAs), including chemotherapy and
radiotherapy, have long been central to cancer treatment. They rely
on their ability to induce irreparable genetic damage in rapidly
dividing tumor cells (1). However, the efficacy of DDAs is
frequently hampered by the activation of DNA damage response
(DDR) mechanisms in cancer cells, which enable DNA repair and
promote cell survival (2). This has spurred the development of DDR
inhibitors (DDRis) designed to target these repair mechanisms,
thereby enhancing the cytotoxic effects of DDAs (2, 4).

The DDR network is a complex, interconnected system with
redundant pathways that provide compensatory and alternative
repair mechanisms (5, 6). This redundancy presents therapeutic
opportunities, exemplified by poly (ADP-ribose) polymerase
inhibitors (PARPis), which exploit synthetic lethality to selectively
kill cancer cells with defective DNA repair, as in cancers with BRCA
mutations (3). PARPi approvals for treating ovarian, breast, and
prostate cancers marked a significant advancement in personalized
cancer therapy (7-11). However, the clinical utility of PARPis is
confined mainly to specific genetic contexts, highlighting the need
for broader treatment strategies (3). This need has driven the
development of next-generation DDRis targeting diverse
components of the DDR network.

Inhibitors of ATM, ATR, WEEI, and DNA-PK, for instance,
disrupt distinct aspects of the DDR pathway, including cell cycle
checkpoint regulation, DNA damage signaling, and repair processes
(5, 12, 13). These agents offer potential therapeutic benefits across a
broader range of tumor types, independent of specific genetic
alterations like homologous recombination (HR) deficiencies,
offering a more inclusive approach to overcoming resistance to
DNA-damaging therapies (12). However, as monotherapies, DDRis
often demonstrate limited efficacy due to rapid adaptation and
developing resistance mechanisms in cancer cells (14).

The combination of DDRis and DDAs offers a compelling
strategy to overcome these limitations. By simultaneously
inducing DNA damage and inhibiting its repair, this approach
can circumvent resistance mechanisms observed with monotherapy
and expand the therapeutic potential beyond traditional DDA
applications (2, 15). Numerous clinical trials are investigating
these combination strategies across various cancer types and
treatment regimens. The success of these combinations is
influenced by factors such as tumor type, genetic profile, and the
specific agents used. A critical challenge lies in identifying predictive
biomarkers that can stratify patients based on their likelihood of
response, enabling personalized treatment strategies and
minimizing unnecessary toxicity (13, 16).

This review systematically analyzes the results of 221 DDAs-
DDRis combination-arm clinical trials, encompassing 22 DDAs and
46 DDRis, without employing statistical methods. DDAs were
grouped into eight subclasses according to their mechanisms of
action, while DDRis were classified into 14 subclasses based on their
specific targets. From the 221 initial combination-arm trials, 89 with
interpretable outcomes were selected for in-depth analysis. These 89
trials were scored based on predefined criteria evaluating clinical
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effectiveness, safety, and benefit across diverse tumor types and
patient populations, incorporating biomarker data where available.
Given the prominent role of PARPis, the review is divided into
PARP-focused and non-PARP-focused sections. By analyzing
successful and challenging regimens, this work aims to provide a
comprehensive overview of the field and inform future research on
refining these combined therapies.

2 Methods

The identification of relevant clinical trials and assembly of trial
details and outcomes relied on accessing and organizing
information from clinicaltrials.gov in conjunction with internally
developed python scripts as well as steps of manual review and
annotations to ensure details of each trial, drug, and results are
reliable and accurate. Figure 1 includes an overview of the workflow,
and detailed descriptions of workflow sections follow.

2.1 Clinical trial data acquisition and
processing

A queryable database of clinical trial information was needed to
identify applicable trials and the relevant information associated
with each trial. Pytrials (https://pytrials.readthedocs.io/en/latest/)
provides a python query tool using the Clinicaltrials.gov API
(https://clinicaltrials.gov/data-api/api); however, the API does not
include relevant sections such as the trial’s detailed description,
patient inclusion criteria, PMID references discussing trial results,
and many more fields available on the clinicaltrials.gov page for
each trial. Furthermore, the interventions returned by the API
require further processing to properly extract and separate
drug names.

In addition to the API clinicaltrials.gov allows users to
download a JSON file including all fields for all trials. Data can be
downloaded from this link: https://clinicaltrials.gov/search by
clicking on the download button and selecting JSON with all
available fields.

The nested trials inside the downloaded JSON are text rather
than standardized dictionaries and do not all have the same fields or
formats. A custom python script with additional processing was
created to transform the JSON file into a standardized data table
containing all fields available for each trial.

While the clincaltrials.gov page and JSON for each trial include
a list of treatments in the “interventions” section, in many cases, it is
not a complete list of drugs in the trial or synonyms the drug name
is referenced to throughout the trial documents. Scripts using
natural language processing and regular expressions tools were
created to extract all drug names from the Interventions, ARM-
Groups, and ARM-Interventions fields and compiled into a
complete list for each trial in the newly created database.

The clinicaltrials.gov pages and downloads do not specifically
include a field or label indicating whether the trial is a drug
combination trial, so a rules-based script was created to flag
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which trials are drug combination trials. If a trial includes more
than one drug, it is not necessarily a drug combination trial as the
drugs may be administered as monotherapies for comparison in
different arms of the trial. A rules-based script using natural
language processing and regular expressions was created to flag
trials with the words “combination” or “combined” used in either
the trials title or brief summary and more than one unique drug in
the trial drugs list created as described above. These flagged trials
were included in a drug combinations specific view of the database
for downstream querying and analysis. In total 490,490 clinical
trials were processed, and 31,576 trials were identified as drug
combination trials.

2.2 DNA damage repair inhibitor and DNA
damaging agent identification

Identification of drugs that inhibit DDR pathways was
accomplished by two methods, assay research and reviews of
public conference presentations. A list of 120 proteins involved in
the HR, NHE]J, alt-NHE]J, NER, MMR, BER, ICL, and TLS DNA
damage repair pathways was compiled from literature (5, 17-31) to
query the ChemBL database (https://www.ebi.ac.uk/chembl/). The
query searched for inhibition assays for each protein in the
compiled list and joined the drug names and drug name
synonyms for each study with a significant percentage inhibition
of the applicable protein and its associated repair pathway to retain
the subclass of DNA damage repair inhibitors.

The list of 46 DDRIis identified was used to query the drug
combination clinical trials database view, resulting in 1,549 trials for
initial review. A list of all unique drug names included in these trials
resulted in 731 drugs that were manually annotated as DDA vs.
other classes of drugs. Twenty-two DDAs across eight different
DNA-damaging subclasses were identified as having at least one
trial in combination with a DDRi. After filtering initially identified
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trials to the applicable drug class combinations, 221 trials with a
DDRi and DDA in combination were identified for full review, with
89 of the trials being complete with at least one public source of the
trial outcomes.

During the trial review phase, additional trials were removed as
not relevant to this study if the DDA is only in a comparator arm
while the DDRi drug was in a separate experimental arm rather
than a test in combination.

In trials with multiple arms containing a DDRi + DDA
combination, each arm was evaluated separately during reviews.
This format allows for the analysis of counts based on specific drug
combinations rather than a trial study ID.

2.3 Assigning numerical scores based on
trial outcomes

Each applicable trial with results was manually reviewed to
summarize outcomes from both outcome measures reported on
clinicaltrials.gov tables as well as publicly available research papers
summarizing results. For the purposes of visualization figures to
graphically summarize which combinations of drug classes and
specific drugs have demonstrated positive outcomes vs. negative or
inconclusive outcomes, a numerical score was assigned to each trial.
This numerical score is utilized to color code figures for a high-level
representation of outcomes covering multiple trials as introduction
prior to presenting details on specific individual trials or
drug classes.

Initially three categories of numerical scores assigned are based
on the following criteria during the manual annotation of

outcomes process:

2.3.1 Toxicity score
Trials that were discontinued due to significant adverse events
or toxicities that prevented trial completion were graded as a
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negative outcome and assigned a numerical score of 1 representing
the occurrence of discontinuation due to toxicity. Trials that were
able to complete the study without trial limiting adverse events were
graded as positive and assigned a score of 0, representing the lack of
discontinuation. Although trials that received a score of 0 reported
adverse events of varying severity, the current scoring system does
not differentiate between the levels of severity of these adverse
events, and no additional scoring was implemented to address this.

2.3.2 Overall efficacy score

In trials where outcomes were measured as defined endpoints,
the most used efficacy endpoints included partial response (PR),
complete response (CR), objective response rate (ORR), disease
control rate (DCR), median progression-free survival (mPFES), and
overall survival (mOS), disease (SD), duration of response (DoR).
Combination-trial arms achieving predefined efficacy endpoints
were graded as positive outcome and assigned a numerical score
of 1 (positive efficacy); those failing to meet endpoints were graded
as negative and assigned a numerical score of 0 (lack of required
efficacy). For trials lacking pre-defined endpoints but reporting
efficacy outcomes, results were compared to standard-of-care
expectations for the relevant indications and scored in the same
manner as trials with defined endpoints. No reported outcomes:
Completed combination-arm trial lacking any reported efficacy
outcomes (e.g., some maximum tolerated dose [MTD] studies,
which often focus on dose-limiting toxicity [DLT] and
determining the recommended phase 2 dose [RP2D] rather than
direct efficacy) were classified as having no available outcome data.

2.3.3 Biomarker response score

In addition to the overall efficacy score, which is based on all
trial participants, combination trial arms that reported differential
efficacy outcomes for a subpopulation with specific biomarkers were
also graded. Combination trial arms with a biomarker-defined
patient subpopulation achieving the trials’ predefined efficacy
endpoints or meeting standard-of-care expectations were graded
as positive and assigned a score of 1. Combination trial arms where
the biomarker-defined patient subpopulation did not exceed
response rate of the overall trial participant group, or did not
have outcomes reported for a biomarker patient subpopulation
were graded as neutral and assigned a numerical score of 0.

2.3.4 Outcome score

For use in summary visualizations and figures, these three
individual categorical scores were then combined into an overall
Outcome Score calculated as:

Outcome Score = Overall Efficacy Score

Biomarker response Score
2

Outcome Score values can be interpreted as:

Score 0: The combination-arm trial had a negative outcome
where either the trial was discontinued due to adverse
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events or toxicities, or when the outcome was negative
due to a lack of efficacy.

Score 0.5: The combination-arm trial was not discontinued
due to adverse events or toxicities. While efficacy was
not demonstrated for the overall participant group,
there was a biomarker defined subpopulation that
demonstrated efficacy.

Score 1.0: The combination-arm trial was not discontinued
due to adverse events or toxicities and demonstrated
efficacy for the studied participant group, but there were
no outcomes reported for biomarker defined subgroups or
the defined biomarker subgroup did not demonstrate
efficacy above the other patients in the trial-arm.

Score 1.5: The combination-arm trial was not discontinued
due to adverse events or toxicities and demonstrated
efficacy for both the studied participant group, as well as
an additional improvement in efficacy for a biomarker
defined subgroup of participants.

3 Results

3.1 Clinical trial status of DDRis and DDAs:
trends, development stages, and trial
distribution

To assess the clinical landscape of DDAs-DDRis combinations,
we analyzed clinical trials involving 22 unique DDAs in
combination with 46 distinct DDRis. As a first step 22 DDAs
were classified based on their mechanism of DNA damage into
eight distinct DNA-damaging subclasses: alkylating agents,
interstrand cross-linkers (ICLs), topoisomerase inhibitors, DNA
intercalators, (dual-action agents) DNA intercalation &
topoisomerase inhibition, ribonucleotide reductase inhibitors, G-
quadruplex stabilizers, and multiple agents (Table 1A). Multiple
agents denote a combination of multiple distinct therapeutic
regimens, with at least one of these regimens including a DDA,
with the possible addition of other agents like paclitaxel or
pemetrexed. 46 DDRis were categorized into 14 subclasses based
on their specific targets: ATR, AURK, CHK1/2, DNA-PK, PARP,
PKMYTI, PLK, PLK+WEE1l (dual-targeting agents), PRMTS5,
RADS52, TP53, USP1, WEEL, and WRN (Table 1B).

Next, we analyzed clinical trials investigating combinations of
these 22 DDAs and 46 DDRis. Each unique DDA-DDRi pairing
within a trial was treated as an individual combination-arm trial. This
means that if a single trial evaluated multiple treatment arms with
different combinations of the DDA-DDRi, each arm was counted
separately. The process yielded 221 combination-arm trials for
analysis, listed in Supplementary Tables S1, S2 (32-95), and S3.

Clinical trial data, seen in Figure 2, reveals a distinct trend in
investigating DDAs-DDRis combinations by plotting the number of
tested combinations across all trial phases and recruitment statuses
wherein PARPis have been more extensively studied in combination
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TABLE 1A List of DDAs and their Subclasses.

TABLE 1B Continued

Damaging Drug Name Damaging class Drug Name DDRi Subclass DNA damage response
] ) affected by
cyclophosphamide alkylating agent DDRi Subclass
dacarbazine alkylating agent prexasertib CHK1/2 DNA damage checkpoint
lurbinectedin alkylating agent rabusertib CHK1/2 DNA damage checkpoint
temozolomide alkylating agent sra737 CHK1/2 DNA damage checkpoint
trabectedin alkylating agent 22d7648 DNA-PK DSBR
mitomycin ¢ alkylating agent peposertib DNA-PK DSBR
doxorubicin DNA intercalation samotolisib DNA-PK DSBR
daunorubicin DNA intercalation & Vx-984 DNA-PK DSBR
topoisomerase inhibitor
azd5305 PARP SSBR
epirubicin DNA intercalation &
topoisomerase inhibitor cep-9722 PARP SSBR
idarubicin DNA intercalation & e7016 PARP SSBR
topoisomerase inhibitor
€7449 PARP SSBR
mitoxantrone DNA intercalation &
topoisomerase inhibitor fluzoparib PARP SSBR
cytarabine DNA intercalation, topoisomerase inhibitor nesuparib PARP SSBR
pidnarulex G-quadruplex stabilizer niraparib PARP SSBR
carboplatin Interstrand cross linker nms-03305293 PARP SSBR
cisplatin Interstrand cross linker olaparib PARP SSBR
oxaliplatin Interstrand cross linker pamiparib PARP SSBR
gemcitabine Ribonucleotide reductase inhibitor rucaparib PARP SSBR
hydroxyurea Ribonucleotide reductase inhibitor senaparib PARP SSBR
ep0057 topoisomerase inhibitor talazoparib PARP SSBR
etoposide topoisomerase inhibitor veliparib PARP SSBR
irinotecan topoisomerase inhibitor venadaparib PARP SSBR
topotecan topoisomerase inhibitor p-6306 PKMYT1 DNA damage checkpoint
bal0891 PLK DNA damage checkpoint
onvansertib PLK DNA damage checkpoint
TABLE 1B List of DDRi Drugs, Their Subclasses, and affected DNA
Damage Response Pathways. rigosertib sodium | PLK DNA damage checkpoint
. adavosertib PLK+WEE1 DNA damage checkpoint
Drug Name DDRi Subclass DNA damage response 8 P
affected by volasertib PLK+WEEL DNA damage checkpoint
DDRIi Subclass
amg 193 PRMT5 DNA damage checkpoint
berzosertib ATR DNA damage checkpoint
gossypol RAD52 DSBR
elimusertib ATR DNA damage checkpoint
idasanutlin TP53 DNA damage checkpoint
gartisertib ATR DNA damage checkpoint
navtemadlin TP53 DNA damage checkpoint
50245 ATR DNA damage checkpoint
siremadlin TP53 DNA damage checkpoint
tuvusertib ATR DNA damage checkpoint
107623066 USP1 TLS and FA
alisertib AURK DNA damage checkpoint
azenosertib WEEL1 DNA damage checkpoint
chiauranib AURK DNA damage checkpoint
debio 0123 WEE1 DNA damage checkpoint
ilorasertib AURK DNA damage checkpoint
hro761 WRN DSBR and SSBR
azd7762 CHK1/2 DNA damage checkpoint . . . .
SSBR, Single-Strand Break Repair, DSBR, Double-Strand Break Repair, TLS, Translesion
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FIGURE 2

The number of combinations tested in trials for each class of DDRi (y-axis) versus DDA (x-axis). Unique drug combinations with multiple trials/phases
are counted in the totals. Each drug combination is counted separately under the appropriate drug class totals for trials with multiple arms

of interest.

with DDAs. Specifically, 127 combination arms have explored PARPi-
DDA combinations, representing 57% of DDAs-DDRis combinations.
At the same time, 94 trials have focused on non-PARP inhibitors (non-
PARPis) and DDAs combinations, representing 43% of DDAs-DDRis
combinations. Among DNA-damaging mechanisms investigated in
DDRis combination-arm trials, multiple-agent regimens appeared the
most frequently in 88 combination-arm trials. Among single-DDAs
combinations with DDRis, alkylating agents were the most commonly
investigated (42 combination-arm trials), followed by ICLs (40
combination-arm trials) and topoisomerase inhibitors (32
combination-arm trials). ICL agents, such as carboplatin, cisplatin,
and oxaliplatin, are the most frequently utilized DDAs in multi-agent
combination studies. The carboplatin and paclitaxel regimen (n=23) is
the most commonly used DDAs-DDRis combination in multiple-
agent combination arm trials, followed by the cisplatin and gemcitabine
regimen (n=7), as shown in Figure 3.

A detailed discussion about multiple agent combination-arm trials
is beyond the scope of this article; however, essential information is
provided in tables and relevant sections where applicable. Our analysis
of the distribution of combination agents by clinical development stage
within the PARPi and non-PARPi spaces revealed distinct trends as
shown in Figure 4. A greater diversity of combination trials was
observed in the PARPi space (Figure 4A). Specifically, among single
DDA classes combined with PARPis, alkylating agents were the most
frequently investigated in 38 combination-arm trials, followed by ICLs
and topoisomerase inhibitors each in 17 combination-arm trials.
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Conversely, in the non-PARPi space (Figure 3B), ICLs (23
combination-arm trials) and topoisomerase inhibitors (15
combination-arm trials) were more extensively evaluated than
alkylating agents (4 combination-arm trials). Alkylating agent
combination arms represent 30% of PARPis combination-arm trials
compared to 4% of non-PARPi combination arms. In contrast, ICLs
were more frequently used in non-PARPi combination-arm trials
(24%) than in PARPi combination-arm trials (13%). This indicates a
distinct difference in combination strategies, where PARPi primarily
combines with alkylating agents, whereas non-PARPi favors a
combination with ICL agents.

221 DDAs-DDRis combination-arm clinical trials were distributed
as follows: Phase 1 (117), phase 1/2 (49), phase 2 (52), with one in
phase 2/3 and two in phase 3. PARPi combination-arm clinical trials
were distributed as follows: Phase 1 (62), phase 1/2 (27), phase 2 (35),
one in phase 2/3, and two in phase 3. Non-PARPi combination-arm
clinical trials were predominantly distributed in Phase 1 (55), followed
by phase 1/2 (22) and phase 2 (17), as shown in Figures 5A-D.

3.2 Clinical outcome scoring of selected
DDAs-DDRis combination trials in PARPi
and non-PARPi spaces

To assess the clinical outcomes of DDAs-DDRis combinations,
89 of the 221 identified combination-arm trials with interpretable
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outcomes were scored using a pre-defined scale (0, 0.5, 1, and 1.5;
described in Methods) and listed in Supplementary Table S1. Zero
scores indicate no efficacy or toxicity (failure); 0.5 indicates a
positive response in a biomarker-selected population only; 1
indicates positive overall efficacy with no reported biomarker
response; and 1.5 indicates both positive overall efficacy and a
positive biomarker response. Table 2 presents the score distribution
across PARPi and non-PARPi spaces. A comparison of PARP and
non-PARP inhibitor trials (n=57 and n=32, respectively) reveals
distinct outcome distributions. PARP inhibitor trials showed a
higher proportion of failures (35.1% scoring 0) compared to non-
PARP inhibitor trials (28.1% scoring 0). Conversely, non-PARP
inhibitor trials exhibited a higher proportion of positive efficacy
without a reported biomarker response (40.6% scoring 1) compared
to PARP inhibitor trials (28.1% scoring 1). The proportion of trials
showing both positive efficacy and a biomarker response (score 1.5)
was relatively similar between the two classes (26.3% for PARP
inhibitors and 25.0% for non-PARP inhibitors). PARP inhibitors
also demonstrated a higher percentage of trials with positive
biomarker response only (10.5% scoring 0.5) compared to non-
PARP inhibitors (6.2%).

Frontiers in Oncology

187

3.3 PARPis combinations: clinical trial
outcomes with diverse DDAs

Of the initial 221 DDA-DDRi combination-arm trials, 127 in
PARPi combination with DDAs and 57 had interpretable outcomes
selected for further analysis and scored using pre-defined criteria (0,
0.5, 1, and 1.5, as described in methods). This analysis focused on
eight PARPis, including five FDA approved drugs: olaparib (7),
niraparib (8), rucaparib (9), talazoparib (10), and pamiparib (96)
investigated in combination with DDAs (Supplementary Table S1,
Figure 5). Supplementary Table S1 provides key highlights of these
trials, including specific regimens, trial phases, overall outcomes,
adverse effects, and the score's distribution.

Among the FDA approved PARPi inhibitors, veliparib and
olaparib are the most widely studied in combinations with
DDAs (Figure 6A).

Multiple agents, including carboplatin with paclitaxel,
demonstrated positive outcomes when tested in combination with
three PARPis-olaparib, talazoparib, and veliparib (Figure 6A).
Among the seven multiple-agent regimens combined with
veliparib (as shown in Figure 6), six (85%) showed overall
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FIGURE 4

Number of trials distributed by clinical trial phase for each subclass of DDAs in combinations with (A) PARP inhibitors or (B) non-PARP DDR
inhibitors. The x-axis represents the clinical trial phase, and the y-axis lists the number of combination-arm trials.

positive outcomes. Although the remaining regimen was not
positive in the overall cohort, it did show efficacy in a biomarker-
defined subpopulation. In trials investigating 22 PARPi-alkylating
agent combinations and shown in Figure 6B, 45.5% (10 trials)
showed no efficacy/toxicity (score 0). The remaining trials were
evenly distributed across positive outcomes: 18.2% (4 trials each)

showed promise in uterine leiomyosarcoma (uLMS) (31) and
relapsed small cell lung carcinoma (SCLC) (97), not all
combinations were successful (e.g., veliparib/cyclophosphamide in
TNBC (98), and veliparib/TMZ in hepatocellular carcinoma (99).
Dose-limiting toxicities, including myelosuppression, were also
observed (100). Biomarker-driven approaches, such as ERCCl
expression in metastatic melanoma (101) and an 8-gene signature
in sarcomas CDKN2A, PIK3R1, SLEN11, ATM, APEX2, BLM,
XRCC2, MAD2L2 that may help predict better outcomes (102,
103), offer potential for tailoring therapies.

For PARPi-ICL combinations (n=6), the outcome distribution
was: 3 trials (50%) scored 0, indicating failure/no efficacy/toxicity; 1

demonstrated a biomarker-specific response (score 0.5), overall
efficacy without biomarker information (score 1), and both
overall efficacy and a positive biomarker response (score 1.5).
This mixed outcome profile highlights the challenges and
variability in achieving both efficacy and biomarker responses.
While alkylating agents, particularly temozolomide (TMZ),
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(A) Count of Phase 1 trial arms (B) Count of Phase 1/2 trial arms (C) Count of Phase 2 (inclusive of Phase 1/2) trial arms and (D) Count of Phase 3 trial

arms with subtotals for combinations within each DDRi + DDA subclass.

TABLE 2 Distribution of scores across the PARP and non-PARP spaces.
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The table summarizes the allocation of scores (0, 0.5, 1, and 1.5) for the outcomes of selected trials based on their classification within the PARP and non-PARP categories.

trial (16.7%) scored 1, reflecting positive overall efficacy without a
reported biomarker response; and 2 trials (33.3%) scored 1.5,
indicating both positive efficacy and a positive biomarker
response (Figure 6B). Combinations of PARPi with ICL agents,
such as platinum compounds, demonstrate synergy (104, 105),
particularly in BRCA-mutated tumors, but overlapping
myelotoxicity remains a significant challenge (Figure 7).
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In contrast, PARPi-topoisomerase inhibitor combinations
(n=6) showed a different profile: 2 trials (33.3%) scored 0; 1 trial
(16.7%) scored 1; and 3 trials (50%) scored 1.5. This suggests a
trend towards positive efficacy and biomarker responses, although
failures were also observed (Figure 6B) Notably, BRCA mutation
status has emerged as a key predictor of improved outcomes with
these combinations. PARPi combinations with topoisomerase
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(A) Charts the highest combination trial-arm efficacy scores for PARPis combined with different DDA subclasses, illustrating which combinations
have shown positive outcomes in at least one study. (B) Distribution of combination-arm trial's outcome scores by DDA subclasses for PARPIs in

combinations. The x-axis represents the specific outcome score, and the

inhibitors (e.g., irinotecan, etoposide) have yielded mixed results,
showing promise in some indications like platinum-resistant
ovarian (106) and HRD-positive gastric cancers, especially with
specific genetic mutations (107); however, significant
hematological toxicities (108, 109) have also limited the
development of certain combinations.

These results indicate distinct outcome profiles for different
PARPi-DDA combinations. In contrast, PARPi-ICL combinations
in this small sample show a mix of responses; PARPi-topoisomerase
inhibitor combinations trend toward more positive efficacy and

y-axis lists the number of combination-arm trials.

biomarker responses. PARPi-alkylating agent combinations show a
more balanced distribution of positive and negative outcomes.

3.4 Non-PARPis combinations: clinical trial
outcomes with diverse DDAs

Newer non-PARP DDRIi targeting ATR, WEE1, and CHK1 also
show promise in combination with DDAs (Supplementary Table
S2, Figure 8).
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As shown in Figure 8B, non-PARPi combinations were evaluated
more extensively with ICLs (n=10) than with alkylating agents (n=1).
The one trial investigating alkylating agents combined with non-
PARPis scored 0.5 (100%), indicating a positive biomarker response
only. Among the ten ICL-NonPARPi combinations, 80% (8 trials)
showed some level of positive outcome (scores 0.5, 1, or 1.5), with 40%
(4 trials) demonstrating positive overall efficacy without biomarker
information and 30% (3 trials) demonstrating both positive efficacy and
a positive biomarker response. 20% (2 trials) showed no efficacy (score
0). For the four topoisomerase inhibitor combinations with non-
PARPis, the distribution was: 2 trials (50%) scored 0; 1 trial (25%)
scored 1; and one trial (25%) scored 1.5. These results suggest that ICL-
NonPARPi combinations demonstrate a more varied response, with a
mix of failures and positive efficacy outcomes. Topoisomerase-
NonPARPi combinations show a mixed outcome profile, with 50%
of trials showing no efficacy and 50% showing some positive outcome
(score 1 or 1.5). Clinically, berzosertib (ATR inhibitor) has shown
promise with topotecan in relapsed neuroendocrine cancers (110) and
also improving outcomes with gemcitabine in platinum-resistant
HGSOC (111) and Non-Small Cell Lung Cancer (NSCLC) with high
TMB/LOH (112). The same trial showed a negative outcome score
when used in combination with gemcitabine + cisplatin, which did not
yield an established RP2D due to toxicity concerns (113). As revealed in
Figure 8, WEELI inhibitor adavosertib consistently achieved a score of
1.5 across 3 combination -arm trials when combined with ICL-inducing
agents, demonstrating a potent synergistic interaction and suggesting a
promising synthetic lethal strategy. Adavosertib demonstrated benefit
in TP53-mutated patients with platinum agents or gemcitabine (114);
specifically achieving a 43% overall response rate in platinum-resistant
or refractory epithelial ovarian cancer when combined with carboplatin
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(115). Further details on these trials, including specific outcomes, can be
found in Supplementary Table S2. These findings highlight the
potential of non-PARP DDRis, mainly when combined with
platinum-based chemotherapy and emphasize the importance of
identifying genetic vulnerabilities like TP53 mutations.

4 Discussion

This analysis of DDRi combinations with DDAs reveals distinct
outcome profiles depending on the specific DDRi class (PARP vs.
non-PARP) and the DDA employed. While this review aimed to
provide a comprehensive overview using a defined scoring system
(0 for failure/no efficacy/toxicity to 1.5 for positive efficacy and
biomarker response, as detailed in the Results section and
summarized in Supplementary Tables S1, S2, Figures 6-8), the
dynamic nature of this field and the focus on interpretable
outcomes means that it may not be fully exhaustive of all
published studies. Future research will provide additional insights.

For PARPi combinations, the outcome distribution varied
considerably across DDA subclasses. In 22 PARPi-alkylating agent
combination trials, a substantial proportion (45.5%, 10 trials) showed
no efficacy/toxicity (score 0), highlighting a key challenge with this
combination strategy. The remaining trials exhibited a more balanced
distribution across positive outcomes, with similar proportions
demonstrating a biomarker-specific response (score 0.5), overall
efficacy without biomarker information (score 1), and combined
efficacy and biomarker response (score 1.5), each at 18.2% (4 trials).
This heterogeneity underscores the influence of tumor biology and
emphasizes the need for careful patient selection. While specific

frontiersin.org


https://doi.org/10.3389/fonc.2025.1577468
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Fontenot et al.

examples like olaparib/TMZ in uLMS (98) and SCLC (97) demonstrate
promising efficacy, other combinations and tumor types did not show
similar benefits, and dose-limiting toxicities were observed. This
highlights the importance of biomarker-driven approaches, as
exemplified by studies using ERCC1 expression (101) and 8-gene
signatures (102, 103), to personalize treatment strategies.

In contrast, the limited data for PARPi-ICL combinations (n=6)
revealed a distinct profile: (50%) showed no efficacy/toxicity (score
0), while 3 trials showed other positive outcome scores. This small
sample size prevents definitive conclusions; however, it suggests
that while synergy with platinum agents is theoretically sound
(especially in BRCA-mutated tumors), clinical outcomes are not
uniformly positive, and overlapping myelotoxicity remains a critical
challenge. PARPi-topoisomerase inhibitor combinations (n=6)
indicated a more promising trend, with a higher proportion of
trials showing both positive efficacy and biomarker responses (50%,
score 1.5), although failures were also observed (33.3%, score 0).
This suggests that this combination strategy may be particularly
promising in certain contexts, particularly in HRD-positive tumors.
Furthermore, ongoing investigation of next-generation PARPI-
selective inhibitors, e.g., NMS-03305293 (116) and AZD5305
(117), in combination with DDAs, aims to address toxicity and
improve the therapeutic index.

