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Editorial on the Research Topic

Innovative drug combinations for enhanced solid tumor treatment
efficacy

Despite substantial advances in recent years, the treatment of solid tumors remains
suboptimal. The identification of actionable molecular targets, the development of target-
specific agents, and the advent of immunotherapy have not only profoundly reshaped the
oncology landscape, but also clearly demonstrated that monotherapies are generally
insufficient to elicit durable antitumor responses (1-5). The expanding understanding of
the molecular mechanisms underlying tumor initiation, tumor progression and resistance
provides an unprecedented foundation for the rational design of more effective treatment
strategies, favoring and fostering the transition toward a personalized oncology medicine.

Importantly, this mechanistic knowledge is guiding the rational design of combination
therapies, which represent the most promising approach to overcoming the intrinsic
heterogeneity of solid tumors with the possibility to achieve more effective and potentially
curative outcomes (6-9). Indeed, rationally designed combinations that integrate targeted
agents, immunotherapies, or even conventional cytotoxic treatments have the potential to
simultaneously suppress parallel oncogenic pathways, prevent compensatory signaling, and
enhance antitumor immune responses (2, 7, 10, 11).

Efforts to develop, validate, and clinically implement well-designed combination
regimens, based on the molecular characteristics of the tumors, are essential to achieve
more effective, durable, and potentially curative outcomes for a broader population of
patients. This was the goal of the Research Topic that collected 13 different contributions
reporting different strategies converging on the use of new combinations.

In NSCLC the introduction of specific KRAS inhibitor has improved the outcome of
patients harboring KRASG12C mutation. In their article, Tubita et al. showed that use of
KRAS G12c inhibitors (both sotorasib and adagrasib) was able to enhance the response to
conventional chemotherapy in NSCLC harboring this KRAS mutation. Using in vitro
systems, the authors provide evidence that the superiority of the combination was obtained
both using sequential and concurrent treatments and both in 2D and 3D models.

In the same setting (NSCLC), Jin et al. used a tri-specific antibody targeting EGFR,
c¢MET and VEGF. The rationale behind the use of this tri-specific antibody is based on the
known crosstalk between the three targeted signaling pathways. This strategy was superior
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to the use of single EGFR or bispecific EGFR/cMET antibodies.
Furthermore, the authors showed that the strong efficacy of the
trsipecific antibody could be even enhanced when combined with
chemo or radiotherapy in xenografts models with strong and durable
tumor regression without additional toxicity. Dual targeting of EGFR
and VEGF has been tested clinically with a new third generation
EGFR inhibitor (aumolertinib) in combination with an established
anti-VEGF therapy (bevacizumab) in a phase II in patients with
EGFR mutated NSCLC. The study (Kong et al.) reached the primary
endpoint with an extension of progression free survival (PFS), again
indicating the superiority of the simultaneously targeting pathways
that are interconnected.

The use of antibodies targeting immune-checkpoint (PD1/
PDL1 or CTLA4) has significantly changed the survival of
NSCLC and melanoma patients. The combination of different
checkpoint inhibitors represents now the standard treatment for
these tumors. In a systematic review that included 10 clinical trials
with more than 3000 patients, Dai et al. extended these results in
gastrointestinal cancers, showing that the combination had strong
efficacy in GI cancer and in particular in esophageal cancer again,
reinforcing the superiority of combinations over monotherapy.

Two case reports, one in a patient with rare cervical sarcomatoid
carcinoma (Zhang et al) and the other in Grade 2 meningioma
(Reusch et al.), highlighted the use of immunotherapy. In the first
report, the authors used a combination of permbrolizumab (anti
PD-1) with bevacizumab (targeting angiogenesis) that resulted in a
prolonged PFS and OS. Interestingly, the combination was
rationally designed based on the molecular characteristics of the
patient, again supporting the notion that targeted combinations has
stronger potential over empirical ones. The second case report
indeed used immunotherapy as single therapy, based on the
molecular characteristics of the tumor patient bearing a mutation
in PBMRI (a gene involved in control of genomic stability) that,
when mutated, in renal carcinoma associates with response to
immune-checkpoint inhibitors.

Combinations of targeted therapy and chemotherapy have been
tested in two case reports using as targeted agent anlotinib, a drug
hitting several tyrosine kinases including VEGFR, FGFR, PDGFR
and c-kit. In the first report (Sun et al.), the authors treated a rare
lung NUT carcinoma (a very aggressive tumor with poor prognosis)
with this multi-kinase inhibitor in combination with etoposide and
cisplatin. The combination significantly prolonged PFS over that
previously reported for this kind of tumor. The other case report
(Liang et al.) was on a rare, poor prognosis, mesenchymal tumor
(pulmonary arterial intima sarcoma) that was treated in a neo-adjuvant
setting with the same multikinase inhibitor together with
chemotherapy (in this case ifosfamide and pirarubicin). Interestingly,
the patient was initially treated with chemotherapy alone, that resulted
in a slow progression. Addition of anlotinib in subsequent treatments
not only caused a significant tumor reduction, but also ameliorated the
general symptoms of the patients.

Another important rational design for combinations includes
the use of drugs targeting DNA repair. An interesting report
(Zouggari et al.) showed that the addition of the thymidine
analogue CldU was able to significantly enhance the response of
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BRCA2-mutated cells to olaparib (a PARP inhibitor). What is even
more important, is that the use of CldU was able to overcome
resistance to PARP inhibitors. This is particularly important
because the efficacy of PARP inhibitors in clinic is hampered by
the onset of drug resistance.

The review by Zhou et al. was centered on SLFN11 as a potential
biomarker of sensitivity to DNA targeting agents. The authors gave
an overview of the functions of SLFN11 but, in the context of the
Research Topic, they proposed treatment strategies based on the
expression status of SLFN11. This represents an additional way to
foster combinations, as already discussed, based on the molecular
characteristics of the tumors, and further prove that rational
combination could even rise to synthetic lethality sparing
normal cells.

Interestingly, in the manuscript by Chen et al. a screening of an
in-house panel of small molecules against hepatocellular carcinoma
(HCC) cancer stem cells led to the identification of a new
compound C504244, able to interfere with the B -catenin
signaling. Lenvatinib, a multi-targeted TKI, is approved for first-
line treatments for advanced HCC. As resistance to lenvatinib has
been associated to overactivation of B-catetin and that cancer stem
cell have been implicated in therapy resistance in HHC, the authors
combined C504244 and lenvatinib both in vitro and in vivo models
and found how this combination reverted lenvatinib resistance.

A triple combination (palbociclib, a CDK4/6 inhibitor, PF-
07104091, a CDK2 inhibitor and SX-682, a dual CXCR1 and
CXCR2-CXCRI1/2-) was tested as potential new effective
treatment in preclinical models of melanoma (Yang et al.). The
triple treatment was able not only to reduce melanoma tumor cell
viability, to interfere with tumor growth more effectively in BRAF
WT NRAS WT melanoma cells, but also induced a less
immunosuppressive tumor immune microenvironment opening
up the road for the design of clinical trials for immunochekpoint-
resistant melanomas without BRAF mutation.

Finally, in the last manuscript (Zhang et al.), trastuzumab
combined with low-dose nab-paclitaxel and radiotherapy was able
to induce a very good disease control in a 86-years old man with a
HER2-positive salivary duct carcinoma (SDC), a rare and aggressive
malignancy. This case highlights the efficacy and safety of HER2-
targeted combination therapy in elderly SDC patients, offering
valuable insights into biomarker-driven personalized treatment
strategies for this population.

All the manuscripts presented in this Research Topic support
how rational, biology-guided combination strategies represent one
of the most promising avenues to improve outcomes in solid
tumors. Continued efforts to optimize and validate integrated
therapeutic approaches will be crucial to translate these advances
into durable and meaningful clinical benefits for patient with
solid tumors.
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Introduction: Gastrointestinal (Gl) cancers represent a significant global health
burden, and the need for more effective treatment options is exceptionally
pressing. The present meta-analysis aimed to explore the efficacy and safety of
the combination of nivolumab and ipilimumab in treating Gl cancers.

Methods: A systematic search of four databases (PubMed, Embase, Web of
Science, and Cochrane Library) was conducted for articles on the treatment of
Gl cancers with nivolumab combined with ipilimumab, published from 2014 up
to 30 August 2024. The inclusion criteria were designed according to the
principles of Participants, Intervention, Control, Outcomes, and Study (PICOS).
The control group was chemotherapy or nivolumab monotherapy or nivolumab
in combination with other drugs. We extracted data from 10 randomized
controlled trials and utilized a random effects model to assess the objective
response rate (ORR), median progression-free survival (mPFS), median overall
survival (mOS), median duration of response (MDOR), and treatment-related
adverse events (TRAEs). The data analysis was conducted using Review Manager
version 5.4 and Stata version 12.0.

Results: Overall, the combination of nivolumab and ipilimumab demonstrated
superior outcomes, including a higher ORR (OR = 1.69, P = 0.01), prolonged mOS
(MD = 1.74, P = 0.04) and extended mDOR (MD = 5.64, P < 0.00001) compared
to the control group. Subgroup analysis demonstrated that the ORR (OR = 1.75,
P =0.02) and mOS (MD = 5.02, P = 0.003) were significantly improved in patients
with esophageal cancer. Notably, the ORR in patients with biliary cancer was
significantly lower (OR = 0.11, P = 0.04). Additionally, the ORR was significantly
higher in the NIVO1 + IPI3group (OR = 2.82, P = 0.01) and NIVO3 + IPI1 group
(OR = 1.62, P = 0.01). Regarding safety, there was no statistically significant
difference between the combination regimen and the control group in terms of
any grade (OR = 0.72, P = 0.26) or grade 3-4 TRAEs (OR = 1.36, P = 0.14).
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Conclusions: Nivolumab in combination with ipilimumab demonstrated significant
efficacy in Gl cancers (especially esophageal cancer) without causing more adverse
reactions. However, its efficacy in biliary cancer still needs to be further proven.

Systematic review registration: https://www.crd.york.ac.uk/prospero/,
identifier CRD42024590994.

nivolumab, ipilimumab, gastrointestinal cancer, objective response rate, efficacy,

meta-analysis

1 Introduction

Today, the burden of cancer is one of the world’s greatest public
health problems (1). Gastrointestinal (GI) cancers constitute a
significant category of neoplasms, encompassing a range of
digestive tract tumors, including those affecting the colon, rectum,
esophagus, stomach, liver, pancreas, gallbladder, and bile ducts.
These cancers represent a significant global health burden, with a
prevalence rate exceeding 26% and a mortality rate exceeding 35%
(2). Immunotherapy, particularly immune checkpoint blockade and
targeting the tumor immune microenvironment, has been
extensively employed in the treatment of numerous GI cancers,
including microsatellite instability-high (MSI-H) colorectal cancer,
gastric cancer, and hepatocellular carcinoma (3-5). While
immunotherapy has demonstrated considerable efficacy in the
treatment of numerous tumors, it can also induce adverse events
related to the immune system, particularly in the case of immune
checkpoint inhibitors (6, 7). Accordingly, there is a clear need to
investigate the development of more efficacious and safer immune
checkpoint target drugs.

Currently, data from several clinical trials show satisfactory
therapeutic effects of immune checkpoint inhibitors in patients with
GI cancers, such as HER-2, PD-1/PD-L1, and CTLA4-targeted
therapy (8-10). Cytotoxic T-lymphocyte-associated antigen 4
(CTLA4, also designated as CD152) and programmed cell death
protein 1 (PD1, also designated as CD279) represented two of the
most intensively investigated targets in the domain of clinical
immunotherapy. CTLA4 is an immune checkpoint receptor that
is predominantly expressed in T cells. It has the same receptor as
CD28 but exhibits a higher overall affinity. By inhibiting the CTLA-
4 receptor-ligand interaction through the use of an anti-CTLA-4
antibody, the CD28-mediated T cell stimulation signal is enhanced,
thereby achieving an anti-tumor immune effect (11, 12). PD-1 is
expressed at a greater level than CTLA4 in activated T cells, B cells,
and myeloid cells. It inhibits T cell activation, affects the tumor
microenvironment and tolerance, and so forth, by interacting with
two ligands, PD-L1 and PD-L2, which partially overlap in their
functions (13-15). There is mounting evidence that targeting the
PD-1/PD-L pathway represents an efficacious treatment strategy for
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augmenting anti-tumor immune responses. Antibody-mediated
PD-1 or PD-LI blockade held immense clinical promise for a
range of advanced tumors (including non-small cell lung cancer,
melanoma, gastroesophageal cancer, hepatocellular carcinoma, and
others) in comparison to chemotherapy or palliative care (16-19).
Concurrently, research has demonstrated that the combination of
anti-CTLA-4 and anti-PD-1 therapies is regarded as a more
efficacious approach (20). The simultaneous blockade of these two
molecules may result in a synergistic effect, whereby they act on
CD28 and participate in signal pathways such as T cell activation,
thereby enhancing T cell activity. However, the relative contribution
of the various known molecular mechanisms of CTLA4 and PD-1
blockade to the therapeutic effect remains to be further explored
(21, 22). Nivolumab and ipilimumab are monoclonal antibodies
that target PD-1 and CTLA-4, respectively. The combination of
anti-PD-1 and anti-CTLA-4 therapy (nivo-ipi) has been officially
approved by the US Food and Drug Administration (FDA) for the
treatment of a variety of cancers, including colorectal cancer,
hepatocellular carcinoma, and other cancers (23, 24). Therefore,
the combination of nivolumab and ipilimumab is expected to
become a new and more effective treatment option for GI cancers.

Some studies have demonstrated that the combination of
nivolumab and ipilimumab yielded promising clinical outcomes
in the treatment of GI cancers (including gastroesophageal cancer,
esophageal squamous cell carcinoma, pancreatic cancer, and
hepatocellular carcinoma) (10, 25-28). Nevertheless, the
advantages of this therapeutic approach in the context of other
GI cancers (e.g., colorectal and biliary cancers) remain a matter of
contention, and the overall efficacy and safety of this regimen in GI
cancers has yet to be fully evaluated (29). Although some meta-
analyses indicated that the combination of nivolumab and
ipilimumab may be an effective treatment for second-line therapy
of advanced hepatocellular carcinoma and the third-line treatment
of advanced gastric cancer, the current evidence was insufficient to
conclude the efficacy of this regimen for all GI cancers (30, 31).
Moreover, there is a dearth of direct efficacy assessments of different
tumor types and different dose ratios of the combination, which is
essential to demonstrate the universality and heterogeneity of
treatment options.
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In order to ascertain the overall efficacy and safety of this
combination in the treatment of GI cancers, as well as variations in
efficacy across tumor types and dose ratios, and to enhance the
clinical feasibility of this combination in the treatment of GI
cancers, we conducted a meta-analysis. The results of the analysis
may contribute to the development of clinical decision-making and
provide potential new options for the first-line treatment of GI
cancers. This will facilitate the development of optimal treatment
strategies for future patients undergoing treatment with GI tumors.

2 Method
2.1 Search strategy

This systematic review and meta-analysis followed the PRISMA
statement and was registered with PROSPERO (CRD42024590994).
A systematic search was conducted in four databases, namely
PubMed, Embase, Web of Science, and Cochrane Library to
identify relevant articles from 2014 to August 30, 2024, using the
following keywords: (Ipilimumab) and (Nivolumab) and (Stomach
Neoplasms or Esophageal Neoplasms or Liver Neoplasms or Colonic
Neoplasms or Rectal Neoplasms or Colorectal Neoplasms or
Pancreatic Neoplasms or Gallbladder Neoplasms or Bile Duct
Neoplasms or Gastrointestinal Neoplasms). In addition, we
searched the gray literature. The search strategy was constructed
following the PICOS framework and comprised the integration of
both Medical Subject Headings (MeSH) terms and free-text keywords.
For articles with missing or incomplete data, we contacted the authors
by email to obtain complete data. Additionally, we sought relevant
literature that is not readily available through standard sources by
reaching out to subject matter experts in the field.

2.2 Inclusion and exclusion criteria

Inclusion criteria were as follows: (a) patients diagnosed with all
GI cancer types; (b) the combination therapy of nivolumab and
ipilimumab was used as the experimental group; (c) chemotherapy
or monotherapy with nivolumab or combination therapy with
nivolumab and other drugs was used as the control group; (d) at
least one of the following outcomes was reported: overall survival
(OS), progression-free survival (PFS), objective response rate
(ORR), duration of response (DOR), and treatment-related
adverse events (TRAES).

Additionally, studies that met the following criteria were
excluded: (a) other types of articles, such as observational study
designs (retrospective/prospective), single-arm design studies, case
reports, publications, animal studies, and conference proceedings;
(b) duplicate patient cohorts; (c) cancers that are not GI cancers; (d)
other unrelated researches.

2.3 Study selection

All literature was imported into EndNote (Version 20; Clarivate
Analytics) and deduplicated using a combination of automatic and
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manual methods. Subsequently, two reviewers (Bowen Dai, Haihua
Zhan) independently screened the titles and abstracts of retrieved
articles. Any disagreements were resolved through discussion. In
cases of disagreement, a third reviewer took on the role of
a mediator.

2.4 Quality assessment

Two authors (Haihua Zhan and Xiaoyu Yu) undertook an
independent assessment of the risk of bias of each included
randomized controlled trial using the Cochrane Risk of Bias
Assessment Tool, which assesses six dimensions: random sequence
generation, allocation concealment, blinding of participants and
personnel, blinding of outcome assessment, incomplete outcome
data, and selective reporting (32). Three levels are defined: ‘unclear
risk’, low risk’, and ‘high risk’. Any disagreements between authors
were resolved by discussion with an independent third author.

2.5 Data extraction

The data were extracted by two independent reviewers (Bowen
Dai, Jiaping Jiang) and included the following items: the first
author, study type, number of participants, sex ratio, median age,
primary endpoint, and treatment experimental arm. The following
outcome indicators are more appropriate: mOS, mPFS, ORR,
mDOR, and TRAEs. To ensure data accuracy, two authors
independently performed data extraction. Any discrepancies were
resolved through consensus discussions.

2.6 Statistical analysis

Statistical analysis was performed using the Cochrane Review
Manager (Review Manager Version 5.4) and Stata 12.0 software.
The effect size was calculated using a standardized mean difference,
and a 95% confidence interval (CI) was generated. Given that the
studies included in the analysis originate from the public literature,
it would be more reasonable to select the random effect model as the
preliminary model. Furthermore, it was determined that a p-value
less than 0.05 would signify statistical significance.

The primary endpoints of this study were mOS, mPFS. Secondary
endpoints were ORR, mDOR, and TRAEs. Given the heterogeneity, all
pooled analyses were performed using a random effects model. The
Cochran Q statistic and the I* statistic were employed to assess the
presence of heterogeneity. If the Q statistic yielded a statistically
significant result (P < 0.05), the I* statistic quantified the proportion
of sample differences attributable to heterogeneity. I* values exceeding
25%, 50%, and 75% were considered to be low, medium, and high
heterogeneity, respectively (33). Given the considerable heterogeneity
observed in mOS and mPFS, we performed a subgroup analysis to
investigate potential differences in efficacy across different tumor types.
In addition, we conducted a sensitivity analysis to ascertain whether
the exclusion of studies exhibiting aberrant characteristics could
account for the observed heterogeneity and influence the pooled effect.
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3 Results

A total of 1168 published studies were identified through an
initial database search. After removing 282 studies using EndNote,
the remaining 886 studies were screened. By reading the title and
abstract, we excluded 803 unrelated articles. The remaining 83
articles then underwent full-text searching and reading. Of these, 5
could not retrieved, 61 were found to lack data, and 7 could not be
located in their entirety. Consequently, a total of 10 studies were
ultimately included for data extraction. The complete screening
process is illustrated in Figure 1.

3.1 Characteristics of the included studies

Table 1 provides details of each study. In total, 10 trials
involving 3056 patients met predefined inclusion criteria. All
studies included in this systematic review and meta-analysis were
randomized controlled trials (10, 25-29, 34-37). The average age of
the included samples was 63.1 years old, with the majority of men
(79.08%). One of the studies did not provide information on the age
and gender of the population due to differences in its main
experimental plan (34). The 10 primary endpoints of the trials
include PFS, OS, DOR, ORR, dose-limiting toxicity (DLT), safety,

10.3389/fonc.2024.1515992

and tolerability. We extracted the ORR, mOS, mPFS, mDOR, and
TRAE:s reported in the literature for summary analysis.

Of the 10 RCTs included, 3 trials compared the efficacy of
nivolumab plus ipilimumab with chemotherapy (10, 34, 35). 2 trials
compared the efficacy of nivolumab plus ipilimumab with
nivolumab (26, 36). 1 trial compared the efficacy of nivolumab
plus ipilimumab plus binimetinib with nivolumab plus binimetinib
(37). 1 trial compared the efficacy of nivolumab plus ipilimumab
plus cabozantinib with nivolumab plus cabozantinib (27). 2 trials
compared the efficacy of nivolumab plus ipilimumab plus
stereotactic body radiotherapy (SBRT) with nivolumab plus
gemcitabine plus cisplatin plus SBRT (25, 28). 1 trial compared
the efficacy of nivolumab plus ipilimumab with nivolumab plus
gemcitabine plus cisplatin (29).

3.2 Quality assessment and
publication bias

The risk of bias was discussed and assessed according to the
Cochrane Collaboration’s Risk of Bias tool by two independent
investigators (Haihua Zhan, Xiaoyu Yu), the risk of bias of the
included literature was assessed in terms of the following six
dimensions: random sequence generation (selection bias),

[ Records identified from databases (n=1168) ]
—\
Records removed before
= Records identified from: screening:
'§ Pubmed (n = 133) Duplicate records removed
Embase (n = 470) R (n=216)
£ Cochrane Library (n = 171) Records marked as ineligible
S Web of science (n = 394) by automation tools (n = 56)
2 Records removed for other
reasons (n = 10)
—
v
—
Records screened Records excluded
—
(n =886) (n=803)
v
Reports sought for retrieval Reports not retrieved
—>
= (n=83) (n=5)
£
[}
- '
3}
(7]
Report luded:
Reports assessed for eligibility I epo Lsaiicolfl d:ta (n=61)
(n=78) Full text cannot be found (n =7)
—
M v
3 Studies included in review
S (n=10)
o Reports of included studies
= (n=10)
—

FIGURE 1
Literature screening process.

Frontiers in Oncology

frontiersin.org


https://doi.org/10.3389/fonc.2024.1515992
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Dai et al.

TABLE 1 Characteristics of studies included in meta-analysis.

10.3389/fonc.2024.1515992

Study  Author Study Participants Median Primary Treatment Experimental Arm
type [\[o} age endpoint
1 Chen 2022 RCT 84 52.4 64.5 CBR nivolumab plus ipilimumab
plus SBRT or nivolumab
plus gemcitabine plus
cisplatin plus SBRT
2 Elez 2024 RCT 75 64 60.3 DLT nivolumab plus ipilimumab
ORR plus binimetinib or nivolumab
plus binimetinib
3 Janjigian RCT 160 77.5 57.2 ORR nivolumab plus ipilimumab
2018 or nivolumab
4 Juloori 2023 RCT 13 85 67 DLT nivolumab plus ipilimumab
plus SBRT or nivolumab
plus gemcitabine plus
cisplatin plus SBRT
5 Kaseb 2022 RCT 27 70 63.1 safety nivolumab plus ipilimumab
tolerability or nivolumab
6 Kato 2023 RCT 268 86.6 66.5 0Os nivolumab plus ipilimumab
PES or chemotherapy
7 Kato 2024 RCT 649 83.8 63 [N nivolumab plus ipilimumab
PES or chemotherapy
8 Sahai 2022 RCT 68 51.4 62.5 PES nivolumab plus ipilimumab
or nivolumab plus
gemcitabine plus cisplatin
9 Shitara 2022 RCT 1641 none none oS nivolumab plus ipilimumab
PES or chemotherapy
10 Yau 2023 RCT 71 87.3 65.7 safety nivolumab plus ipilimumab
tolerability plus cabozantinib
ORR or nivolumab plus cabozantinib
DOR

CBR, clinical benefit rate; ORR, objective response rate; DLT, dose-limiting toxicity; OS, overall survival; PES, progression-free survival; DOR, duration of response.

allocation concealment (selection bias), blinding of participants and
personnel (performance bias), blinding of outcome assessment
(detection bias), incomplete outcome data (attrition bias), and
selective reporting (reporting bias), and was categorized into three
types: low risk, high risk, and uncertain risk. Data extraction was
conducted by mutual agreement and all potential disagreements
were resolved by consensus.

Most studies were of good quality. Seven of the studies had a
low risk of random sequence generation (selection bias), six had a
low risk of allocation concealment (selection bias), nine had a low
risk of blinding of participants and personnel (performance bias),
eight had a low risk of blinding of outcome assessment (detection
bias), four had a low risk of incomplete outcome data (attrition bias)
and eight had selective reporting (reporting bias) (Figure 2).

3.3 Meta analysis of ORR

Nine trials reported ORR for 15 cohorts of patients with GI
cancers including 2189 patients. There was a significant
improvement in ORR in comparison with the control group (OR
= 1.69, 95% CI: 1.13-2.52, P = 0.01), and the heterogeneity test
showed moderate heterogeneity (I = 54%) (Figure 3). Therefore,
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the random effects model was adopted. Subsequent sensitivity
analysis demonstrated that the removal of any single study did
not exert a significant influence on the overall pooled results.

3.4 Meta analysis of mOS

A total of 7 studies comprising 3095 patients reported mOS in
12 groups of patients with GI cancers. The mOS was significantly
prolonged compared to the control (MD = 1.74, 95% CI: 0.09-3.38,
P = 0.04). And heterogeneity test showed moderate heterogeneity
(I = 52%) (Figure 4). Subsequent sensitivity analysis demonstrated
that the removal of any single study did not exert a significant
influence on the overall pooled results.

3.5 Meta analysis of mPFS

The mPFS in the experimental group was shorter than that in
the control group, yet the difference was not statistically significant
(MD = -0.94, 95% CI: -1.94-0.06, P = 0.06). Additionally, a high
degree of heterogeneity was observed (I> = 90%) (Figure 5).
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FIGURE 2

(A) Risk of bias graph. (B) Risk of bias summary.

Sensitivity analysis demonstrated that no single study significantly
influenced the high degree of heterogeneity.

3.6 Meta analysis of mDOR

Two studies, involving 536 patients across 4 groups, reported
mDOR for GI cancers. In comparison with the control group,
mDOR was significantly extended in the experimental group (MD =
5.64, 95% CI: 3.40-7.88, P < 0.00001). There was no heterogeneity
(I* = 0%) and publication bias (Figure 6).

3.7 Subgroup analysis

3.7.1 Subgroup analysis of different tumors
Considering the moderate degree of heterogeneity in ORR and
mOS observed in the data from the preceding studies, subgroup

analyses were conducted to investigate potential differences in
efficacy between experimental and control groups across diverse
tumor types.