Optimizing the delivery and tolerability of DNA-damaging agents
can be a critical parallel strategy to enhancing their efficacy in
combination with DDR inhibitors. Liposomal doxorubicin, for
example, offers a more favorable pharmacokinetic profile and
reduced cardiotoxicity, expanding its therapeutic window and
making it a more suitable partner in regimens where cumulative
cardiac risk is a limiting factor (118, 119). These advancements in
formulation can help address the challenges of maximizing the
therapeutic index of DNA-damaging agents for successful
combination strategies with DDRis. In our analysis, all identified
trials using doxorubicin in combination with DDRi employed a
liposomal or pegylated liposomal formulation. Notably, the two
PARP inhibitor trials—NCT03161132 (120, 121) and NCT00819221
(122)—demonstrated strong performance, receiving maximum scores
of 1.5 for overall efficacy and biomarker relevance. Conventional
doxorubicin was not studied in combination with DDRis.
Nonetheless, these observations highlight the promise of novel
formulation strategies to improve tolerability and expand the
therapeutic potential of DDR-based combination therapies.

Non-PARPi combinations exhibited a different pattern. They were
more extensively evaluated with ICLs (n=10) than alkylating agents
(n=1), possibly reflecting a strategic focus on exploiting platinum-
induced DNA damage. These ICL-NonPARPi combinations
demonstrated promising activity, with the majority of trials (80%, 8
trials) showing some level of positive outcome. The distribution of
these positive outcomes—40% (4 trials) demonstrating overall efficacy
without biomarker information (score 1) and 30% (3 trials)
demonstrating both efficacy and a positive biomarker response (score
1.5)—highlights the need for further investigation to understand the
factors contributing to varied responses and to develop strategies for
patient selection. The single trial evaluating alkylating-NonPARPi
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combinations prevents any meaningful conclusions. Topoisomerase-
NonPARPi combinations (n=4) showed a mixed outcome profile, with
50% of trials showing no efficacy and 50% showing some positive
outcome (score 1 or 1.5).

Comparing PARPi and non-PARP DDRi combinations, it is
evident that different DDAs elicit distinct responses. While PARPi
combinations show a more balanced distribution of outcomes across
DDA subclasses (with the exception of the small ICL dataset), non-
PARPi combinations appear to be more focused on ICLs, with a more
varied range of responses. This highlights the importance of
considering the specific DDR pathway targeted by the inhibitor and
the type of DNA damage induced by the DDA when designing
combination strategies. As the field evolves, refining these strategies
and identifying new targets within the DDR network and combination
agents is crucial. Advancing promising DDRi-DDA combinations will
require further validation through large-scale clinical trials in well-
defined patient populations, supported by the development of robust
predictive biomarkers. Optimizing treatment sequencing and dosing
will also be key to maximizing clinical benefits (2). Preclinical studies
should continue elucidating synergistic mechanisms in diverse cancer
models and investigating resistance mechanisms. Future research
should focus on the rational selection of DDRi-DDA combinations
based on tumor-specific DDR defects and explore multi-DDR targeting
strategies to achieve deeper and more durable responses (123, 124). A
data-driven approach with a higher level of automation could be highly
beneficial for scientists and clinicians in determining and designing
optimal combination trials.
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Introduction: Drug combination therapy represents a promising strategy for
addressing complex diseases, offering the potential for improved efficacy while
mitigating safety concerns. However, conventional wet-lab experimentation for
identifying optimal drug combinations is resource-intensive due to the vast
combinatorial search space. To address this challenge, computational methods
leveraging machine learning and deep learning have emerged to effectively
navigate this space.

Methods: In this study, we introduce a Calibrated Deep Feature Aggregation
(CDFA) framework for screening synergistic drug combinations. Concretely,
CDFA utilizes a novel cell line representation based on the protein information
and gene expression capturing complementary biological determinants of drug
response. Besides, a novel feature aggregation network is proposed based on the
Transformer to model the intricate interactions between drug pairs and cell lines
through multi-head attention mechanisms, enabling discovery of non-linear
synergy patterns. Furthermore, a method is introduced to quantify and calibrate
the uncertainties associated with CDFA's predictions, enhancing the reliability of
the identified synergistic drug combinations.

Results: Experiments results have demonstrated that CDFA outperforms existing
state-of-the-art deep learning models.

Discussion: The superior performance of CDFA stems from its biologically
informed cell line representation, its ability to capture complex non-linear
drug-cell interactions via attention mechanisms, and its enhanced reliability
through uncertainty calibration. This framework provides a robust
computational tool for efficient and reliable drug combination screening.

KEYWORDS

drug combination, deep learning, feature fusion, transformer, synergistic drug
1 Introduction

Drug combination therapy has emerged as a mainstay in the clinical treatment of
various cancers (Meng et al., 2023), including lung cancer (Nair et al., 2023; Cui et al., 2024),
ovarian cancer (Kong et al., 2023), and pancreatic cancer (Jaaks et al., 2022). Compared with
monotherapy, combination therapies often demonstrate enhanced efficacy, reduced drug
resistance, and decreased toxicity. However, it is crucial to recognize that not all drug
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combinations yield synergistic effects; in fact, some combinations
may even exhibit antagonistic effects (Wang T. et al., 2023). For
instance, the concomitant administration of antibiotics inhibiting
DNA synthesis and those targeting protein synthesis can stimulate
bacterial growth (Bollenbach et al., 2009). Therefore, the precise
identification of synergistic drug pairs for specific cell types is
essential to harness the full potential of combination therapy
(Wang T. et al., 2022).

Traditional laboratory experiments to screen for synergistic drug
combinations from the vast pharmacological space are often time-
consuming and resource-intensive. Moreover, drug combination
trials can sometimes result in side effects or harmful reactions in
patients. With the growing availability of high-throughput screening
data (Jiang et al., 2024; Liu et al., 2021), computational methods have
emerged as efficient preclinical strategies for identifying synergistic
drug combinations (Cao et al., 2024).

With the accumulation of data and the advancement of related
technologies in recent decades, classical machine learning (ML)-based
approaches and deep learning (DL) techniques have been employed to
model drug combination trials, showing promising results by leveraging
a variety of drug and cell line features. As drug combination effect
prediction can be formulated as a regression or a multi-class
classification task, the early ML-based methods often used the
classical machine learning, such as logistic regression (LR) (H et al,
2014), support vector machine (SVM), random forests (RF) (Breiman,
2001), and extreme gradient boosting (XGboost). As early as 2014,
Huang H et al. used a logistic regression model to systematically predict
the drug combinations based on clinical side-effect (H et al.,, 2014).
Pavel Sidorov et al. predicted Synergism of Cancer Drug Combinations
by using NCI-ALMANAC Data based on RF and XGboost models
(Sidorov et al,, 2019). These methods laid the groundwork for more
advanced approaches. Recently, deep learning (DL) models have shown
excellent performance in bio-sequence analysis, gene regulation, and
other areas, for extracting various data features and fusing
heterogeneous data (Wang T. et al,, 2024; Zhu et al,, 2025). As the
data about drugs continues to expand, most ML-based work has shifted
towards deep learning (DL) models, driven by significant advancements
in neural network architectures. One notable early DL model is
DeepSynergy (Preuer et al, 2018), which integrates genomic data
and drug information to identify drug combinations by a fully
connected neural networks. Building on this foundation, newer DL
models have emerged, leveraging advanced architectures like
Transformers (Wang T. et al, 2024), Graph Neural Networks
(GNNs) (Zhang et al., 2024), and Auto-Encoders (Zhu et al., 2025).
For instance, CCSynergy (Hosseini and Zhou, 2023), GTextSy (Yan and
Zheng, 2024), MMGCSyn (Zhang et al., 2025) and MatchMaker (Kuru
et al, 2022) are integrated DNN with drug and cell line features. Based
on Transformers models, DeepTraSynergy (Rafiei et al, 2023) and
TranSynergy (Liu and Xie, 2021) were developed to learn drug
representations and incorporate auxiliary knowledge through a novel
neural network design. MRHGNN (Chen et al,, 2025) and DeepDDS
(Wang JX. etal,, 2022) employ various GNNs to extract drug features by
modeling drugs as graphs, capturing their structural properties.
Moreover, recent research has introduced hypergraph neural
networks to model complex relationships between cell lines and
drug pairs (Wang W. et al,, 2024; Liu et al,, 2022).

In addition to neural network design, the fusion mechanism plays a
crucial role in drug combination synergy prediction models. Recent
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studies have focused on effectively combining drug and cell line
information to improve predictive accuracy. In parallel, advances in
biological sequence classification have demonstrated the benefits of
integrating multiple types of information. For instance, the SBSM-Pro
model (Wang YZ. et al,, 2024) introduces a novel multiple kernel learning
strategy to combine sequence similarity measures, significantly
enhancing classification performance. Similarly, DFFNDDS (Xu et al,,
2023) employs two distinct neural networks to fuse drug features and cell
line information from both bit-wise and vector-wise perspectives.
DualSyn (Chen et al., 2024) introduces two modules to capture high-
order and global information, enhancing the model’s ability to
understand complex interactions. SynergyX (Guo et al., 2024) utilizes
mutual-attention and self-attention mechanisms to model drug-cell and
drug-drug interactions, providing a more nuanced understanding of
these relationships. CircRDRP (Wang Y. et al., 2024) uses a graph neural
network model to predict the association of circRNA with drug resistance
by combining disease context characteristics and deep learning
techniques. MMSyn (Pang et al, 2024) and AttenSyn (Wang TS.
et al,, 2023) leverage attention mechanisms to integrate multiple drug
and cell line features, allowing the model to focus on the most relevant
aspects of the data. CLCDA (Wang YT. et al, 2023) is a collaborative
deep learning-based model for predicting potential associations between
circRNA and disease. Despite these significant contributions, many of
these approaches still rely on late fusion mechanisms, where drug and cell
line features are combined at a later stage in the model. This can limit the
model’s ability to fully capture the intricate interactions between drugs
and cell lines. To address the limitations of late fusion mechanisms, this
study proposes the Calibrated Deep Feature Aggregation (CDFA)
framework-a Transformer-based architecture that enables early-stage
integration of proteomic features and gene expression profiles to capture
intricate drug-drug-cell interactions. The design incorporates dedicated
uncertainty calibration to ensure probabilistic reliability. Experimental
validation demonstrates CDFA’s fusion efficacy: comprehensive testing
across two benchmark datasets (spanning diverse cell lines and tissue
types) confirms both the structural effectiveness and superior
generalization of our approach.

2 Materials and methods
2.1 Synergy datasets

We assessed our method using two publicly available datasets:
O’Neil (O’'Neil et al., 2016) and NCI-ALMANAC (Holbeck et al., 2017).
The O’Neil dataset comprised 23,062 drug combination samples
involving 38 drugs and 39 human cancer cell lines. The NCI-
ALMANAC dataset was relatively larger, containing 304,549 data
points across 104 drugs and 60 cell lines. The synergy value for
each sample is represented by the Loewe and combination scores
for O'Neil and NCI-ALMANAG, respectively. The characteristics of
the cell lines were represented by 651 gene expression values obtained
from the COSMIC database (Forbes et al., 2015). Following established
preprocessing steps (Liu et al, 2022), the final datasets included
18,950 and 74,139 drug-drug-cell line combinations for O’Neil and
NCI-ALMANAG, respectively. Figure 1 depicts the distribution of
synergy scores for both datasets. Notably, the left side of the
distribution, centered around 30, constitutes more than half of the
dataset. These values correspond to the negative pairs that exhibit either
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The distribution of synergy scores in the O'Neil and NCI-ALMANAC datasets. The vertical axis represents sample frequency counts, while the
horizontal axis displays synergy scores. (a) O'Neil dataset. (b) NCI-ALMANAC dataset.

additive or antagonistic effects, indicating that a significant portion of
the drug combinations do not show a synergistic benefit over the
individual effects of the drugs. This observation underscores the
complexity of identifying truly synergistic drug pairs and highlights
the importance of systematic screening and computational approaches
to optimize drug combination therapies.

To train and evaluate the model, we began by randomly selecting
90% of drug pairs and cell lines from each dataset to conduct three
different experimental settings: random setting, cold cell line setting,
and cold drug pair setting. The remaining 10% of the samples were
set aside as an independent test set to evaluate generalization
performance. For the random splitting setting, we divided the
samples into five equal subsets. One subset served as the test set,
while the remaining four were further split into training and
validation sets in a 9:1 ratio. In the cold cell line setting, all the
unique cell lines were divided into five equal groups randomly. The
related samples which contain the cell line from one of these groups
were used for testing, while the remaining samples were split intoa 9:
1 ratio as the training set and validation set. This ensured that the
test set included only cell lines not present in the training set. For the
cold drug pair setting, drug pairs were similarly partitioned into five
equal groups. Four groups were used for training, with the test set
containing only those drug pairs not seen during training. This
ensured that the model was tested on an entirely new pair of drugs.

2.2 Problem formulation

In this study, we formulate the synergy prediction problem as a
regression task. Let X,ain = {d}, di), ¢! }ib_] | denote the set of the training
samples where d', d} denote the drug pair and ¢’ is the cell lines, and
N denotes the number of training samples. Also, the corresponding
synergy effect is represented by the label Y4, = { yi}f\:] 1- The paper
aims at learning a drug combination function f (-), given a drug pair
and a cell line, f (-) can generate the target value y.

Frontiers in Pharmacology

2.3 Drug and cell line representations

A variety of molecular representations have been employed for
drug combination prediction tasks. Fingerprints, such as ECFP and
MHEFP, are commonly used to encode compound structures. In this
study, we adopted the MinHashed Atom-Pair fingerprint extended
to four bonds (MAP4) as our molecular representation. MAP4 offers
a versatile approach to representing diverse chemical structures.

Gene expression profiles have been commonly employed to
represent cell lines in drug combination prediction tasks. In this
study, we utilized gene expression data extracted from COSMIC,
represented as 651-dimensional vectors (g), where each element
corresponds to the expression level of a specific gene. In the most of
the deep learning-based models treat the gene expression g as a
vector which does not satisfy the biomedical meaning which each
gene expression should be treated separately. In the bio-mechanism
of drug synergy, only a part of genes contributes to the synergy
effect. So, we treat the 651-dimensional vectors (g) as a matrix
H = {hj}%’] € R"!. In the following work, we use the CNN to

=
extract the important genes to simulate the bio-mechanism.

2.4 Feature encoder

The weighted gene expression representation of a cell line is fed
into a cell line feature encoder to learn abstract cell line
representations. This encoder comprises three convolutional
layers interleaved with pooling layers. The initial convolutional
layer transforms the input into feature maps, which are
subsequently downsampled using max-pooling. This process is
repeated three times.

The MAP4 vector representing a drug is input into a drug
feature encoder to extract high-level abstract features. The encoder
consists of two fully connected (FC) layers followed by Gaussian
Error Linear Units (GELU) (Hendrycks and Gimpel, 2016) and
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batch normalization. The resulting features serve as essential inputs
for subsequent fusion operations. The formulation of the drug
feature encoder can be summarized as follows (Equation 1):

F = BN (GELU (FC'"* (BN (GELU (FC™® (x)))))) (1)

where x' is one of the input features and F! denotes the
corresponding generated feature. BN represents lday batch
normalization. FC"(-) represents an FC layer with n neurons.
During the feature extraction stage, we project drug features and
cell line feature into the same dimension to obtain higher-quality
information for use in the subsequent modules.

We refer to these generated drug pair features as (F,,, F4,) € RP

and cell line feature as F. € RPP.

2.5 Deep feature aggregation module

Given the drug pair features (Fg4,F4) € RP and extracted
feature of weight gene expression of cell line F, € RE*P, we first
use a global max pooling operation to obtain the global cell line
feature as G, € RP. We treat the drug pair features and global cell
line feature as whole global features G = {Fy,, F4,, G:} € R*P and
the F. as the local cell line feature. The deep feature aggregation
module can be decomposed into two parts: 1) global feature fusion,
and 2) global to local feature fusion. Details are discussed
as follows:

Global feature fusion: This process aims to integrate drug and
early cell line features, followed by reinforcing the fused global
features back into the local cell features. We employ a transformer
encoder for global feature fusion. The core idea of the transformer
encoder is the attention mechanism. An attention function maps
queries (Q), keys (K), and values (V) to an output o as follows
(Equation 2):

. ) QK"
Attention(Q,K,V) = softmax( va )V (2)

where V/d is the dimensionality of the query vector.

The multi-head attention mechanism consists of multiple
heads, with each head
transformation on the input vectors before performing the

attention conducting a linear
attention operation. Each attention head has its own set of
trainable parameters, allowing it to potentially model an

independent relationship between the input vectors. This is

achieved by utilizing different parameters in the linear
transformation step.
Then, for the & head, three weight matrices

weh wWKh WwVh ¢ Ry xd, are used to project Q, K, and V,
respectively, to a lower dimension d s then, an attention function
is performed (Equation 3).

Al = Attention(Qh,Kh, Vh) (3)
wherein Q" = QW K" = KWKt vh = ywVh,
Then, the output of the multi-head attention mechanism is the

linear transformation of the concatenation of the output vectors
acquired from the attention heads (Equation 4):

MultiHead (Q, K, V) = Concat (A', A%, -+, AF)W° 4)
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where H is the number of heads and W is a trainable
weight matrix.

Besides the attention mechanism, the transformer encoder
also contains the residual and feed-forward neural network.
Formally, the global feature fusion can be defined as follows
(Equation 5):

A = LN (G + MultiHead (G, G, G))
Fi = LN (Ag + FFN (Ag)) (5)

where LN (-) and FFN (-) represent layer normalization and feed-
forward neural network, respectively.

Global to local cell line feature fusion: Inspired by recent
findings that drugs can influence the synergistic or antagonistic
effects of drug combinations through modulating key gene
expression (Wu et al, 2023), we incorporate a global-to-local
cell line feature fusion network to simulate drug-induced gene
regulation effects. The local cell line feature is enhanced through
multi-head attention where global features (Fg)are incorporated
using a Transformer decoder. This enables adaptive re-weighting
of gene expressions based on cross-tissue biological patterns, with
layer normalization and residual connections stabilizing feature
refinement. This process can be mathematically expressed as
follows (Equation 6):

Fg = LN (F, + MultiHead (F., F., F.))
Cg = LN (F, + MultiHead (F,, Fg, Fg))
F.=LN(C.+FEN(C,)) (6)

2.6 Synergy prediction module

The final synergy value of a drug combination is predicted using
the output of the global feature fusion network (Fg) and the global-
to-local cell line feature fusion network (F.). Specifically, Fg is
flattened into a 1D vector, and global max pooling is applied to F. to
obtain another 1D vector. These vectors are then fed into separate
multi-layer fully connected layers to refine their abstract features.
Finally, the refined features are concatenated and passed through a
final FC layer to predict the synergy value j.

Given a training dataset, that contains N samples with ground-
truth synergy scores y and the corresponding values y predicted by
our method, we can train the deep learning model in an end-to-end
fashion using the mean squared error (MSE) loss as the
loss function.

2.7 Uncertainty quantification

We use an ensemble method to further enhance generalization
and quantify the uncertainty of the CDFA. Specifically, we trained
M distinct model replicas. Each replica shares the same neural
network architecture and settings but uses a different initial
random seed for parameter initialization. This ensures that
while the models are structurally identical, they develop unique
parameter values during training, leading to diverse predictions
and a more robust uncertainty estimation. For every input drug
combination, each model generates a predicted synergy value,
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The overview network of CDFA. Data flows sequentially from input to output through three core components: (1) feature encoders for drug pairs and
cell lines, (2) feature aggregation module, and (3) synergy prediction module.

denoted as j/,id"’dll’cl). The final synergy prediction, u(d}, d5, ¢'), is
determined by averaging these individual predictions. Meanwhile,
the uncertainty associated with this prediction, o (d,d,c"), is
quantified by calculating the standard deviation of the

individual predictions from the ensemble.

2.8 Uncertainty recalibration

Calibration errors (Mervin et al., 2021) in probability estimates

compromise reliability by creating discrepancies between
predicted and true probabilities. Specifically, they refer to the
discrepancy between the model’s predicted confidence and the
actual observed frequency of correctness at that confidence level.
For example, if a model assigns 80% confidence to a set of
predictions, but only 70% of them are correct, this indicates a
calibration error in that confidence range. Such miscalibration
reduces the effectiveness of uncertainty estimates as indicators of
trustworthiness in predictions.

To address this issue, a common strategy is to learn a
recalibration function that adjusts the predicted uncertainties to
better align with the true underlying probabilities. The recalibration
function is often a non-linear uncertainty scaling function, learned
using a hold-out validation dataset to create a calibration map, and is
often assessed using metrics like Expected Calibration Error (ECE).
In our method, we adopt a simple yet effective single-parameter
scaling approach that adjusts only the uncertainty component o (-).
We achieve this by multiplying ¢ (-) with a scaling factor r, while
keeping the predicted synergy value p (-) unchanged. This choice is
motivated by the fact that £ (-), as the model’s point estimate, already
captures the optimal synergy prediction and should not be altered

during post-hoc calibration. Instead, we rescale ¢ (-) by a positive
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scalar factor r, resulting in the recalibrated output p(-),ro (-). The
scaling factor r is optimized using Brent’s method (Brent, 1971) to
ensure that the recalibrated uncertainties accurately reflect the true
probability of correctness. The objective is to minimize the
miscalibration, quantified by ECE, on a separate validation set.
This optimization ensures that the adjusted uncertainties more
accurately reflect the true likelihood of correct predictions across
confidence levels. The result is an uncertainty estimate that is better
aligned with the model’s empirical behavior and more trustworthy
for downstream decision-making.

3 Results
3.1 Overview of the CDFA framework

CDFA is an ensemble deep learning framework for predicting
the potential synergy effects of drug combinations based on the
drugs’ molecular information and the cells’ gene expression. The
overall architecture of CDFA is shown in Figure 2. It consists of three
main components: the feature encoders for the drug pair and cell
line, the feature aggregation module, and the synergy prediction
module. First, MAP4 is used to represent diverse chemical structures
of the paired drugs. Gene expression profiles are employed to
represent cell lines in drug combination prediction tasks. Then,
feature encoders are used to extract these three types of features
separately. A novel feature aggregation network is involved based on
the Transformer which tries to capture the intricate interactions
between drug pairs and cell lines. Finally, the aggregated features are
connected to another synergy prediction module. The subsequent
sections of this section provide detailed evidence of the superiority of
this computational framework.
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TABLE 1 Performance comparison on the O’Neil dataset. Bold values indicate the best performance.

Randon split

Cold cell line setting

Cold drug pair setting

RMSE R2 RMSE RMSE R2
CDFA 13.522 0.651 0.808 19.597 0.25 0.53 15.976 0.511 0.717
PermuteDDS 13.721 0.641 0.801 19.668 0.243 0.522 16.152 0.501 0.709
HypergraphSynergy 14.727 0.586 0.775 19.537 0.252 0.533 17.346 0.42 0.656
DeepSynergy 14.87 0.584 0.765 23.89 0.195 0.426 17.28 0.433 0.663
ComboFM 16.86 0.451 0.702 20.82 0.142 0.396 18.62 0.376 0.635
DTF 14.73 0.594 0.775 21.11 0.132 0.535 17.37 0.429 0.671
Celebi’s method 16.34 0.5 0.708 20.6 0.179 0.473 19.1 0.309 0.572
MatchMaker 17.4948 0.4162 0.6466 28.5376 -0.7616 0.3628 17.7172 0.399 0.6332
GTextSyn 16.231 0.497 0.709 20.866 0.144 0.457 18.186 0.367 0.625
MMGCSyn 17.138 0.439 0.69 25.754 —0.342 0.316 18.837 0.317 0.605

TABLE 2 Performance comparison on the NCI-ALMANAC dataset. Bold values indicate the best performance.

Randon split

Cold cell line setting

Cold drug pair setting

RMSE R2 RMSE R2 RMSE R2 PCC
CDFA 41.893 0.552 0.746 53.819 0.259 0.536 50.522 0.346 0.593
PermuteDDS 43.053 0.527 0.726 54.128 0.242 0.519 51.58 0.318 0.569
HypergraphSynergy 43.89 0.508 0.719 53.398 0.273 0.538 52.609 0.291 0.543
DeepSynergy 44.44 0.491 0.701 54.56 0.23 0.322 53.5 0.262 0.526
ComboFM 48.27 0.399 0.651 54.67 0.245 0.531 53.89 0.267 0.526
DTF 47.03 0.43 0.678 54.73 0.223 0.517 53.47 0.263 0.531
Celebi’s method 47.31 0.423 0.653 53.49 0.259 0.516 55.83 0.196 0.456
MatchMaker 51.7316 0.3168 0.5642 64.6824 0.3644 -0.0652 55.7034 0.2028 0.4588
GTextSyn 47.425 0.426 0.657 56.369 0.187 0.479 55.511 0.208 0.483
MMGCSyn 47.793 0.417 0.659 60.353 0.067 0.454 54.523 0.519 0.236

3.2 Comparison with existing models

To evaluate CDFA’s performance, we compared it with nine
existing  drug synergy  prediction models:
HypergraphSynergy, DeepSynergy, DTF, CombFM, Celebi’s
method, PermuteDDS, MatchMaker, GTextSyn and MMGCSyn.
We employed three common regression evaluation metrics to assess

combination

the performance of these methods: root mean squared error
(RMSE), coefficient of determination (R?), and Pearson’s
Correlation Coefficient (PCC).

As Table 1 shows, we compared CDFA’s performance with
several models using the O’Neil dataset across three different
experimental setups. In the random split scenario, where data is
divided without specific constraints, the CDFA model outshone
others with the lowest RMSE at 13.522, alongside the highest R? at
0.651 and PCC at 0.808. When tested on unseen cell lines (cold cell
line setting), HypergraphSynergy led with the highest R?> of
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0.252 and the lowest RMSE of 19.537. However, CDFA
maintained a competitive edge despite not leading in every
metric. For the cold drug pair setting, where models predict
outcomes for drug combinations not encountered during
training, CDFA performed exceptionally well, achieving the
lowest RMSE (15.976), highest R* (0.511), and a PCC of 0.717,
demonstrating its strength in handling unseen drug pairs.

As shown in Table 2, the consistent superiority of CDFA has also
been demonstrated on the NCI-ALMANAC dataset. In the random
split setup, CDFA exhibited the best performance with the lowest
RMSE of 41.893, highest R* of 0.552, and highest PCC of 0.746.
Under the cold cell line condition, HypergraphSynergy performed
best with an RMSE of 53.398, R? of 0.273, and PCC of 0.538. In the
cold drug pair scenario, CDFA once again stood out, achieving the
lowest RMSE (50.522), sub-optimal R* (0.346), and highest PCC
(0.593), underscoring its effectiveness in predicting responses for

novel drug combinations.
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TABLE 3 Performance comparison on the independent test datasets. Bold values indicate the best performance.

Randon split

Cold cell line setting

RMSE RMSE R2
CDFA 15.111 0.660 0.818 42.307 0.508 0.713
PermuteDDS 15.144 0.659 0.821 43.338 0.484 0.696
HypergraphSynergy 16.710 0.585 0.788 43.730 0.474 0.693
DeepSynergy 16.840 0.578 0.765 45.325 0.435 0.670
ComboFM 16.080 0.541 0.754 46.370 0.457 0.685
DTF 16.150 0.548 0.752 49.860 0.372 0.700
Celebi’s method 16.500 0.529 0.728 45.860 0.469 0.688
MatchMaker 20.725 0.361 0.6466 51.259 0.2778 0.5282
GTextSyn 18.931 0.466 0.686 48.026 0.366 0.612
MMGCSyn 19.834 0.412 0.647 48.312 0.358 0.619
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FIGURE 3

Raincloud plots of MSE for O'Neil independent test dataset. The horizontal
and model predictions.

axis quantifies mean squared error (MSE) between true synergy scores

The 10% of the samples of the O’Neil and NCI-ALMANAC
datasets were set aside as an independent test set to evaluate
these models’ generalization performance. In the independent
test data section of the O’Neil and NCI-ALMANAC datasets,
the superior performance of CDFA has been once again proven.
As Table 3 shows, it illustrates the performance of various
methods when applied to the independent test datasets. For
the O’Neil dataset, CDFA demonstrates superior accuracy with
the lowest RMSE of 15.111 and the highest R?> of 0.660.
PermuteDDS trails closely behind with similarly strong
results, showing almost no difference from CDFA. On the
NCI-ALMANAC dataset, CDFA retains its leadership by
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achieving the best RMSE at 42.307 and the highest R* value
at 0.508, confirming its robustness in both precision and
explanatory capability. Although PermuteDDS performs well,
it still lags slightly behind CDFA across all metrics. The
remaining methods exhibit higher RMSE figures and lower
R? values, suggesting they are less precise and less effective
compared to our method.

Overall, CDFA consistently demonstrated strong performance,
particularly excelling in the random split and cold drug pair settings.
However, the poor performance of all methods in the cold cell line
setting suggests that future research should focus on improving
models’ ability to generalize to new cell lines.
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Raincloud plots of MSE for NCI-ALMANAC independent test dataset. The horizontal axis quantifies mean squared error (MSE) between true synergy

scores and model predictions.

3.3 Tissue-specific analysis

Both previous studies and our own experiments have
consistently demonstrated that model performance deteriorates
significantly under the cold cell-line scenario, where test cell lines
are entirely disjoint from those seen during training. This setting
introduces substantial biological variability, making it difficult to
disentangle whether performance degradation arises from tissue-
specific effects or from the challenge of generalizing to unseen cell-
line profiles.

To avoid this confounding factor, we also conducted a tissue-
specific analysis on the O’Neil and NCI-ALMANAC datasets. The
O’Neil dataset is built on testing 38 drugs on 39 cell lines
representing multiple cancer types from six tissue origins. The
NCI-ALMANAC dataset covers 104 drugs in 60 cell lines from
nine tissue origins. As illustrated in Figures 3, 4, our analysis
employs raincloud plots to visualize the distribution of MSE for
the two independent test datasets. These plots combine box plots
with kernel density estimates ('clouds’) to visualize both the shape
and central tendency of the error distributions, with outliers
indicated by diamond markers.

Our analysis reveals that although the MSE values of the
median, second quartile, and third quartile are low, almost all
tissues included by the two datasets have MSE values exceeding
500 and 2000, respectively. This suggests that while there is a
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small number of higher error values across most tissues, the
central tendency of the error distribution may be relatively low.
This pattern indicates that the model can achieve efficient
prediction across different tissues. Our analysis confirms that
the presence of high-error predictions—though limited in
quantity—reveals significant variability in model performance.
Such findings highlight the need for further investigation into the
factors contributing to these higher errors and suggest that
improvements in model

accuracy and consistency are

necessary for more reliable predictions across different

tissue types.