The results showed a significant increase in ORR for esophageal
cancer compared to the control group (OR = 1.75, 95% CI: 1.07-
2.85, P = 0.02), with moderate heterogeneity (I* = 71%). The ORR
for biliary cancer was significantly lower, which was statistically
significant (OR = 0.11, 95% CI: 0.01-0.90, P = 0.04). There was a
relatively significant increase in the objective remission rates of
pancreatic cancer, colorectal cancer, gastroesophageal cancer and
liver cancer, but none of them were statistically significant
(pancreatic cancer: OR = 6.49, 95% CI: 0.75-56.45, P = 0.09;
colorectal cancer: OR = 5.39, 95% CI: 0.25-117.77, P = 0.28;
gastroesophageal cancer: OR = 1.46, 95% CI: 0.60-3.56, P = 0.40;
hepatocellular carcinoma: OR = 1.92, 95% CI: 0.58-6.41, P = 0.29).
However, only the heterogeneity in gastroesophageal cancer,
esophageal cancer, and liver cancer were measurable, and no

significant change was observed. (gastroesophageal cancer: I*
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FIGURE 3

(A) Forest plot of ORR in patients with Gl cancers treated with and without nivolumab in combination with ipilimumab. (B) Funnel plot of ORR in
patients with Gl cancers treated with and without nivolumab in combination with ipilimumab.
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FIGURE 4

(A) Forest plot of mOS in patients with Gl cancers treated with regimens containing and without nivolumab in combination with ipilimumab.
(B) Funnel plot of mOS in patients with Gl cancers treated with regimens containing and without nivolumab in combination with ipilimumab.

48%; esophageal cancer: I> = 71%; hepatocellular carcinoma: I* =
45%). A notable disparity in ORR was observed across different
subgroups, as indicated by the subgroup differences (Chi* = 8.63,
df =5, P =0.12, I = 42.1%). Moreover, compared with the control
group, the mOS of esophageal cancer was significantly prolonged,
with a statistically significant difference (esophageal cancer: MD =
5.02, 95% CI: 1.67-8.37, P = 0.003). Conversely, no statistically
significant difference was observed for the remaining

tumors (Figure 7).

3.7.2 Subgroup analysis of different dose ratios

The NIVO + IPI combination was approved as NIVO 1mg kg™
+IPI 3mg kg ' and NIVO 3mg kg™' + IPI 1mg kg~'. Consequently,
we extracted the valid data from six studies and reanalyzed the
ORR, mOS, and mPFS of this combination based on the two-
dose ratios.

The results showed that the ORR of both the NIVO1 + IPI3
group and the NIVO3 + IPI1 group was higher than that of the
control group (NIVO1 + IPI3: OR = 2.82, 95% CI: 1.28-6.18, P =
0.01; NIVO3 + IPI1: OR = 1.62, 95% CI: 1.10-2.38, P = 0.01), and
there was low heterogeneity between the subgroups (I* = 34.7%). In
addition, the mOS and mPFS of the NIVOL1 + IPI3 group and the
NIVO3 + IPI1 group were not statistically significant (Figure 8).

3.8 Safety

The data on TRAEs were extracted from six studies. The results
showed no statistically significant difference in the risk of TRAEs,
either of any grade (OR = 0.72, 95% CI: 0.41-1.27, P = 0.26) or
grades 3-4 (OR = 1.36, 95% CI: 0.90-2.04, P = 0.14), between the
nivolumab-plus-ipilimumab treatment group and the control

group (Figure 9).

4 Discussion

GI cancers are among the most lethal forms of cancer globally,
accounting for a significant proportion of all tumor-related
mortalities (2). As the number of elucidated molecular targets and
targeted therapies continues to grow, the prospects and challenges
associated with the exploration and identification of more effective
immune-targeted therapy regimens become increasingly evident
(38). To our knowledge, this is the first meta-analysis evaluating the
efficacy and safety of nivolumab in combination with ipilimumab in
GI cancers.

The results of the meta-analysis demonstrated that, in
comparison with the control group, the combination of nivolumab
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FIGURE 5

(A) Forest plot of mPFS in patients with Gl cancers treated with regimens containing and without nivolumab in combination with ipilimumab.
(B) Funnel plot of mPFS in patients with Gl cancers treated with regimens containing and without nivolumab in combination with ipilimumab.
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FIGURE 6

(A) Forest plot of mDOR in patients with Gl cancers treated with regimens containing and without nivolumab in combination with ipilimumab.
(B) Funnel plot of mDOR in patients with Gl cancers treated with regimens containing and without nivolumab in combination with ipilimumab.

and ipilimumab markedly enhanced the ORR and extended the mOS
and mDOR in GI cancers. However, no statistically significant
difference was observed in mPFS and the incidence of TRAEs of
any grade or grade 3-4 reactions. Due to the moderate heterogeneity
observed in ORR and mOS, subgroup analyses were performed based
on tumor types. The results of subgroup analyses demonstrated a
significant improvement in the ORR for esophageal cancer and a
significant decline for biliary cancer. The remaining tumor types
exhibited no statistically significant ORR, and the differences between
the subgroups demonstrated low heterogeneity. Furthermore, only
the mOS of esophageal cancer was significantly improved, and the
heterogeneity between subgroups did not change significantly in
comparison to the overall result. To gain a more comprehensive
understanding of the clinical outcomes associated with this
combination regimen, we conducted a subgroup analysis of ORR,
mOS, and mPFS based on the dose ratio. The findings revealed that
the ORR of both the NIVO1 + IPI3 group and the NIVO3 + IPI1
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FIGURE 7

group was significantly higher than that of the control group, whereas
no statistically significant differences were observed in mOS
and mPFS.

Part of Our findings are in accordance with those of Parikh
et al,, who observed that the ORR and OS rate of nivolumab
combined with ipilimumab in the treatment of advanced
hepatocellular carcinoma were significantly superior to those of
nivolumab monotherapy (30). Similarly, the survival benefits and
acceptable tolerability observed in the NIVO + IPI therapy in the
study by Kato et al. provided strong support for its use as the new
standard first-line treatment for Japanese patients with advanced
ESCC (10). The lack of a notable extension in mPFS observed in the
study may be attributed to tumor heterogeneity and the
mechanisms underlying immunotherapy. The effect of
immunotherapy typically necessitates a specific period to activate
the patient’s immune system, and the conventional PES indicator is
unable to fully capture the delayed effect of immunotherapy. As a
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(A) Forest plot for subgroup analysis of ORR; (B) Forest plot for subgroup analysis of mOS.
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(A) Forest plot for subgroup analysis of ORR based on different doses. (B) Forest plot for subgroup analysis of mOS based on different doses.

(C) Forest plot for subgroup analysis of mPFS based on different doses.

result, some patients may experience transient disease progression
before their immune system is fully activated, leading to PFS
inadequately capturing the treatment’s efficacy promptly.

The results of a significant prolongation of ORR, mOS, and
mDOR indicate that, although PFS was not significantly prolonged
in some patients, the long-term effect may be more substantial and
long-lasting once a response to immunotherapy is achieved. This
may be attributed to the capacity of immunotherapy to enhance the
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activation of the patient’s anti-tumor immune system, establish
long-term immune memory, and prevent rapid tumor recurrence.
These findings have significant clinical implications, particularly for
patients with early-stage disease who initially exhibit slow
progression but eventually achieve a sustained response. It is
recommended that patients who respond to immunotherapy be
monitored over an extended period in clinical practice and that
immunotherapy be considered as part of a long-term treatment
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(A) Forest plot of any grade TRAEs in the combination of nivolumab and ipilimumab compared to the control group. (B) Forest plot of grade 3-4
TRAEs in the combination of nivolumab and ipilimumab compared to the control group.

plan, even in combination with other therapies to consolidate the
treatment effect. Conversely, the heterogeneity of the ORR and
mOS of this combination remains unresolved through subgroup
analysis. Consequently, its clinical application should be exercised
with caution.

The role of the tumor microenvironment in immunotherapy is of
paramount importance. The TME of different types of GI cancers is
highly heterogeneous, which has the potential to affect the efficacy of
nivolumab and ipilimumab. In esophageal cancer, higher expression
of PD-L1 and PD-L2 and greater T-cell infiltration have been
observed to enhance tumor sensitivity to immunotherapy (39). In
contrast, an immunosuppressive microenvironment (e.g. tumor-
associated macrophages and tumor-infiltrating lymphocytes) has
also been found to affect the prognosis of biliary tract cancer (40).
Furthermore, the significant differences in the characteristic
molecular targets of various GI cancers may also contribute to the
observed heterogeneity in the efficacy of immune checkpoint
inhibitors. The distinctive molecular characteristics of hepatocellular
carcinoma are relatively concentrated and involve specific mutations
or signaling pathways. These features include potential biomarkers
such as interferon alpha (IFNo), alpha-fetoprotein (AFP), and
transforming growth factor-beta (TGF-f), as well as the vascular
endothelial growth factor (VEGF) pathway, mammalian target of
rapamycin (mTOR) pathway, insulin-like growth factor 1 (IGF1)
pathway and epidermal growth factor receptor (EGFR) pathway (41-
43). Furthermore, numerous studies have demonstrated that multi-
target tyrosine kinase inhibitors (TKIs)—such as sorafenib—can
improve the survival rate of patients with advanced liver cancer to
some extent (41, 44, 45). However, cholangiocarcinoma displays
significant heterogeneity, with different biliary tract segments
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(including intrahepatic cholangiocarcinoma, extrahepatic
cholangiocarcinoma, and gallbladder cancer) exhibiting distinct
patterns of genetic mutations. For example, molecular abnormalities
such as IDH1/2 mutations, FGFR2 fusions, and HER-2
overexpression are more common in some types of biliary tract
cancer. However, these targets are only present in some patients,
and the effect of targeted therapy is relatively limited. The use of anti-
PD-1 or anti-CTLA-4 inhibitors in biliary tract cancer is uncommon
and demonstrates limited efficacy (46). The disparate characteristics
of TME and molecular targets are responsible for the varying
responses observed in patients with GI cancers to the combination
therapy of nivolumab and ipilimumab. Furthermore, a notable
discrepancy was observed in the efficacy of nivolumab in
combination with ipilimumab among patients with disparate PD-
L1 expression levels within the same tumor. However, the literature
included in the study provides only a limited range of efficacy data
stratified by PD-L1 expression levels. This lack of data may contribute
to the observed heterogeneity.

The combination of nivolumab and ipilimumab may represent a
promising first-line treatment option for patients with GI cancers,
particularly those with esophageal cancer. Nevertheless, for patients
with biliary cancer, future clinical trials should investigate the
potential of combining with other targeted or immune-enhancing
therapies, given the likelihood of a poor response to immunotherapy.
Furthermore, the findings of the study indicated that there was no
notable enhancement in mPFS, thereby underscoring the necessity
for greater emphasis on biomarker testing and dynamic efficacy
assessment in clinical practice.

It is important to note that this study has limitations. Firstly,
due to the paucity of data on TRAEs provided in the literature, our
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analysis yielded no statistically significant results compared to the
control group. It is widely accepted that this combination regimen
has the potential to induce adverse reactions. Consequently, further
research is required to investigate the effects of this regimen on
specific TRAEs, such as decreased appetite and fatigue. Secondly,
although this study provided a comprehensive analysis of the
combination of nivolumab and ipilimumab, the small sample size,
particularly in subgroups such as biliary cancer, may have an impact
on the reliability of the results. Furthermore, larger, multicenter
randomized controlled trials are required to corroborate the
findings of this study, particularly for tumor types exhibiting
suboptimal efficacy.

5 Conclusion

In conclusion, this meta-analysis offers a comprehensive
evaluation of the efficacy and safety of nivolumab combined with
ipilimumab in patients with GI cancers, based on all available
randomized controlled trials. The findings suggest that this
combination therapy represents a promising and effective option
for managing GI cancers. However, caution is warranted in
interpreting these results due to significant variability arising from
the molecular heterogeneity of different GI cancer types.
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Pulmonary arterial intimal sarcoma (PAIS) is a rare malignant mesenchymal tumor
often associated with an unfavorable prognosis and lacks a standardized
treatment approach to date. This report presents a notable case of PAIS
treated with neoadjuvant therapy involving anlotinib concomitantly
administered with chemotherapy of ifosfamide and pirarubicin, which resulted
in a favorable outcome. A 38-year-old man was admitted to our hospital with
chest tightness, cough, and dyspnea, all of which had persisted for more than a
week. Initial evaluation via chest computed tomography (CT) revealed a sizable
posterior mediastinal tumor measuring 11.9 X 7.6 cm. A CT-guided biopsy was
performed, and pathological findings confirmed the diagnosis of PAIS. Efficacy
evaluation showed slow progress after one cycle of chemotherapy with
ifosfamide and pirarubicin. To enhance treatment outcomes, we incorporated
anlotinib as a neoadjuvant therapy alongside ifosfamide and pirarubicin.
Subsequent CT imaging demonstrated a significant reduction in tumor size,
and the patient experienced notable alleviation of symptoms. The patient then
underwent surgery, radiation, and subsequently, maintenance treatment with
anlotinib for one year. No severe drug-related side effects were observed. The
patient achieved progression-free survival of 25 months following administration
of anlotinib. Thus, the combination of anlotinib with ifosfamide and pirarubicin
demonstrated significant efficacy and safety. This approach holds promise as an
effective therapeutic strategy for managing unresectable, locally advanced, or
advanced PAIS. However, further clinical studies are necessary to validate
these findings.

pulmonary artery intimal sarcoma, anlotinib, neoadjuvant treatment, chemotherapy,
case report
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Introduction

Pulmonary arterial intimal sarcoma (PAIS) is a rare malignant
mesenchymal tumor that occurs in large blood vessels of the
pulmonary circulation (1). PAIS can originate from the left and
right pulmonary arteries, as well as the intimal layer of the pulmonary
arteries, forming a tumor that either grows in a nodular cavity or
spreads along the intimal surface (2). The prognosis of PAIS is poor,
and currently, there is no established standard treatment strategy (3).
Surgical resection is presently the primary choice of treatment for
PAIS, and the role of postoperative radiotherapy and chemotherapy
remains controversial (4). However, there have been no reports on
the treatment of PAIS using a neoadjuvant regimen with anlotinib. In
this study, we present a noteworthy case of a patient with PAIS who
underwent neoadjuvant treatment using the anlotinib and ifosfamide
and pirarubicin regimen, resulting in a successful outcome. The
combination therapy for neoadjuvant treatment may lead to a
better PAIS prognosis.