3.4 Uncertainty results

Figure 5 displays the calibration curves of CDFA under various
settings for both the O’Neil and NCI-ALMANAC datasets. The
figures are organized from left to right, representing random splits,
cold cell line settings, and cold drug pair settings, respectively. The
first row showcases the O’Neil dataset, whereas the second row
pertains to the NCI-ALMANAC dataset. The space between the
calibration curves and the diagonal line represents the
miscalibration area, which quantifies the extent of uncertainty
calibration. As illustrated in Figure 5, CDFA’s recalibration

algorithm successfully shifts the calibration curves closer to the
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diagonal line, thereby reducing the miscalibration area and
improving the reliability of the predictions.

Figure 6 illustrates the relationship between prediction error and
uncertainty, with uncertainty measured as the standard deviation
(std). In this figure, red points indicate errors that do not fall within
two standard deviations, while black and blue points represent
errors that fall within one and two standard deviations,
respectively. It is evident that the majority of the observed errors
lie within two standard deviations, reflecting a reasonable alignment
between the model’s predicted uncertainty and its actual
prediction error.

4 Conclusion

This study introduces an ensemble deep learning framework for
predicting the potential synergy effects of drug combinations,
showcasing superior performance relative to existing methods. A
key innovation is the dual-level feature fusion mechanism, which
integrates deep semantic features from various network modules,
enhancing the model’s ability to capture complex interactions. The
model leverages convolutional processing of the gene expression
matrix to identify key gene signals relevant to drug response.
Combined with a Transformer-based attention mechanism, this
architecture enables context-aware re-weighting of gene
importance under specific drug-cell interactions. This design
emulates biological processes where only a subset of genes
contribute significantly to the

synergistic effect of drug

combinations. Furthermore, the model’s prediction errors
demonstrate robust generalization across tissues, as reflected in
the consistent error distributions observed across different tissue
types. Isolated high-error samples may correspond to biologically
unique or complex cell lines, offering potential avenues for future
investigation. Uncertainty estimation is integrated into the model,
providing a critical safeguard against biased or overconfident
predictions. This feature is especially valuable in guiding both the
refinement of known synergies and the exploration of novel drug
combinations. Additionally, the uncertainty estimation is integrated
into the model, providing a critical safeguard against biased or
overconfident predictions. This feature is especially valuable in
guiding both the refinement of known synergies and the
exploration of novel drug combinations. The uncertainty
quantification and recalibration processes ensure that the model’s
predictions are not only accurate but also reliable, offering a
balanced approach to decision-making. While the experimental
results demonstrate excellent performance on two datasets,
further investigation is needed to assess the model’s robustness
and generalization capabilities, particularly in scenarios involving
new cell lines. Enhancing the interpretability of the model is another
important area for future research, as it can provide deeper insights
into the mechanisms underlying drug synergy and facilitate broader
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Yoshkar-Ola, Russia, *Pharmacognosy, Department of Pharmaceutical Biosciences, Uppsala University,
Uppsala, Sweden, *“Medicinal Plants Innovation Center, Mae Fah Luang University, Chiang Rai, Thailand

Introduction: Temozolomide (TMZ) and Paclitaxel (PXT), crucial anti-cancer
drugs for glioblastoma (GBM) and primary breast cancer (BC), respectively,
face drug resistance. Therefore, we investigated the adjuvant potential of
characterized extracts of the lichens Evernia prunastri (L.) Ach. (Epr), Cladonia
arbuscula (Wallr.) Flot (Car) and their metabolites, evernic acid (EA) and usnic acid
(UA) alone or in combination with TMZ and PTX for their immunomodulatory and
chemosensitivity increasing potential.

Methods: TMZ-resistant U-87 cells, MCF7 BC-cells, and normal human skin
fibroblasts (HSKF) were treated with hexane (Hex), dichloromethane (DCM), and
acetonitrile (ACN) extracts of Epr (EprDCM, EprACN), Car (CarHex, CarACN), and
with EA and UA to measure cell metabolic activity. Molecular mechanisms were
predicted using ChemGPS-NP and validated by Western blot, RNA sequencing,
quantitative RT-PCR, and Wnt inhibitory factor 1 (WIF1) protein expression.
Combinatory effects were calculated by Combination Index (Cl) and Zero
Interaction Potency methods (ZIP).

Results: Extracts and selected metabolites reduced concentration-dependent
cellular metabolic activity in U-87 and MCF7 cells. EprACN and EA (U-87 cells:
ICs0 30 pg/mL), safe to HSKF, regulated key proteins in MAP kinases pathways,
supporting predictions made by ChemGPS-NP. The combination EA-TMZ
showed additive effects (TMZ-reduction: 3.4 fold), reduced transcription of
Wnt pathway members, and increased in U-87 cells protein releases of WiF1,
the central inhibitor of Wnt-signaling. Further gene expression data (GE) suggest
involvement of IL-17 receptor and BDNF.

Discussion: The combination EA-TMZ interacts with the Wnt pathway regulation
associated with sensitizing U-87 cells, without increasing GEs of pro-
inflammatory cytokines. EA deserves further investigation as an adjuvant.

lichens, glioblastoma, synergy, Wnt signaling, prediction, resistance
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GRAPHICAL ABSTRACT

1 Introduction

Breast cancer (BC) is the most common cancer worldwide and
2023).
Projections indicate a significant increase in the global burden,

ranks fifth among cancer-related deaths (Zhang et al,

with cases expected to rise by nearly 40% and deaths by 68% by
2050 if current trends continue (Liao, 2025). Brain and central
nervous system cancer ranks approximately 12th in incidence and
8" in mortality in Europe based on age-standardized rates
(DeCordova et al., 2020). Glioblastoma (GBM), classified as a
WHO Grade 4 CNS tumor according to the 2021 WHO
Classification of Tumors of the Central Nervous System,
represents the most aggressive form of brain cancer (Louis et al.,
2021). The 5- and 10-year survival rates still remain at 5% and 2.6%,
respectively (Ma et al., 2022; Alcantara Llaguno et al., 2009). The
current standard of care for GBM follows the Stupp protocol,
established in 2005, which includes maximal safe surgical
resection,  concurrent  chemoradiotherapy, and
temozolomide (TMZ) (Jezierzanski et al., 2024).

The poor treatment prognosis, notably GBM, has been linked to

adjuvant

its diverse molecular profiles, resulting in distinct phenotypes also
associated with TMZ-resistance (DeCordova et al., 2020). Several

Abbreviations: TMZ, Temozolomide; PXT, Paclitaxel; GBM, glioblastoma; BC,
breast cancer; EprDCM, dichloromethane extract from E. prunastri;
EprACN-acetonitrile extract from E. prunastri; CarHex, hexane extract
from C. arbuscula; CarACN-acetonitrile extract from C. arbuscula; EA,
evernic acid; UA, usnic acid; TMZ320EA35, combination of TMZ (320 uM =
62.13 pg/mL) with EA (35 uM = 11.63 pg/mL); TMZ380EA20, TMZ (380 uM =
73.78 pg/mL) with EA (20 M = 6.65 pg/mL); TMZ580EA20, TMZ (580 uM =
112.61 pg/mL) with EA (20 pM = 6.65 ug/mL).
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fundamental mechanisms contribute to GBM’s treatment resistance
and incurability. The blood-brain barrier represents a critical
obstacle, preventing most systemic chemotherapeutic agents from
reaching therapeutic concentrations in brain tissue (Zuccarini et al.,
2018). Glioblastoma stem cells (GSCs) constitute another major
resistance mechanism, exhibiting enhanced DNA repair capacity,
resistance to apoptosis, metabolic reprogramming, and self-renewal
capacity that maintains the tumor cell population (Nowak et al.,
2021; Guan et al.,, 2020). Methylation of the O6-methylguanine-
DNA methyltransferase (MGMT) promoter plays a critical role in
TMZ-resistance. Tumors with an unmethylated MGMT promoter
are significantly more resistant to TMZ, and prolonged treatment
may induce loss of MGMT methylation, further contributing to
acquired resistance (Li et al., 2021).

Recently, Weighted Gene Co-Expression Network Analysis
(WGCNA) was used to capture the molecular heterogeneity of
GBM patients on the molecular level. Authors constructed an
immune-related prognostic model to predict patient sensitivity to
checkpoint inhibitor blockade therapy (Ma et al., 2022). The high-
risk group (non-survival) was associated with epithelial-
mesenchymal transition (EMT), high immune cell infiltration,
and high
methylation, while the low-risk group had an adverse status (Ma
et al.,, 2022).

BC is also extremely variable in morphology and at the

immune activation, a low mutation number,

molecular level, necessitating combinatorial therapy modalities
depending on the molecular subtype, which is defined by
hormone receptor (HR) status and human epidermal growth
factor receptor-2 (HER2) expression (Li et al, 2017; Kashyap
et al, 2022). These include HR-positive/HER2-negative (HR+/
HER2-), HR+/HER2+, HR-/HER2+, and triple-negative breast
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cancer (TNBC), which lacks estrogen receptor, progesterone
receptor, and HER2 expression (Li et al, 2017). TNBC is
particularly aggressive, accounting for approximately 10%-15% of
all breast cancers but contributing to a disproportionately high
percentage of breast cancer-related deaths globally, estimated at
around 40% (Rosinska et al., 2024). The 5-year relative survival rate
for TNBC, combining all stages, is approximately 77%, with
significantly lower rates for distant metastatic disease (Baranova
et al., 2022).

The current standard of care in breast cancer varies by subtype
and stage. Early-stage breast cancer typically involves surgical
resection, adjuvant or neoadjuvant chemotherapy, radiation
therapy, hormone therapy for hormone receptor-positive tumors,
and targeted therapy for HER2-positive tumors (Bravo et al., 2023;
Grant et al., 2024).

The Wnt pathway is implicated in both BC and GBM,
significantly contributing to treatment resistance (Zhong and
Virshup, 2020), even though precise regulatory mechanisms
remain unclear (Kashyap et al., 2022). Crosstalk between Wnt
signaling and other pathways contributes to cancer development
and spread, including resistance to pathway inhibitors (Zhong and
Virshup, 2020). This understanding drives the development of novel
combination therapies to minimize toxicity and resistance (Zhong
and Virshup, 2020). Therefore, exploring unexamined plant extracts
or phytocompounds contributes to discovering safe, effective, and
novel combination therapies (Ulrich-Merzenich et al., 2017).

TMZ and paclitaxel (PTX), key chemotherapeutics for GBM and
BC, respectively, are under investigation for combination therapies
(Tan et al,, 2020). TMZ, a DNA alkylating agent, induces cell death
by causing base mismatches and DNA strand breaks (Tan et al.,
2020). Ongoing 583 clinical trials worldwide explore treatments for
GBM (https://clinicaltrials.gov/), including immune checkpoint
inhibitors paired with CNS-penetrant or potent inhibitors
(Gueble et al, 2022). Despite multimodal treatments, GBM
patients face a low median survival of 12.1-16.6 months (Neff
et al, 2022; Minea et al., 2024; Fekete et al.,, 2023), emphasizing
the urgency for novel treatment strategies (Tan et al., 2020).

Taxanes, like PTX, used in BC treatment, were derived from the
Pacific yew’s bark (Wani et al., 1971). PTX induces cell death by
stabilizing microtubules, causing G2/M arrest and initiating
apoptosis (Manthey et al., 1992). Resistance to PTX and other
anti-cancer drugs (Das et al, 2021; Bukowsk et al, 2020) is
common for BC, just as resistance in GBM to TMZ (Lee, 2016).
The resistance of BC to PTX is thought to be a consequence of a
disequilibrium in various signaling pathways, mutations in certain
genes, and epigenetic deregulations (Abu et al., 2019). In particular,
the genes of the ATP-binding cassette (ABC) superfamily of drug
efflux, including P-glycoprotein (P-gp), are involved in the
resistance to PTX by leading to an overexpression of P-gp in BC-
cells (Abu et al, 2019). In MCF7 cells, aberrantly regulated
expression of FOXM1 and KIF20A was associated with PTX-
resistance (Abu et al., 2019; Khongkow et al., 2016). Further, the
overexpression of miR-200c-3p contributed to the resistance of BC
cells to PTX by an aberrant regulation of SOX2 (Abu et al., 2019).

This diversity of resistance mechanisms promotes a search for
natural compounds as adjuvants (Persano et al., 2022). Therapies
triggering multiple pathways (and specifically addressing crucial
survival pathways) may be more promising (Sestito et al., 2018).
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Lichens have been utilized in traditional medicine for ages
(Crawford and Rankovi¢, 2015). They are symbiotic organisms
consisting of a fungus (mycobiont) and either algae or
cyanobacteria (photobiont) (Schwendener, 2011). They are a
promising source for novel organic small molecules and
synergistic therapeutic strategies. Evernia prunastri L. and
Cladonia arbuscula (Wallr.) Fot. were selected based on their
published bioactivity. Evernic acid (EA), the main metabolite of
E. prunastri L., has shown antimicrobial, cytotoxic, neuroprotective,
and anti-inflammatory properties in prior studies (Ferndndez-
Moriano et al., 2017; Lee et al., 2021; Gokalsin and Sesal, 2016;
Shcherbakova et al.,, 2019). However, its role in cancer therapy
remains largely unexplored. Usnic acid (UA), a prominent
secondary metabolite isolated from C. arbuscula (Wallr.) Fot., has
shown potent antiproliferative effects in several cancer types.
Notably, UA exhibited promising cytotoxicity against T-47D
breast cancer cells, Capan-2 pancreatic cancer cells (Einarsdottir
et al., 2010), and MCF7 breast cancer cells as well (Backorovi et al.,
2011; Galanty et al.,, 2017; Kilig et al., 2019; Brisdelli et al., 2013).

We investigated extracts from E. prunastri L. (Parmeliaceae) and
C. arbuscula (Wallr.) Fot. (Cladoniaceae) along with their major
metabolites, evernic acid (EA) and usnic acid (UA), for their
potential to reduce metabolic activity in U-87 glioma and
MCEF?7 breast cancer cells.

Both cell lines were selected as representative in vitro models for
glioblastoma and breast cancer, respectively, due to their widespread
use, well-characterized molecular profiles, and relevance to the
mechanisms under investigation. U-87 cells are among the most
commonly used GBM models and exhibit key features of primary
glioblastoma, such as rapid proliferation, resistance to
temozolomide (TMZ) (Xie et al., 2015). Similarly, MCF7 cells are
commonly used for BC, characterized by estrogen receptor positivity
and moderate sensitivity to chemotherapeutics like paclitaxel (PTX),
making them a standard model for studying HR+ BC and
mechanisms of taxane resistance (Neve et al., 2006).

U-87 and MCF7 remain widely accepted platforms for early-
stage anticancer research. In this study, they were used to evaluate
not only the ability of the lichen extracts and their metabolites to
influence cancer cell metabolic activity, but also their potential to
synergize with standard chemotherapeutics (TMZ or PTX). Extracts
and combinations showing efficacy were further assessed for
possible mechanisms of action. This included chemographic
prediction tools, cytokine response profiling, and evaluation of
their potential to modulate cellular pathways involved in drug
future translational

sensitivity, forming a foundation for

investigations.

2 Materials and methods
2.1 Chemicals, media, and assays

Usnic acid (UA) (purity 98%), paclitaxel, resazurin tox kit,
insulin (Sigma Aldrich, Germany); evernic acid (EA) (purity
98%), temozolomide (Cayman Chemical, United States);
(phospho-AKT rabbit polyclonal antibody (1:2000), f3-actin
rabbit polyclonal antibody (1:2000), phospho-p44/42 (Thr202/
Tyr204) rabbit polyclonal antibody (1:2000), p44/42 mouse clonal
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antibody (1:2000), goat anti-rabbit IgG-HRP conjugated to
horseradish peroxidase (1:2000) (Santa Cruz Biotechnology,
United States); phospho-c-Jun (Ser73) rabbit polyclonal antibody
(1:2000) (Cell Signaling Technology, United States); Minimum
Essential Medium (MEM), Roswell Park Memorial Institute
(RPMI) 1,640 Medium, Dulbecco’s Modified Eagle’s Medium
(DMEM, fetal bovine serum (FBS), non-essential amino acids
(MEM NEAA), sodium pyruvate, penicillin/streptomycin
(Gibco™, United States); Human WIF-1 DuoSet ELISA (R&D
Systems, United States), RNeasy MiniPlus kit (QIAGEN,
Netherlands).

2.2 Lichens material

Samples of E. prunastri (L.) Ach. and C. arbuscula (L.) Hoffm.
were collected in the Mari El Republic of Russia on the campus of the
Volga State University of Technology. The lichens were identified by
lichenologist G.A. Bogdanov at the Bolshaya Kokshaga Natural
Reserve. The voucher specimens of the lichens were deposited at
the Institute of Forestry and Nature Management, Volga State
University of Technology, Yoshkar-Ola, Russia, with the references
Epr_06.2012 (E. prunastri) and Car_06.2012 (C. arbuscula).

2.3 Extraction and characterisation

Extracts were obtained and characterized as described earlier
(Shcherbakova et al, 2021). Air-dried powdered thalli of the
lichens were extracted by sequential maceration with hexane,
dichloromethane (DCM), or with 60% acetonitrile in water (ACN)
at room temperature (RT) for 24 h with each solvent. The extracts
were filtered and then concentrated under reduced pressure in a rotary
R (Buchi Labortechnik AG, Flawil,
Switzerland). The dry extracts were stored at RT until usage.

evaporator Rotavapor

2.4 Chemographic prediction of the mode
of action

ChemGPS-NP  (http://chemgps.bmc.uu.se)  provides a
multidimensional (8D) map of physicochemical property space.
On this map, molecules are positioned based on their estimated
physico-chemical properties. Compounds with similar structures
and hence properties are positioned on the map in mutual
proximity. Thus positions and distances between compounds can
be used to predict their biological activities. This method has been
specifically validated for anti-cancer modes of action as well as for a
broad range of other experimentally demonstrated activities
(Buonfiglio et al.,, 2015). It was used to predict possible modes of
action of EA.

2.5 Cell culture and cytotoxicity assay
2.5.1 Cell lines and culture

Human primary glioblastoma (U-87), human breast
adenocarcinoma (MCF7), and human skin fibroblast (HSKF) cell
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lines were purchased via Cell Line Services (CLS) from the German
Collection of Microorganisms and Cell Cultures (DSMZ) and
Promocell and grown as described earlier (Ammar and Ulrich-
Merzenich, 2017). HSKF was included as a non-malignant cell line
to assess the general cytotoxicity and selectivity of the tested extracts,
metabolites, and compounds, distinguishing between broad cellular
effects and specific anti-cancer activity.

2.5.2 Metabolic activity assay as measure for
cell viability

Cells (5 x 10° cells/well) were seeded into 96-well plates and
treated as described (Ulrich-Merzenich et al., 2017). For the
treatment with the CarHex, CarACN, EprDCM, and EprACN
extracts, a concentration range of 6.25-100 pg/mL was used. For
EA and UA, the tested concentration range was 4.15-66.46 pig/mL
and 4.30-68.86 ug/mL, respectively (corresponding to
12.5-200 uM). TMZ was tested in a range of 9.71-155.32 ug/mL
(50-800 uM), and PTX in a range of 21.35-341.56 ug/mL
(25-400 uM). All treatments were performed for 24 h. Metabolic
activity of the cells, as an indirect measure of cell viability, was
measured by resazurin fluorometric assay (Sigma) as described
(Ulrich-Merzenich et al., 2017). The concentration range was
selected based on the published data (Einarsdottir et al.,, 2010;
Kili¢ et al., 2019; Brisdelli et al., 2013; Emsen et al., 2018; Bézivin
et al.,, 2004). The 24-h time point was selected for all viability assays
to ensure consistency and comparability across all experimental
conditions. This time frame is widely used for resazurin-based
cytotoxicity assays and is sufficient to capture early drug-induced
effects on cell viability, as well as to minimize secondary effects such
as nutrient depletion or over-confluence in culture.

2.6 Western blot analysis

Western blot analysis was performed to investigate the
expression and phosphorylation levels of Akt, Erk1/2, and c-Jun
in U-87 cells treated with EprACN or EA as described (Ulrich-
Merzenich et al., 2007) and in Supplementary Material S1. Antibody
(Ab) details (pAKT, pErkl1/2, Erk 1/2, p-cJun, B3-actin, secondary
Abs) are provided in Supplementary Material Table S1.

2.7 Synergy screening

Cells (as described under Section 2.5.2) were treated with
7 different metabolites/compounds.
Concentrations for the combinations were chosen based on the

combinations of

results with the single extracts/metabolites (Chou, 2010) (see also
Section 3.1 and Supplementary Material S2). A total of five
concentrations were chosen with the following concentration
ranges for the different metabolites/drugs: 1) TMZ
(9.75-155.32 pg/mL = 50-800 uM) and EprACN (6.25-100 pg/
mL); 2) TMZ (9.75-155.32 pg/mL = 50-800 puM) and EA
(4.15-66.46 pg/mL = 12.5-200 uM); 3) TMZ (9.75-155.32 pg/
mL = 50-800 uM) and UA (4.30-68.86 pg/mL = 12.5-200 uM);
4) PTX (5.34-85.39 ug/mL = 6.25-100 pM) and EprACN
(6.25-100 pg/mL); 5) PTX (5.34-85.39 pg/mL = 6.25-100 pM)
and EA (4.15-6646 pg/mL = 12.5-200 uM); 6) PTX
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TABLE 1 Effect of lichen extracts, lichen metabolites, and reference drugs on cell viability.

Extract/Compound ICsp, fibroblasts ICs50, U-87 SI_U-87 IC50, MCF7 SI_MCF7
E. prunastri (EprDCM) 29 + 5 ug/mL 13 + 3 pg/mL* 23 £0.19 72 + 8 ug/mL* 0.4 + 0.02
E. prunastri (EprACN) 79 £ 6 ug/mL 31 £ 6 pg/mL* 2.6 £ 0.15 107 + 13 pg/mL 0.7 £ 0.03
C. arbuscula (CarHex) 44 + 2 pg/mL 35 £ 3 ug/mL* 1.3 £ 0.03 85 + 14 ug/mL* 0.5 £ 0.02
C. arbuscula (CarACN) 16 + 2 pg/mL 33 £ 2 ug/mL* 0.5 £ 0.02 67 £ 7 pg/mL* 0.2 £0.01

Evernic acid (EA) >66.46 pg/mL (200 uM) 20.60 + 2.99 pg/mL 33 +0.13 >66.46 pg/mL (200 uM) 1.0
62 + 9 uM*
Usnic acid (UA) >68.86 pg/mL (200 uM) 69.90 + 5.16 pg/mL 1.0 £ 0.02 57.50 = 9.30 ug/mL 1.2 £ 0.05
203 + 15 uM 167 + 27 uM
Temozolomide (TMZ) >155.32 pug/mL (800 pM) 115.13 + 6.40 ug/mL (593 + 33 uM) 1.4 + 0.02 —
Paclitaxel (PTX) >341.56 pug/mL (400 uM) — 116.13 + 12.81 pg/mL 3.0 £0.1
136 + 15 uM

The effect is represented as an ICs, value. SI, selectivity index defining the ratio between ICsgs of fibroblasts and cancer cells, as higher the SI as better the selectivity. For experimental details see
Material and Methods.
*p-value <0.05 in comparison to TMZ or PTX. Experiments were performed with 3 replicates.

(5.34-85.39 pg/mL = 6.25-100 uM) and UA (4.30-68.86 pg/mL =  GSE245919 (URL: 154 https://www.ncbi.nlm.nih.gov/geo/query/

12.5-200 puM); 7) TMZ (62.13-124.26 pug/mL = 320-640 pM) and  acc.cgi?acc=GSE245919).

EA (6.65-13.29 ug/mL = 20-40 uM). For details, see Supplementary

Material S3. Drug combinations were tested in comparison to their ~ 2.8.3 Data evaluation

respective controls. Data evaluation was performed according to the guidelines

provided on the Galaxy Training website (https://training.

2.7.1 Synergy calculation galaxyproject.org/) and with Ingenuity Pathway Analysis
Synergism was calculated using the CompuSyn software  (QIAGEN IPA). GeneMANIA (Warde-Farley et al, 2010) was

(https://compusyn.software.informer.com/) based on the Chou  used to construct the network based on data on co-expression,

and Talalay Combination Index (CI) method (Chou, 2010) and  genetic interaction, and pathways (https://genemania.org/).

by the web application “SynergyFinder” (v.1) employing the Zero

Interaction Potency (ZIP) model (Ianevski et al., 2017). For the CI

and the Dose Reduction Index (DRI) calculation, the following 2.9 Quantitative RT-PCR (q RT- PCR)

ratios of the combined drugs were used: 1) TMZ: EP - 1.5:1 (c:c); 2)

TMZ: EA - 8:1 (c:c); 3) TMZ: UA - 8:1 (c:c); 4) PTX: EP - 1:1.2 (c:c); The same RNA samples analyzed by RNASeq were used for
5)4) PTX: EA - 1:2 (c:c); 6) 4) PTX: UA - 1:2 (c:c); 7) TMZ: EA - 16:  quantitative reverse transcription (QRT-PCR) as described earlier
1 (cc). (Abdel-Aziz et al., 2015). See also Supplementary Material S3, S4.
2.8 RNA deep sequencing of primary 2.10 Protein Wnt-inhibitory factor 1
glioblastoma cells (U-87) (WIF1) release

2.8.1 Cell culture Cells were treated as described under 2.5.2. Treatment was either

U-87 cells (106 cells/well) were seeded in 6-well plates and  with EA (6.65, 13.29, and 19.94 pg/mL = 20, 40, and 60 uM) or TMZ
stimulated for 24 h with the following treatments: 1) EA (9.97 pug/  (58.25, 87.37, and 116.49 pug/mL = 300, 450, and 600 uM) alone or in
mL = 30 uM); 2) EA (14.95 pg/mL = 45 uM); 3) TMZ (116.49 pug/  combinations. The WIF1 release was determined by Human WIF-1
mL = 600 uM); 4) EA (6.65 ug/mL =20 uM) + TMZ (73.78 uyg/mL = DuoSet ELISA (R&D Systems).

380 uM); 5) EA (6.65 pug/mL = 20 uM) + TMZ (112.61 pg/mL =
580 uM); 6) EA (11.63 pug/mL = 35 uM) + TMZ (62.13 ug/mL =

320 uM); 7) untreated controls. 2.11 Statistical analysis
2.8.2 RNA isolation and sequencing All values are expressed as mean + SEM of three independent
RNA was extracted as described (Ulrich-Merzenich et al,,  experiments. Experiments were performed with at least 3 replicates

2017) 100 ng/puL was used for RNA sequencing. The RNA  for each condition, if not otherwise mentioned. Statistical analyses
sequencing was performed by the NGSCore Facility of the  were performed with SigmaStat (v.4.0) (http://www.systat.de/
University Hospital Bonn. RNASeq data were deposited into the ~ SigmaStat4 PR.html) and Origin 2018 software (https://www.
Gene Expression Omnibus database under accession number  originlab.com/origin) packages.
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Synergy assessments (a) Surface plots illustrating the cell viability expressed as a percentage of the control (Z-axes) depending on the treatment with
the combination of TMZ or PTX (X-axes) and EprACN or EA or UA (Y-axes) at different concentrations. (b) Plots indicating the relation of Cl and DRI to Fa.
The Cl < 1denotes synergy, Cl = 1 addition, and CI > 1 antagonism. (c) Surface plots illustrating the §-score (Z-axes) indicating synergy (red), additive effect
(white), or antagonism (green) for the combinations of TMZ or PTX (Y-axes) with EprACN, EA, or UA (X-axes) at various concentrations. Experiments

were performed with 3 replicates.
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FIGURE 2

U-87 cell viability and synergy calculations for the combinations of TMZ with EA at a ratio of 1:16. (a) Surface plot illustrating the cell viability as a
percentage of the control (Z-axes) with the combination of TMZ (X-axes) and EA (Y-axes) at different concentrations. (b) The plot illustrates the relation of
DRI to Fa. (c) The plot illustrates the Cl according to Fa. (d) The surface plot illustrates the §-score (Z-axes) indicating synergy for TMZ (Y-axes) with EA
(X-axes) combination at different concentrations. Experiments were performed with 3 replicates.

3 Results

3.1 Effects of lichen extracts and metabolites
on cancer cells and fibroblasts

The ability of the lichen extracts, metabolites, and reference
drugs to reduce the metabolic activity of TMZ-resistant U-87 and
MCF7 cell lines and normal human skin fibroblasts (HSKF) is
displayed in Table 1 and Supplementary Material S2.

The ICs, of TMZ against U-87 cells was high, confirming
to TMZ (Lee, 2016).
metabolites significantly reduced the metabolic activity of U-87

resistance All lichen extracts and
cells. EprDCM had the highest potency, however, it also affected
HSKF at a similar concentration, showing undesirable off-target
action. EprACN, CarHex, and CarACN showed comparable
reduction in U-87 cell metabolic activity. CarACN showed a high
effect on HSKF, while EprACN demonstrated favorable specificity
with a high selectivity index (SI) for U-87.

EA and UA did not significantly affect the metabolic activity of
HSKF at concentrations up to 66.46 ug/mL and 68.86 pg/mL
(equivalent to 200 uM), respectively. In U-87 cells, EA demonstrated
greater activity and more favorable response comparing to UA. The
results indicated that while the compounds were effective against cancer
cell lines, they exhibited reduced activity toward HSKF cells, suggesting
a degree of selectivity toward malignant cells.

The lichen extracts did not reduce the metabolic activity of MCF7 with
the SI value below 1, indicating a lack of selectivity. Both EA and UA
showed activity against MCF?7 cells, but their SI was comparatively lower
than that of PTX, leading to the discontinuation of further experiments
with MCF7 cells. In the next step, combinations were investigated.

3.2 Combinatorial effects of lichen
metabolites with TMZ or PTX

Figure la demonstrates the effects of combining TMZ or
PTX with EprACN, EA, or UA on the metabolic activity of U-87
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and MCF7 cells. The combination Index (CI) and the Dose
Reduction Index (DRI) are shown in Figure 1b and the §-score
in Figure Ic.

The combination of EprACN with TMZ exhibited antagonism
(CI = 3.07) and with PTX additive effects (CI = 1.04) (Figure 1b).
Despite the additive effect of EprACN-PTX, metabolic activity
remained above 50%. Consequently, combinations involving
EprACN were not pursued. The UA-TMZ combination also
displayed activity
(Figure 1a), and was therefore excluded from further investigations.

Although the EA-TMZ combination demonstrated antagonism,
EA increased the sensitivity of U-87 cells to TMZ by 3.4 times
(DRI = 3.4). Synergistic effects were observed at Fa < 0.5 (Figure 1b)
with a CI of 0.97 for the combination of EA (8.31 ug/mL = 25 uM)
and TMZ (77.66 pg/mL = 400 uM) at a 1:4 ratio (Figure lc),
resulting in

limited modulation of the metabolic

approximately 50% reduction in metabolic
activity (Figure 1a).

Effects of the EA-PTX and UA-PTX combinations were similar,
with enhanced effectiveness leading to up to 60% in metabolic
activity reduction (Figure 1la). These combinations had a
primarily additive effect (Figure 1b, CI = 1), transitioning to
synergistic effects at concentrations of EA (4.15-33.23 ug/mL =
12.5-100 uM) - PTX (5.34-85.39 pg/mL = 6.25-100 uM) and UA
(4.30-34.43 ug/mL = 12.5-100 uM) - PTX (5.34-85.39 pg/mL =
6.25-100 uM) (Figure lc, 8-score > 0).

Since synergistic effects are influenced not only by drug
concentrations but also by their ratio (Ammar and Ulrich-
Merzenich, 2017), further research focused on the ratio (1:16)
that demonstrated synergy (Figure 2).

At a ratio of 1:16, the TMZ-EA combination reached the
maximum reduction of metabolic activity (75%). The ICs, of the
drug combination was lower than the ICs, values of the single drugs
(Figure 2a). Both metabolites showed a dose reduction (DRI > 1),
and the CI value indicated additive effects (Figures 2 b,c). The §-
score demonstrated synergistic effects (Figure 2d). These promising
results led to the investigation of the potential mechanisms

underlying EA’s action (Figure 3).
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Investigation of the mechanism of action of Evernia prunastri ingredients. (a) Position in chemical property space of EA (cube), compared to
reference sets of compounds in ChemGPS. The axis markers: red—size-related properties, yellow—-conjugation and aromaticity-related properties, and
green-lipophilicity and solubility-related properties. (b) Gene ontology enrichment analysis bar plot based on RNA deep sequencing data. Y-axis
indicates significantly enriched GO biological processes, X-axis shows -log;q (p-values). Upper panel -EA 30 uM (9.97 pug/mL), lower panel -EA

45 UM (14.95 pg/ml). For details see Supplementary Material S5. (€) Gene sequencing data for tubulin-encoding genes. ‘NA: the gene is “not available” or
the gene was excluded from analysis because it contained an extreme count outlier—large counts (during the gene expression analysis in Galaxy).

Experiments were performed with 3 replicates.

3.3 Mechanistic insights into EA's mode
of action

In a first step, we used ChemGPs for a chemographic prediction of
EA’s mode of action. The Euclidean distance calculation over all eight
dimensions of the ChemGPS-NP chemical property space suggests that
EA’s most probable mode of action is either topoisomerase I inhibition or
disturbance of tubulin activity (Figure 3a). EA shares chemical properties
with topoisomerase I (TOP1) inhibitors. Few TOP-1 inhibitors are semi-
synthetic derivatives of the plant alkaloid camptothecin, stabilizing TOP1-
DNA cleavable complexes (Toplcc) (Thomas and Pommier, 2019/06). In
a second step, we compared the prediction with the RN Aseq data analyses
of the experiments. Here, the level of TOP1 was insignificant (Figure 3c).
Thus, EA may interact with TOP1 either by blocking the DNA-helix or
by disrupting, e.g., electrostatic interactions on the surface of TOP1 by
binding to the active site.

Tubulin-active compounds bind to the tubulin microtubules,
affecting their dynamics (Janke and Magiera, 2020). Although we
did not examine the polymerization of microtubules and their
dynamics, we evaluated the transcription of tubulins. EA decreased
transcription of the B-tubulins TUBB6 and TUBB2B (Figure 3c). Since
microtubules consist of a- tubulin heterodimers (Janke and Magiera,
2020), a downregulation of B-isotypes may change the microtubule
formations and prevent cell division. The Gene Ontology analysis of
genes regulated by EA demonstrated an involvement of mitotic cell
cycle phase transition, mitotic sister chromatid segregation, the
establishment of mitotic spindle localization, mitotic cytokinesis,
and mitotic chromosome condensation in such an activity
(Figure 3b). This supports the prediction for EA to be a tubulin-
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active compound (see also Supplementary Material S5 for results of
the Expression of genes coding tubulin-related proteins and
Supplementary Material S6 for results of the Gene Ontology analysis).

Western blot analyses revealed that EA, along with EprACN,
also modulates key signaling pathways. Figures 4a,b depict the
modulation of Erkl/2, c-Jun, and Akt by EprACN and EA over
6, 12, and 24 h. EprACN and EA initially stimulated ERK1/
2 formation at 6 h, followed by a downregulation after 12 h and
24 h compared to the control. Higher concentrations of EprACN
and EA decreased the ERK phosphorylation at all times. They also
downregulated c-Jun phosphorylation after 24 h, with a transient
6 h. EprACN downregulated Akt
phosphorylation after 6 h, whereas EA insignificantly upregulated
it. Significant downregulation was observed after 12 h with EprACN
(30 pg/mL), with no further change at 24 h, and with EA (13.29 pg/
mL = 40 uM) after 24 h. The RNAseq data of the MAPK and PI3K
pathways members’ expression, shown in Figure 4c, demonstrated

increase observed at

no significant effect on their transcription.

3.4 Multitarget mechanisms of
EA-TMZ synergy

Expanding the RNA Seq analyses, we compared significantly
regulated genes from the GE-analyses for all treatments using Venn
diagrams (Figure 5a) to identify unique genes for the combinations.
A network built using these genes revealed the canonical Wnt
pathway as a pathway regulated by these genes (Figure 5b). The
canonical Wnt signaling pathway significantly contributes to the
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Western blot for key proteins of the MAP Kinase and mTOR pathways expressed in U-87 cells treated with (a) EprACN (0, 20, 30, 40 pg/mL) and (b) EA
(0, 40, 50, 60 uM) over a time period of 6, 12, and 24 h. (c) Gene expression of MAPK and PI3K pathways at 24 h #p-value <0.05: time-dependent
comparison to control, *p-value <0.05: concentration-dependent protein expression over time. Experiments were performed with 3 replicates.

development of resistance to chemo- and radiotherapy in GBM
(Zhong and Virshup, 2020). Figure 5c illustrates the expressed genes
involved in Wnt signaling upon treatment.

Particularly, EA35TMZ320 significantly downregulated the
upstream member WNT5A, whereas other treatments did not
show a significant effect. Conversely, WNT3, a ligand of LRP5/6
(Low-density lipoprotein receptor-related protein 5/6), exhibited
significant undesirable upregulation by EA45, whereas DKK2 and
DKK4, which are inhibitors of LRP5/6, remained unaffected by
any treatment.

All significantly ~ downregulated =~ FZD7
transcription, which encodes a transmembrane receptor crucial

combinations

for Wnt downstream. Activation of this receptor by Wnts
inhibits the Additionally,
CTNNBIPI, an intracellular member known to prevent P-catenin

B-catenin degradation complex.

activity, showed significant upregulation of gene expression by
EA20TMZ380.
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TCF7L1, an intranuclear member of the pathway involved in cell
cycle regulation and proliferation, was significantly downregulated
by TMZ600, EA45, EA35TMZ320, and EA20TMZ580.

Figure 5d summarizes the interaction of affected targets within
the Wnt pathway. The combinations regulated the transcription of
more targets compared to single metabolites.

After analyzing the GE of members of the Wnt-signaling
pathway under treatment, we wanted to know whether Wnt-
signaling is affected on the protein level. Therefore, we measured
the Wnt inhibitory factor 1 (WIF1). WIFI binds to Wnt-proteins,
thereby inhibiting the activation of the Wnt-signaling (see also
Supplementary Material S7).

Figure 5e shows the release of WIF1 protein by U-87 cells
treated with TMZ and EA alone or in combination. Both single
the
Combinations

metabolites and combinations significantly increased
WIF1 compared to the control.

demonstrated a dose-dependent increase in WIF1 release, with

release
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on significantly regulated genes obtained from the transcriptome analyses. (b) Network depicting a possible pathway uniquely regulated by the
combinations, obtained from GeneMania (https://genemania.org/). (c) Gene expression of Wnt signaling members. Data are presented as logFC. Cell
colors represent p-values. (d) Schematic representation of the proposed pathway regulated by combinations. (e) Level of WIF1 protein release into

the culture medium. *p < 0.05, **p < 0.01, ***: p < 0.001. The red line indicates the control. Experiments were performed with 3 replicates.

the highest activity for EA35TMZ320. The effect of TMZ and EA
on the WIF1 release showed a concentration-dependent inverse
pattern: higher TMZ concentration increases the effect, while
higher EA concentration reduces it. Significant up-regulations
were observed by the following combinations: EA20TMZ500,
EA20TMZ580, EA25TMZ580, EA35TMZ320, EA35TMZ380,
and EA30TMZ500. However, EA35TMZ320 showed the highest
influence on the WIF1 release.

The Wnt pathway is a regulatory system interacting directly
or indirectly with other signaling pathways, including the NF-kB
pathway, as a central pathway in inflammation (Guo et al., 2024).
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This pathway is essential for connecting inflammation and cancer,
as well as for tumor growth and resistance (Guo et al., 2024). For
BC, it was shown that NF-kB signaling boosts the growth
potential of BC cells and facilitates the spread of tumors (Guo
et al., 2024). Therefore, we were interested in the influence of our
metabolites and their combinations with TMZ on inflammation.
At the same time, we were interested in EA’s reported
neuroprotective and anti-inflammatory properties (Lee et al,
2021). Figure 6 shows the influence of the single metabolites
and the combinations on the GE of GABRs, BDNF, and major
cytokines regulating inflammatory processes (IL6, IL10, and
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Expression of genes encoding brain-related proteins and cytokines. (a) Clustered HeatMap of RNAseq data showing the expression levels of various
genes. None of the genes were found to be significantly regulated (p > 0.05). Genes include GABRB1: gamma-aminobutyric acid receptor (GABR) subunit
beta 1; GABRE: GABR subunit epsilon; GABRG3: GABR subunit gamma 3; BDNF: brain-derived neurotrophic factor; IL10: interleukin 10; IL6R: interleukin
6 receptor; TNFa: tumor necrosis factor a; IL23R: interleukin 23 receptor; IL31: interleukin 31; IL17RC: interleukin 17 receptor. (b) Histograms
showing mRNA levels based on qRT-PCR data. Concentrations: EA — 45 uM, TMZ - 600 uM, EA-TMZ - 35-320 uM, UA — 200 pM, and EprACN — 30 pg/
mL. GABARAPLL: GABAA receptor-associated protein-like 1. *p < 0.05 comparing to TMZ, #p < 0.05 comparing to untreated control. Experiments were

performed with 3 replicates.

TNFA) based on RNA deep sequencing (Figure 6a) and RT-
PCR (Figure 6b).

The pro-inflammatory cytokine TNFA was neither detected by
RNA deep sequencing nor by qRT-PCR. The anti-inflammatory
IL10, detected by deep sequencing, was not significantly influenced.
The RNAseq data showed no regulation of IL6. However, qRT-PCR
data showed a significantly amplified expression of IL6 for the single
treatment with EprACN or with TMZ, whereas UA
downregulated the GE.

RNAseq analysis showed no significant differences in the
expression of GABA receptor subunits. However, GABRBI was
downregulated by EA45 (p = 0.07), while GABARAPLI was
desirably upregulated for all treatments, with the highest
expression seen with UA.

RNAseq analysis further revealed insignificant influences of all
treatments on BDNF transcription. However, in qRT-PCR
investigations, BDNF was upregulated by EA-TMZ and EprACN
and downregulated by UA.

IL10 gene expression was significantly downregulated by all
treatments except TMZ, while IL6 gene expression was significantly
increased by EprACN and decreased by UA.

4 Discussion

The effectiveness of standard chemotherapeutics such as
temozolomide (TMZ) in glioblastoma (GBM) and paclitaxel
(PTX) in breast cancer (BC) is often limited by developing
resistance and eventual treatment failure (Das et al., 2021; Lee,
2016). Therefore, we investigated the adjuvant potential of
arbuscula
and their metabolites evernic acid (EA) and usnic acid (UA)
alone or in combination with TMZ and PTX for their

characterized extracts of E. prunastri and C.

Frontiers in Pharmacology

immunomodulatory and chemosensitivity-increasing potential.
HSKEF served to evaluate general cytotoxicity and selectivity, even
though these cells do not fully replicate the physiological
environment or cellular characteristics of normal brain or
mammary tissue. U-87 and MCF7 cells have their limitation,
too. U-87 cells differ genetically from primary GBM tumors and
do not fully recapitulate the intratumoral heterogeneity, stem cell
populations, or invasive behavior observed in patient-derived
GBM (Xie et al.,, 2015; Allen et al., 2016). Likewise, MCF7 cells,
while representative of HR+ BC, do not model the full spectrum
of BC subtypes, particularly TNBC or HER2+ disease, and lack
the tumor microenvironment components that influence drug
response in vivo (Neve et al., 2006; Holliday and Speirs, 2011).
Both models are grown in two-dimensional monolayers, which
do not capture the complexity of tumor-stroma interactions,
hypoxia, or immune modulation present in human tumors.
Despite these limitations, the use of U-87 and MCF7 in this
study provides a well-established platform for assessing the
antiproliferative and resistance-modulating effects of lichen-
derived metabolites with findings that can inform subsequent
validation in more complex models such as patient-derived cells,
organoids, or in vivo systems.

The initial experiments revealed a reduction in cellular
metabolic activity in U-87 and MCF7 cells after treated with the
lichen extracts and their metabolites. However, they were less
effective against MCF7 cells compared to PTX. Therefore,
experiments with MCF7 cells were discontinued, even though
UA had exhibited activity against MCF7 cells in earlier studies
(Backorova et al., 2011; Hawryl et al., 2020).

For extracts of E. prunastri, ICs, values of 90.1 pg/mL and
81.8 ug/mL were reported (Bézivin et al., 2004), which is in the range
of our results. Effects of EA against MCF7 and U-87 have not been
reported earlier. However, previous reports suggest its activity
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against A-172 and T98G glioblastoma cell lines (Studzinska-Sroka
et al., 2021), supporting our findings.

The extracts of C. arbuscula were not further investigated due to
their non-selective effect. Further experiments focused on the TMZ-
resistant U-87 cells (ICso > 500 puM) (Lee, 2016) and the
combination of TMZ and EA, since this combination yielded the
most promising reduction in cellular metabolic activity, while
showing minimal effect on HSKF.

To substantiate the antiproliferative effects, we performed
Western blot (WB) analyses of members of the central MAPK
families. They play a central role by regulating the cell cycle
engine and other proliferation-related proteins (Bézivin et al,
2004; Studzinska-Sroka et al, 2021; Zhang and Liu, 2002). In
addition, we measured AKT. In the context of cancer, Akt
signaling promotes tumor cell survival, proliferation, growth, and
metabolism by activating its downstream effectors. Both the PI3K/
Akt and the MEK/ERK pathways cooperate in tumor growth and are
involved in the development of therapeutic resistance in GBM cells
(Singh et al., 2023).

WB analyses revealed that EprACN and EA reduced the
expression and phosphorylation of ERK1/2 over time, explaining
the observed decrease in the metabolic activity in U-87 cells and
revealing an antiproliferative activity, as in most cells, sustained ERK
activation is required to induce cell cycle entry. In Glioma, an
aberrant activity of the RAS/MAPK/ERK pathway appears to
play a crucial role in the development of gliomas (Stachyra and
Grzybowska-Szatkowska, 2025). Even a large proportion of
resistance mechanisms are associated with reactivation of the
RTK/Raf/Ras/MEK/ERK pathway. Co-treatment with inhibitors
targeting these pathways is meanwhile regarded as a compelling
strategy to overcome resistance mechanisms in GBM (Yakubov
et al., 2025).

Another member of the MAPK-pathway, the so-called proto-
oncogene c-Jun, is also central to cancer-altered signalling: an
upregulated c-Jun was described for variable tumor cells,
specifically in brain tumors, contributing to its malignancy (Blau
et al., 2012). Blau et al. demonstrated that the accumulation of c-Jun
in tumors is regulated more translationally than transcriptionally
(Blau et al., 2012) corresponding to our data with the regulation of
c-Jun at the protein but not at the mRNA level.

EprACN and EA downregulated pAkt in a time- and dose-
dependent manner corresponding to the reduction in metabolic
activity in U-87 cells. This is particularly relevant, given that
overexpression and high phosphorylation of Akt correlate with
a poor prognosis in glioblastoma patients (Shahcheraghi et al,
2020). Increased pAkt
phosphorylating  GSK3p,
subsequent translocation of B-catenin into the nucleus. Both

activates transcription factors by

leading to its inactivation and
pathways, when activated independently, may contribute to
resistance (Manoranjan et al., 2020). Conversely, p-catenin also
induces the expression of Aktl and Akt2 and the phosphorylation
of Akt (Zhong and Virshup, 2020). Transcription of WNT3 was
contradictorily upregulated by EA, indicating a limitation as a
single treatment at higher concentrations. Nevertheless, the
downregulation of Akt by EprACN and EA may contribute to
the enhanced sensitivity of U-87 cells to TMZ.

In our combinatory study, GE-profiling of U-87 cells revealed
the modulation of multiple components within the Wnt/p-catenin
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pathway. Combination EA35TMZ320 reduced the transcription of
WNT5A, an upstream intracellular member (Yu et al., 2007; Chen
et al.,, 2021) known to play a pro-tumor role in glioma (Zuccarini
et al,, 2018; Chen et al., 2021) to induce the migration of GBM cells
(Lee, 2016) to increase cell proliferation (Yu et al., 2007; Chen et al.,
2021) and to correlate with higher WHO histological glioma
classification grades (Alkailani et al., 2022). A Wnt5a knockdown
inhibited the activity of the GSK3p/p-catenin pathway related to
glioma-derived endothelial cell angiogenesis (Chen et al., 2021).

Frizzleds (FZDs) are transmembrane receptors (Alkailani et al.,
2022) inhibiting the B-catenin degradation complex (Shahcheraghi
et al,, 2020). In glioma, FZD7 is upregulated, correlating with poor
(Zuccarini et al, 2018). The significant
downregulation of FZD7 GE by all combinations is promising.
Alike EA20TMZ380 significantly upregulated the GE of
CTNNBIPI, which prevents the interaction of -catenin and TCF
(transcription factors) family members. Negative regulation of
CTNNBIP1 correlates with higher grades of glioma (Tong
et al.,, 2015).

To support the transcriptional findings, we measured the release
of Wnt inhibitory factor (WIF1) protein via ELISA. WIF1 binds to
Wnht-proteins, thereby inhibiting Wnt pathway signalling. Both

patient outcomes

single metabolites and combinations increased the release of
WIF1 protein. In contrast, the combination of high
concentrations of EA (40 uM) and TMZ (=380 uM) reduced
WIF1 releases, supporting the dose-dependent effects observed in
the GE analyses, where higher concentrations induced an
WNT3.  This
WIF1 regulation underscores the importance of optimized dosing

upregulation  of inverse  dose-dependent
to balance pathway modulation.

Cross-talks between signaling pathways are known to play a role
in resistance development f. e. Wnt/B8-catenin signaling activates
NE-kB in the cytoplasm, whereas Dvl inhibits NF-kB signaling in the
nucleus (Guo et al., 2024). Even more in breast cancer, NF-kB has
been confirmed to be a crucial link between resistance signaling
pathways (Zhao et al., 2021). Activated NF-kB promotes the
production of Wnt, f3-catenin, and $-TrCP, which can lead to
cytokine storms up to death (Guo et al,, 2024; Jang et al., 2021).
We did not measure NF-kB, but the gene expression of IL6, a
product of NF-kB, which can activate, via STAT3, cell survival,
proliferation, and inflammation (Guo et al., 2024). The resolution of
inflammation is regarded as a novel host-focused option to
complement existing therapies for glioma (Bazan et al, 2021).
IL6 is frequently upregulated in GBM, where it activates JAK/
STAT3 signaling to promote tumor cell survival, proliferation,
and therapy resistance, and contributes to an immunosuppressive
milieu (West et al., 2018). IL10 primarily exerts immunosuppressive
effects in the GBM microenvironment by inhibiting effective anti-
tumor immune responses and, in some contexts, directly enhancing
glioma proliferation via JAK-STAT3 activation (Widodo et al,
2021). EprACN and TMZ increased the transcription of IL6 (RT-
PCR), and IL10 transcripts were detectable. However, we previously
observed that plant ingredients and acetylsalicylic acid stimulated
the GE of IL6 and IL10 under non-stress conditions, which turned
into an anti-inflammatory response under inflammatory conditions.
Such cytokine regulations may keep the immune-regulatory system
active and influence the cytokine release dynamics (Ulrich-
Merzenich et al, 2017). This hypothesis aligns with Ahmad
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et al.s proposition that the simultaneous expression of IL6 and
IL10 in tumor tissues improves the survival of breast cancer patients,
although underlying mechanisms remain unclear (Ahmad
et al., 2018).

We did not observe changes in the GE of IL4 and IL8. However,
both exert their most critical actions via crosstalk with immune and
endothelial cells. In a tumor-cell-only model, the roles of IL4 and
IL8 would likely appear less central compared to their significance in
the complex in vivo GBM microenvironment (Brat et al., 2005; Losur
et al., 2024).

Furthermore, the IL-17B/ IL-17RB pathway has been implicated
in tumorigenesis and resistance to anticancer therapies
(Briukhovetska et al., 2021). The IL-17A/F, binding to the
IL17RC receptor, pro-tumoral effects

(Briukhovetska et al., 2021). Although its precise role in tumor

demonstrated

resistance remains unclear. Our RNAseq data revealed exclusive
expression of RNA encoding IL17RC in resistant U-87 cells treated
with high TMZ concentrations, suggesting that the IL-17 pathway
may contribute to the development of resistance in U-87 cells, a
finding warranting further study.

Brain-derived neurotrophic factor (BDNF), an endogenous
signaling molecule, is involved in the carcinogenesis of glioma
(Zheng and Chen, 2020), especially in tumor growth and
metastasis in neuroblastoma (Chen et al, 2016), whereas a
precursor of BDNF (proBDNF) plays a role in the modulation of
cell apoptosis (Xiong et al., 2013). In our study, EA35TMZ320 and
EprACN30 induced significant over-expression of BDNF without
activating GE of the PI3K and MAPK pathway members. We
hypothesize that such an effect does not induce cell growth or
counteract the reduction in metabolic activity seen in U-87 cells
upon different treatments.

GABAA forms a heterotetrameric complex (Huang et al,
2022). The expression of subunits a«, B, and y-subfamilies
correlates with the malignancy grade of gliomas (Smits et al,
2012). Patients with high GABAA receptor-associated protein
(GABARAPLI) expression levels were reported to have a lower
risk for metastasis (Le Grand et al., 2011). In MCF7 cells,
GABARAPL was demonstrated to inhibit DvI2 (disheveled
segment polarity protein 2), an inhibitor of the p-catenin
degradation complex (Boyer-Guittaut et al., 2014). While TMZ,
EA, and TMZ-EA did not affect the GE of Dvl2, TMZ and EA
upregulated the GE of GABARAPLI. Thus, we suggest that the
downregulation of the Wnt signaling cascade observed in our
study is likely a direct effect on Wnt signaling members rather than
through GABARAPLI.

5 Summary and conclusion

This study demonstrates the potential of lichen-derived
metabolites, particularly evernic acid (EA), to modulate key
pathways associated with TMZ in U-87 cells,
suggesting a promising multitarget mechanism for future
investigation. EA reduced the metabolic activity of TMZ-resistant

resistance

U-87 cells, synergizing with TMZ to reduce viability by 75% at
optimized ratios. The prediction of ChemGPS that EA acts on
tubulin  activity was supported by deep

Mechanistically, EA suppressed GE of oncogenic Wnt/p-catenin

sequencing.
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signaling while upregulating the protein expression of WIF1 as a
central inhibitor of Wnt-signaling. Combinatorial EA-TMZ
treatment further modulated MAPK/PI3K pathways, inhibiting
ERK1/2, c¢-Jun, and Akt phosphorylation, which are critical for
glioblastoma survival and resistance.

The discovery of IL17RC overexpression in resistant cells
underscores a novel pathway implicated in TMZ resistance,
warranting further exploration.

Even though present studies lack an in vivo validation, findings
form a base for subsequent validation in more complex models.
Future studies should clarify EA’s direct role in tubulin dynamics, its
influence on the IL-17 pathway, on established mechanisms of drug
resistance, such as MGMT promoter methylation status, DNA
repair pathways, or efflux transporter activity in primary patient-
derived cells, as well as in vivo, for example, in genetically engineered
glioma models (GEGMs) or orthotopic animal models including
pharmacodynamic and pharmacokinetic evaluations to explore
translation of EA-TMZ combinations. Integrating
tools like ChemGPS-NP with multi-omics
approaches will accelerate the development of natural product-

clinical
computational

based therapies to address refractory cancers. This work advances
the paradigm of combinatorial, mechanism-driven strategies to
resistance-associated enhance

disrupt pathways  and

chemosensitivity in oncology.
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Hematological malignancies contribute significantly to the overall cancer burden.
Certain subtypes, such as hairy cell leukemia (HCL), are chronic and characterized
by residual disease after first-line therapy, while others, such as blastic
plasmacytoid dendritic cell neoplasm (BPDCN), are aggressive and associated
with poor prognosis. Although cornerstone interventions such as radiation and
chemotherapy are efficiently used to treat some malignant blood neoplasms,
these treatments are often limited by resistance, relapse, lack of enduring
disease-free survival/complete remission, and systemic toxicity. Immunotoxins
were developed to improve tumor targeting and have evolved into recombinant
immunotoxins (RITs). These novel bioengineered chimeras genetically combine
potent cytotoxins with targeted binding domains. In this review, we analyze three
FDA-approved RITs, namely, moxetumomab pasudotox, tagraxofusp, and
denileukin diftitox, that utilize bacterial toxins from Pseudomonas and
Corynebacterium diphtheriae to treat refractory/relapsed (R/R) HCL, BPDCN,
and adult R/R cutaneous T-cell lymphoma (CTCL), respectively. We reviewed
their comprehensive safety profiles, describe complications associated with
these fusion proteins, and, finally, discuss potential risk management strategies
that may enhance their clinical outcomes. Overall, RITs have demonstrated
efficacy, and researchers continue to extend these findings to other indications.

KEYWORDS

hematological malignancies, cancer immunotherapy, recombinant immunotoxins,
diphtheria toxin, Pseudomonas exotoxin, moxetumomab pasudotox, tagraxofusp, E7777

Introduction

According to the National Cancer Institute registry, in 2023, hematological malignancies
accounted for ~9.4% of new cancer cases and were responsible for 9.4% of reported cancer
deaths within the United States. The 5-year (2013-2019) estimated survival rate for leukemia
was 66.7% (Cancer Statistics, 2024). Although traditional cancer therapies have advanced over
the past decades, detectable minimal residual disease (MRD) post-treatment, health vulnerability
in old age, systemic adverse effects including bystander cell/tissue toxicity, relapse, and chemo-
resistance continue to pose major challenges in blood cancer management. This emphasizes the
quest for a highly specific curing therapy, like a “magic bullet.”
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effective in  some
diffuse B-cell
lymphoma, and some T-cell malignancies, such as acute

Chemo-monotherapy is generally

hematological ~malignancies, such as large

leukemia. However, chemo-resistance still constrains this
approach. For example, acute myeloid leukemia (AML) is
characterized by several functional chemo-resistance mechanisms,
which include drug efflux pumps (Yeung and Radich, 2017).
Accordingly, immunotherapy has been introduced for cancer
treatment and aims to enhance the host’s immune system in
combating malignancies (Farkona et al., 2016).

Recombinant immunotoxins (RITs), a type of immunotherapy,
have shown promise in compensating for these unmet qualities of
traditional systemic treatments. The recombinant technology
provides consistency in combining their two subunits, a tumor-
specific targeting moiety genetically fused to a fast-acting modified
cytotoxin (Allahyari et al., 2017). Potential RITs are highly stable
(protein stability of the chimeric fusion is tested at body
temperature), bind with high affinity to tumor-specific antigens
(TSAs), and can effectively translocate into the cytosol and become
cytotoxic (FitzGerald et al., 2004). These properties of RITs could
limit systemic toxicity and drug resistance experienced with
conventional modalities while eradicating MRD to achieve a
complete response (CR) more rapidly. Thus, they improve the
efficiency of targeting residual disease in adult populations and
provide other strategies for patients without the option of
hematopoietic stem-cell transplant (HSCT).

Hairy cell leukemia (HCL) is an example of a chronic B-cell
leukemia characterized by cytopenia (Morton et al., 2006). Purine
nucleoside analog (PNA) chemotherapy, using either cladribine or
pentostatin, is the current standard of care for de novo HCL. Else
etal,, (2009) reported a CR of 76% in patients treated with cladribine
and 82% in those treated with pentostatin in an assessment of
233 patients with HCL. However, these regimens often fail to induce
a durable disease-free plateau. Refractory/relapsing disease was also
found by Else et al., (2009) at 38% relapse with cladribine and 44%
with pentostatin. Despite a high initial CR rate with PNA
chemotherapy, MRD is often detected in HCL patients post-
treatment. Getta et al. (2015) identified MRD in 27%-50% of a
CR patient sample. Second-line therapy is indicated based on CR
sustainability and includes retreatment with PNAs or different
combinations of chemo-immunotherapy (rituximab with PNA or
bendamustine) (Maitre et al, 2019). However, subsequent PNA
courses eventually decline the response rates, accumulate toxicity
(Kreitman and Pastan, 2020; Seymour et al., 1994; Seymour et al.,
1997; Tadmor, 2011), and increase susceptibility to secondary
malignancies (Morton et al., 2006; Getta et al., 2016). The risk of
infection is also higher as both these PNAs are immunosuppressive,
especially cladribine (Kreitman et al., 2021). As a result, the FDA
approved moxetumomab pasudotox (MP) for managing refractory/
relapsed (R/R) HCL (FDA, 2020). Compellingly, MP may also play a
role in eradicating MRD in patients with HCL and may potentially
be associated with a reduced relapse rate.