Case/case series presentation

In June 2022, a 38-year-old man was admitted to our hospital
with chest tightness, cough, and dyspnea, all of which had persisted
for more than a week. Physical examination of the patient revealed a

10.3389/fonc.2025.1507281

body temperature of 36.6°C, blood pressure of 95/78 mmHg,
tachycardia characterized by a heart rate of 120 bpm, and
tachypnea with a respiratory rate of 24 bpm. The oxygen
saturation (SpO,) in room air was recorded at only 98%. Liver
function tests, renal function tests, and complete blood count
showed normal results. He had no medical, family, psychosocial,
or genetic history. Upon assessment, the Eastern Cooperative
Oncology Group (ECOG) performance status score was
determined to be 2. On July 4, 2022, an initial chest computed
tomography (CT) evaluation revealed a sizable posterior
mediastinal tumor measuring 11.9 x 7.6 cm. This tumor not only
involved the right pulmonary arteries but also led to pericardial
effusion, accompanied by a minor pleural effusion on both sides
(Figure 1A). Further positron emission tomography-computed
tomography (PET-CT) investigations revealed a large soft-tissue
mass with increased metabolic activity (SUV ., 26.3) within the
posterior mediastinum. Notably, this mass involved the right
pulmonary artery trunk and its associated arteries, prompting
considerations of a potential malignant tumor (Figure 1B).

After discussions with specialists in thoracic surgery, medical
oncology, radiation oncology, and radiology during a
multidisciplinary treatment (MDT) consultation, we concluded
that complete tumor resection was not feasible in this case.
Therefore, a CT-guided biopsy was performed on July 18, 2022.
Pathological findings revealed spindle or epithelioid shapes in the

FIGURE 1

Chest CT and PET-CT scan before treatment. (A) Enhanced chest CT scan images: a posterior mediastinal tumor measuring 11.9 x 7.6 cm with
involvement of the right pulmonary arteries, accompanied by pericardial effusion and minor pleural effusion on both sides; (B) PET-CT scan image: a
large soft tissue mass in the posterior mediastinum with increased metabolism (SUVax: 26.3), involving the right pulmonary artery trunk and

associated arteries.
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tumor cells, characterized by abundant cytoplasm and large nuclei
with rough chromatin. Positive immunohistochemical staining for
SATB2 and MDM2 was observed, along with a high proliferative
index (Ki67). Amplification of MDM2 was confirmed through
fluorescence in situ hybridization detection (Figures 2A-E).
Combining the medical history, clinical imaging,
immunohistochemistry, and molecular test analyses, we
established a diagnosis of PAIS with the clinical stage T3NOMO
(IIIB) according to the eighth edition of the AJCC cancer staging.
According to pathological findings, the patient underwent one
cycle of chemotherapy using the ifosfamide and pirarubicin
(ifosfamide, 2 g/mz, days 1-5; pirarubicin, 40 mg/mz, day 1) on
July 22, 2022. Three weeks later, despite the treatment, the patient’s
chest pain and cough persisted. A follow-up CT scan indicated that
the tumor had not diminished significantly and measured 14.0 x 7.5
cm. The efficacy evaluation progressed slowly but did not reach PD
(Figure 3A). As the effect of chemotherapy alone proved
unsatisfactory, and based on insights from prior clinical studies
suggesting improved efficacy with antiangiogenic agents, the
decision was made to incorporate anlotinib into the treatment
plan. Anlotinib, which is known to improve the survival rates of
patients with advanced soft tissue sarcomas (5), was prescribed at a
dosage of 12 mg once daily for 2 weeks, followed by a 1-week break,
in combination with ifosfamide and pirarubicin. After two cycles of
administration, a subsequent CT scan revealed a significant
reduction in tumor size, measuring approximately 10.1 x 6.3 cm
(Figure 3B). Encouraged by the positive response, the patient
continued treatment with a combination of anlotinib and
chemotherapy with ifosfamide and pirarubicin for five cycles. The

10.3389/fonc.2025.1507281

final CT scan at the end of the last cycle showed a substantial
reduction in tumor size, measuring 6.8 x 3.7 cm. Clinically, the
evaluation was a partial response (Figure 3C), and the patient
experienced gradual relief from chest tightness, dyspnea, and
cough. Throughout the treatment process, the patient experienced
some adverse effects, including grade 1 nausea and vomiting, grade
1 hypertension, grade 3 leukopenia, and grade 1 rash.

Subsequently, the tumor stabilized at a size of 6.8 x 3.7 cm.
Following a second MDT discussion, the patient was advised to
undergo surgery for palliative tumor reduction. He consented to
this treatment approach and underwent the resection of the
remaining tumor on January 11, 2023.

Postoperative pathology revealed the following findings: a
treatment-induced tumor reaction marked by the degeneration
and necrosis of tumor cells, proliferation of stromal fibrous tissue,
and infiltration of foam cells and mixed inflammatory cells. The
remaining limited tumor cells still expressed MDM2 but exhibited a
low Ki67 (Figures 2F-H).

One month post-surgery, the CT scan indicated normal
postoperative changes, and the tumor size had decreased from 6.8
x 3.7 cm to 3.5 x 2.7 cm (Figure 4A). The patient then underwent
intensity-modulated radiotherapy at a total dose of 66 Gy in 33
fractions. The planning target volume included the residual tumor
and tumor bed. Throughout the radiotherapy sessions, the patient
concurrently received maintenance treatment with anlotinib. After
the completion of radiotherapy, the patient continued consolidation
therapy with anlotinib for one year.

Clinical evaluation at the 8-month post-surgery mark revealed
stable disease with a tumor size of 3.1 x 1.5 cm (Figure 4B). No

———
P —

FIGURE 2

Pathological findings of the histology of posterior mediastinal biopsy tissue. (A) H&E staining; (B) immunohistochemical staining of SATB2; (C)
immunohistochemical staining of MDM2; (D) immunohistochemical staining of Ki67 index; (E) fluorescence in situ hybridization detection of MDM2;
(F) H&E staining; (G) immunohistochemical staining of MDM2; (H) immunohistochemical staining of Ki67. (A-E: From the biopsy sample before

treatment, F-H: from the surgical sample after treatment).
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FIGURE 3
Chest CT scans after neoadjuvant treatment. (A) Chest CT enhanced scan after one cycle of chemotherapy: the tumor had increased in size,

measuring 14.0 x 7.5 cm; (B) Chest CT enhanced scan after two cycles of chemotherapy + anlotinib: the tumor had significantly shrunk with a size
of approximately 10.1 X 6.3 cm; (C) Enhanced chest CT scan after five cycles of chemotherapy + anlotinib: the tumor had significantly shrunk at the
end of the fifth cycle of chemotherapy + anlotinib, measuring 6.8 X 3.7 cm.

severe drug-related side effects were observed. The timeline of [Discussion

changes in tumor size and treatments administered are shown in

Figure 5. The patient achieved a progression-free survival (PFS) of PAIS is an extremely rare malignant mesenchymal tumor. As of
25 months as of September 27, 2024, and regular follow-up is 2023, approximately 400 cases of PAIS have been reported in the

being conducted. literature (3), most of which have been published as case reports.

FIGURE 4
Postoperative chest CT results. (A) Enhanced chest CT scan at 1 month after surgery; (B) Enhanced chest CT scan at 6 months after surgery.
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FIGURE 5

Timeline of tumor size and treatment of the patient. Chemo, ifosfamide and pirarubicin; RT, radiation therapy.

Despite this, the pathogenesis of the disease remains unclear.
Common symptoms of PAIS include dyspnea, cough, chest
tightness, and hemoptysis, often attributed to chronic right heart
failure or associated malignant tumors (6). In the present case, the
patient presented with difficulty in breathing, cough, and chest
tightness associated with a malignant tumor.

The pathological characteristics of PAIS include predominantly
spindle-shaped cells under light microscopy, along with
scattered multinucleated giant cells and epithelioid cells.
Immunohistochemistry lacks specificity, with most cases showing
diffuse positivity for vimentin, along with partial expression of SMA
and CD34 (7). Literature reports indicate frequent detections of PAIS
based on gene amplifications, including MDM2 (65%), cyclin-
dependent kinase 4, platelet-derived growth factor receptor o (81%),
and EGFR (76%) (8). In the present case, MDM2 gene amplification
was positive, aligning with findings in previous studies (3, 7).

Currently, no standardized treatment strategy exists for PAIS,
particularly for cases that are unresectable or locally recurrent.
Surgery remains the cornerstone of treatment for this condition,
which may include pulmonary endarterectomy, lobectomy, or
pneumonectomy. The role of adjuvant therapy is not well-defined;
however, there are case reports indicating improved outcomes with
the use of chemotherapy and/or radiation therapy (RT) (9). A review
from the MD Anderson Cancer Center revealed a median survival of
25 months for patients receiving multimodal therapy, compared to
just 8 months for those undergoing single-modality treatment (10).
Most adjuvant chemotherapy regimens included anthracyclines, such
as doxorubicin, as well as ifosfamide. Additionally, a limited number
of studies have reported the use of gemcitabine and paclitaxel,
although their efficacy appears to be suboptimal.

Neoadjuvant therapy involves the use of systemic treatments
before surgery. Initially employed to treat inoperable locally advanced
breast cancer (11), neoadjuvant therapy has proven effective in
increasing the likelihood of breast-conserving surgery and thus
established itself as a viable option for patients with operable
disease (12, 13). Studies have shown that patients who achieved a
pathologic complete response after neoadjuvant treatment had a
significantly better prognosis than those with residual disease (14-

Frontiers in Oncology

16). For unresectable or recurrent focal sarcomas, common
neoadjuvant therapies involve chemotherapy with doxorubicin and
cyclophosphamide, either alone or in combination with radiotherapy
(17, 18). However, there have been no studies on neoadjuvant
chemotherapy with antiangiogenic drugs for PAIS.

Anlotinib is a multi-target tyrosine kinase inhibitor with dual
effects: inhibiting angiogenesis and directly impeding tumor
growth. The functional targets of anlotinib encompass vascular
endothelial growth factor receptors 1/2/3, platelet-derived growth
factor receptor, fibroblast growth factor receptor, and c-Kit (19).
Anlotinib’s mechanism of action includes inhibition of tumor
vascular survival, normalization of tumor tissue blood vessels,
improvement in tumor hypoxia, increase in chemotherapy
distribution in tumor tissue, and further enhancement of anti-
tumor effects. Therefore, the combination of anlotinib and
chemotherapy can have a synergistic effect (20). Research has
shown that in second-line advanced soft tissue sarcoma, anlotinib
has an efficacy rate of 12.7%, with a PFS rate of 86.4% at 12 weeks.
Results from the Phase IIB Alter0203 study reveal that, compared to
a placebo, anlotinib significantly prolongs the time without disease
progression and reduces the risk of progression in patients (6.27
months vs 1.47 months, HR=0.33) (5, 21). Notably, pathological
types in this study mainly included leiomyosarcoma, synovial
sarcoma, acinar soft tissue sarcoma, clear cell sarcoma, epithelioid
sarcoma, undifferentiated pleomorphic sarcoma, liposarcoma, and
fibrosarcoma and did not include PAIS. In the present case, clinical
evaluation progressed slowly after one cycle of chemotherapy with
ifosfamide and pirarubicin. The patient was dissatisfied with the
efficacy of chemotherapy alone and continued to experience
symptoms of cough and chest tightness. Following extensive
communication with the patient, we decided to administer
anlotinib in combination with ifosfamide and pirarubicin. After
two treatment cycles, we observed a significant improvement in the
patient’s symptoms of cough and chest tightness, reflected in the
clinical evaluation as a partial response. Consequently, the patient
continued this combined regimen for three cycles. The tumor size
was effectively reduced with the combination treatment, leading to

an improvement in the patient’s overall condition.
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After the final chemotherapy session, a follow-up CT scan
revealed a residual tumor in the right pulmonary artery, and the
patient was intolerant to further chemotherapy. Following an MDT
discussion, we recommended local surgery and radiotherapy.
Postoperative pathology closely resembled complete remission. To
minimize local recurrence and distant metastases, radiation therapy
was administered for residual lesions after surgery concurrently
with anlotinib therapy. As demonstrated in a clinical trial
investigating the safety and efficacy of anlotinib, the most
common adverse drug reactions (ADRs) associated with anlotinib
include hypertension, hand-foot syndrome, and hyperlipidemia,
among others (5). The patient exhibited good tolerance with no
serious adverse effects.

The prognosis for patients with PAIS is generally poor, with
untreated patients having an overall survival of approximately 1.5 to
3 months (4). The median survival after complete surgical resection
can extend to 36.5 + 20.2 months, whereas after incomplete surgical
resection, it can reach 11.3 months (10). Funatsu (22) reported a
partial response of PAIS to pazopanib as second-line treatment in a
case with PFS of 4 months, and the patient required cessation of
pazopanib because of severe hand-foot syndrome. Kollar’s study
showed that pazopanib had promising activity as a second-line
treatment in angiosarcoma with PFS of 3 months and OS of 9.9
months (23). Therapeutic interventions aimed at MDM2-amplified
sarcoma are presently being evaluated in clinical trials. Takafumi
noted that milademetan, an MDM2 inhibitor, showed effectiveness
in patients with MDM2-amplified intimal sarcoma. This suggests it
could be a viable treatment option for intimal sarcoma, as indicated
by a Phase Ib/II study that reported PES of 4.7 months, which
merits further investigation (24).