Another hematological malignancy, blastic plasmacytoid
dendritic cell neoplasm (BPDCN), was originally categorized by
WHO under AML before they identified it as its own individual
disease in a 2016 revision (Arber et al, 2016). BPDCN’s rare
incidence and unclear understanding of its biology challenged the
establishment of a specific standard of care. BPDCN is an aggressive
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cancer with an extremely low incidence rate of <0.5% (Shi and
Wang, 2014; Rauh et al., 2012; Yu et al,, 2014) that mainly affects
adults (~60-70 years). It is less commonly observed in the pediatric
population, which has historically shown great outcomes with
existing leukemia/lymphoma-based treatment protocols. Unlike
younger patients, multiple studies report poorer prognosis in the
older population (Shimony et al., 2025). Kharfan-Dabaja et al.
(2013) found a median estimated survival of <18 months with
affected adults. Treating BPDCN  with
chemotherapy resulted in an approximate average of 21.5% early

chemotherapy in

mortality (Pemmaraju et al,, 2019). As immunocompetency declines
with age, patients likely cannot tolerate immunosuppressive
chemotherapy, which could affect their chances of undergoing
further treatments, HSCT and additional pre-
conditioning requirements (Tay et al., 2019). The disease presents

such as

with cutaneous lesions but can also occur without dermatological
involvement (Rauh et al., 2012; Yu et al,, 2014). In these cases,
systemic treatment/conditioning with chemotherapy/radiation may
be only palliative, which has prompted investigations into the
antineoplastic activity of RITs against BPDCN. Currently,
tagraxofusp is the only specific treatment for BPDCN approved
by the FDA and the European Medicines Agency (Shimony
et al.,, 2025).

The tumor behavior of some mature T-cell lymphomas (TCL),
such as cutaneous T-cell lymphoma (CTCL) and peripheral TCL,
also shows frequent relapse, refractory disease, and poor prognosis
in the later stages. For local manifestations, treatment could include
topical creams or light therapy. For extensive skin involvement,
current protocols include systemic chemotherapy, such as
cyclophosphamide, doxorubicin, vincristine, and prednisone;
extracorporeal photopheresis; or radiation. However, the low
reported long-term survival average of 25%, along with disease
relapse post-HSCT, has encouraged the pursuit of alternative
second-line therapies (Hamadani et al., 2014; Khan and Sawas,
2019). Denileukin diftitox (DD), an RIT preparation now
reformulated as E7777 (Lymphir), is FDA-approved for treating
adult R/R CTCL (Kawai et al., 2021).

In this study, we discuss these three FDA-approved RITs against
hematological malignancies—moxetumomab pasudotox (MP),
tagraxofusp, and denileukin diftitox (DD)—with an emphasis on
the bacterial toxins utilized in these agents. This review encompasses
suggested
improvement capacities. Increased targeting and specific toxicity
would be “the best of both worlds.”

these chimeras’ limitations, safety profiles, and

IT design and development

Toxin moiety: characterization of bacterial-
based ITs

William  Coley established the
immunotherapy using bacterial components for inoperable

preliminary form of

cancer treatment in the late 1890s. He cured sarcomas with
“Coley’s toxins”—a mixture of Streptococcus pyogenes, Serratia
marcescens, and bacterial products (McCarthy, 2006). In the late
1800s and early 1900s, Paul Ehrlich developed the concepts of
tumor-specific markers and, later, the concept of specific drugs

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1569502

Rashad et al.

that target diseased tissue and used the term “magic bullets.” He
suggested that aberrant cells were common but maintained by host
factors. Advances in the understanding of modern immunity have
provided some insights into host defenses and changes in cell-
surface expression, forming the foundation for tumor-specific
targets (Valent et al., 2016).

Subsequently, the immunotoxin technology evolved over several
generations, starting from a few research groups in the 1970s and
1980s using different toxins (Moolten et al., 1975; Krolick et al.,
1982). The first generation used whole toxins conjugated to
antibodies. Then, the second generation eliminated unessential
portions of the toxin to mitigate the vascular-leak adverse
RITs are the
recombinant DNA to fuse the binding and toxin domains
(Allahyari et al., 2017).

RITs refer to genetically fusing the sequences of the
of the
modified toxin. This construct allows further alterations to

reactions.  Finally, latest generation using

antibody’s cell-binding fragments to sequences
increase binding affinity or cytotoxic activity (Greer et al,
2018; Matthey et al,, 2000). The two most commonly used
toxins in RIT are Pseudomonas exotoxin (PE) and diphtheria
toxin (DT). They belong to the same group of ADP-ribosylating
toxins and originate from the AB toxin family, consisting of
catalytic (A) and binding (B) counterparts. PE and DT are
favorable because of their limited non-specific toxicity
compared to that of other toxins (including plant toxins).
They are also easily cloned and expressed, which makes them
cost-effective molecules (Mazor and Pastan, 2020).

Both PE and DT have single-chain polypeptide structures with
efficient cytotoxic activity using an analogous mechanism. Each
toxin inhibits the function of EF-2 translocase, an elongation factor
in protein synthesis, by transferring the ADP-ribose from NAD" to
the diphthamide residue on EF-2, which then blocks translation and
induces apoptosis (Mei et al, 2019; Michalska and Wolf, 2015;
Weldon and Pastan, 2011; Zdanovsky et al., 1993). PE and DT follow
receptor-mediated endocytosis (Zdanovsky et al., 1993; Shafiee et al.,
2019); however, they follow distinct cytosolic translocation
pathways. PE (including the PE38 variant used in RIT) requires
assistance with cytoplasm translocation using the retrograde
pathway from the ER to the cytosol through the ER’s protein
channels. In contrast, DT bypasses the ER and moves directly
through the endosomal membrane (in a pH-dependent manner)
into the cytosol (Michael Lord and Roberts, 1998). Additionally, the
structural and enzymatic domains for each toxin are in different
orientations (Srivastava and Lugman, 2015).

PE in the RIT structure

The native PE precursor molecule is 638 amino-acids (aa), of
which the 25 aa signal sequence is cleaved during secretion (Allured
et al.,, 1986). A mature PE molecule is a single polypeptide 613 aa
chain: domain Ia (1 aa-252 aa) binds the receptor on target cells,
domain II (253 aa-364 aa) enables cytosol translocation, and
domain Ib (365 aa-404 aa), along with III (405 aa-613 aa),
catalyzes ADP-ribosyl transferase activity.

Generally, in PE-mediated RITs, the recombinant binding
domain genetically replaces the minor domain Ia, while domains
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IIL, 11, and a subunit of Ib are preserved in the chimeric molecule
(Hansen et al., 2010). Removal of domain Ia resulted in PE40, a
truncated (40 kDa) PE (Wolf and Elsasser-Beile, 2009; Pastan et al.,
1992). To further reduce immunogenicity, more residues were
deleted from domain Ib, resulting in PE38, a 38 kDa toxin. The
PE38 form of Pseudomonas protein toxin A has been commonly
used in RITs; one such example is MP (Kreitman et al., 2018a). The
intracellular processing of MP, schematically illustrated in
Figure 1A, is similar after binding, presumptively using the
KDEL receptor pathway.

PE cytotoxic pathway

Native PE is cleaved at the 613 aa in the extracellular
environment; this is hypothesized to be carried out by host
plasma carboxypeptidases, excising lysine and resulting in a motif
change to REDL. The REDL motif enables the toxin to bind KDEL
receptors at the Golgi apparatus during intracellular trafficking. PE
binds at domain Ia to a low-density lipid-related protein (LRP),
which is also known as CD91 or the a2-macroglobulin receptor, and
is internalized by receptor-mediated endocytosis (Wolf and
Elsasser-Beile, 2009).

Intracellularly, two pathways are available for PE to reach the
ER, namely, the KDEL receptor-mediated pathway and the lipid-
dependent sorting pathway (Wolf and Elsasser-Beile, 2009; Pastan
et al,, 1992). Using the KDEL receptor-mediated pathway, the PE
bound to CD91 translocates intracellularly via clathrin-coated pits.
As the complex reaches the endosome, low pH induces the
dissociation of LRP from PE, and a conformational change
exposes the furin protease motif site (in domain II). PE is
cleaved into two units that are still attached by disulfide bonds.
These bonds are reduced in the late endosome, resulting in 27 kDa
and 37 kDa fragments containing domains II, Ib, and III. The
37 kDa fragment reaches the trans-Golgi-network (TGN), where
the REDL motif of PE binds to the KDEL receptor and the toxin is
translocated to the ER in retrograde movement. In the cytosol, the
37 kDa fragment catalyzes the ADP-ribosylation by binding NAD*
and cleaving the bond between the nicotinamide and ribose of the
NAD* This ADP-ribose transfer to
diphthamide, which is a post-translationally modified histidine

molecule. stimulates
only found on EF-2. Since the main function of EF-2 is to
translocate mRNA across the ribosome, inhibition of EF-2
activity halts protein synthesis, induces cell-cycle arrest, and
subsequently induces apoptosis.

DT in the RIT structure

DT was discovered by Yersin and Roux in 1888 and has been one
of the most investigated bacterial toxins. Its potent cytotoxic
properties can induce cell death with as low as a single molecule
of DT (Yamaizumi et al., 1978; Kolybo et al., 2013) or a minimal
lethal dose of <0.1 pg per kg of body weight in humans (Kolybo et al.,
2013). It is a single polypeptide Y-shaped chain consisting of three
domains within two subunits totaling 535 aa residues. The
C-domain (1 aa-193 aa) resides within the A subunit, while the
T-domain (201 aa-384 aa) and the R-domain (385 aa-455 aa) are
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FIGURE 1
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Moxetumomab pasudotox’s and tagraxofusp’'s mechanism of action (MoA). (A) Moxetumomab pasudotox MoA: anti-CD22 DsFv of RIT binds

CD22 on B-tumor cells. The whole conjugate is internalized in clathrin pits via receptor-mediated endocytosis. Pit containing conjugate buds into early
endosome and then late endosome, where low pH separates the PE38 from the dsFv, and furin cleavage releases the catalytic payload. Next, the dsFv is
degraded in the lysosome, and PE38 moves retrogradely to the ER, likely using the REDL motif and KDEL receptor pathway. The catalytic

PE38 payload enters the ER and then the cytosol, where it catalyzes ADP-ribosylation of EF2 diphthamide. This inactivates EF-2 protein synthesis function,
leading to apoptosis (Weldon and Pastan, 2011; Kreitman and Pastan, 2011; Abou Dalle and Ravandi, 2019; Pastan et al., 2006). (B) Tagraxofusp MoA: IL-3
subunit of tagraxofusp binds with high affinity to CD123 (a-chain of IL-3R) that is highly expressed on BPDCN cell surface and is also internalized through
endocytosis. The drug relies on the late endosome for acidification to weaken bonds between the T- and C-domains. Unlike PE38, the C-domain of the
RIT is directly translocated to the cytosol to catalyze NAD™ by transferring the ADP-ribose molecule to diphthamide on EF-2, interfering with EF-2 protein
synthesis activity, and inducing apoptosis (Shafiee et al., 2019; Alkharabsheh and Frankel, 2019). Created in BioRender. Rashad, Y. (2025) https://

BioRender.com/plvrc3a.

located within the B subunit. The C-domain is responsible for
catalyzing the ADP-ribosylation of EF-2, the T-domain is the
transmembrane subunit, and the R-domain is the receptor-binding
subunit (Mazor and Pastan, 2020). Only lysogenic corynephage-
infected Corynebacterium diphtheriae secrete DT or are toxicogenic
as the phage carries the fox gene that encodes DT (John, 1996).
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When using DT in a genetically engineered RIT, the R-domain is
substituted with a smaller and more stable targeting molecule, while
the functional activity of the T- and C-domains is retained. Once
inside the cell, RITs employ the same cytotoxic mechanism as native
DT (Shafiee et al,, 2019). This is shown in Figure 1B, which shows
the pathway of the FDA-approved tagraxofusp, a DT-mediated RIT.
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TABLE 1 Bacterial-based immunotoxins targeting hematological malignancies (Allahyari et al., 2017; Pemmaraju et al., 2019; Shafiee et al,, 2019; Kim et al.,

2020; Weber, 2015).

Toxin
moiety

Immunotoxin

Market drug

Binding

name moiety

Bacterial Disease?

toxin

Clinical progress

DT388 GM-CSF GM-CSF DAB388 DT AML Phase I
A-dmDT390-bisFv Anti-CD3 DT390 DT T-cell-derived Phase II
(UCHT1) malignancies including Completed
MF-CTCL
DAB4861L2 IL-2 DT486 DT NHL and CTCL Phase II
DAB389IL2 Denileukin diftitox 1L-2 DAB389 DT CTCL, NHL, CLL, and Accelerated FDA approval in
(Ontak) more diseases February 1999 and full approval
in 2006
HA22 Moxetumomab Anti-CD22 PE38 PE HCL FDA approved in September of
pasudotox (Lumoxiti) dsFv 2018
DT388IL3 Tagraxofusp (Elzonris) IL-3 DT388 DT BPDCN FDA approved in December of
2018

“NHL, non-Hodgkin lymphoma; MF-CTCL, mycosis fungoides-type cutaneous T-cell lymphoma; CTCL, cutaneous T-cell lymphoma; AML, acute myeloid leukemia; CLL, chronic lymphocytic

leukemia.
DT cytotoxic pathway

The native DT cytotoxic pathway begins with the R-domain of DT
binding to type 1 transmembrane protein pro-heparin-binding
(pro-HB-EGF) and CD9 on the
mammalian cell surface (Srivastava and Lugman, 2015; Kolybo

epidermal growth factor

et al, 2013). Upon binding, cell surface proteolytic enzymes cleave
the polypeptide bond between the C- and T-domains, which allows for
internalization by endocytosis (some DT particles escape surface furin-
mediated cleavage but are later cleaved intracellularly instead by furins
in the early endosome lumen). Translocation of the C- and T-domains
across the plasma membrane and into the endosome takes place in
enclosed clathrin-coated pits. At this point, the C- and T-domains are
still linked together by a disulfide bond in the endosome. Upon
acidification and the reduction of the disulfide bond,
conformational changes in the T-domain cause the hydrophobic
regions to project through the endosomal membrane and channel
the C-domain into the cytosol, where the enzymatic domain’s toxic
function is activated. Acidification is crucial for DT intracellular
translocation (Antignani and Fitzgerald, 2013). The C-domain
binds NAD" in the cytosol and transfers ADP-ribose of the NAD
to diphthamide on EF-2. This ADP-ribosylation halts EF-2 activity,
causing cell death (Shafiee et al,, 2019; Srivastava and Lugman, 2015).

Targeting moiety

Candidate targeting molecules (ie., growth factors, cytokines,
monoclonal antibodies (mAbs), or fragments of mAbs) should be
able to bind with high affinity to the designated (malignant)
mammalian cells and effectively deliver the attached toxin. Targeted
TSA should be abundantly and homogenously expressed on the tumor
cell surface at moderate-to-high density to avoid off-target or
competitive binding. It should also be anchored to the plasma
membrane, instead of being freely available, to ensure that the
toxins bind the tumor cell and reach the cytoplasm (Brown et al,
2008). The technology to retain the antigen-binding fragment (Fv) and
eliminate the constant region (Fc) from the targeting mAb facilitates
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rapid clearance of the RIT from the circulation. This helps reduce the
negative effect of unwanted interactions between the hybrid conjugate
and vital cells (Mansfield et al., 1997). Ligand binding to their receptors
has also demonstrated a potent ability to deliver the RIT molecule with
high specificity to tumor cells. Currently, the investigated ligands
include interleukins (IL) 2, IL-3, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) (Kim et al., 2020).

After the receptor-ligand binding, internalization is crucial for
proper toxin uptake. The DT and PE exploit the receptor-mediated
endocytosis pathway to cross the plasma membrane in clathrin-coated
vesicles and ultimately induce cytotoxicity through the inhibition of
EF-2 activity (Michalska and Wolf, 2015; Murphy, 2011).

Linker

Linkers are vital components in RITs. They play a structural role
in attaching the toxin to the binding molecule. Biological linkers
enhance the stability and expression of the RIT-targeting domains,
particularly those derived from mammalian proteins (i.e., cytokines
and growth factors) (Amet et al,, 2009; Chen et al., 2013). Chen et al.
(2013) reported three main empirical linker classifications in drug
delivery applications: rigid, flexible, and cleavable linkers. In protein
fusion biologics, linkers can be helical or non-helical (George and
Heringa, 2002). Peptide linkers also serve as furin cleavage sites. In
toxins, these proteolytic cleaving sites are necessary to activate the
catalytic domains’ cytotoxic activity (Weldon et al, 2015).
Conceivably, a robust linker would preserve the functions of both
domains (binding and toxicity) without compromising drug potency.

Clinical pearls of immunotoxins:
efficacy and toxic effects

To date, there are three FDA-approved RITs indicated for
hematological malignancies: tagraxofusp, MP, and DD. Table 1
summarizes some of the history of bacterial-based toxins and
their clinical status.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1569502

Rashad et al.

Moxetumomab pasudotox (Lumoxiti)

MP (HA22) is an FDA-approved RIT targeting CD22 against
R/R HCL for adults who previously received >2 systemic therapies,
including PNA (Kreitman et al,, 2012). CD22 is a popular B-cell
surface target for RIT against HCL; Olejniczak et al. (2006) utilized
flow cytometry and showed that 100% of the nine examined HCL
specimens are CD22-positive. Their data also suggest that the
CD22 antigen exhibits
neoplastic transformation, which makes it a stable targeting

negligible change following B-cell

marker (Olejniczak et al., 2006). Most importantly, it is not
displayed on the B-stem-cell surface (FitzGerald et al., 2004).

The HA22 RIT is composed of anti-CD22 Fv (Vy and Vg
domains), cloned from the murine IgG clone RFB4 (Mansfield
et al,, 1997), genetically linked to PE38 at Vi using recombinant
DNA technology, and then produced in E. coli (Kreitman et al.,
2012). Vi, and Vyy in HA22 have three aa substitutions (THW) in
place of cysteines (SSY) to increase the high binding affinity and
cytotoxicity of RFB4 in the RIT (Kreitman and Pastan, 2011).
RFB4 is an excellent binding domain in HA22 due to its high
selectivity in binding malignant B-cells with no perceptible evidence
of binding normal/benign cells (Mansfield et al., 1997). Additional
high-affinity mutants are being tested in a phase-I clinical trial
(Salvatore et al., 2002).

From bench to bedside: milestones to FDA
approval

The clinical phase-I (NCT00586924), stage-1 “dose-escalation”
cohort included 28 HCL patients treated with MP at three doses
ranging from 5 to 50 pg/kg administered every other day to evaluate
drug safety. The treatment continued to a maximum of 16 cycles per
patient (with <4 weeks between cycles) or until disease progression.
This stage revealed 86% response rates throughout dose escalation,
including 46% with durable CR, with only one case sustaining CR for
less than a year. One patient experienced disease progression after
the first treatment cycle and was terminated from the study. Of the
27 remaining eligible patients, 3 had stable disease, 13 had CR, and
11 had PR. Immunogenicity assessment of 26 evaluable patients
showed 65% with antitoxin-binding Abs after a median of two cycles
and 38% developing neutralizing antibodies (nAbs) blocking <75%
of 1 ug/mL of IT after at least two cycles; however, among the
patients undergoing 5-16 cycles/patient, five patients showed no
nAbs. Only one patient had nAbs after the first cycle. Patients with
Abs neutralizing <75% of 1 pg/mL of IT qualified for continued
treatment as blood levels of the drug were greater than the Ab levels.
No dose-limiting responses were reported (Kreitman et al., 2012;
Kreitman et al., 2018b).

In stage 2, this phase study was expanded by recruiting 21
additional participants for the 50 ug/kg dose, which was
administered in 3 doses over 4-week cycles given every other
day. The results showed MRD eradication in the blood and bone
marrow in most CR patients, contributing to enduring CR. At a
50 pg/kg dose, the participants’ median duration to reach CR is
42 .4 months. The MRD-positive cases of the CR-positive population
represented 45% (9 cases), with a median of CR-positive duration of
13.5 months. The MRD-negative population (11 patients) did not
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reach the median duration of CR. Altogether, this concluded the
successful completion of the phase-I trial and unlocked the phase-III
clinical trial (Kreitman et al., 2018b).

The phase-III pivotal study (CD-ON-CAT8015-1053) was a
third-line, multi-center (in 14 different countries, with the
majority of the centers in the United States), open-label efficacy
trial. A total of 80 patients were enrolled and treated with 40 pg/kg
on days 1, 3, and 5 of every 28-day cycle for a maximum total of six
cycles. The results revealed a total of 79% CR and PR, in addition to
80% hematological remissions. Of the population that responded to
treatment, 85% tested negative for MRD on immunohistochemistry
slides. Overall, the results concluded a durable CR rate along with
MRD eradication in R/R HCL patients (Kreitman et al., 2018a). MP
was approved by the FDA in September 2018 after successful clinical
outcomes (FDA, 2018a).

In November 2022, the manufacturer of MP announced the
discontinuation of the product in an official letter to the FDA, citing
“very low clinical uptake,” with the discontinuation effective from
August 2023. They stated that the decision does not reflect the safety
and efficacy of the drug but anticipated that the complexity of
specialized administration, the need for patient monitoring, and
potential prophylactic toxicity may have affected the observed
clinical uptake (FDA, 2023).

Immunogenicity assessment

An electrochemiluminescent immunoassay was used to assess
for the presence of anti-drug antibodies (ADA)—anti-MP. Of the
ADA-positive population, nAbs levels were measured using a cell-
based assay. A phase-III study (CD-ON-CAT8015-1053) revealed
that 59% of the participants were ADA-positive. These ADA-
positive patients proceeded to nAb testing, and 95.7% of them
had detectable nAbs. Of the nAb-positive cases, 99% exhibited
PE38-binding domain-specific ADA, and 54% had CD22-binding
domain-specific ADA. If the participants were baseline ADA-
positive, they had reduced systemic drug concentrations (FDA,
2018a). Results from the phase-III clinical study reported that the
median CD19 B-cell count in the peripheral blood on day 8 declined
by 90% and remained reduced throughout the study. Six months
after treatment, PR/CR patients exhibited relatively normal B-cell
counts (Kreitman et al., 2018a).

Toxicity and adverse outcomes

Reactions related to infusion account for <20% and include
diarrhea (<50%), nausea, edema, headache, anemia, and fever. Renal
toxicity and electrolyte alterations were also noted. Other severe
effects include capillary leak syndrome (CLS) and hemolytic uremic
syndrome (FDA, 2018a).

Recommended administration protocol:
dosing and route.

FDA regulations recommend administering 40 ug/kg through a
30-min intravenous (IV) infusion on days 1, 3, and 5 of each 28-day
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TABLE 2 Ongoing clinical trial of Tagraxofusp against blood cancers (National Library of Medicine, 2024a).

Indication/disease® Clinical trial ID

Post-transplant maintenance of CD123-positive chronic blood malignancies: AML, MF, CMML NCT05233618
CD123-positive or BPDCN-IPh-like AML NCT04342962

(Tagraxofusp + decitabine) CMML NCT05038592

(Tagraxofusp + gemtuzumab) R/R AML NCT05716009

Pediatrics R/R CD123-positive hematological malignancies (ALL, AML, AUL, BPDCN, HL, LL, BCL, TCL, MDS, and MPAL) NCT05476770

*CMML, chronic myelomonocytic leukemia; MF, myelofibrosis; BPDCN-IPh-like AML, blastic plasmacytoid dendritic cell neoplasm immunophenotype-like acute myeloid leukemia; ALL,
acute lymphoblastic leukemia; AUL, acute undifferentiated leukemia; HL, Hodgkin’s lymphoma; LL, lymphoblastic lymphoma; BCL, B-cell lymphoma; TCL, T-cell lymphoma; MDS,

myelodysplastic syndrome; MPAL, mixed-phenotype acute leukemia.

cycle. The regimen is to advance for a maximum of six cycles, until
disease progression or intolerable toxicity.

Tagraxofusp

Tagraxofusp is an FDA-approved RIT for relapsed or naive
BPDCN, a blood neoplasm that is characterized by IL-3 receptor
(CD123) overexpression (El et al., 2020). The RIT is composed of
recombinant human IL-3 fused to a truncated DT by a His-Met
dipeptide linker and is expressed in E. coli (FDA, 2018b). IL-3 binds to
the CD123 marker on the tumor cell surface (Economides et al., 2019).
IL-3R is a potent target associated with low-to-no myelosuppression
susceptibility due to the receptor’s low expression on benign blood
cells (Fanny et al., 2013). Tagraxofusp is currently being investigated
for post-transplant maintenance of CD123-positive chronic blood
malignancies such as AML (clinicaltrial.gov ID: NCT05233618),
among other indications summarized in Table 2.

From bench to bedside: milestones to
FDA approval

Preliminary pharmacological studies measured the in vitro and
in vivo cytolytic activity. Researchers demonstrated tagraxofusp’s
ability to increase apoptosis and reduce cell proliferation using MTT
assays and flow cytometry with AV/7AAD staining in model cell
lines (CAL-1 and GEN 2.2) and primary BPDCN (collected from
12 patients) cells. They designed various treatment conditions for
the MTT assays to assess for toxicity at different concentrations, as
monotherapy versus co-administration with other toxins or
chemotherapeutics, at 18 h versus 48 h post-treatment. The
experimental results of Fanny et al. (2013) reported the notable
potency of the drug as a single agent. They confirmed the superior
benefit of tagraxofusp to chemotherapy in seven out of eight tested
chemotherapeutic agents. Fanny et al. (2013) also showed a
reduction in the viability of BPDCN cell lines (92%) and primary
cells (80%) at low drug concentrations.

Tagraxofusp showed an increase in survival rate after a single
treatment cycle in vivo, following intraperitoneal injection into NSG
mice 7 days after BPDCN tumor induction (Fanny et al., 2013).
Non-clinical toxicology studies were conducted in cynomolgus
monkeys to determine the sufficient human-equivalent dose
(FDA, 2018b).
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To translate these outcomes clinically, a pilot study was
conducted for initial clinical validation. Nine participants were
evaluable out of 11 recruited. Results revealed a 78% positive
response to treatment. A larger multi-center, four-staged, multi-
cohort, open-label, single-arm, phase-I/II clinical trial (study STML-
401-0114) in adults old),
pharmacometrics reports, provided sufficient pharmacological

(=18 years along with three
assessment for FDA review.

In the pivotal cohort, 54% of patients entered the CR/complete
remission composite (CRc). Notably, no pediatric population was
recruited throughout the trial. However, tagraxofusp is indicated for
children (>2 years old) because three pediatric cases treated with the
drug showed a biological profile comparable to that observed in
adult BPDCN patients (FDA, 2018b).

In STML-401-0114 (clinicaltrial.gov ID: NCT02113982),
tagraxofusp was administered for 5 days with a cycle length of
21 days each throughout all four stages of the trial. The results from
all stages were interpreted upon reaching the primary clinical
endpoint of CR and CRc percentages.

Stage 1 (dose-escalation) aimed to examine the maximum dose
tolerance (dose range 7 ug-16 pg per kg of body weight daily for
5 days). Twenty-three patients with BPDCN or refractory/relapsed
(R/R) AML were included. The maximum tolerated dose was
determined to be 12 pg per kg of body weight daily for 5 days
and was used in the subsequent study stages. Therefore, this dose
was used in stages 2-4 (FDA, 2018b).

Stage 2 included the same patient criteria, BPDCN or R/R AML,
but a larger sample size of 58 cases. A different population was
recruited in the “pivotal cohort” stage 3, where 13 patients with
untreated newly diagnosed BPDCN were included. In stage 4,
referred to as “continued access,” 16 additional participants were
enrolled (FDA, 2018b).

One of the centers in the clinical trial included 47 BPDCN
patients—32 of whom were untreated, and 15 were relapsed
patients. Conclusions from this trial reported a 90% treatment
response rate, with the majority achieving CR—59% at
18 months and 52% at 24 months, even in the BPDCN-naive
group. The overall response rate for the refractory group was
67%, with a median overall survival of 8.5 months. Additionally,
45% of the cases advanced to HSCT (Pemmaraju et al, 2019).
Tagraxofusp was approved by the FDA for clinical use on December
21, 2018 (Olejniczak et al., 2006; FDA, 2018b; Elzonris, 2020).

Pemmaraju et al. (2022) reported an update in July 2022 on the
positive long-term effects of tagraxofusp (with a median follow-up
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of 34 months), in patients previously enrolled in clinical trials.
Overall, rapid treatment response and durable CR + CRc were
noted. Results from this recent assessment showed a 75% objective
response rate, including 57% CR + CRc. A total of 51% of patients
achieving CR + CRc were advanced to either autologous or allogenic
stem-cell transplant. The median overall survival of those who
achieved CR + CRc and received stem-cell transplants is
38.4 months, and 72% of the patients were in remission for a
year or longer after transplant. A total of 37% of patients in CR
+ CRc who received transplant had major reductions in baseline
bone marrow blasts (12%-94%). Furthermore, 4 out of 18 patients
with CR + CRc did not undergo transplant, 2 of whom had 27- and
52-month response durations. A novel finding was also reported in
the R/R BPDCN patient population, where a 58% response rate was
reported after 1-2 treatment cycles (Pemmaraju et al., 2022).

Immunogenicity assessment

The established vaccination protocol recommends that children
(=6 years old) and infants receive diphtheria vaccination (Centers
for Disease Control and Prevention, 2022). In light of this, of the
four clinical trials in the tagraxofusp FDA approval summary, pre-
existing Abs against DT were detected in 96% of the patients prior to
tagraxofusp treatment, 21% of which were neutralizing Abs (nAbs).
At the end of cycle two, the antibody titer and frequency of patients
with ADA (99%) increased, with 85% having nAbs. After cycle three,
68% of the patients also expressed anti-IL-3 Abs. The study
conclusions suggest higher susceptibility to adverse effects in the
group with pre-existing Abs at baseline (FDA, 2018b).

Toxicity and adverse outcomes

CLS was reported in 55% of the participating patients (FDA, 2018b),
including several fatalities (Pemmaraju et al.,, 2019; FDA, 2018b; Elzonris,
2020), and affected 46% as either grade-1 or grade-2 adverse events.
Hepatotoxicity was also reported in 40% of the patients. Other chemistry
and hematology abnormalities include thrombocytopenia, hypocalcemia,
low sodium levels, and hyperglycemia. Hypersensitivity reactions were
considered for precautionary measures as they accounted for a 10%
incidence rate in the trials (FDA, 2018b).

In the 2022 update by Pemmaraju et al. (2022) on the long-term
effects of tagraxofusp, they reported nine grade-5 and three treatment-
related CLS events. To resolve these events, tagraxofusp treatment was
paused, albumin was administered to all participants with CLS, and
steroids were administered to some CLS patients. Nine patients
continued receiving additional doses of tagraxofusp after CLS
resolution and did not report recurrence (Pemmaraju et al., 2022).

The major hazardous condition of CLS was listed as a boxed
warning (Elzonris, 2020). An in vivo study using a rat model showed
that the prophylactic use of 15-deoxyspergualin (DSG), an inhibitor
of NF-kB, reduced vascular leak syndrome when co-administered
with a ricin-based IT. Siegall et al. (1994) suggested that prophylactic
DSG administration not only allowed for dose escalation that is
necessary for successful treatment with IT, but it also did not decline
or affect the conjugate’s anti-tumor activity. Further studies may be
extended to evaluate whether similar results may be reproduced
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using DSG with tagraxofusp and other bacterial-based RITs (Siegall
et al,, 1994). Moreover, severe outcomes during the clinical trial
period warranted avid monitoring for dose-modification as needed
(Elzonris, 2020; Pemmaraju et al., 2022).

Recommended administration protocol:
dosing and route

The FDA-recommended dosage of tagraxofusp is 12 ug per kg of
body weight to be administered intravenously on days 1-5 of a 21-
day cycle. The regimen is to continue with repeat cycles until disease
progression or unacceptable toxicity is reached (Elzonris, 2020).

Denileukin diftitox

In 1999, DAB389IL2 (DD) was the first FDA-approved RIT
marketed as “Ontak.” In 2009, Ontak was reformulated as E7777
(Lymphir) with further purification to reduce protein aggregates and
thereby increase the number of active monomers; however, it
retained the same amino acid sequence as DD. In March 2024,
the FDA approved E7777 as a new drug for R/R CTCL based on the
results from a phase-IIT multicenter clinical trial, as detailed in
Figure 2. E7777 combines human IL-2 with DT and mainly targets
IL-2Ra (CD25) on tumor cells. Interestingly, E7777 has also been
reported to function against tumors with lower CD25 expression
due to its binding to all types of IL-2R, not exclusively CD25 (IL-
2Ra). Foss et al. (2022) reported that E7777 showed ~two times
higher specific bioactivity than Ontak (Ghelani et al., 2020).

From bench to bedside: milestones to FDA
approval

Lymphir (E7777) reemerged as a new FDA drug. The approval
was supported by the clinical safety and efficacy assessment in
NCT01871727 (study 302). Progression-free survival (PFS), quality
of life, and time to progression (TTP) were also investigated. The
established efficacy endpoints were the objective response rate (ORR)
per independent review committee (IRC) based on Global Response
Scoring (GRS) as a primary endpoint and the time to response (TTR)
and duration of response (DOR) as secondary endpoints. Other
endpoints included safety, drug tolerance, and immunogenicity.

The study was conducted in 20 centers across the United States
and Australia from May 2013 to December 2021. Two stages were
undertaken: the lead-in and the main study. Participants were
recruited based on a histopathological CTCL diagnosis and no
history of Ontak treatment. Of the 112 recruited patients (median
age: 64 years old and average: 62.9 years old) with CTCL stages I-III at
baseline, 98 were enrolled and received treatment. Sixty-nine of those
patients (five from lead-in and 64 from the main study) plus two
additional patients with visceral disease (n = 71) were selected for
primary efficacy analysis based on ORR for investigator review.
Thirty-four of the 69 patients had previously been treated
with >1 targeted therapies. Results from this clinical trial showed
6 out of 71 with CR, 24 out of 71 with PR, and 33 out of 71 with stable
disease. CR was reported if no detectable evidence of the disease was
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E7777 beyond

Timeline of clinical status from DD to E7777 (DD-cxdl). Peripheral T-cell lymphoma (PTCL), biologics license application (BLA), supplemental
biologics license application (sBLA), complete response letter (CRL), and Prescription Drug User Fee Act (PDUFA) (FDA, 2024; FDA, 2008; Co, 2024; Mahdi
et al, 2023; Allen, 2024; LaHucik, 2024; Wang et al., 2017; Eisai, 2024; Shiiba et al., 2022; National Library of Medicine, 2024b; Citiuspharma, 2024;
Wrigley, 2022; Conroy, 2022; PR Newswire, 2023; Sava, 2024; Salsburg, 2024).

found, and PR was determined based on disease regression and the
absence of newly detected sites.

Approximately 70% of patients who responded to
E7777 treatment did so after one to two cycles, with a median
TTR of 1.41 months. DOR was 6 or 12 months for 13 and

5 participants, respectively (Foss et al., 2022; Inc. E, 2022).

Immunogenicity assessment

Immunogenicity was tested based on anti-E7777 and anti-IL2
Abs. The samples were collected on day 1 of cycles 1, 2, 3, and 5. In
the lead-in phase (dose escalation study), 100% of the patients were
reported to have anti-E7777 Abs; comparably, 37.5%, 87.5%, 100%,
and 83.3% of the patients had anti-IL-2 Abs on day 1 of the four
cycles. In the main study (objective response rate), 85.7%, 91.7%,
and 95.7% of the patients were reported to have anti-E7777 Abs on
day 1 of cycles 1, 2, and 3, while only 5.5%, 52.3%, and 88.6% of the
patients, respectively, had anti-IL-2 Abs at the start of each cycle
(Inc. E, 2022).

In a Japanese phase-II clinical trial, an immunogenicity panel of
anti-E7777 and anti-IL2 antibodies was tested for neutralizing
activity. The samples were collected pre-treatment; on the first
day of cycles 1, 2, 3, 5, and 8; and upon treatment completion.
Post-treatment, 74.3% of the patients had positive anti-E7777 Abs.
Anti-IL2 and neutralizing Abs increased from 5.4% to 0% at baseline
to over 54.3% and 57.1%, respectively. After administration of
E7777 in each cycle, the antibodies against E7777 rapidly cleared
the drug from the serum.
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Toxicity and adverse outcomes

Safety assessments in Study 302 were not new to E7777 as they
were similar to those reported previously with Ontak. Adverse
effects included grade-I/II CLS in some patients; other adverse
effects were mild, including ~28% experiencing either chills,
higher ALT levels, or peripheral edema; ~32% experiencing
fatigue; and ~40% experiencing nausea (Foss et al., 2022).

Recommended administration protocol:
dosing and route

Study 302 conducted dose-escalation analysis in the lead-in
phase (6 pg/kg-15 pg/kg) and optimized the recommended
dosage of 9 pg/kg/day administered for five consecutive days
through an IV infusion over 60 min (+10 min) for up to eight
cycles (median of six cycles) or until disease progression or
unacceptable toxicity. The cycles were scheduled 21 days apart
(Foss et al., 2022; Inc. E, 2022).

Improvement capacities and risk
management

Efforts to reduce immunogenicity are evident throughout the
evolution of ITs, such as isolating the catalytic moiety of toxins,
utilizing fragments of humanized Abs, and introducing DNA
recombination the newer

technology. Among mitigation
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strategies are B- and T-cell epitope mutations, SVP-R, and
PEGylation (Mazor et al., 2018a; Mazor et al, 2018b; Zheng
et al., 2020).

Since multiple studies have demonstrated that nAbs inhibit RIT
function, nullifying B-cell epitopes that are naturally associated with
nAbs has been suggested to decrease immunogenicity. Mapping and
eliminating B-cell epitopes is a promising strategy (Mazor et al.,
2018a). An example of this is LMB-100 (PE24 RIT currently in
clinical stages), which is deimmunized from human B-cell epitopes
(Mazor et al., 2018b). However, a more cost-effective technique was
described to target and eliminate only amino acids with a key role in
B-cell responses; this was tested in hopes of mitigating
immunogenicity in DT-mediated RITs, where pre-existing ADAs
from vaccination are detected (Schmohl et al., 2015).

Similarly, T-cell epitope modification was tested. Unlike B-cells,
which naturally undergo affinity maturation, T-cell specificity is not
altered upon epitope identification. Thus, elimination of T-cell
epitopes is suggested to limit ADA formation (Mazor et al,
2018a). Mazor et al. (2014) studied PE38 and reported the
presence of eight main T-cell epitopes. They deleted three
epitopes and introduced point mutations in key residues of the
remaining five epitopes, resulting in the modified LMB-T18 RIT
(targeting CD22). Preclinical trials showed high cytotoxic and
antitumor activity and a 93% reduction in T-cell epitopes.
Furthermore, no new T-cell epitopes emerged as a result of the
mutations. LMB-T18 immunogenicity was also tested against
patient sera, and a significant decrease in antibody binding
activity was reported (Mazor et al., 2014).

In another study, researchers explored the use of synthetic
(SVP-R) for
deimmunization purposes. The efficacy of this strategy was

vaccine  particles  encapsulating  rapamycin
evaluated in an LMB-100 mouse model. Results reported durable
effects, specificity, and transferable immune tolerance, preventing
ADA and nAbs formation against the RIT. It further showed success
in mice with baseline nAbs (Mazor et al., 2018b).

Chemical PEGylation (polyethylene glycol) is a technology that
is long-established to improve pharmacokinetics/dynamic capacities
in drug delivery in general. In the world of RITs, PEG reduces
immunogenicity, improves the short half-life of some RITs, and
enhances their cytotoxic efficiency. Zheng et al. (2020) published a
study in March 2020, concluding that site-specific PEGylation of
anti-mesothelin RITs increases their anti-tumor function and
improves the drug’s half-life. As noted with different generations
of RITs, mutations to improve and enhance product half-life are
paramount because they induce more durable remission that is
achieved over a shorter period (Zahaf and Schmidt, 2017).

Conclusion

Immunotherapy with chimeric bacterial toxins as anti-neoplastic
agents is showing clinical promise against hematological malignancies
(Johannes and Decaudin, 2005). The RIT's use the enzymatic domain
of a bacterial toxin and the binding of the antibody to target tumor
cells (Greer et al., 2018). Generally, the intracellular toxins from PE
and DT have been used because they are extremely effective in
mammalian cells (Johannes and Decaudin, 2005; Frankel et al.,
2002). Other properties influencing the choice of the toxin include
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the orientation and structure of the enzymatic domain, purification
yields, target antigen expression, and off-target toxicity.

More recently, investigations of RITs targeting solid tumors
have gained momentum. Pre-clinically, in a BALB/c mouse model, a
study tested E7777 in combination with anti-PD-1 against liver and
colon cancer; they reported anti-tumor activity and increased overall
survival (Ghelani et al., 2020; Mahdi et al., 2023). In a phase-I clinical
trial with LMB-100 against mesothelioma and mesothelin-positive
cancers, RIT monotherapy application against solid cancers had
dose-limiting toxicity and generated anti-drug antibodies (Hassan
et al.,, 2020). Efforts to evaluate LMB-100 combined with other
treatments are under investigation (Skorupan et al., 2024).

As with other immunotherapies, RITs have been more effective in
hematological diseases than in solid tumors. Blood cancers usually
show milder antibody neutralization against either the toxin or Fv,
thereby sustaining higher tolerance for extended treatment sessions.
In addition, since blood cancers share the same reservoir of immune
cells, RIT access to target cells provides increased immune
suppression. Comparably, in solid tumors, RIT dose escalation is
limited, secondary to rapid immunogenicity with nAbs forming only
weeks after treatment (Pemmaraju et al,, 2022). Additionally, usually
reduced anti-tumor interaction is observed due to lower tumor
penetration into solid tumors, considering their physiological
structure. The increase in heterogeneity of solid tumors could also
affect RIT treatment efficiency (Pirker, 1988).

RITs have historically encountered challenges within the
pharmaceutical industry. Biologics that require complex drug
development face difficulties in manufacturing and intellectual
property management, which increase production costs. At times,
companies have even obtained intellectual property with no
intention to implement the drug, effectively abandoning its
development (Holzman, 2009). Over the years, these challenges
have limited the clinical adoption of RITs.

Other technical issues in RIT development have proven
challenging. High levels of purified and active protein can be
difficult to achieve. Pharmaceutical companies have explored
multiple expression systems from bacteria, yeast, and mammalian
cells to cell-free protein synthesis. Although mammalian systems
offer advantages, they are costly as their yield is limited (Zhu et al.,
2017). Bacterial production can reduce investment and production
costs for simple proteins, but it does not add post-translational
modifications. For example, in the previously FDA-approved
preparations of DD (Ontak), expression in E. Coli led to
struggles with purifying the active drug from misfolded and
Difficulties
production, along with the drug’s safety profile, decreased
commercial viability. Increased cost and low demand eventually
led to Ontak’s discontinuation (Foss et al,, 2022). The refined
manufacturing and purification process in the reformulated drug

aggregated proteins. with quality control and

Lymphir (E7777) resulted in higher purity of the active protein
monomer with a better safety profile (Kawai et al., 2021).

Additionally, patients could undergo further screening to
categorize them with more optimal TSA characteristics, such as
low ADA, high TSA expression and density, or low antigen
shedding, to ensure favorable outcomes.

Overall, RITs show a growing potential against many
hematological malignancies, such as BPDCN, R/R HCL, and R/R
CTCL, and can potentially be repurposed for other hematological
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indications. However, this is a growing field, and researchers
continue to investigate other risk management strategies to
maximize the benefit from this treatment.
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T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological
malignancy with limited therapeutic options and frequent treatment-
associated toxicities. L-asparaginase, a cornerstone in T-ALL therapy, is often
restricted by hypersensitivity reactions and systemic side effects, highlighting the
need for safer strategies to enhance its efficacy. This study investigated the
potential of apigenin, a naturally occurring flavonoid with antioxidant and pro-
apoptotic properties, to act as a chemosensitizer for L-asparaginase in MOLT-4
T-ALL cells. Cytotoxicity was assessed using the MTT assay, apoptosis by Annexin
V/PI staining, cell cycle distribution by flow cytometry, and mitochondrial
membrane potential by JC-1 staining. Both apigenin and L-asparaginase
produced dose- and time-dependent cytotoxicity, with combination
treatment resulting in reduced ICsq values. Apoptotic analysis showed
significantly higher apoptosis in the combination-treated groups than in
single-agent groups. Cell cycle analysis revealed that apigenin induced S-
phase arrest and L-asparaginase induced Gl-phase arrest, while the
combination disrupted cell cycle progression at multiple checkpoints. JC-1
assay further demonstrated enhanced mitochondrial depolarization, with up
to a 29.2-fold increase in cytoplasmic-to-mitochondrial fluorescence ratio in
combination therapy compared to L-asparaginase alone. These findings indicate
that apigenin potentiates L-asparaginase-induced cytotoxicity through
mitochondrial dysfunction and intrinsic apoptotic signaling. The combined use
of apigenin and L-asparaginase may provide a novel strategy to improve
therapeutic efficacy in T-ALL while potentially reducing the toxicity associated
with high-dose L-asparaginase monotherapy.

KEYWORDS

apigenin, L-asparaginase, T-ALL, combination therapy, chemosensitization

Introduction

Leukemia is a collection of cancers originating from abnormal cells in the body’s
hematopoietic tissues, characterized by poor differentiation and aggressive behavior (Feng
Li, 2024; Shafat et al., 2017; Yang et al,, 2021). According to Sung et al., 2021, leukemia
ranked as the 13th most common cause of cancer-related mortality worldwide, accounting
for ~3.1% (305,405 cases) of all cancer deaths. Among its subtypes, acute lymphoblastic
leukemia (ALL) is a particularly aggressive form that arises from the lymphoid lineage,
resulting in overproduction of immature lymphocytes and disruption of normal
hematopoiesis. ALL is most prevalent in children, progresses rapidly, and requires
prompt intervention (Ekpa et al., 2023; Pui et al.,, 2004; Rujkijyanont and Inaba, 2024).
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T -cell acute lymphoblastic leukemia (T-ALL) is a rarer subtype,
comprising 15%-20% of pediatric and 25%-30% of adult ALL cases,
and is historically associated with inferior survival compared with
B-ALL (Moricke et al., 2016; Raetz and Teachey, 2016). Despite
improvements in chemotherapy protocols, outcomes for T-ALL,
especially in relapsed and high-risk groups, remain poor (Durinck
et al,, 2015; Van Vlierberghe and Ferrando, 2012). The mainstay of
treatment for ALL is combination chemotherapy that includes
asparaginase, anthracyclines, cytarabine, cyclophosphamide, and
intrathecal methotrexate (Hayashi et al., 2024; Juluri et al., 2022).
While  this
management of resistant or recurrent disease is still challenging
(Chen et al., 2013; Youns et al., 2010).

L-asparaginase is a crucial and highly effective drug for treating
T-ALL (Egler et al., 2016; Ishida H, 2024; Tong and Rizzari, 2023). Its
selective action is based on the inability of leukemic lymphoblasts to

regimen has improved survival to 80%-85%,

upregulate asparagine synthetase, leaving them vulnerable to
extracellular ~ asparagine depletion. However, dosing and
administration are complicated by hypersensitivity, hepatotoxicity,
coagulopathy, and pancreatitis, with hypersensitivity being the main
cause of treatment interruption (Baruchel et al., 2020). Maintaining
serum asparaginase activity (SAA) >0.1 IU/mL is required for
therapeutic efficacy, but achieving this threshold while limiting
toxicity is difficult (van der Sluis et al., 2016). Thus, strategies that
enhance L-asparaginase efficacy while minimizing toxicity are
urgently needed.

A major barrier in ALL therapy is the toxicity of chemotherapeutics
to normal tissues, which restricts both dosing and treatment duration.
Therefore, a promising approach is to combine conventional
chemotherapy with natural, low-toxicity agents that enhance
therapeutic efficacy while protecting healthy cells (Gilad et al., 2021).
Plants are rich in bioactive compounds with anticancer potential,
particularly polyphenols. These secondary metabolites influence
multiple stages of carcinogenesis and are generally safe, affordable,
and accessible (Kang et al., 2012; Kilani-Jaziri et al,, 2012; Russo et al.,
2010). Flavonoids, widely found in fruits, vegetables, teas, and herbal
medicines, exhibit diverse pharmacological activities, including
antioxidant, anti-inflammatory, hepatoprotective, immunoregulatory,
and anticancer properties (Hasnat et al., 2024).

Abbreviations: ALL, Acute Lymphoblastic Leukemia; ANOVA, Analysis of
Variance; ATCC, American Type Culture Collection (inferred from context,
not explicitly stated but common for cell lines); B-ALL, B-cell Acute
Lymphoblastic Leukemia; CDK2, Cyclin-dependent Kinase 2; CCCP,
Carbonyl Cyanide 3-Chlorophenylhydrazone; Cl, Combination Index; DMSO,
Dimethyl Sulfoxide; DNA, Deoxyribonucleic Acid; ER, Endoplasmic Reticulum;
FACS, Fluorescence-Activated Cell Sorting; FBS, Fetal Bovine Serum; FITC,
Fluorescein Isothiocyanate; G1, Gap 1 Phase; G2, Gap 2 Phase; JC-1,
5,5',6,6'-Tetrachloro-1,1',3,3' -tetraethylbenzimidazolylcarbocyanine  iodide;
MMP, Mitochondrial Membrane Potential (appears as A¥m); MTT, 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; PBS, Phosphate-
Buffered Saline; PI, Propidium lodide; PKB, Protein Kinase B (another name
for AKT); PMSF, Phenylmethylsulfonyl Fluoride (not mentioned, but often used
with protease-free conditions—could be excluded if not present); qPCR,
Quantitative Polymerase Chain Reaction (not in your document, but often
associated with gene expression studies—omit if not present); RNA,
Ribonucleic Acid; RNase, Ribonuclease; SAA, Serum Asparaginase Activity;
SDS, Sodium Dodecyl Sulfate (not used in your text); SD, Standard Deviation;
T-ALL, T-cell Acute Lymphoblastic Leukemia; A¥m, Mitochondrial
Membrane Potential.

Frontiers in Pharmacology

10.3389/fphar.2025.1631505

Among flavonoids, apigenin—a dietary flavone abundant in
fruits, vegetables, and herbs—has attracted particular interest. It
displays antioxidant, anti-inflammatory, and anticancer effects
(Telange et al,, 2017). Mechanistic studies show that apigenin
arrests HL-60 myeloid leukemia cells at G2/M and TF-1
erythroid leukemia cells at GO/G1, partly through inhibition of
the PI3K/AKT pathway and activation of caspases (A. Mahbub
et al,, 2017). Importantly, apigenin has low toxicity in normal cells,
supporting its potential as an adjuvant to chemotherapy. It has also
been shown to sensitize cancer cells to chemotherapeutic agents
such as 5-fluorouracil, doxorubicin, chlorambucil, imatinib, and
cyclophosphamide (Bokuli¢ et al., 2011).

However, flavonoid-drug interactions can be context
dependent. While many studies confirm their chemosensitizing
potential, others report antagonistic effects. For example,
apigenin has been shown to attenuate vincristine-induced
apoptosis in hematological malignancy models (Goto et al,
2012). This variability highlights the need for rationally designed
studies to define specific drug-flavonoid interactions in leukemia.

In this study, we investigated the potential of apigenin to
sensitize T-ALL cells to L-asparaginase. By evaluating their
combined effects on cell viability, apoptosis, mitochondrial
function, and cell-cycle regulation, we aimed to identify a
strategy to enhance L-asparaginase efficacy while reducing its
dose-related toxicities, thereby improving therapeutic outcomes
in T-ALL.

Materials and methods
Chemicals

L-Asparaginase from E. coli (A3809-1KU) and apigenin were
purchased from Sigma (United States). A stock solution of
L-asparaginase was prepared at 1 mg/mL using distilled water
and stored at —20 ‘C. With dimethyl sulfoxide (DMSO), a stock
solution of apigenin was made at a concentration of 2.5 mg/mL and
stored at —20 °C.

The sterile DMSO was obtained from the Merck Group (Germany)
and stored at room temperature. Fetal Bovine Serum (FBS) and RPMI
1640 media (1X) were sourced from Gibco (United Kingdom).
Dulbecco’s Phosphate-buffered saline (PBS) (1X) was acquired from
Capricorn Scientific (Germany), while Penicillin-Streptomycin (100X)
was purchased from Euroclone (Italy). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide (MTT) powder was obtained from
Invitrogen (United States), and a stock solution was prepared in 1X PBS
at a final concentration of 5 mg/mL. Trypan blue powder was
obtained from Sigma Aldrich (United States), and a stock solution
was prepared at a final concentration of 0.4% in 1X PBS. The FITC
Annexin V Apoptosis Detection Kit I, used for apoptosis assays,
was purchased from BD Biosciences (United States). The
MitoProbe™ JC-1 Assay Kit for flow cytometry was acquired
from Invitrogen (United States). Propidium iodide (PI) powder
was sourced from AppliChem (Germany), and a 1 mg/mL stock
solution was prepared in distilled water and stored at 4 “C. Triton
X-100 was also purchased from AppliChem (Germany), while
RNase A (DNase- and protease-free, 10 mg/mL) was obtained
from Thermo Scientific (United States).
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Cell line

The human T-ALL cell line, MOLT-4 cells, was purchased from
Icell Bioscience (Shanghai, China). The cell line used in this study was
previously cryopreserved at —80 °C to maintain its viability and integrity
before use. After thawing, cells were expanded under standard culture
conditions, and experiments were performed using cells at the 3rd—4th
passage to ensure stable growth and viability. The cells were grown in
RPMI 1640 medium with 10% FBS, 1% L-glutamine, and 1% penicillin-
streptomycin solution, and kept at 37 °C in a room with 5% CO,.

Cell viability assay

Cell viability was determined using the 3-(4,5)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. MOLT-4 cells (1 x 104 cells
per well) were placed in 96-well plates and given different
amounts of L-asparaginase and apigenin, either by themselves or
with a control, for 24 and 48 h at 37 °C in a 5% CO2 environment. At
the conclusion of each incubation period, 20 L of freshly prepared
MTT solution (5 mg/mL) was added to each well and incubated for
4 hat 37°Cin a 5% CO, environment. The absorbance was measured
at 570 and 670 nm using a microplate reader (Thermo Scientific,
Multiskan GO, Finland). The obtained absorbance values reflect
cellular metabolic activity, which indirectly indicates viability and
cytotoxicity. The values of IC25, IC50, and IC75 were determined
based on the percentages of cell proliferation inhibition at different
apigenin and L-asparaginase concentrations and were graphed.

Apoptotic assay

MOLT-4 cells (6 x 10° cells per well) were seeded into 6-well
plates and exposed to varying concentrations of L-asparaginase (0.5,
1.0, and 1.5 pg/mL) and apigenin (5, 10, and 15 ug/mL), either
individually or in combination, for 24 and 48 h at 37 “C in a 5% CO,
incubator. Apoptotic cells were evaluated using an Annexin
V-FITC/propidium iodide (PI) apoptosis detection kit, following
the manufacturer’s protocol. Quantification of apoptotic
populations was performed using a flow cytometer (BD FACS
Canto, United States) with two-channel analysis, and data were

processed with CellQuest software (BD Biosciences).

Determination of mitochondrial
membrane potential

The MitoProbe™ JC-1 Assay Kit, which is used for flow cytometry,
was used to check the mitochondrial transmembrane potential with a
JC-1 dye test. MOLT-4 cells (6 x 10° cells/well) were seeded into 6-well
plates and were incubated with the indicated combined doses of
apigenin and L-asparaginase (5pg/mL-0.5 pg/mL, 10pg/mL-1.0 pg/
mlL, and 15ug/mL-1.5 pug/mL) for 48 h in a 5% CO, atmosphere. The
experimental design included two untreated control groups and one
negative control group, which contained cells exposed only to the
solvent vehicles (distilled water and DMSO at their highest applied
concentrations). After 48 h of incubation in a 5% CO, atmosphere,
carbonyl cyanide 3-chlorophenylhydrazone (CCCP; 2 uL, 50 mM), a
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compound that disrupts mitochondrial membrane potential, was added
to one of the control groups to reach a final concentration of 50 M and
was maintained at 37 °C in a 5% CO, atmosphere for 5 min. JC-1 dye
(20 pL, 200 uM) was then added 20 min before the termination of the
experiment and incubated at 37 °C in a 5% CO, atmosphere. After
incubation, the cells were collected and washed with PBS. Fluorescence
intensity was ultimately measured using flow cytometry (BD FACS
Canto, United States). In the JC-1 assay, P6 represents polarized
mitochondria (healthy cells, red fluorescence), while P7 represents
depolarized mitochondria (apoptotic cells, green fluorescence).

Cell cycle analysis

MOLT-4 cells (6 x 10° cells per well) were cultured in 6-well plates

and exposed to various concentrations of apigenin and
L-asparaginase, administered either separately or in combination.
Two control groups were used: one group had cells treated with
distilled water and DMSO at high levels, and the other group had cells
that were not treated with any drugs at all. After 48 h of incubationina
5% CO, atmosphere, the cells were fixed with ethanol (80%) at —20 °C,
then permeabilized with Triton X-100 in PBS (200 pL, 0.1%) and
treated with RNase A (4 pL, 200 ug/mL) to remove RNA. Cells were
stained with PI solution (20 pL, 1 mg/mL) and analyzed by flow
cytometry (BD FACS Canto, United States). The percentage of cells in
the G1, S, and G2 phases was measured to see how well apigenin and
L-asparaginase, either separately or together, could stop the cell cycle

by comparing the treated groups to the control groups.

Isobologram and combination index analysis

The combination effects of L-asparaginase and apigenin were
evaluated using the improved isobologram method and the
combination index (CI) approach, as implemented in the
CompuSyn software. Combination Index (CI) values were
computed to evaluate the interaction between L-asparaginase and
apigenin, with CI < 1 indicating a synergistic effect, CI =
1 representing an additive effect, and CI > 1 suggesting
antagonism. These values were derived using the median-effect
principle according to the Chou-Talalay method (Chou, 2010).

Statistical analysis
Statistical analysis and graph generation were carried out using
GraphPad Prism 10.0. A paired t-test was applied to assess differences

between the control and experimental groups. Additionally, a two-
way ANOVA was used to analyze the overall experimental data.

Results

Apigenin and L-asparaginase inhibit
leukemia cell viability

The MTT assay was employed to evaluate the cytotoxic effects of
apigenin and L-asparaginase, both individually and in combination,
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on MOLT-4 cells following 24 and 48 h of incubation. For apigenin
alone, there was a dose-dependent decrease in cell viability, which
was stronger at 48 h than at 24 h (Figures 1A,B). The IC50 of
apigenin was 13.15 ug/mL at 24 h but decreased to 7.3 pg/mL at 48 h,
indicating that cytotoxic activity increased over time. Additionally,
at 48 h, the IC25 and IC75 values were 3.93 pg/mL and 11.8 pg/mL,
respectively, indicating a gradual dose-dependent response. Time-
dependent cytotoxicity was evident at higher concentrations
(>15 pg/mL) of this compound.

An additional delay during the 48 h period further increased
efficacy, with a dose-dependent inhibition of cell growth observed
following treatment with L-asparaginase alone. The IC50 was
2.58 pg/mL at 24 h and decreased to 0.56 pg/mL at 48 h,
representing a 4.6-fold reduction (Figures 1C,D). Moreover, at
48 h, the IC25 and IC75 values were 0.24 pug/mL and 4.0 pg/mL.

Combination index (CI) values below 1 at all tested
concentrations, calculated using 48-h MTT assay viability
data, indicated a synergistic interaction between apigenin and
L-asparaginase. The CI values were 0.499 for the combination of
0.5 pg/mL L-asparaginase with 5 pg/mL apigenin, and 0.487 for
1 pg/mL L-asparaginase with 10 pg/mL apigenin, indicating
strong synergy. At the highest tested dose—1.5 pg/mL
L-asparaginase combined with 15 ug/mL apigenin—a slightly
reduced synergistic effect was noted, with a CI value of
0.684 (Figure 1E).

Cell cycle effects of L-asparaginase and/or
apigenin in MOLT-4 cells

MOLT-4 cells were treated with apigenin and L-asparaginase
alone and in combination for 48 h. The results suggested that either
of the two compounds caused a concentration-dependent alteration
of cell cycle progression, and at the cell cycle indices, they had a more
prominent synergistic effect (Figure 2).

L-asparaginase treatment primarily led to Gl-phase cell cycle
arrest with a dose-dependent increase in the accumulation of cells in
G1 phase. The percentage of G1 cells increased from 46.74% in the
untreated control to 66.05% in the presence of 0.5 pg/mL. This effect
was also more pronounced in higher concentrations, e.g., 1.5 ug/mL
for 71.41% of cells in G1. As a result, the fraction of cells in S and
G2 phases decreased. The S-phase cells decreased to 25.38% and the
G2-phase cells were reduced to 3.22% at the 1.5 ug/mL value of
L-asparaginase.