In this case, the patient achieved a PFS of 25 months after
treatment with anlotinib and maintained a good condition during
follow-up. Such kind of multimodal therapy for PAIS may be a
viable strategy. However, these data from the case report are still
very limited, and further research is needed to elucidate the value of
neoadjuvant chemotherapy with anlotinib for PAIS to improve the
prognosis of patients.

Conclusion

In summary, neoadjuvant treatment using the combination of
anlotinib and chemotherapy with ifosfamide and pirarubicin
successfully reduced the tumor size in a patient with PAIS,
demonstrating favorable efficacy and safety. The combination of
anlotinib and chemotherapy as a neoadjuvant therapy could be an
effective strategy for unresectable locally advanced or advanced
PAIS. However, further clinical studies are necessary to validate
these findings.
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Introduction: Non-small cell lung cancer (NSCLC) patients who do not respond
to standard of care treatment can have activating mutations in the epidermal
growth factor receptor (EGFR) and mesenchymal epithelial transition factor
(cMET) signaling pathways, as well as having enhanced levels of vascular
endothelial growth factor (VEGF). To combat such resistance mechanisms,
TAVO412, was engineered to control aberrant cMET, VEGF-A, and
EGFR activities.

Methods: /n vitro assays assessed TAVO412's cell binding, ligand blockade,
phosphorylation inhibition, and Fc effector functions. In vivo efficacy was
evaluated in NSCLC xenograft models, with subsequent tumor resection for ex
vivo quantification of EGFR and cMET levels.

Results: TAVO412 robustly suppressed ligand-induced phosphorylation of EGFR
and cMET in NSCLC cell lines. TAVO412 demonstrated more potent antitumor
activity than amivantamab and cetuximab in NSCLC xenograft models using cell
lines with varying levels of mutant and wild-type EGFR and cMET. In addition,
TAVO412 had both EGFR/ cMET receptor degradation and enhanced Fc effector
functions for tumor cell cytotoxicity. Moreover, TAVO412 in combination with
osimertinib, lazertinib, docetaxel, and radiotherapy, resulted in complete and
durable regression of NSCLC xenograft tumors.

Discussion: These findings highlight TAVO412 as a promising therapeutic agent
with multiple mechanisms of action and strong potential for synergistic
combinations in NSCLC treatment.
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Introduction

Non-small cell lung cancer (NSCLC) is the most common type of
lung cancer with a poor prognosis and low 5-year overall survival
(OS) (1). Prognosis and treatment approaches are primarily
influenced by histology, stage at diagnosis, and molecular
abnormalities. Since standards of care therapies such as surgery,
chemotherapy, and radiotherapy do not fully meet the medical needs,
there are ongoing discovery of better targeted therapies to provide
greater efficacy and safety especially for patients with specific genomic
alterations (2). Epidermal growth factor receptor (EGFR) gene
dysregulation accounts for 23 - 30% of the NSCLC activating
mutations (3-5). About 90% of the dominant EGFR mutations are
short, in-frame deletions of exon 19 (Ex19Del) and mutations at
position 858 in exon 21 (L858R missense replacements); and 4-10%
being EGFR exon 20 insertions (EGFR Ex20ins) (5, 6).

The first-line standards of care for EGFR mutation-positive
NSCLC patients include tyrosine kinase inhibitors (TKIs) that have
considerable higher efficacy than standard chemotherapy (7).
However with the emerging NSCLC resistance arising from
different mutations, subsequent generations of small molecule
EGFR TKIs have been developed (8). Unfortunately, small-
molecule kinase inhibitors are constrained because of their
intrinsically limited molecular surface area for binding that can
be rendered ineffective by receptor mutations; sometimes just a
single amino acid change (9, 10). One approach to target a broader
pool of mutant EGFR is to employ anti-EGFR antibodies that
provide therapeutic benefits in NSCLC, but still fall short with
ensuing development of resistance (5). The mesenchymal-epithelial
transition factor (cMET) amplification has a role in the resistance
mechanism in patients that are no longer responsive to EGFR-TKIs
and anti-EGFR antibodies (11, 12). Thus, amivantamab, designed
for dual inhibition of EGFR and c¢cMET, was developed and
demonstrated promising tumor inhibition activities in preclinical
and clinical studies (13-15). Amivantamab, a fully human bispecific
antibody (BsAb) that targets both EGFR and ¢cMET, received FDA
approval in May 2021 for the treatment of advanced or metastatic
NSCLC with EGFR Ex20ins mutations (5, 16, 17). However, some
patients treated with amivantamab experience limited progression-
free survival (PFS) and eventual disease progression, while a
subgroup of patients do not respond to the treatment (18). Thus,
there remains a need for drugs that could help patients with innate
and acquired resistance to these standard-of-care therapies.

TKI resistant NSCLC patients exhibit aberrant EGFR and cMET
signaling as well as elevated vascular endothelial growth factor
(VEGF) receptor pathway activity which is a critical driver of solid
tumor angiogenesis (19). EGFR and the receptor for VEGF, VEGF
receptor 2 (VEGFR-2), share common downstream pathways such
that inhibition of one pathway can be compensated by the
upregulation of the other. In addition, EGFR-mutant tumors are
more dependent on VEGF-A signaling compared to EGFR wild-type
tumors (20). VEGF-A has a dual role of promoting tumor cell
proliferation through autocrine signaling and stimulating
angiogenesis via paracrine mechanisms (21). In line with this
mechanism, two anti-angiogenic agents were approved by the FDA
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for the treatment of advanced NSCLC: bevacizumab [an anti-VEGF-
A monoclonal antibody (mAb)] and ramucirumab (an anti-VEGFR-
2 mAb) (22, 23). To control EGFR and VEGF signal pathways, the
dual-targeted approach combining erlotinib (EGFR TKI) with
bevacizumab demonstrated superior antitumor activity compared
to monotherapy in clinical practice, leading to its approval as a first-
line treatment option for EGFR-mutant NSCLC (19, 24). In addition,
dual inhibition of cMET and VEGFR-2 has shown strong inhibition
of tumor growth and angiogenesis in xenograft models (25, 26).
However, since these strategies still have a narrow therapeutic index,
a more comprehensive treatment is required.

Considering the extensive crosstalk among the three pathways,
the combined inhibition of the EGFR, cMET, and VEGF pathways
could overcome resistance and could be an effective treatment
approach for NSCLC patients. The aim of the current study was
to demonstrate how TAVO412, a trispecific antibody targeting
EGFR, ¢cMET, and VEGF, controlled dysfunctional NSCLC tumor
growth activities. TAVO412 was engineered to have differentiated
mechanisms of action (MOA) that included ligand blocking, EGFR/
cMET receptor phosphorylation inhibition, EGFR/c-MET receptor
degradation, shutdown of angiogenesis, and enhanced Fc effector
functions. These MOAs manifested in in vivo antitumor activities of
TAVO412 in a diverse panel of NSCLC tumor models with varying
EGFR mutations, a broad range of EGFR and cMET receptor
densities, and VEGF secretion levels. In addition, TAVO412 was
shown to have stronger anti-tumor activities in combination with
other standards of care treatments that included radiotherapy,
chemotherapy, and 3 generation EGFR TKIs.

Results

TAVO412 bound and inhibited ligand
binding to NSCLC cell lines

TAVO412 was produced in CHO cells and purified to high
monomeric purity (>98%), as confirmed by SEC-HPLC and further
validated by SDS-PAGE (Supplementary Figures S1A, B). The
antibody demonstrated excellent thermal stability, with a melting
temperature (Tm) of 65.2 + 0.3°C (Tml) and 74.6 + 0.4°C (Tm2)
determined by differential scanning fluorometry (DSF). TAVO412,
the comparator amivantamab analogue, and a null control antibody
binding to NSCLC cell lines were assessed by flow cytometry. The
NSCLC cell lines (NCI-H292, HCC827, NCI-H1975, NCI-H460,
NCI-H1299, NCI-H358, and NCI-H596) spanned different EGFR
mutation profiles, a range of EGFR/cMET receptor densities, and
varying levels of VEGF secretion (Supplementary Table SI).
TAVO412 had high avidity binding with ECs, values that were
similar to those of the amivantamab analogue (NCI-H292: 0.399 nM
versus 1.150 nM; HCC827: 1.037 nM versus 1.885 nM; NCI-H1975:
1.358 nM versus 0.626 nM, for TAVO412 versus amivantamab
analogue respectively) (Figures 1A-C; Supplementary Figures
S2A-Dj; Supplementary Table S2). The levels of TAVO412 binding
correlated with the EGFR receptor densities that were in higher
levels than cMET receptor densities (data not shown).
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The ability of TAVO412 to block EGF and HGF binding to their
respective receptors was assessed using a cell-based flow cytometry assay
in HCC827 cells(EGFR: cMET receptor density ratio = 14.5,
Supplementary Table S1). TAVO412 effectively blocked EGF binding
in comparison to the amivantamab analogue (ICs, of 4.013 nM versus
11.86 nM) and HGF binding (ICs of 0.282 nM versus 0.689 nM)
(Figures 1D, E; Supplementary Table S3). The non-binding (null)
control antibody showed no inhibitory effects. The potency of
TAVO412 in blocking VEGF-A binding to VEGFR2 was tested and
has been reported elsewhere (manuscript submitted).

TAVO412 inhibited ligand-induced
receptor phosphorylation

Patients with hyperactivation of the EGFR and cMET signaling
pathways often have higher levels of respective ligand expression
(25, 27). Thus, TAVO412 was engineered to inhibit EGF binding to
EGFR and HGF binding to cMET; thereby antagonizing paracrine
ligand-based EGFR and cMET activations. Using TR-FRET-
based assays, TAVO412 was shown to inhibit EGF-induced
phosphorylation of EGFR and HGF-induced phosphorylation of
¢-MET in NCI-H292 cells, whereas wild type EGFR and c¢-MET
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showed minimal baseline EGFR and cMET phosphorylation in the
absence of growth factor stimulation (13) (Figures 2A, B;
Supplementary Table S4). TAVO412 inhibited EGF-induced
phosphorylation (IC50 of 0.941 nM) with a 3-fold greater potency
than that of the amivantamab analogue (IC50 of 2.796 nM). In
addition, the amivantamab analogue showed marginally enhanced
inhibition of HGF-induced phosphorylation (IC50 of 0.430 nM)
when compared to TAVO412 (IC50 of 0.568 nM). (Figures 2A, B;
Supplementary Table S4). The null control antibody did not inhibit
receptor phosphorylation. The stronger effect on EGF-induced
phosphorylation resulted from blockade of ligand binding and
receptor dimerization by the dual epitope EGFR arm as
anticipated, while the avidity effect maintained a strong HGF
blockade in the tumor cells.

Since HCC827 cells (wild type cMET, and the Ex19Del EGFR
mutation which conferred a high baseline level of EGFR
phosphorylation) had constitutively activated EGFR, EGF
addition did not significantly increase the amount of phospho-
EGER over the high baseline level. Therefore, phospho-EGFR levels
remained unchanged by the addition of TAVO412 or amivantamab
(Figure 2C; Supplementary Table S4). Consistent with observations
in H292 cells, TAVO412 inhibited HGF-induced cMET
phosphorylation in HCC827 (Figure 2D; Supplementary Table S4).
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TAVO412 bound to NSCLC cell lines and blocked binding of EGF and HGF. The binding of TAVO412 (red open circle), Amivantamab analogue (blue

open circle) and null mAb (black open circle) to (A) NCI-H292; (B) HCC827;

and (C) NCI-H1975 NSCLC cell lines as analyzed by flow cytometry. See

Supplementary Table S2 for corresponding ECsg, 95% ClI for ECsp, and efficacy (span in y axis). Blocking of (D) EGF and (E) HGF from binding to
HCC827 cells was assessed by flow cytometry with TAVO412 (red open circle), Amivantamab analogue (blue open circle) and null mAb (black open

circle). See Supplementary Table S3 for corresponding ICso, 95% ClI for ICsp,

and efficacy (span in Y-axis). The data from three independent

experiments were expressed as the mean + SEM of duplicate treatments. The amivantamab analogue served as a positive control molecule while the
null mAb served as a negative control. The abbreviations were: gMFI, geometric mean fluorescent intensity; AF647, Alexa Fluor 647 dye; AF488,
Alexa Fluor 488 dye; Ab, antibody; nM, nanomolar; EGF, epidermal growth factor; HGF, hepatocyte growth factor; SEM, standard error of the mean.
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TAVO412 had enhanced Fc effector
function

Fc effector functions play crucial roles in the efficacy of
therapeutic antibodies (28). TAVO412 had enhanced Fc effector
functions by incorporating clinically-verified point mutations in the
Fc domain (F243L/R292P/Y300L/V3051/P396L) (29). TAVO412
and amivantamab analogue had comparable binding affinities for
CD16a, CD32a, and CD64 (manuscript submitted). However,
TAVO412 bound to Clq, while the amivantamab analogue and
control IgG1 antibodies did not bind to Clq.

TAVO412’s Fc effector functions were demonstrated in assays that
monitored antibody-dependent cellular cytotoxicity (ADCC),
antibody-dependent cellular phagocytosis (ADCP), and complement-
dependent cytotoxicity (CDC) in NCI-H292, HCC827, and NCI-
H1975 cell lines. Although TAVO412 and the amivantamab
analogue exhibited comparable binding activity to Fc gamma
receptors (FcyR), TAVO412 demonstrated a stronger ADCC
response than the amivantamab analogue (NCI-H292: ECs, of 0.051
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nM versus 0.114 nM; HCC827: 0.066 nM versus 0.483 nM; NCI-
H1975: 0.003 nM versus 0.005 nM, for TAVO412 versus amivantamab
analogue respectively) (Figures 3A-C; Supplementary Table S5). Both
TAVO412 and amivantamab analogue had similar ADCP responses in
the three NSCLC cell lines (NCI-H292: ECs;, of 0.009 nM versus 0.012
nM; HCC827: 0.112 nM versus 0.126 nM; NCI-H1975: 0.163 nM
versus 0.125 nM, for TAVO412 versus amivantamab analogue
respectively) (Figures 3D-F; Supplementary Table S5). Consistent
with the ELISA binding to Clq, TAVO412 exhibited CDC killing of
NCI-H292 (ECs, of 0.297 nM) and HCC827 (3.139 nM), whereas the
amivantamab analogue showed only minimal CDC killing (Figures 3G,
H). With an approximately 10% maximum lysis, H1975 cells were
resistant to CDC killing as reported earlier (Figure 31) (30).