Contrasting results were obtained with apigenin treatment,
where S phase arrest was shown in a higher percentage of cells
at higher concentrations. The percentage of S-phase cells remained
comparable to the control (47.35%), with 46.25% at 10 pg/mL, but
increased further to 51.21% at 15 pug/mL. Conversely, G1-phase cells
were reduced (15 pg/mL, 42.92%), and G2-phase cells were
slightly reduced (15 pg/mL, 5.90%).

Using apigenin and L-asparaginase together at doses that were
very effective in killing cells showed clear changes in how the cells
progressed through their cycle. The number of cells in the G1 phase
rose to 59.34%, while the number of cells in the S phase slowly
dropped to 34.84% when treated with 0.5 pg/mL L-asparaginase and
5 pg/mL apigenin. G2 phase were also stable at 5.82%. Finally, the
number of S-phase cells went up a lot to 45.62% compared to when
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FIGURE 2

Apigenin and L-asparaginase induce cell-cycle arrest alone or in
combination. After treatment with agents for 48 h, MOLT-4 cells were
stained with Pl and analyzed for cell cycle distribution using flow
cytometry. Data represent mean + SD of three independent
experiments (*P < 0.01, **P < 0.05, vs. the control).

1 pg/mL L-asparaginase was used with 10 ug/mL apigenin; however,
the number of G1-phase cells dropped to 51.19%. The G2 phase fell
to 3.20%. The maximum extent of S-phase reached only 51.07% in
L-asparaginase at 1.5 pg/mL and apigenin at 15 pg/mL, while the
proportion of G1 phase cells was decreased down to 48.71% and
G2 phase cells were almost absent, comprising only 0.23% of cells.

Apoptotic assay

The apoptotic impact of apigenin and L-asparaginase, both
individually and in combination, was assessed using Annexin
V-FITC/PI dual staining followed by flow cytometry at 24- and
48-h post-treatment. Based on cytotoxicity results from the MTT
assay, L-asparaginase was used at concentrations of 0.5, 1.0, and
1.5 ug/mL, while apigenin was applied at 5, 10, and 15 ug/mL. These
same concentrations were combined to evaluate potential synergistic
effects on apoptosis.

The X-axis of the dot plots represents Annexin V-FITC staining,
while the Y-axis denotes PI staining. Apoptotic cells were quantified
as the sum of Q2 (late apoptosis) and Q4 (early apoptosis), while
necrotic cells (Q1) were identified but not included in the apoptosis
analysis (Figure 3A). Quadrant Q3 indicated the proportion of
viable MOLT-4 cells, which was recorded as 90.9% at 24 h and
93.3% at 48 h in the control group. At 24 h, apigenin alone induced
apoptosis in a dose-dependent manner, with 13.1%, 29.3%, and
63.4% apoptotic cells at 5, 10, and 15 pg/mL, respectively, while
L-asparaginase alone caused 31.0%, 32.0%, and 31.4% apoptosis at
0.5, 1.0, and 1.5 pg/mL, respectively. Combination treatments
significantly increased apoptotic activity, reaching 38.1% for
0.5 pg/mL L-asparaginase +5 pg/mL apigenin, 65.2% for 1.0 ug/
mL + 10 pug/mL, and 77.8% for 1.5 pg/mL + 15 pg/mL, suggesting
additive or synergistic interactions even at early time points.
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FIGURE 3

The apoptotic effect of apigenin and L-asparaginase alone and in combination on the proliferation of MOLT-4 cells at 24- and 48 h. (A) Apigenin and
L-asparaginase alone and in combination at 24 h; (B) Apigenin and L-asparaginase alone and in combination at 48 h; (C) Quantification of total cell death
in MOLT-4 cells treated with apigenin, L-asparaginase, or their combination for 24 h. (D) Quantification of total cell death in MOLT-4 cells treated with
apigenin, L-asparaginase, or their combination for 48 h Data represent mean + SD of three independent experiments (*P < 0.01, **P < 0.05, vs.

the control).

After 48 h, apoptosis levels increased across all conditions:
apigenin alone caused 15.8%, 50.5%, and 84.7% apoptosis at 5, 10,
and 15 ug/mlL, respectively, while L-asparaginase alone induced
24.6%, 34.0%, and 39.3% at 0.5, 1.0, and 1.5 pg/mL (Figure 3B).
Notably, the combined treatments produced striking apoptosis rates
of 41.2%, 84.0%, and 94.7% for 0.5 + 5, 1.0 + 10, and 1.5 + 15 pg/mL,
respectively, reinforcing a robust time- and dose-dependent
synergistic effect consistent with enhanced intrinsic apoptotic
signaling and mitochondrial dysfunction as reported in similar
studies (Aithal et al., 2019; Naponelli et al., 2024; W. Wang et al,
2000) The statistical analysis of three independently performed
experiments is shown in Figures 3C,D, where the Y-axis represents
the overall cell death rate calculated as the sum of Q1 (necrotic), Q2
(late apoptotic), and Q4 (early apoptotic) cell populations.
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Determination of mitochondrial membrane
potential

The mitochondrial membrane potential (A¥Ym) of MOLT-4
cells was evaluated after 48 h of treatment with apigenin and
L-asparaginase, individually and in combination at different
concentrations, using JC-1 dye-based flow cytometry. The
percentages of P6 and P7 for each condition were reported
alongside the results obtained from CCCP treatment (Figure 4B).
CCCP, a well-established disruptor of mitochondrial membrane
potential, was used to verify the sensitivity of the JC-1 dye in
detecting changes in mitochondrial polarization in MOLT-4 cells.
The data from the CCCP-treated group served as a reference for
normalizing the values obtained from the untreated control samples.
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FIGURE 4

(A) Quantitative analysis of JC-1red/green fluorescence ratio in MOLT-4 cells treated with L-asparaginase alone or in combination with apigenin for
48 h; (B) The effect of apigenin and L-asparaginase alone and in combination on the loss of mitochondria membrane potential of MOLT-4 cells at 48 h;
Data represent mean + SD of three independent experiments (*P < 0.01, **P < 0.05, vs. the control)

And drug-exposed groups. The calculated and normalized P7/
P6 ratios of apigenin and L-asparaginase combination-treated
groups were compared to the corresponding L-asparaginase-only
groups to determine the relative fold change in the cytoplasmic/
mitochondrial JC-1 ratio. This comparison was specifically chosen
in accordance with the study’s aim to evaluate the chemosensitizing
effect of apigenin on L-asparaginase-induced mitochondrial
depolarization.

In comparison to the respective L-asparaginase-only groups
(0.5, 1.0, and 1.5 pg/mL), the combination of 0.5 pg/mL
L-asparaginase with 5 pg/mL apigenin produced only a modest
change in the cytoplasmic-to-mitochondrial JC-1 ratio (2.4-fold
increase over L-asparaginase alone). However, a substantial rise
in this ratio was observed with the 1.0 ug/mL L-asparaginase +10 ug/
mL apigenin combination (8.7-fold increase), and an even greater
enhancement was recorded with the 1.5 pg/mL L-asparaginase
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+15 ug/mL apigenin treatment (29.2-fold increase relative to
1.5 pg/mL L-asparaginase) (Figure 4A).

Discussion

Flavonoids are often mentioned to be able to sensitize malignant
cells to classical anticancer drugs and potentiate their cytotoxicity,
thus revealing their potential use as adjunctive agents for
the treatment of neoplastic diseases including leukemia. It has
been reported that flavonoids, specifically apigenin, can enhance
the anticancer activity of chemotherapeutic agents (Mahbub et al.,
2015; Mahbub et al.,, 2017; Mahbub et al., 2022). Consistent with
these reports, our study demonstrates that apigenin augments the
activity of L-asparaginase against T-ALL cells, supporting its role as
a chemosensitizer.
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Apigenin, a naturally occurring flavonoid, showed time-
dependent inhibitory effects on leukemic cell viability, consistent
with its reported ability to induce apoptosis through oxidative stress,
mitochondrial membrane depolarization, and caspase activation
(Rooprai et al, 2021; Shukla and Gupta, 2010). These findings
also align with its recognized role as a chemosensitizing agent
that enhances the responsiveness of cancer cells to therapy
(Mahbub et al., 2022).

When combined, apigenin and L-asparaginase demonstrated
clear synergistic interactions. This effect is likely driven by
complementary mechanisms: L-asparaginase deprives cells of an
essential amino acid, while apigenin lowers the apoptotic threshold
by modulating mitochondrial pathways and apoptotic regulators.
Together, these actions amplify cell death signals, as has been
described for apigenin-flavonoid combinations in previous
reports (B. Wang and Zhao, 2017).

Such synergy is particularly relevant in the clinical context, as it
suggests the possibility of lowering effective L-asparaginase doses
while maintaining efficacy, thereby reducing treatment-related
toxicity. These observations are consistent with earlier findings
that flavonoids, including apigenin, can potentiate the anticancer
activity of standard chemotherapeutics (Asnaashari et al, 2023;
Nozhat et al., 2021).

Cell-cycle analyses further highlight the complementary
actions of both agents. L-asparaginase primarily induced
Gl arrest, consistent with its role in limiting asparagine
availability essential for DNA replication and protein synthesis
(Takahashi et al., 2017) whereas apigenin promoted S-phase
accumulation, a phenomenon linked to oxidative stress—-mediated
DNA damage and inhibition of cyclin-dependent regulators (Shi et al.,
2015). Their combination produced mixed G1 and S-phase arrest,
suggesting a dual blockade at multiple checkpoints. Such dual-phase
interference may prevent adaptive resistance, a frequent obstacle in
leukemia therapy (Ghelli Luserna di Rora’ et al, 2017; Simabuco
et al., 2018).

Apoptosis assays further support the hypothesis that apigenin
enhances L-asparaginase efficacy. Mechanistically, flavonoids such
as apigenin are known to destabilize mitochondrial membranes,
upregulate pro-apoptotic proteins, and inhibit survival pathways
including PI3K/AKT and mTOR, thereby amplifying intrinsic
apoptotic signaling (Naponelli et al., 2024; Zughaibi et al., 2021).
The strong apoptotic responses in the combination groups are
consistent with these mechanisms, underscoring apigenin’s role
as a chemosensitizer.

Interestingly, while L-asparaginase alone maintained relatively
consistent apoptotic activity over time, apigenin’s effects were highly
dose- and time-responsive, reinforcing its role as a dynamic
of cell death when used
combination’s superiority was further substantiated by the

enhancer in combination. The
inclusion of both early and late apoptotic events (Q4 and Q2),
while excluding necrosis (Q1), ensuring that the measured responses
specifically reflect programmed cell death.

Altogether, these results suggest that co-administration of apigenin
may allow for the use of lower L-asparaginase doses while maintaining
or enhancing therapeutic efficacy, which could potentially minimize
L-asparaginase-associated toxicity in clinical applications.

The mitochondrial depolarization observed with JC-1 staining
further reinforces this interpretation. While L-asparaginase alone
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induces apoptosis largely through ER stress and protein synthesis
inhibition (Hawkins et al., 2004), apigenin directly targets
mitochondria by modulating Bax/Bcl-2 balance and cytochrome ¢
release (Cetinkaya and Baran, 2023; Huseynova et al., 2024). The
pronounced mitochondrial dysfunction in the combination groups
reflects a convergence of these mechanisms, leading to amplified
intrinsic apoptosis.

Taken together, these findings suggest that apigenin enhances
the therapeutic potential of L-asparaginase in T-ALL cells by acting
on complementary pathways involving cell-cycle arrest and
mitochondrial-mediated apoptosis. By enabling dose reduction of
L-asparaginase without loss of efficacy, this strategy could help
overcome toxicity-related limitations in clinical settings. Future
work should focus on elucidating the precise molecular targets of
this synergy and validating these effects in vivo to assess
translational potential.

Conclusion

This study highlights the potential of combining natural
flavonoids with conventional chemotherapeutic agents to enhance
anticancer efficacy. Specifically, the flavonoid apigenin significantly
potentiated the cytotoxic, apoptotic, and mitochondrial-disrupting
effects of L-asparaginase in leukemic cells. The combination
treatment led to greater reductions in cell viability, increased
rates of programmed cell death, and enhanced mitochondrial
membrane depolarization compared to either agent alone,
suggesting a synergistic interaction.

Mechanistically, the results suggest that apigenin may sensitize
cancer cells to chemotherapy by modulating mitochondrial function
and apoptotic signaling pathways. Additionally, distinct cell cycle arrest
patterns induced by each agent contributed to their combined
effectiveness, potentially limiting cancer cell adaptability and resistance.

These findings support the growing interest in using plant-
derived bioactive compounds as adjuvants in cancer therapy.
The observed synergy between apigenin and L-asparaginase
provides a promising foundation for future research and
highlights the potential for reduced dosing and improved
therapeutic outcomes in leukemia and possibly other
malignancies. Further studies, including in vivo models and
clinical evaluation, are warranted to fully explore and validate
this combination strategy.

Data availability statement
The original contributions presented in the study are included in

the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

NH:
administration,

Formal Analysis, Funding acquisition, Project

draft,
Writing - review and editing. ZB: Resources, Writing - review

Supervision, Writing -  original

and editing. RK: Resources, Writing — review and editing. AM:

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1631505

Huseynova et al.

Resources, Writing — review and editing. YB: Conceptualization,
Funding acquisition, Supervision, Writing — review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was
supported by the Tirkiye Scholarships Program under Research
Scholarship Grant No. 23AZ002939. The funding body had no role
in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Aithal, A. P., Bairy, L. K, Seetharam, R. N., and Rao, M. K. G. (2019). Human bone
marrow-derived mesenchymal stromal cells in combination with silymarin regulate
hepatocyte growth factor expression and genotoxicity in carbon tetrachloride induced
hepatotoxicity in wistar rats. J. Cell. Biochem. 120 (8), 13026-13036. doi:10.1002/jcb.
28573

Asnaashari, S., Amjad, E., and Sokouti, B. (2023). Synergistic effects of flavonoids and
paclitaxel in cancer treatment: a systematic review. Cancer Cell Int. 23 (1), 211. doi:10.
1186/512935-023-03052-2

Baruchel, A., Brown, P., Rizzari, C., Silverman, L., Van Der Sluis, I., Wolthers, B. O.,
et al. (2020). Increasing completion of asparaginase treatment in childhood acute
lymphoblastic leukaemia (ALL): summary of an expert panel discussion. ESMO Open 5
(Issue 5), €000977. doi:10.1136/esmoopen-2020-000977

Bokuli¢, A., Garaj-Vrhovac, V., Braj$a, K., Duri¢, K., Glojnari¢, I, and Situm, K.
(2011). The effect of apigenin on cyclophosphamide and doxorubicin genotoxicity
in vitro and in vivo. J. Environ. Sci. Health - Part A Toxic/Hazardous Subst. Environ. Eng.
46 (5), 526-533. doi:10.1080/10934529.2011.551744

Cetinkaya, M., and Baran, Y. (2023). Therapeutic potential of luteolin on cancer.
Vaccines (Basel). 11 (3), 554. doi:10.3390/vaccines11030554

Chen, Y. J., Wu, C. S,, Shieh, J. J., Wu, J. H,, Chen, H. Y., Chung, T. W,, et al. (2013).
Baicalein triggers mitochondria-mediated apoptosis and enhances the antileukemic
effect of vincristine in childhood acute lymphoblastic leukemia CCRF-CEM cells. Evid.
Based Complement. Altern. Med. 2013, 124747. doi:10.1155/2013/124747

Chou, T.-C. (2010). Drug combination studies and their synergy quantification using the
chou-talalay method. Cancer Res. 70 (2), 440-446. doi:10.1158/0008-5472.CAN-09-1947

Durinck, K., Goossens, S., Peirs, S., Wallaert, A., Van Loocke, W., Matthijssens, F.,
et al. (2015). Novel biological insights in T-cell acute lymphoblastic leukemia.
Exp. Hematol. 43 (Issue 8), 625-639. doi:10.1016/j.exphem.2015.05.017

Egler, R. A., Ahuja, S. P., and Matloub, Y. (2016). L-asparaginase in the treatment of
patients with acute lymphoblastic leukemia. J. Pharmacol. Pharmacother. 7 (Issue 2),
62-71. doi:10.4103/0976-500X.184769

Ekpa, Q. L., Akahara, P. C., Anderson, A. M., Adekoya, O. O., Ajayi, O. O., Alabi, P.
0., et al. (2023). A review of acute lymphocytic leukemia (ALL) in the pediatric
population: evaluating current trends and changes in guidelines in the past decade.
Cureus 15, €49930. do0i:10.7759/cureus.49930

Feng Li, H., Wang, H.,, Ye, T., Guo, P., Lin, X, Hu, Y., et al. (2024). Recent advances in
material technology for leukemia treatments. Adv. Mater. 36 (26), €2313955. doi:10.
1002/adma.202313955

Ghelli Luserna di Rora’, A., Tacobucci, I, and Martinelli, G. (2017). The cell cycle
checkpoint inhibitors in the treatment of leukemias. J. Hematol. & Oncol. 10 (1), 77.
doi:10.1186/513045-017-0443-x

Gilad, Y., Gellerman, G., Lonard, D. M., and O’Malley, B. W. (2021). Drug
combination in cancer treatment—From cocktails to conjugated combinations.
Cancers 13 (4), 669. doi:10.3390/cancers13040669

Goto, H., Yanagimachi, M., Goto, S., Takeuchi, M., Kato, H., Yokosuka, T., et al.
(2012). Methylated chrysin reduced cell proliferation, but antagonized cytotoxicity of

Frontiers in Pharmacology

10.3389/fphar.2025.1631505

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

other anticancer drugs in acute lymphoblastic leukemia. Anticancer Drugs 23 (4),
417-425. doi:10.1097/CAD.0b013e32834fb731

Hasnat, H., Shompa, S. A., Islam, Md. M., Alam, S., Richi, F. T., Emon, N. U,, et al.
(2024). Flavonoids: a treasure house of prospective pharmacological potentials. Heliyon
10 (6), €27533. doi:10.1016/j.heliyon.2024.e27533

Hawkins, D. S., Park, J. R., Thomson, B. G., Felgenhauer, J. L., Holcenberg, J. S.,
Panosyan, E. H. et al. (2004). Asparaginase pharmacokinetics after intensive
polyethylene glycol-conjugated L-Asparaginase therapy for children with relapsed
acute lymphoblastic leukemia. Clin. Cancer Res. 10 (16), 5335-5341. doi:10.1158/
1078-0432.CCR-04-0222

Hayashi, H., Makimoto, A., and Yuza, Y. (2024). Treatment of pediatric acute
lymphoblastic leukemia: a historical perspective. Cancers 16 (4), 723. doi:10.3390/
cancers16040723

Huseynova, N., Cetinkaya, M., Baran, Z., Khalilov, R., Mammadova, A., and Baran, Y.
(2024). Flavonoids as chemosensitizers in leukemias. Adv. Exp. Med. Biol. 1479,
205-234. doi:10.1007/5584_2024_828

Ishida, H., Imamura, T., Kobayashi, R., Hashii, Y., Deguchi, T., Miyamura, T., et al.
(2024). Differential impact of asparaginase discontinuation on outcomes of children
with T-cell acute lymphoblastic leukemia and T-cell lymphoblastic lymphoma. Cancer
Meedicine 13 (12), €7246. doi:10.1002/cam4.7246

Juluri, K. R, Siu, C., and Cassaday, R. D. (2022). Asparaginase in the treatment
of acute lymphoblastic leukemia in adults: current evidence and place in
therapy. Blood Lymphatic Cancer Targets Ther. 12, 55-79. doi:10.2147/
BLCTT.S342052

Kang, S. H., Jeong, S. J., Kim, S. H., Kim, J. H., Jung, J. H., Koh, W, et al. (2012).
Icariside II induces apoptosis in U937 acute myeloid leukemia cells: role of
inactivation of STAT3-related signaling. PLoS ONE 7 (4), e28706. doi:10.1371/
journal.pone.0028706

Kilani-Jaziri, S., Frachet, V., Bhouri, W., Ghedira, K., Chekir-Ghedira, L., and Ronot,
X. (2012). Flavones inhibit the proliferation of human tumor cancer cell lines by
inducing apoptosis. Drug Chem. Toxicol. 35 (1), 1-10. doi:10.3109/01480545.2011.
564180

Mahbub, A., Le Maitre, C., Haywood-Small, S., Cross, N., and Jordan-Mahy, N.
(2015). Polyphenols act synergistically with doxorubicin and etoposide in leukaemia cell
lines. Cell Death Discov. 1 (1), 15043-12. doi:10.1038/cddiscovery.2015.43

Mahbub, A., Le Maitre, C., Haywood-Small, S., Cross, N., and Jordan-Mahy, N.
(2017). Dietary polyphenols influence antimetabolite agents: methotrexate, 6-
mercaptopurine and 5-fluorouracil in leukemia cell lines. Oncotarget 8 (62),
104877-104893. doi:10.18632/oncotarget.20501

Mahbub, A. A, Le Maitre, C. L., Cross, N. A, and Jordan-Mahy, N. (2022). The effect
of apigenin and chemotherapy combination treatments on apoptosis-related genes and
proteins in acute leukaemia cell lines. Sci. Rep. 12 (1), 8858. doi:10.1038/s41598-022-
11441-z

Mboricke, A., Zimmermann, M., Valsecchi, M. G., Stanulla, M., Biondi, A., Mann, G.,
et al. (2016). Dexamethasone vs prednisone in induction treatment of pediatric ALL:

frontiersin.org


https://doi.org/10.1002/jcb.28573
https://doi.org/10.1002/jcb.28573
https://doi.org/10.1186/s12935-023-03052-z
https://doi.org/10.1186/s12935-023-03052-z
https://doi.org/10.1136/esmoopen-2020-000977
https://doi.org/10.1080/10934529.2011.551744
https://doi.org/10.3390/vaccines11030554
https://doi.org/10.1155/2013/124747
https://doi.org/10.1158/0008-5472.CAN-09-1947
https://doi.org/10.1016/j.exphem.2015.05.017
https://doi.org/10.4103/0976-500X.184769
https://doi.org/10.7759/cureus.49930
https://doi.org/10.1002/adma.202313955
https://doi.org/10.1002/adma.202313955
https://doi.org/10.1186/s13045-017-0443-x
https://doi.org/10.3390/cancers13040669
https://doi.org/10.1097/CAD.0b013e32834fb731
https://doi.org/10.1016/j.heliyon.2024.e27533
https://doi.org/10.1158/1078-0432.CCR-04-0222
https://doi.org/10.1158/1078-0432.CCR-04-0222
https://doi.org/10.3390/cancers16040723
https://doi.org/10.3390/cancers16040723
https://doi.org/10.1007/5584_2024_828
https://doi.org/10.1002/cam4.7246
https://doi.org/10.2147/BLCTT.S342052
https://doi.org/10.2147/BLCTT.S342052
https://doi.org/10.1371/journal.pone.0028706
https://doi.org/10.1371/journal.pone.0028706
https://doi.org/10.3109/01480545.2011.564180
https://doi.org/10.3109/01480545.2011.564180
https://doi.org/10.1038/cddiscovery.2015.43
https://doi.org/10.18632/oncotarget.20501
https://doi.org/10.1038/s41598-022-11441-z
https://doi.org/10.1038/s41598-022-11441-z
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1631505

Huseynova et al.

results of the randomized trial AIEOP-BFM ALL 2000. Blood 127 (17), 2101-2112.
doi:10.1182/blood-2015-09-670729

Naponelli, V., Rocchetti, M. T., and Mangieri, D. (2024). Apigenin: molecular
mechanisms and therapeutic potential against cancer spreading. Int. J. Mol. Sci. 25
(10), 5569. doi:10.3390/ijms25105569

Nozhat, Z., Heydarzadeh, S., Memariani, Z., and Ahmadi, A. (2021).
Chemoprotective and chemosensitizing effects of apigenin on cancer therapy.
Cancer Cell Int. 21 (1), 574. doi:10.1186/s12935-021-02282-3

Pui, C.-H,, Relling, M. V., and Downing, J. R. (2004). Acute lymphoblastic leukemia.
N. Engl. ]. Med. 350 (15), 1535-1548. doi:10.1056/NEJMra023001

Raetz, E. A, and Teachey, D. T. (2016). T-cell acute lymphoblastic leukemia.
Hematology 2016 (1), 580-588. doi:10.1182/asheducation-2016.1.580

Rooprai, H. K., Christidou, M., Murray, S. A., Davies, D., Selway, R., Gullan, R. W.,
et al. (2021). Inhibition of invasion by polyphenols from citrus fruit and berries in
human malignant glioma cells in vitro. Anticancer Res. 41 (2), 619-633. doi:10.21873/
anticanres.14813

Rujkijyanont, P., and Inaba, H. (2024). Diagnostic and treatment strategies for
pediatric acute lymphoblastic leukemia in low- and middle-income countries.
Leukemia 38 (8), 1649-1662. doi:10.1038/s41375-024-02277-9

Russo, M., Spagnuolo, C., Volpe, S., Mupo, A., Tedesco, I., and Russo, G. L. (2010).
Quercetin induced apoptosis in association with death receptors and fludarabine in cells
isolated from chronic lymphocytic leukaemia patients. Br. J. Cancer 103 (5), 642-648.
doi:10.1038/s}.bjc.6605794

Shafat, M. S., Gnaneswaran, B., Bowles, K. M., and Rushworth, S. A. (2017). The bone
marrow microenvironment — home of the leukemic blasts. Blood Rev. 31 (Issue 5),
277-286. doi:10.1016/j.blre.2017.03.004

Shi, M.-D., Shiao, C.-K., Lee, Y.-C., and Shih, Y.-W. (2015). Apigenin, a dietary
flavonoid, inhibits proliferation of human bladder cancer T-24 cells via blocking cell
cycle progression and inducing apoptosis. Cancer Cell Int. 15 (1), 33. doi:10.1186/
§12935-015-0186-0

Shukla, S., and Gupta, S. (2010). “Apigenin and cancer chemoprevention,” in
Bioactive foods in promoting health (Elsevier), 663-689.

Simabuco, F. M., Morale, M. G., Pavan, 1. C. B., Morelli, A. P,, Silva, F. R., and Tamura,
R. E. (2018). p53 and metabolism: from mechanism to therapeutics. Oncotarget 9 (Issue
34), 23780-23823. doi:10.18632/oncotarget.25267

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, L, Jemal, A., et al.
(2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality

Frontiers in Pharmacology

246

10.3389/fphar.2025.1631505

worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71 (03), 209-249. doi:10.
3322/caac.21660

Takahashi, H., Inoue, J., Sakaguchi, K., Takagi, M., Mizutani, S., and Inazawa, J.
(2017). Autophagy is required for cell survival under L-asparaginase-induced metabolic
stress in acute lymphoblastic leukemia cells. Oncogene 36 (30), 4267-4276. doi:10.1038/
onc.2017.59

Telange, D. R, Patil, A. T., Pethe, A. M, Fegade, H., Anand, S., and Dave, V. S. (2017).
Formulation and characterization of an apigenin-phospholipid phytosome (APLC) for
improved solubility, in vivo bioavailability, and antioxidant potential. Eur. J. Pharm. Sci.
108, 36-49. doi:10.1016/j.ejps.2016.12.009

Tong, W. H., and Rizzari, C. (2023). Back to the future: the amazing journey of the
therapeutic anti-leukemia enzyme asparaginase Erwinia chrysanthemi. Haematologica
108 (Issue 10), 2606-2615. doi:10.3324/haematol.2022.282324

van der Sluis, I. M., Vrooman, L. M., Pieters, R., Baruchel, A., Escherich, G., Goulden,
N., et al. (2016). Consensus expert recommendations for identification and
management of asparaginase hypersensitivity and silent inactivation. Haematologica
101 (3), 279-285. doi:10.3324/haematol.2015.137380

Van Vlierberghe, P., and Ferrando, A. (2012). The molecular basis of T cell acute
lymphoblastic leukemia. J. Clin. Investigation 122 (Issue 10), 3398-3406. doi:10.1172/
JCI61269

Wang, B, and Zhao, X.-H. (2017). Apigenin induces both intrinsic and extrinsic
pathways of apoptosis in human colon carcinoma HCT-116 cells. Oncol. Rep. 37 (2),
1132-1140. doi:10.3892/0r.2016.5303

Wang, W., Heideman, L., Chung, C. S, Pelling, J. C., Koehler, K. J., and Birt, D. F.
(2000). Cell-cycle arrest at G2/M and growth inhibition by apigenin in human colon
carcinoma cell lines. Mol. Carcinog. 28 (2), 102-110. doi:10.1002/1098-2744(200006)28:
2<102:AID-MC6>3.0.CO;2-2

Yang, X., Chen, H., Man, J., Zhang, T., Yin, X., He, Q., et al. (2021). Secular trends in
the incidence and survival of all leukemia types in the United States from 1975 to 2017.
J. Cancer 12 (8), 2326-2335. doi:10.7150/jca.52186

Youns, M., Fu, Y.-J., Zu, Y.-G., Kramer, A., Konkimalla, V. B., Radlwimmer, B., et al.
(2010). Sensitivity and resistance towards isoliquiritigenin, doxorubicin and
methotrexate in T cell acute lymphoblastic leukaemia cell lines by
pharmacogenomics. Naunyn-Schmiedeberg’s Archives Pharmacol. 382 (3), 221-234.
doi:10.1007/s00210-010-0541-6

Zughaibi, T. A, Suhail, M., Tarique, M., and Tabrez, S. (2021). Targeting PI3K/Akt/
mTOR pathway by different flavonoids: a cancer chemopreventive approach. Int. J. Mol.
Sci. 22 (22), 12455. doi:10.3390/ijms222212455

frontiersin.org


https://doi.org/10.1182/blood-2015-09-670729
https://doi.org/10.3390/ijms25105569
https://doi.org/10.1186/s12935-021-02282-3
https://doi.org/10.1056/NEJMra023001
https://doi.org/10.1182/asheducation-2016.1.580
https://doi.org/10.21873/anticanres.14813
https://doi.org/10.21873/anticanres.14813
https://doi.org/10.1038/s41375-024-02277-9
https://doi.org/10.1038/sj.bjc.6605794
https://doi.org/10.1016/j.blre.2017.03.004
https://doi.org/10.1186/s12935-015-0186-0
https://doi.org/10.1186/s12935-015-0186-0
https://doi.org/10.18632/oncotarget.25267
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/onc.2017.59
https://doi.org/10.1038/onc.2017.59
https://doi.org/10.1016/j.ejps.2016.12.009
https://doi.org/10.3324/haematol.2022.282324
https://doi.org/10.3324/haematol.2015.137380
https://doi.org/10.1172/JCI61269
https://doi.org/10.1172/JCI61269
https://doi.org/10.3892/or.2016.5303
https://doi.org/10.1002/1098-2744(200006)28:2<102::AID-MC6>3.0.CO;2-2
https://doi.org/10.1002/1098-2744(200006)28:2<102::AID-MC6>3.0.CO;2-2
https://doi.org/10.7150/jca.52186
https://doi.org/10.1007/s00210-010-0541-6
https://doi.org/10.3390/ijms222212455
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1631505

? frontiers ‘ Frontiers in Oncology

@ Check for updates

OPEN ACCESS

EDITED BY
Milica Pesic,
University of Belgrade, Serbia
REVIEWED BY
Ana Podolski-Renic,
National Institute of Republic of Serbia, Serbia
Marija Moji¢,
Univerzitet u Beogradu, Serbia
*CORRESPONDENCE
Wonyoung Choi
wonyoungchoi@ncc.re.kr
Sun-Young Kong
ksy@ncc.re.kr

"These authors share first authorship

RECEIVED 24 May 2025
REVISED 20 November 2025
ACCEPTED 24 November 2025
PUBLISHED 12 December 2025

CITATION

Choi W, Lee GY and Kong S-Y (2025)
Activation of the STING pathway potentiates
the antitumor efficacy of doxorubicin in soft-
tissue sarcoma.

Front. Oncol. 15:1634503.

doi: 10.3389/fonc.2025.1634503

COPYRIGHT

© 2025 Choi, Lee and Kong. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Oncology

TvPE Original Research
PUBLISHED 12 December 2025
po110.3389/fonc.2025.1634503

Activation of the STING pathway
potentiates the antitumor
efficacy of doxorubicin in
soft-tissue sarcoma

Wonyoung Choi**', Gi Yeon Lee*' and Sun-Young Kong**>*

tCenter for Clinical Trials, National Cancer Center, Goyang, Republic of Korea, 2Division of Cancer
Biology, National Cancer Center, Goyang, Republic of Korea, *Division of Rare and Refractory Cancer,
National Cancer Center, Goyang, Republic of Korea, “Department of Cancer Biomedical Science,
National Cancer Center Graduate School of Cancer Science and Policy, Goyang, Republic of Korea,
SDepartment of Laboratory Medicine, National Cancer Center, Goyang, Republic of Korea

Background: Systemic treatment of soft-tissue sarcoma (STS) relies on cytotoxic
chemotherapy, with doxorubicin being the key therapeutic agent. However,
immune activation is required for optimal antitumor effects of doxorubicin. This
study investigated whether activation of the STING pathway enhances
doxorubicin’s antitumor effect in STS.

Methods: STS cell lines were treated with doxorubicin to evaluate the activation
of STING pathway. Deletion of Stingl gene was employed to validate its role in
mediating doxorubicin’s effects. In a syngeneic mouse model of STS, doxorubicin
was administered alone or in combination with a STING agonist ADU-S100.
Tumor-infiltrating CD45* cells were magnetically sorted for RNA sequencing to
identify genes and pathways linked to STING activation. The upregulated genes
were analyzed for their association with survival in the Cancer Genome Atlas
Sarcoma (TCGA-SARC) patient cohort.

Results: Doxorubicin induced cytosolic DNA leakage in STS cell lines, triggering
the activation of STING pathway. Deletion of Stingl attenuated doxorubicin-
induced upregulation of proinflammatory cytokines in cells. In the syngeneic
mouse model of STS, doxorubicin suppressed tumor growth, an effect
significantly enhanced by coadministration of ADU-S100. RNA sequencing of
tumor-infiltrating CD45" cells revealed upregulation of immune pathways linked
with STING signaling. In TCGA-SARC cohort, patients with higher expression of
genes upregulated in the cells from STING-activated tumors exhibited improved
survival, whereas those with lower expression showed poorer overall survival.
Conclusion: Activation of STING pathway by ADU-S100 enhances the antitumor
efficacy of doxorubicin in STS. Combining doxorubicin with STING agonists may
be a promising therapeutic strategy worth exploring in future clinical trials.
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1 Introduction

Soft-tissue sarcoma (STS) is a rare cancer, accounting for only 1%
of all malignancies, with an annual incidence of 2.49 per 100,000
person-years in Korea and a global age-standardized incidence rate of
1.16 in every 100,000 people (1, 2). About 11.9% of patient with STS
present with distant metastasis at the time of diagnosis (3), and up to
40% eventually develop metastatic disease (4). Despite the heterogeneity
of STS, which encompasses over 100 distinct subtypes of mesenchymal
tumors, systemic treatments for metastatic diseases are mostly selected
without consideration of the subtype (5). Moreover, the scarcity of
actionable oncogenic alterations and relatively low tumor mutational
burden in STS limits the efficacy of targeted therapies and reduces the
clinical benefits of immune checkpoint inhibitors (6, 7). Due to these
challenges, cytotoxic chemotherapy remains the cornerstone of
systemic treatment, with doxorubicin being the first-line drug-of-
choice for STS (8, 9). Doxorubicin intercalates into DNA, interfering
with the topoisomerase activity. However, recent findings have
highlighted the pivotal role of the immune system in mediating its
antitumor effects (10-12). As such, the activation of proinflammatory
cascades and stimulation of interferon (IFN) signaling pathways may
augment the antitumor activity of doxorubicin.

The stimulator of interferon genes (STING) pathway is a key
innate immune mechanism that detects cytosolic DNA and activates
downstream signaling, resulting in the production of type I IFN and
other immunostimulatory cytokines (13). This pathway is regulated
by cyclic GMP-AMP synthase (cGAS), which interacts with cytosolic
DNA and generates the cyclic dinucleotide cGAMP. This secondary
messenger binds to and activates STING located on the endoplasmic
reticulum. Upon activation, STING translocates to the Golgi
apparatus, initiating a signaling cascade that activates TANK-
binding kinase 1 (TBK1) and subsequently the transcription factor
IRF3. This leads to the production of type I IFNs and other
proinflammatory cytokines, which are crucial for antiviral defense,
cancer immunosurveillance, and immune-mediated inflammation
(14). In this context, the STING pathway has emerged as a
promising target for antitumor immunotherapy (15).

Clinical responses to doxorubicin remain limited in patients
with metastatic STS, with an objective response rate of 14%-18%
and a median progression-free survival of 4-6 months (4, 9). Given
this significant unmet clinical need, we investigated whether
costimulation of the STING pathway could enhance the
antitumor effects of doxorubicin in STS. Toward this end, we
utilized ADU-S100, a synthetic cyclic dinucleotide that activates
the STING pathway and has been tested in clinical trials (16, 17).
Our findings provide a proof-of-concept for the therapeutic
potential of STING agonists in STS treatment.

2 Materials and methods
2.1 Cell culture
Mouse sarcoma cell lines CCRF S-180 II, and WEHI-164, and

human sarcoma cell lines HT-1080 (RRID: CVCL_0317), were
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obtained from the Korean Cell Line Bank (KCLB, Seoul, Korea),
and MES-SA (RRID: CVCL_1400) was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA).
All cell lines were authenticated by short tandem repeat (STR)
profiling within the past three years to confirm their identity. The
STR profiling was performed by the Genomics Core Facility of
National Cancer Center, and results were compared against
reference profiles. Prior to experimental use, all cell lines were
routinely tested and confirmed to be free of mycoplasma
contamination using a PCR-based mycoplasma detection assay.

CCRF S§-180 II cells were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS). WEHI-164 and HT-1080 cells
were cultured in RPMI 1640 medium supplemented with 10% FBS.
MES-SA cells were cultured in McCoy’s 5A medium. All culture
media were supplemented with penicillin (100 U/ml), and
streptomycin (100 mg/ml). Cell lines used in this study were all
authenticated by DNA fingerprinting and were routinely tested
for Mycoplasma.

2.2 Cell viability assay and determination of
ICs0 values

Cell viability following doxorubicin treatment was assessed
using the CellTiter-Glo® 2.0 Cell Viability Assay (Promega,
Madison, W1, USA) according to the manufacturer’s instructions.
Briefly, cells were seeded in 96-well plates (2 x 10* cells per well)
and allowed to adhere overnight. The next day, cells were treated
with serial dilutions of doxorubicin for 48 hours. Following
treatment, an equal volume of CellTiter-Glo reagent was added to
each well, and luminescence was measured using a microplate
reader (Infinite 200 Pro, Tecan, Switzerland). Relative cell
viability was normalized to untreated controls. IC5, values were
calculated by nonlinear regression analysis using a four-parameter
logistic model in GraphPad Prism (version 8.3.1). All experiments
were performed in six replicates and repeated independently at least
three times.

2.3 Immunofluorescent staining

Cells were seeded onto 8-well Lab-Tek II chamber slide
(Thermo Fisher Scientific, #154534) and allowed to adhere
overnight. Doxorubicin of ICs, doses for each cell line or DMSO
(vehicle) was applied for 48 hours. After treatment, cells were
washed three times with cold PBS and fixed with cold methanol
at -20°C for 10 minutes. Blocking was performed with 1% bovine
serum albumin (BSA) in PBS for 1 hour. For y-H2AX staining, cells
were incubated with a primary antibody against y-H2AX (Ser139)
(Cell Signaling #2577, 1:800 dilution) at 4°C overnight. After
washing twice with PBS, cells were incubated with a goat anti-
rabbit Alexa Fluor 594 secondary antibody (Thermo Fisher
Scientific, #A-11012, 1:500) for 1 hour at room temperature in
the dark. For PicoGreen staining, Quant-iT PicoGreen dsDNA
reagent (Thermo Fisher Scientific, 3ul/mL) was applied at 37°C
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for 1 hour. Nuclei were counterstained with Hoechst 33342 (1:500
dilution) for 10 minutes at room temperature, and fluorescent
images were captured using a confocal microscope. Staining
intensities were calculated using Image] software.

2.4 Gene expression analysis by RT-qPCR

RNA was isolated from cultured cells using TRIzol (Thermo
Fisher Scientific), and complementary DNA was synthesized from
1ug of total RNA with ReverTra Ace® qPCR RT Master Mix
(Toyobo, # FSQ-201) following the manufacturer’s protocols.
Real-time quantitative PCR was performed using LightCycler 96
Real-Time PCR system (Roche) and Power SYBR Green PCR
Master Mix (Applied Biosystems). Gene expression levels were
calculated using the AACt (Delta-Delta Ct) method, with
GAPDH serving as the endogenous control.

The sequences of the primers used in this study are listed below
(Table 1).

2.5 CRISPR-Cas9 knockout

Stingl-deficient cells were generated using the CRISPR/Cas9
system (18). In brief, the sgRNA sequences were cloned into the
LentiCRISPR v2 vector containing the Streptococcus pyogenes Cas9
nuclease gene. The sgRNA sequences were designed using a web-
based tool (https://crispr.mit.edu) (Table 2). Lentivirus was
prepared in HEK293FT cells by co-transfection of the
LentiCRISPR v2 vector and the viral packaging vectors pLP1,

TABLE 1 The sequences of the primers used for RT-qPCR in this study.

Forward GCTGCTTTGCCTACCTCTCC
Ccl5 Mouse

Reverse =~ TCGAGTGACAAACACGACTGC

Forward =~ CCAAGTGCTGCCGTCATTTTC
Cxcll0 Mouse

Reverse GGCTCGCAGGGATGATTTCAA

Forward =~ CAGCTCCAAGAAAGGACGAAC
Ifnbl Mouse

Reverse GGCAGTGTAACTCTTCTGCAT

Forward = AGGTCGGTGTGAACGGATTTG
Gapdh Mouse

Reverse =~ TGTAGACCATGTAGTTGAGGTCA

Forward = TGCCCACATCAAGGAGTATTT
CCL5 Human

Reverse CTTTCGGGTGACAAAGACG

Forward = GGCCATCAAGAATTTACTGAAAGCA
CXCL10 = Human

Reverse = TCTGTGTGGTCCATCCTTGGAA

Forward ~ GCTTGGATTCCTACAAAGAAGCA
IFNB1 Human

Reverse =~ ATAGATGGTCAATGCGGCGTC

Forward =~ GGAGCGAGATCCCTCCAAAAT
GAPDH = Human

Reverse GGCTGTTGTCATACTTCTCATGG
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TABLE 2 The sequences of sgRNA used in this study.

sgStingl Mouse 5 - CGGCAGTTATTTCGAGACTC - 3’

sgNTC Mouse 5" - GCGAGGTATTCGGCTCCGCG - 3’

pLP2, and pLP/VSVG. Viral supernatant was collected 48 hours
after transfection. Target cells were transduced with polybrene
(8 ug/ml) and selected with puromycin for 2-3 days, starting 48
hours after transduction. Knockout effect was confirmed by
immunoblot analysis of whole cell protein extracts. The guide
RNA sequences used in this study are listed below.

2.6 Immunoblot analysis

Cells were lysed with radio-immunoprecipitation buffer (50 mM
Tris-Cl, pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate
and 1 mM EDTA) containing protease and phosphatase inhibitors
(I mM NaF, 1 mM Na3OV4, PMSF, 2 mg/ml leupeptin and
pepstatin; all purchased from Sigma) for 30 min at 4°C. The
protein concentration was quantified with a Pierce BCA protein
assay kit (Thermo Scientific). Blots were incubated with primary
antibodies at 4°C overnight. The following antibodies were used for
immunoblots: anti-STING (Cell Signaling #13647, 1:1,000) and anti-
GAPDH (Cell Signaling #2118, 1:1,000).

2.7 Syngeneic graft and drug treatment

All mouse experiments were performed under approval by the
Institutional Animal Care and Use Committee (IACUC) of the
National Cancer Center. A total of 3 x 10° WEHI-164 cells were
subcutaneously inoculated near the thigh of BALB/c mice. Tumor
volume (0.5 x length x width?) was monitored regularly using a
caliper. When the tumor volume reached 200mm?>, mice were
received weekly intratumoral injections of doxorubicin
(MedChemExpress, HY-15142) at a dose of 5mg/kg body weight
and/or twice-weekly intratumoral injections of 25ug of ADU-S100
(InvivoGen, tlrl-nacda2r-01).

2.8 Tumor dissection and sorting of CD45*
cells

Grafted tumors were harvested 7 days after drug treatment and
dissociated using the Tumor Dissociation Kit (Miltenyi Biotec,
#130-096-730). The dissociated tumor tissue was stained with
anti-mouse CD45 microbeads (Mitenyi Biotech, #130-052-301).
CD45" cells were positively selected using QuadroMACS
separator LS columns (Miltenyi Biotec, #130-091-051, #130-042-
401), according to the manufacturer’s protocol. The sorted cells
were stained with CD45 (BD, #5562848), and 7-AAD (BD,
#344563) antibodies and analyzed by flow cytometry to confirm
successful selection.

frontiersin.org


https://crispr.mit.edu
https://doi.org/10.3389/fonc.2025.1634503
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Choi et al.

2.9 RNA sequencing

RNA was isolated using TRIzol (Thermo Fisher Scientific), and
total RNA integrity number (RIN) was assessed using TapeStation
RNA screentape (Agilent, #5067-5576). Only high-quality RNA
samples with a RIN greater than 7.0 were used for library
preparation. The cDNA libraries were prepared using the
Mlumina TruSeq Stranded mRNA Sample Prep Kit (Illumina,
Inc., San Diego, CA, USA, #RS-122-2101). Indexed libraries were
subsequently sequenced on an Illumina NovaSeq platform
(Ilumina, Inc., San Diego, CA, USA) using paired-end (2x100
bp) sequencing. After quality filtering with Trimmomatic (v0.38),
raw sequencing data were aligned to the reference genome (mm10)
using HISAT2 (v2.1.0) (19), and the sequence reads were counted
with StringTie (v2.1.3) (20). Differential gene expression was
statistically determined using DESeq2 (v1.38.3) (21). Gene
ontology analysis was performed using clusterProfiler (v4.14.4)
(22). All data analysis and visualization of differentially expressed
genes was conducted using R (version 4.4.1). The data have been
deposited in NCBI’s Gene Expression Omnibus and are accessible
through GEO Series accession number GSE287710 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE287710).

2.10 Analysis of TCGA data

TCGA-SARC dataset was accessed using the TCGAbiolinks
package (v2.34.0) (23). Survival analysis was conducted using the
survival R package (v3.8-3), and Kaplan-Meier plots were visualized
using the survminer R package (v0.5.0).

2.11 Sample size and replicates

All in vitro experiments were performed with at least three
biological replicates (independent experiments) and at least three
technical replicates per condition, unless otherwise specified.

3 Result

3.1 Doxorubicin treatment induces
upregulation of inflammatory cytokines via
cytoplasmic DNA leakage

Cytotoxic agents, such as cisplatin and etoposide, induce the
production of inflammatory cytokines via a STING-dependent
mechanism (24). To investigate whether doxorubicin exerts a
similar effect, we assessed its ability to induce type I IFN
signature genes in STS cell lines. Mouse (CCRF S-180 II and
WEHI-164), and human (HT1080 and MES-SA) STS cell
lines were treated with doxorubicin at their respective ICs,
concentrations (Supplementary Figure 1). Double-stranded DNA
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breaks (DSBs) were prominently detected via YH2AX staining
(Figure 1A). DSBs can lead to cytoplasmic DNA leakage, which
subsequently activates the STING pathway (25). Consistent with
this, doxorubicin treatment caused a significant increase in
cytoplasmic DNA levels in STS cells (Figure 1B), resulting in the
upregulation of STING at the protein level and increased expression
of type I IFN signature genes, including Ccl5, Cxcl10, and Ifnbl in
mouse sarcoma cells, and CCL5, CXCL10, IFNBI in human
sarcoma cells (Figure 1C, and Supplementary Figures 1B, C).
Collectively, these findings indicated that doxorubicin induces the
activation of STING pathway via DSB-mediated DNA leakage into
the cytoplasm, leading to the upregulation of type I IEN
signature genes.

3.2 Knockout of Stingl abrogates
doxorubicin-mediated upregulation of
inflammatory cytokines

To confirm whether the doxorubicin-induced expression of
type I IFN signature genes is mediated by the activation of
STING pathway, we knocked out Stingl in two mouse STS cell
lines using the CRISPR-Cas9 method (Figure 2A). The proliferation
rates of Stingl-knockout (StingI-KO) cell lines were comparable to
those of non-target controls, and their responses to doxorubicin
were also similar in vitro (Figure 2B and Supplementary Figure 2).
However, while the doxorubicin-induced upregulation of Ccl5 and
Cxcl10 was observed in both non-target controls and Stingl-KO
cells, their relative expression levels remained significantly
attenuated in both Stingl-KO cell lines (Figure 2C). These
findings corroborate the fact that the activation of STING
pathway mediates doxorubicin-induced upregulation of type I
IFN signaling. Furthermore, because STING deficiency did not
affect the antitumor effect of doxorubicin in vitro where immune
cells are absent, we sought to investigate the role of STING pathway
in mediating the antitumor effect of doxorubicin in an
immunocompetent in vivo model.

3.3 Addition of STING agonist potentiates
the antitumor effect of doxorubicin

Type 1 IEN signaling promotes proinflammatory responses,
which is critical for mediating the antitumor effect of doxorubicin in
vivo (11). Therefore, we investigated whether activating the STING
pathway would potentiate the antitumor effects of doxorubicin
using an in vivo syngeneic model, wherein WEHI-164 cells were
grafted into BALB/c mice. For inducing the activation of STING
pathway, we used ADU-S100, a STING agonist that has been tested
in clinical trials. When the grafted tumors reached a size of 200
mm?, doxorubicin was administered either alone or in combination
with ADU-S100 (Figure 3A). Intratumoral injection of doxorubicin
alone suppressed the growth of the grafted tumor. However, its
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FIGURE 1

Doxorubicin treatment leads to the upregulation of proinflammatory cytokines. (A) Immunofluorescence staining of YH2AX after doxorubicin treatment
of mouse (CCRF S-180 Il and WEHI-164) and human (HT1080 and MES-SA) soft-tissue sarcoma (STS) cell lines. Scale bars, 20 um. (B) PicoGreen
staining and quantification after treatment of STS cell lines with doxorubicin. Scale bars, 5 um. (C) RT-gPCR analysis for Ccl5, Cxcl10, and Ifnbl
expression in mouse STS cells treated with dimethyl sulfoxide (DMSO) or doxorubicin at their respective ICsq doses for 48 hours. All experiments were
performed in at least three biological replicates and repeated independently at least three times

antitumor effect was significantly enhanced by coadministration of =~ Tumor volumes in the combination group were smaller than
ADU-S100 (Figure 3B). To determine whether this enhancement  those in either monotherapy group, corroborating that STING
was primarily due to ADU-S100 itself, we repeated the experiment  pathway activation by ADU-S100 enhances the antitumor efficacy
including an additional group treated with ADU-S100 alone.  of doxorubicin in vivo (Supplementary Figure 3).
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FIGURE 2

Knockout of Stingl attenuates doxorubicin-induced upregulation of proinflammatory cytokines. (A) Western blotting for STING expression in mouse
soft-tissue sarcoma (STS) cells (CCRF S-180 Il and WEHI-164) with Sting! deletion (sgStingl) and control (sgNTC). (B) Dose-response curves for
mouse STS cells with sgStingl and sgNTC treated with doxorubicin. (C) RT-gPCR analysis for Ccl5 and Cxcl10 expression in mouse STS cells with
sgStingl and sgNTC. All experiments were performed in at least three biological replicates and repeated independently at least three times.

3.4 RNA-sequencing of tumor-infiltrating
leukocytes revealed upregulation of innate
immune pathway in tumors treated with
the STING agonist

Given that activation of the STING pathway induces
proinflammatory responses, we sought to identify which type of
immune cell signaling within the tumor microenvironment (TME)
contributes to the observed antitumor effects. To address this, we
harvested tumors treated with the control vehicle, doxorubicin
alone, or the doxorubicin and ADU-S100 combination. The
tumors were dissociated, and immune cells within the TME were
isolated using CD45-linked microbeads and magnetic-activated cell
sorting. RNA sequencing was subsequently performed on the
CD45" cell population (Figure 3C). In the analysis of differentially
expressed genes (DEGs), doxorubicin treatment alone led to the
upregulation of Cd3, Cd8, and Pdcdl in the immune cells within
the TME (Figure 3D, right panel). Gene ontology (GO) analysis of
the DEGs further supported this finding, showing enrichment of T-
cell signaling pathways (Figure 3E, right panel). When comparing
the doxorubicin and ADU-S100 combination with either
doxorubicin alone or the control vehicle, significant upregulation
of genes associated with monocyte/macrophage lineages (Ly6a,
Ly6cl, and Ly6c2), and of cytokines or chemokines (Ccl11, II10,
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and 116) that promote immune cell infiltration into the TME was
noted (Figure 3D, left and middle panel). GO analysis further
confirmed these findings, showing enrichment of innate immune
signatures and activation of proinflammatory responses (Figure 3E,
left and middle panel).

3.5 Upregulated genes in STING agonist-
treated tumors are correlated with
improved survival in TCGA-SARC cohort

Comparisons of the upregulated genes in immune cells from
tumors treated with doxorubicin and ADU-S100 with those treated
with doxorubicin alone or the control vehicle reflected gene
signatures consistent with the activation of STING pathway. We
subclassified the DEGs that were exclusively upregulated (fold
change >2 and raw p-value <0.05) in the doxorubicin plus ADU-
S100 group compared with that in the doxorubicin-alone group as
“unique gene set (N = 78).” Additionally, genes upregulated in the
doxorubicin plus ADU-S100 group compared with that in the
control vehicle group, but not overlapping with the upregulated
DEGs in the doxorubicin versus control comparison, were
combined with the “unique gene set” and collectively termed the
“broad gene set (N = 307)” (Figure 4A, and Supplementary
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FIGURE 3

STING agonist ADU-S100 enhances the antitumor effect of doxorubicin in a
representation of the generation of syngeneic graft model and drug treatme
treated with control vehicle, doxorubicin alone, or doxorubicin combined wi

GeneRatio GeneRatio

syngeneic graft model of soft-tissue sarcoma (STS). (A) Schematic
nt in vivo. (B) Tumor sizes in grafted BALB/c mice (n = 5 per group)
th ADU-S100. *P < 0.05, **P < 0.01. (C) Schematic representation of

tumor dissociation and immunomagnetic sorting of CD45" cells for RNA sequencing. (D) Volcano plots showing differentially expressed genes
(DEGs) in CD45" cells, comparing (left) doxorubicin + ADU-S100 versus control, (middle) doxorubicin + ADU-S100 versus doxorubicin alone, and
(right) doxorubicin versus control. (E) Gene ontology analysis of DEGs, comparing (left) doxorubicin + ADU-S100 versus control, (middle)
doxorubicin + ADU-S100 versus doxorubicin alone, and (right) doxorubicin versus control. RNA sequencing was performed using biological

triplicates for each treatment group.

Tables 1, 2). We sought to explore whether the gene sets reflecting
the activation of STING pathway in the TME of our experimental
model could predict the clinical outcomes in patients with STS.
Using transcriptome data of The Cancer Genome Atlas Sarcoma
(TCGA-SARC), we performed single-sample gene set enrichment
analysis (ssGSEA) with the “unique gene set,” and the “broad gene
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set.” We then compared the overall survival among groups with
high (top 25™ percentile), moderate (25"-75™ percentile), and low
(bottom 25" percentile) expression levels. Patients with high
expression levels of either the “unique gene set” or the “broad
gene set” had significantly longer overall survival compared with
those with low expression levels (Figures 4B, C). These findings
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FIGURE 4

Genes upregulated in STING agonist-treated tumors are correlated with improved survival in human soft-tissue sarcoma (STS). (A) Venn diagram
showing differentially upregulated genes. (B) Kaplan—Meier plot of the overall survival in the Cancer Genome Atlas Sarcoma (TCGA-SARC) cohort
stratified by the expression status of the “unique gene set.” (C) Kaplan—Meier plot of the overall survival in TCGA-SARC cohort stratified by the

expression status of the “broad gene set.”.

indicated that patients with STS exhibiting higher expression of
STING activation markers have improved clinical outcome,
supporting our experimental model and highlighting the potential
of strategies aimed at activating the STING pathway for
STS therapy.
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4 Discussion
Doxorubicin is a chemotherapeutic agent widely used for the

treatment of various malignancies; however, the precise
mechanisms for the antitumor effect of doxorubicin remain
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incompletely understood (26). Although the ability of doxorubicin
to induce DNA damage is the most well-characterized and critical
mode of its action, recent studies have highlighted its role in
modulating the TME and triggering T-cell responses (27, 28).
Furthermore, evidence suggests that antitumor immunity is
essential for the therapeutic efficacy of doxorubicin. Mattarollo
et al. demonstrated that CD8" T cells and IFN-y production are
necessary for the therapeutic effects of doxorubicin (10).
Additionally, Sistigu et al. demonstrated that a type I IFN
signature is essential for the therapeutic efficacy of doxorubicin
and that this signature could also predict clinical responses to
anthracycline-based chemotherapy in various cohorts of patients
with breast cancer (11).

STS is generally considered immunologically “cold,” and
clinical trials of immune checkpoint inhibitors have yielded
unsatisfactory outcomes (29). Combinations of doxorubicin with
the anti-PD1 antibody pembrolizumab have also been evaluated in
clinical trials but have not demonstrated significant improvements
in the overall survival (30, 31). The limited efficacy of doxorubicin
and anti-PD1 blockade may be attributed to the absence of robust
antitumor immune responses within the TME. As this represents a
significant challenge for many solid tumors, strategies aimed at
converting “cold” tumors into “hot” tumors have come under
extensive research focus (32). Given these unmet clinical needs,
our model of combining a STING agonist with doxorubicin offers a
novel therapeutic approach for STS.

Using our experimental model, we demonstrated that the
doxorubicin-induced upregulation of proinflammatory cytokines
is mediated via activation of the STING pathway, which is triggered
by cytoplasmic DNA leakage resulting from DSBs. Furthermore,
using a syngeneic graft model of STS, we showed that enhancing
this pathway by combining the STING agonist ADU-S100 with
doxorubicin could potentiate the antitumor activity via the
upregulation of innate immune response signaling.

ADU-S100, a synthetic cyclic dinucleotide that activates the
STING pathway, has been evaluated in clinical trials. During the
course of our research, results from two phase 1 trials were published:
one investigating ADU-S100 as a monotherapy in a dose-escalation
study and the other examining the efficacy of its combination with
spartalizumab, an anti-PD1 antibody (16, 17). Both studies
demonstrated that ADU-S100 was well tolerated, but the clinical
efficacy was limited both as a monotherapy and when used in
combination with anti-PD1 therapy. However, novel STING
agonists are under active investigation in numerous ongoing
clinical trials (33). Additionally, in contrast to cyclic dinucleotides,
which are primarily administered via an intratumoral injection, small
molecules that directly bind to STING and enable systemic
administration have been characterized (34, 35). Innovative
approaches, such as antibody-drug conjugates of STING agonists
and targeted protein upregulation of STING, have been also reported
and are expected to be evaluated in clinical studies (36, 37).

Our study had several limitations. First, our model relied on a
single syngeneic graft model using a murine STS cell line. However,
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in our in silico analysis of TCGA-SARC cohort with the genes
upregulated in STING agonist-treated tumors, patients with higher
expression of genes upregulated in STING agonist-treated tumors
showed improved overall survival. This finding supports the notion
that enhancing STING signaling could potentially lead to improved
clinical outcomes in human STS. Second, while we utilized
intratumoral injection to ensure localized delivery of doxorubicin
to the tumor microenvironment and minimize systemic exposure,
this route is not routinely used in clinical practice. We did not
evaluate alternative routes such as intravenous or intraperitoneal
administration, which would be essential for future translational
studies assessing the clinical feasibility of this therapeutic strategy.
Third, we did not include a monotherapy group receiving ADU-
S100 alone. The absence of this group precludes definitive
conclusions regarding the additive or synergistic nature of the
combination treatment. While our study focused on evaluating
the combinatorial effects, we acknowledge that without the ADU-
$100-only group, the individual contribution of STING activation
remains uncertain. These issues should be addressed in future
studies to refine the therapeutic relevance of this approach.
Fourth, the STING agonist ADU-S100, used in our experiments,
has shown limited efficacy in clinical trials, raising questions about
the feasibility of combining this class of drugs for human patients
with STS. Nonetheless, given recent advancements in strategies to
enhance STING activity, our study provides proof-of-concept data
to justify exploring this combination in future clinical trials.

In conclusion, we demonstrate that the activation of STING
pathway enhances the antitumor efficacy of doxorubicin in STS.
Given the limited advancements in systemic treatment of STS,
including targeted therapies and immune checkpoint inhibitors,
incorporating the activation STING pathway into standard
chemotherapy regimens may offer a promising strategy to
improve clinical outcomes for this challenging disease.
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