To confirm that TAVO412 has enhanced Fc effector functions,
TAVO412-A (a TAVO412 isoform without the VEGF binding
domain) was compared to TAVO412-A_NF (a TAVO412-A isotype
with wild type Fc) and TAVO412-A_SF (a TAVO412-A isoform with
a silenced Fc) in the ADCC and ADCP reporter assays, and in CDC
induced killing assays using the NCI-H292 cell line. TAVO412-A
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TR-FRET assay demonstration of TAVO412 inhibition of ligand-induced EGFR and cMET phosphorylation in NSCLC cell lines. Inhibition of (A) EGF
ligand-induced phosphorylation of EGFR and (B) HGF ligand-induced phosphorylation of cMET in NCI-H292 cell line. Inhibition of (C) EGF ligand-
induced phosphorylation of EGFR and (D) HGF ligand-induced phosphorylation of cMET in HCC827 cell line. TAVO412 (red open circle),
amivantamab analogue (blue open circle) or null mAb (black open circle) were tested. The data from three independent experiments were expressed
as the mean + SEM of duplicate treatments. The amivantamab analogue served as a positive control molecule while the null mAb served as a
negative control. The corresponding ICso, 95% CI for ICsq values and efficacy (span in Y-axis) were reported in Supplementary Table S4. The
abbreviations were: pEGFR ratio%, phosphorylation rate of EGFR; p-cMET ratio%, phosphorylation rate of cMET; Ab, antibody; nM, nanomolar; EGF,
epidermal growth factor; HGF, hepatocyte growth factor; SEM, standard error of the mean.
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indeed induced dramatically enhanced ADCC, ADCP and CDC both
in terms of potency and efficacy compared to TAVO412-A_NF. The
role of the Fc mutations was further confirmed as TAVO412-A_SF
had no Fc effector functions (Supplementary Figures S3A-D).
Amivantamab Fc effector functions were dependent on cell
binding by its anti-EGFR arm (14). To investigate whether
TAVO412 had similar EGFR binding-driven Fc effector function,
TAVO412-A’s activity was compared to its isoforms with an inert
arm in the cMET arm position (EGFR x Inert) or the EGFR arm
position (cMET x Inert). In the NCI-H292 cells, EGFR x Inert had
comparable Fc effector activities compared to TAVO412-A, while
the cMET x Inert did not induce significant responses
(Supplementary Figures S3E-H). Thus, we demonstrated that
TAVO412’s Fc effector functions are also dependent on its
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binding to EGFR. The EGFR-driven Fc-effector functions were
also observed in other cancer cell lines (data not shown).

TAVO412 suppressed tumor growth in
xenograft models with EGFR and cMET
degradation

The antitumor activities of TAVO412 were assessed in six NSCLC
xenograft models that spanned different EGFR and ¢cMET genotypes,
receptor densities, and VEGF-A secretion levels (Supplementary
Table 1). Monotherapy with TAVO412 at doses of 1 (low), 3
(medium), and 10 (high) mg/kg inhibited tumor growth in both
HCC827 and NCI-H1975 xenograft models in a dose-dependent
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TAVO412 mediated Fc effector functions in NSCLC cell lines. TAVO412 Fc effector function showing ADCC for (A) NCI-H292, (B) HCC827 and

(C) NCI-H1975 cells, respectively; TAVO412 Fc effector function showing ADCP for (D) NCI-H292, (E) HCC827 and (F) NCI-H1975 cells, respectively;
TAVO412 Fc effector function showing CDC for (G) NCI-H292, (H) HCC827 and (I) NCI-H1975 cells, respectively. TAVO412 (red open circle),
Amivantamab analogue (blue open circle) or null mAb (black open circle) were tested. The data from three independent experiments were expressed
as the mean + SEM of duplicate treatments. The amivantamab analogue served as a positive control molecule while the null mAb served as a
negative control. The ECsq, 95% CI for ECsq values and efficacy (span in Y-axis) were reported in Supplementary Table S5. The abbreviations were:
Ab, antibody; nM, nanomolar; ADCC, antibody-dependent cellular cytotoxicity; ADCP, antibody-dependent cellular phagocytosis; CDC,

complement-dependent cytotoxicity; SEM, standard error of the mean.
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manner (Figures 4A, B). The amivantamab analogue administered at 3
mg/kg showed comparable antitumor activities as TAVO412 at
similar dosing level (Figures 4A, B). Tumor weights and photos
taken on the last day of each experiment were consistent with the
tumor volume data (Figures 4C-F). TAVO412 treatment was well-
tolerated without compromising the mice body weight (Figures 4G,
H). TAVO412 at 10 mg/kg had excellent anti-tumor activity in the
other four xenograft models (Supplementary Figures S4A-H).

TAVO412 also demonstrated EGFR and ¢cMET receptor
degradation in vivo. Mice bearing HCC827 or NCI-H1975 tumors
were treated with TAVO412 twice. The tumors were collected 24 h
after the second dose. The Western blots indicated that the average
total protein levels of EGFR and cMET were significantly decreased
in both models after TAVO412 treatment; thereby demonstrating
receptor degradation (Supplementary Figures S5A-F).

To quantify the drug exposure in the animal models, the
pharmacokinetics (PK) profile of TAVO412 was studied in the
same stain of mice without tumor bearing. Following a single
intraperitoneal injection, TAVO412 exhibited linear PK in the
dose range from 1 to 3 mg/kg. The half-life was estimated to be
4.6 to 4.8 days (Supplementary Figure S6).

The combination of EGFR TKIs and
TAVO412 had stronger anti-tumor efficacy
in xenograft models

Amivantamab and lazertinib combination therapy has enhanced
antitumor activity in NSCLC patients in clinical trials (31). In light of
this, we combined TAVO412 with lazertinib in the HCC827
xenograft model and with osimertinib in the NCI-H1975 xenograft
model. Tumor-bearing mice were treated when the average tumor
volume reached 200 mm® in the HCC827 model (Figures 5A, B).
While tumors were effectively inhibited by either single agent or the
combination up to day 32, tumor relapses were observed in all the
mice treated with lazertinib shortly after the treatment was stopped.
TAVO412-treated tumors showed a longer lasting inhibition
compared to lazertinib, but tumor regrowth still occurred by the
end of the study with only one mouse having partial regression (day
92). The combination of TAVO412 and lazertinib induced complete
tumor regression (CR) and partial regression (PR) in 2/5 and 3/5
mice, respectively, until the last observation day (Figure 5A).
Similarly in NCI-H1975, the combination of TAVO412 with
osimertinib showed a significant additive effect: the combination
group having a significantly smaller tumor burden compared to each
monotherapy group and the control (Figures 5C, E). NCI-H1975
tumors treated with TAVO412 appeared paler compared to tumors
in other treatment groups (Figure 5E), which indicated reduced
vasculature due to VEGF-A neutralization by TAVO412. This
phenomenon was also observed in other xenograft models with
different tumor cell types (data not shown). Treatments of
TAVO412 were well tolerated with no body weight loss
(Figures 5B, D). These findings showed that the combination of
TAVO412 with either lazertinib or osimertinib had stronger tumor
growth inhibition compared to the monotherapies and prevented
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relapse in the mouse models of HCC827 and NCI-H1975. We used 2
mg/kg TAVO412 (suboptimal dose) in NCI-H1975 models to assess
combination potential, and 10 mg/kg (optimal dose) in HCC827
models to demonstrate complete tumor control. This dual approach
allowed evaluation of both combination effects and maximal efficacy.

EGFR TKls enhanced the efficacy of
TAVO412 by stabilizing EGFR receptor on
cell surface or enhancing ADCC

The basis for the EGFR-TKI enhancement of TAVO412 was
further probed by conducting cell-based assays. H1975 cells were
treated with varying concentrations of osimertinib for 48h at 37°C
and then stained with either anti-EGFR or anti-cMET detection
antibodies to assess receptor density via flow cytometry analysis.
When compared to the absence of osimertinib treatment, the
incubation of H1975 with osimertinib at 0.1, 1, and 20 nM resulted
in 1.1-, 1.5-, and 2.6-fold MFI increase in EGFR binding but did not
affect cMET binding levels (Supplementary Figures S7A, B). The
binding of TAVO412 to osimertinib-treated H1975 cells was then
evaluated at both 1h and 24h at 37°C. The level of TAVO412 binding
(at 16 nM TAVO412 for all the following comparisons) after 24h was
80% lower than the binding after 1h (Figures 6A, B). The longer
incubation time for binding could manifest in higher levels of
internalization and degradation of the receptors. At 1 h, the MFI
ratios of TAVO412 binding to H1975 cells treated with osimertinib at
1 nM, 20 nM, or 125 nM to that without osimertinib treatment were
1.3, 1.3, and 1.2, respectively. After 24h, these MFI ratios were 1.1, 1.7,
and 2.6, respectively, indicating that there was an osimertinib dose-
dependent increase in TAVO412 binding. However, the TAVO412
increase in cell binding did not further increase the ADCC effect in
vitro (Figure 6E).

Since lazertinib showed synergy with TAVO412 in vivo in the
HCC827 model, we assessed the impact of lazertinib on receptor
densities, TAVO412 binding, and ADCC effects on HCC827 cells. In
comparison to the absence of lazertinib treatment, culturing HCC827
cells with lazertinib at 0.3, 3, and 100 nM at 37°C after 48 h led to 10, 60
and 70% reductions in ¢cMET receptor density, respectively.
Surprisingly, the EGFR density levels were unaffected (Supplementary
Figures S7C, D). As with H1975 cells, TAVO412 alone demonstrated
decreased binding to HCC827 cells (by 60%, at 16 nM TAVO412 for all
the following comparisons) after 24 h versus 1 h at 37°C (Figures 6C,
D). Upon addition of 0.3, 3, and 100 nM lazertinib, TAVO412 binding
was decreased by 0, 70, and 70% at 1 h, respectively. After 24 h, the
TAVO412 binding to HCC827 was decreased by 20, 30 and 60%,
respectively (Figures 6C, D). This reduction in TAVO412 binding could
be associated with the decreased cMET receptor density upon lazertinib
treatment. HCC827 cells exhibited a 14-fold higher TAVO412 binding
(at 16 nM) than on HI1975 after 24 h (Figures 6B, D), which
corresponded to the relative receptor densities of EGFR and ¢tMET
(Supplementary Table SI). There was still a 2.5-fold higher binding of
TAVO412 to HCC827 cells compared to H1975 cells with EGFR-TKI
supplemented (100 nM lazertinib versus 125 nM osimertinib;
Figures 6B, D). Despite a reduced binding of TAVO412, the vitro
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FIGURE 4

TAVO412 antitumor activity in NSCLC xenograft models. Female Balb/c nude mice bearing NSCLC xenograft tumors were given intraperitoneal
injections twice per week of TAVO412 (1, 3, 10 mg/kg), amivantamab analogue (3 mg/kg), or null mAb (10 mg/kg). Tumor growth was monitored
twice weekly. The mean tumor growth curves for mice treated with indicated antibodies in (A) HCC827 for a total of 6 doses and (B) NCI-H1975 for
a total of 4 doses were shown. Tumors were collected and tumor weight measured for (C) HCC827 at the end of the 21-day observation period and
(D) NCI-H1975 at the end of the 13-day observation period. Photographs of the resected tumor xenograft specimens at the end of the study were
recorded for (E) HCC827 tumors and (F) NCI-H1975 tumors. The body weight of the tumor-bearing mice treated with indicated antibodies were
measured twice weekly until the end of study for (G) HCC827 and (H) NCI-H1975. The antibodies were labeled: TAVO412 — L for 1 mg/kg dosing
(red open down triangle); TAVO412 — M for 3 mg/kg dosing (red open circle); TAVO412 — H for 10 mg/kg dosing (red open up triangle);
amivantamab for amivantamab analogue (blue open circle); Null mAb for control (black open circle). The data represented the mean values + SEM
(n = 7/group). The red arrows indicated the specific dosing days. **P < 0.01; ****P < 0.0001; ns: not significant compared to control group.
Statistical significance was determined using one-way ANOVA, followed by Tukey's multiple comparisons test to compare each treatment group
with the null mAb group.
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Combination of TAVO412 with Lazertinib and osimertinib in NSCLC xenograft models. Mice bearing HCC827 tumors were treated with TAVO412
(red open circle), Lazertinib (navy open circle), the combination of TAVO412 and Lazertinib (orange open circle) and PBS control (black open circle).
TAVO412 was dosed at 10 mg/kg twice per week for a total of 10 intraperitoneal injections (the red arrows indicated the first and last dose).
Lazertinib was dosed at 2 mg/kg daily orally for 21 days (day O — day 20). (A) The HCC827 tumor growth profiles and (B) corresponding body weight
changes were monitored twice weekly. Mice bearing NCI-H1975 tumors were treated with TAVO412 (red open circle), osimertinib (navy open up
triangle), the combination of TAVO412 and Osimertinib (orange open up triangle), and PBS control (black open circle). TAVO412 was dosed at 2 mg/
kg twice per week for a total of 4 intraperitoneal injections (the red arrow indicated the specific dosing for TAVO412). Osimertinib was dosed at 2.5
mg/kg daily orally for 14 days (day 0 — day 13). (C) The NCI-H1975 tumor growth and (D) body weight changes were monitored twice weekly.

(E) Photographs of the resected tumor xenograft specimens at the end of the study were recorded for NCI-H1975. The treatments were indicated
on the left, and the termination day was specified on the right of the photographs. The data represented the mean values + SEM (n = 5/group).
Statistical significance was calculated at day 32 and day 17 for HCC827 and NCI-H1975, respectively by one-way ANOVA followed by Tukey's
multiple comparisons test to compare each treatment group with the null mAb group. ***P < 0.001; ****P < 0.0001. The abbreviations were: ns: not
significant compared to control group. CR and PR indicated complete response and partial response; PBS represented phosphate buffered saline;
SEM, standard error of the mean.
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ADCC assay showed an enhancement of the killing effect by addition of
lazertinib at 100 nM concentration (Figure 6F).

Combination of TAVO412 with conventional
chemotherapy and radiotherapy induced
complete regression of tumors in vivo

We examined whether combining TAVO412 with either taxane
chemotherapy or radiotherapy would yield a more effective anti-
cancer treatment. Chemotherapy and radiotherapy are extensively
used in the clinic to treat NSCLC patients. Docetaxel was selected to
combine with TAVO412 to investigate their combination effect on
NCI-H1975 tumor growth in xenograft mouse models (Figures 7A, B).
Both TAVO412 and docetaxel were dosed twice a week for 4 weeks,
via intraperitoneal injection. Initially, docetaxel as a single agent
showed minimal tumor control effect. However, all tumors in this
group reached their peak volume and began to regress at day 14. The
maximal tumor control effect was observed at day 38 (14 days after the
end of treatment), and then 3 out of 5 tumors began to regrow and 2
out of 5 tumors remained stable with a volume of less than 20 mm? by
the end of the study (day 87) (Figure 7A). TAVO412 exhibited a
strong tumor growth inhibition effect in this model as a monotherapy,
with 4 out of 5 mice achieving partial regression by the end of the
treatment period (day 28). After cessation of treatment, 3 out of 5
tumors gradually regrew, while 2 out of 5 tumors remained stable by
the end of the study. The combination of TAVO412 with docetaxel
demonstrated superior antitumor activity compared to each single
agent, with 2 out of 5 mice achieved complete regression, and 3 out of
5 mice achieved partial regression with a tumor volume measured less
than 10 mm?® at the end of the study.

The NCI-H292 xenograft model was used to examine the effect
of TAVO412 and X-ray irradiation combination therapy based on
published evidence demonstrating that the anti-EGFR antibody
nimotuzumab potentiates radiation sensitivity more effectively in
this cell line than in NCI-H1975 (32). NCI-H292 tumor cells were
implanted in immune-compromised mice and the treatments were
started when the tumor volume reached ~200 mm?. TAVO412 was
dosed twice a week for 4 weeks by intraperitoneal injection,
irradiation (4 Gy per fraction) was performed on the first two
days each week for 4 weeks in total, while the combination group
followed the same regimen with each monotherapy (Figures 7C-E).
The irradiation therapy alone only produced modest antitumor
activity; all the tumors continued to grow, albeit at a slower rate
compared to null control-treated tumors. TAVO412 alone showed
a more potent tumor control effect with NCI-H292 tumors: all the
tumors regressed to a tumor volume below the starting size, and 2/5
mice achieved partial regression by day 28. However, all the tumors
gradually regrew when the treatment stopped. In contrast, the
combination treatment induced a remarkable decrease of tumor
burden: all the tumors regressed quickly starting from the beginning
of treatment (the tumor size regressed to less than 10 mm? by day
21), and the effect persisted in all treated animals until the end of the
study (Figure 7C). Figure 7E showed photographs of resected
xenograft tumors taken at the endpoint of each group and the
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specimen sizes were consistent with the tumor volume data
(Figure 7C). As anticipated, both Docetaxel and X-ray irradiation
resulted in weight loss in mice. Notably, mice in the TAVO412
combination group did not experience weight loss. Instead, they
showed a consistent increase in body weight throughout the entire
study period (Figures 7B, D).

Discussion

Although the overall mortality rate of NSCLC has decreased due
to the identification of disease-specific oncogenes coupled with
personalized, genotype-directed therapies, the 5-year survival rate
remains poor at 17.4%. In relapsed patients, drug resistance
develops through emergence of secondary mutations, activation
of by-pass signaling pathways, or phenotypic transformation. The
development of novel therapies that can overcome such diverse
resistance mechanisms remains a substantial clinical need. EGFR,
cMET, and VEGEF play critical and complementary roles in NSCLC
cell survival, proliferation, and resistance to conventional therapies
(33). Hence, we developed TAVO412, a single trispecific antibody-
based molecule that inhibited EGFR, cMET, and VEGF-A. The
molecular construct of TAVO412 was designed with a dual epitope
variable heavy-chain only (VHO) EGFR binding arm on the N-
terminal and an anti-VEGF-A ScFv domain on the C-terminal of
one heavy chain, and an anti-cMET Fab arm on the other chain.
Utilizing Knob-in-Hole mutations, TAVO412 was expressed in a
single CHO cell line. Its developability characteristics and
downstream processing were comparable to monoclonal
antibodies in general, with high-yield production (2.5 g/L in CHO
cells), stable monomeric purity (>97%), high thermal stability (Tm
> 65°C), and no post-translational modification mutation hotspots
in the CDR region. TAVO412 binds human targets at high affinities;
it is fully cross reactive with the monkey targets, but not those of the
mouse (data not shown, is published elsewhere). We demonstrated
how TAVO412 manifested multiple mechanisms of action,
including ligand blocking (Figures 1D, E), receptor
phosphorylation inhibition (Figure 2), Fc effector functions
including ADCC, ADCP, and CDC (Figure 3) and EGFR/cMET
receptor degradation (Supplementary Figure S5). All of these
mechanisms of action translated into excellent tumor growth
inhibition effects in vivo, as observed in a panel of NSCLC
xenograft models with diverse receptor density and EGFR and
kRAS mutation status (Figure 4; Supplementary Table 1;
Supplementary Figure S4).

Receptor degradation was observed in tumor samples for both
EGFR and cMET 24 h after two doses of TAVO412, as compared to
control tumors (Supplementary Figure S5). Such a mechanism could
remove dysfunctional autocrine signaling of EGFR and cMET. The
effect of receptor degradation by TAVO412 could be linked to
immune effector-based mechanisms, such as trogocytosis
(antibody-dependent cellular trogocytosis, ADCT), which had been
identified as a dominant mechanism of antibody-directed receptor
downregulation and tumor cell killing in vivo for amivantamab (34).
However, further studies are needed to confirm this hypothesis.
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EGFR-TKI affected the cell binding and TAVO412 ADCC effector function. (A, B) NCI-H1975 and (C, D) HCCB827 cells were pre-treated with

osimertinib and lazertinib, respectively, for 48 h at specified concentrations. Then TAVO412 was added to the cells in a serial dilution and incubated
for 1 h (A, C) or 24 h (B, D) at 37°C. The binding of TAVO412 in both cell lines were measured by flow cytometry. The ECsqo, 95% CI for ECsq values
and efficacy (span in y axis) were reported in Supplementary Table S6. (E) NCI-H1975 and (F) HCC827 cells were pre-treated with Osimertinib and
Lazertinib, respectively, for 48 h at specified concentrations and then ADCC-induced killing was assessed. The treatments were labeled: TAVO412
alone: red open circle; TAVO412 + osimertinib: light, medium and dark blue open up triangle for addition of 1, 20 and 125 nM of osimertinib,
respectively; TAVO412 + lazertinib: light, medium and dark blue open circle for addition of 0.3, 3 and 100 nM of lazertinib, respectively;
Representative data from 2 to 3 independent experiments are shown. The ECsg, 95% ClI for ECsq values and efficacy (span in y axis) were reported in
Supplementary Table S7. The abbreviations were: gMFI, geometric mean fluorescent intensity; h, hour; nM, nanomolar; ADCC, antibody-dependent
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FIGURE 7

Treatment with TAVO412 in combination with docetaxel or radiation induced tumor regression in NSCLC xenograft models. (A, B) Mice bearing
NCI-H1975 tumors were given intraperitoneal injections twice per week with: TAVO412 (10 mg/kg, red open circle), Docetaxel (15 mg/kg, navy open
square), the combination of TAVO412 and Docetaxel (orange open square), or PBS vehicle control (black open circle). The red arrows mark the first
and last dosing with a total of 8 intraperitoneal injections administered over this period. The mice were monitored 2X/week for (A) tumor growth
and (B) body weight changes. (C-E) Mice bearing NCI-H292 tumors were treated with: TAVO412 (10 mg/kg, right open circle), x-ray radiation (4 Gy
per fraction, navy open diamond), the combination of TAVO412 and irradiation (orange open diamond), or null mAb (10 mg/kg, black open circle).
The red arrows marked the dosing days for TAVO412 and the light blue arrows marked the irradiation treatment days. The mice were monitored
twice weekly for (C) tumor growth and (D) body weight changes. (E) Photographs of resected NCI-292 xenograft tumors collected on the
termination days indicated to the right of figure. The treatments listed on the left. The data represent the mean values + SEM (n = 5/group).
Statistical significance was calculated at day 14 for both models by one-way ANOVA followed by Tukey's multiple comparisons test to compare each

treatment group with the null mAb group. ***P < 0.001; ****P<0.0001. The abbreviations were: ns, not significant compared to control group; Gy,
gray; CR indicates complete response.
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TAVO412 was capable of mediating ADCC, ADCP, and CDC-
induced killing effects, while amivantamab only showed ADCC and
ADCP effects, and not CDC (14, 34). An earlier published study
(35) showed that zanidatamab, an anti-HER2 biparatopic antibody,
could enhance CDC by enhancing receptor clustering, and the
effects were correlated with the receptor densities. We obtained
similar experimental results showing that the dual epitope EGFR
VHO promotes antibody clustering on the cell surface more
effectively than any of the monovalent or bivalent parental
antibodies (manuscript already submitted). TAVO412 was
designed with dual epitope EGFR plus cMET bindings to enhance
its cell surface presentation and clustering in addition to its
enhanced Fc functions, which resulted in much stronger
effector functions.

We used Balb/c Nude mice for in vivo xenograft model to test
the anti-tumor effects of TAVO412 and comparator molecules.
These mice are characterized by a mutation in the Foxnl gene,
leading to an absent or underdeveloped thymus and, consequently,
a deficiency in T-cell production. However, the nude mice maintain
an active macrophage system and exhibit high levels of NK cell
reactivity (36).Therefore, the ADCC and ADCP effects can be tested
with mouse NK cells (37).

The HCC827 cell line, with the EGFR Ex19Del mutation that
accounts for ~ 60% of EGFR mutations in lung cancer, is highly
responsive to first-generation EGFR TKIs, such as erlotinib. The
NCI-H1975 cell line harbors both the L858R and the T790M
mutations that confer resistance to first- and second-generation
TKIs; but retains sensitivity to third - generation TKIs such as
osimertinib. The remaining four cell lines (NCI-H460, NCI-H1299,
NCI-H358 and NCI-H596) have wild-type EGFR and ¢cMET
genotypes at different receptor density levels. The NSCLC model
NCI-H1975 (L858R/T790M) and HCC827 (Ex19Del) are sensitive
to TKIs and amivantamab. In both models, TAVO412 exhibited
potent and comparable antitumor activity to the amivantamab
analogue (Figure 4). TAVO412 demonstrated anti-tumor
activities against four NSCLC xenograft models with low,
moderate, and high levels of wild-type genotype EGFR expression.
(Supplementary Table S1; Supplementary Figure S4). TAVO412
and the amivantamab analogue were equally potent in inhibiting
the growth of NCI-H358 and NCI-H596 xenografts, while only
TAVO412 produced moderate antitumor activity in NCI-H460 and
NCI-H1299 xenografts. Amivantamab showed no antitumor
activity in these two models. The difference in response to
TAVO412 could be explained by the different levels of EGFR
receptor expression in these cell lines, considering the fact that
Fc-dependent activity plays a critical role in tumor inhibition
efficacy in vivo while the effector functions were driven by the
anti-EGFR arm of TAVO412. Indeed, the two models with
moderate responses had low EGFR and cMET expression levels
(Supplementary Table S1). The fact that the antigen density on
tumor cells must exceed a threshold for even high-affinity IgG
antibodies to mediate ADCC could explain why both the
amivantamab analogue in our study and cetuximab in another
study did not show any antitumor activity in NCI-H460 xenografts
(38, 39). Nonetheless, TAVO412 was more efficacious than the
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amivantamab analogue and cetuximab in these two low EGFR/
cMET density models. TAVO412 had stronger tumor growth
inhibition than amivantamab and cetuximab, since the design had
more engineered MOA that included: angiogenesis control by the
anti-VEGF arm; enhanced ADCC, ADCP, and CDC mediated by
the unique dual-epitope EGFR and ¢cMET binding epitopes. These
results suggested that TAVO412 could be an effective treatment
option for a broad range of NSCLC patients, regardless of the EGFR
or KRAS mutational status.

Considering that many patients could have been treated with
standard of care treatments, we explored the potential role for
TAVO412 as a combination partner. Here, we demonstrated how
TAVO412 showed substantially greater antitumor activity when
combined with either third-generation TKIs or conventional
chemoradiotherapy, compared to single-agent treatments, and
prevented the emergence of resistance.

We observed enhanced TAVO412 anti-tumor effects when
tumors were treated in combination with EGFR-TKIs in several
in vivo models. To explore possible underlying mechanisms, we
conducted a series of in vitro cell-based assays that showed how
osimertinib increased EGFR receptor density on NCI-H1975 cell
surface, resulting in an enhanced TAVO412 cell binding
(Supplementary Figures S7A, B; Figures 6A, B). Similarly,
erlotinib induced higher levels of cetuximab binding to EGFR on
NSCLC tumor cells, which translated to enhanced cytotoxicity and
a stronger in vivo anti-cancer effect (40). We corroborated their
conclusions by demonstrating that osimertinib, a third-generation
EGFR-TKI, exerted similar EGFR receptor stabilizing effects in
NCI-H1975 cell line (with EGFR mutations) and led to enhanced
TAVO412 cell binding. Other reports showed that while EGFR-
TKIs were capable of decreasing EGF-induced internalization and
could promote EGFR dimerization in a ligand-independent manner
(41-44). While the osimertinib-enhanced TAVO412 binding on the
cell surface did not translate into enhanced ADCC activity, the
induction of stronger tumor growth inhibition could be linked to
other mechanisms involving stronger blockade of signal
transduction, enhanced ADCP, and CDC.

Amivantamab in combination with lazertinib in the
CHRYSALIS-2 (NCT04077463) clinical trial has demonstrated a
clinical benefit rate (CBR) of 57% in patients with common EGFR
exon 19 deletion or L858R mutations who had previously progressed
on osimertinib and platinum-based chemotherapy (31). Likewise, we
confirmed that TAVO412 with lazertinib demonstrated enhanced
tumor growth inhibition effects in vivo. However, the combination of
TAVO412 with lazertinib in treating HCC827 cells showed more
interesting mechanistic aspects. Lazertinib treatment reduced the
cMET receptor density in a dose-dependent manner without an
apparent impact on the EGFR density. Perhaps some crosstalk
between the two receptors and signal pathways could be associated
with the reduced levels of TAVO412 binding at physiological
conditions (Supplementary Figures S7C-D; Figures 6C, D).
Nonetheless, lazertinib showed a trend of enhancing the ADCC
killing effect of TAVO412 (Figure 6F).

The correlations of cell surface drug presentation with effector
functions could involve a dynamic balance among extracellular EGFR
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and cMET receptor densities, receptor internalization/degradation
rates, and recycling. Our in vitro results only provided a glimpse of
the complexities. Moreover, drug presentation was only one of several
factors that could influence effector functions. An example from our
study highlighted that despite HCCB827 having significantly higher
TAVO412 presentation than H1975, it exhibited a weaker ADCC
effect (Figures 3B, C, 7E, F). The balance amongst the activating and
inhibitory signaling pathway ultimately determines effector cell
responses. For instance, the density of ULBP1 ligands on NSCLC
tumor cells could affect NKG2D regulation of NK cell induced-
killing (45).

Chemotherapy and radiotherapy are the cornerstone of
combined-modality therapy used to cure early and locally
advanced NSCLC patients (46). The activation of EGFR, cMET,
and VEGEF signaling pathways has been linked to chemotherapy
and radiotherapy resistance (25, 47). Blocking these pathways has
been shown to enhance the effectiveness of chemotherapy and
radiotherapy in preclinical studies (38, 48-50). However, in
clinical trials, the combination of chemoradiotherapies (CRT)
with anti-EGFR or anti-VEGF agents has often been
disappointing because of the lack of significant improvement in
survival. Additionally, there is a risk of excessive toxicity when
combining CRT with targeted agents (9, 47, 51). Our studies
provided proof of concept demonstration of the anti-tumor
response of chemo- or radio-therapy when combined with
TAVO412. In these models, the mice that received either
docetaxel or radiation alone experienced a body weight loss of
approximately 20%, while mice that received combination
treatments maintained their normal growths. (Figures 7B, D).
Thus, TAVO412 could have a protective effect against radiation
and docetaxel treatment in animal models. Notwithstanding,
careful study design and proper patient selection are necessary for
further clinical studies to ensure both safety and efficacy when
combining TAVO412 with CRT.

Besides the NSCLC tumor models, TAVO412 was also tested in
several other tumor models including triple negative breast, gastric,
esophageal, head and neck cancers, and pancreatic ductal
adenocarcinoma. Manuscripts reporting the results have been
prepared and will be published elsewhere separately (37). Although
we did not conduct a standalone study to assess the individual
contributions of the EGFR, cMET, and VEGFA arms in one
NSCLC xenograft model using inert arm comparator molecules, we
performed such study in a triple-negative breast cancer (TNBC)
model. The results showed that, while TAVO412 has a monovalent
anti-soluble VEGF-A arm with a slightly weaker binding affinity than
bevacizumab, it demonstrated significantly stronger tumor growth
inhibition in the model compared to bevacizumab or bevacizumab
plus amivantamab at comparable dose levels (data submitted in
another manuscript on TNBC). The anti-VEGF effect driven by
EGFR/cMET targeting exhibited stronger and more promising anti-
tumor results. We also anticipate that TAVO412 will have fewer anti-
VEGF-related toxicity issues compared to molecules lacking homing
mechanisms. In conclusion, TAVO412, which targeted EGFR, cMET,
and VEGF, was demonstrated to have multiple mechanisms of
antitumor activity in multiple preclinical models with varying levels
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of EGFR, ¢cMET, and VEGF. TAVO412 showed potential as a
valuable agent for combination therapy with standard-of-care
treatments. This combination approach could potentially delay or
prevent the development of drug resistance, providing valuable
therapeutic options for lung cancer patients. While preparing this
manuscript, TAVO412 has been tested in a Phase la clinical trial
(NCT06761651) and has demonstrated reasonable safety, tolerability,
and preliminary positive efficacy signals in NSCLC and other
tumor types.

Materials and methods
Test antibodies and reagents

TAVO412 was a trispecific antibody with F243L/R292P/Y300L/
V3051/P396L and Knob-in-Hole mutations. The molecular construct
was designed with dual EGFR binding domains on the N-terminal
and anti-VEGFA ScFv on the C-terminal of one heavy chain, and an
anti-cMET Fab arm on the other chain. TAVO412 was expressed
from a single stably-transfected CHO cell line, purified using Protein
A and ion exchange chromatography, and characterized by SEC-
HPLC and SDS-PAGE. Thermal stability was evaluated by
differential scanning fluorometry (DSF) with a 1°C/min ramp (20-
100°C). The amivantamab analogue (sequences referred to World
Health Organization Proposed INN List 121) was generated in-house
(52). Anti-gp120 hIgG1 was produced in-house to serve as a negative
control antibody (null mAb) in cell-based experiments. HIgGl
(HAOKESAIYE, Beijing) served as an isotype control antibody
(null mADb) in the animal studies. Lazertinib (Selleck #S8724),
osimertinib (MCE LLC #HY-15772A), and docetaxel (injection
from the Yangtze River Pharmaceutical Group, Jiangsu, China)
were used in the combination experiments.

Tumor cell lines

NCI-H460, NCI-H1299, NCI-H358 and NCI-H596 cell lines
(ATCC); and NCI-H1975, HCC827 and NCI-H292 cell lines
(National Collection of Authenticated Cell cultures, Shanghai,
China) were authenticated using short tandem repeat profiling and
screened for mycoplasma contamination using the Myco—LumiTM
Luminescent Mycoplasma Detection Kit (Beyotime, #C0297M). Cells
were cultured following ATCC cell line-specific recommendations.
Frozen human peripheral blood mononuclear cells (PBMCs) were
purchased from ALLCELLS and SAILYBIO.

Binding to EGFR and cMET expressing
NSCLC cells

The NSCLC cells were seeded at a density of 50,000 cells per well
in 96-well plates and treated with the test articles. After 1 h incubation
at 4°C, the cells underwent three washes with fluorescence activated
cell sorting (FACS) buffer (PBS supplemented with 2% (v/v) fetal
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bovine serum). The cells were then incubated with AF647 goat anti-
human IgG1 Fc (Jackson ImmunoResearch, 109-605-190) in the dark
for 30 min at 4°C, washed three times with FACS buffer, and
resuspended in FACS buffer for flow cytometry (Beckman
CytoFLEX) experiments. The cells were gated initially based on
forward and side scatter (FSC vs SSC) to eliminate debris and to
define a population gate (P1). P1 was then analyzed on forward
scatter height (FSC-H) versus forward scatter area (FSC-A) to isolate
single cells (P2). The geometric mean fluorescence intensity (gMFI)
of P2 cells was calculated with the CytExpert 2.4 software (Beckman
Coulter). The gMFI values on the y axis was plotted against the
antibody concentration on the x axis using a four-parameter logistic
(4PL) model. ECs values, efficacy (Y-axis span), and 95% confidence
intervals (CI) were calculated in GraphPad Prism 9.3.1(GraphPad
Software, Inc.).

To assess the effect of EGFR-TKIs to TAVO412 binding to
tumor cells, NCI-H1975 and HCC827 cells were pre-treated with
osimertinib or lazertinib for 48 h at 37°C. The cells were then
cocultured with TAVO412 for 1 h and 24 h respectively at 37°C, and
the gMFI level of AF647 goat anti-human IgG1 Fc was measured by
flow cytometry as stated above.

Competitive ligand binding in HCC827
cells

Upon plating 50,000 HCC827 cells per well in 96-well plates,
TAVO412, amivantamab analogue, or Null mAb were added in
FACS buffer. After incubation 1 h at 4°C, the cell-antibody mixtures
were washed three times with the FACS buffer. Either 50 uL of 1 ug/
mL EGF or 50 uL of 0.2 pg/mL Biotin-HGF were added; incubated
in the dark at 4°C for 1 h; and then followed by three FACS buffer
washes. Rabbit anti-human EGF antibody (Sino Biological, #10605-
T16) and Alexa Fluor 488 (AF488)-labeled anti-rabbit IgG1
(Jackson ImmunoResearch, #111-545-144) were added to test for
EGF binding, while AF488 streptavidin (Invitrogen, #S11223) was
added to test HGF binding. After 0.5 h incubation at 4°C, the cells
were washed three times and resuspended in FACS buffer for flow
cytometry analysis (Beckman CytoFLEX) with the FACS gating
strategy as described above. The AF488 fluorescence signals of the
P2-gated cells were captured and the gMFI was calculated with
CytExpert 2.4 software (Beckman Coulter). The gMFI of the cells
was plotted on the y axis against the antibody concentration on the
X axis using a four-parameter logistic (4PL) model. ICs, values,
efficacy (y-axis span) and 95% CI for ICs, were calculated in
GraphPad Prism 9.3.1(GraphPad Software, Inc.).

Inhibition of ligand-induced receptor
phosphorylation

Time-Resolved Fluorescence and Resonance Energy Transfer
(TR-FRET) assay was used to measure the phosphorylation of
EGFR and cMET receptors in NSCLC cells. Forty thousand cells
were seeded in RPMI 1640 medium per well in 96-well plates
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overnight and starved for 24 h, before being treated with test articles
for 1 h at 37°C. After stimulation with 22 nM EGF or 10 nM HGF at
37°C for 5 and 15 min respectively, the cells were lysed, and the
levels of receptor phosphorylation were monitored using TR-FRET
kits (Bioauxilium, KIT-EGFRP-5000 or KIT-METP-5000). The
phosphorylation rate (%) on the y axis was plotted against the
antibody concentration on the x axis using a four-parameter logistic
(4PL) model. The ICs, efficacy (y-axis span), and 95% CI for ICs,
values were calculated in GraphPad Prism 9.3.1 (GraphPad
Software, Inc.). The phosphorylation rate (%) was determined by
calculating [(Signal Tegt article-SigNal detection buffer controt)/ (Signal None
treated~ 18Nl detection buffer control)] X100%.

ADCC assays

Primary ADCC killing assays assessed in vitro killing of NSCLC
cells. Ten thousand tumor cells were plated per well in RPMI1640.
Antibodies were added to the wells and incubated at 37°C for 15
min. Upon thawing, 500,000 PBMCs in RPMI1640 were added to
each well and incubated at 37°C for 4 h. The release of lactate
dehydrogenase (LDH) was measured using a Roche Cytotoxicity
Detection Kit. Controls included untreated effector and target cells,
target cells only, and target cells plus 0.2% (w/v) Triton X-100. The
lysis ratio on the y axis was plotted against the antibody
concentration on the x axis using a four-parameter logistic (4PL)
model. ECs, values, efficacy (y-axis span) and 95% CI for ECs, were
calculated in GraphPad Prism 9.3.1(GraphPad Software, Inc.). Lysis
ratio (%) was determined by the following equation with OD values
(492 nm - 650 nm):

% LySiS = [(SignalTest article ~ Signaluntreated effector target cell control/

(Signaltarget cell maximum control ~ Signaltarget cells spontaneous comrol)]

x 100.

To evaluate the effect of EGFR-TKIs on the TAVO412-
mediated ADCC killing, NCI-H1975 and HCC827 cells were pre-
treated with osimertinib or lazertinib for 48 h at 37°C before
undergoing the ADCC assay as described above.

ADCP assays

Phagocytosis was evaluated with human peripheral blood
monocyte-derived macrophages as effector cells. Monocytes were
isolated from previously frozen human PBMCs using EasySepTM
Human Monocyte Enrichment Kit (StemCell) and were induced to
differentiate into macrophages with macrophage colony stimulating
factor (M-CSF) (StemCell) and interferon gamma (IFNY) (StemCell)
according to the manufacturer’s instructions. NSCLC target cells were
labeled with Carboxy Fluorescein Succinimidyl Ester (CFSE) using
the CFSE-Cell Labeling KIT (Abcam). Fifty thousand cancer cells per
well were cocultured with 100,000 macrophages per well with the test
articles for 24 h at 37°C. Next, Alexa-647-labeled anti-CD14 and anti-
CD11b antibodies (R&D) were added to the culture and then
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incubated for 30-min at 4°C to label the macrophages. Flow
cytometry (Beckman CytoFLEX) detected CSFE (FITC-A channel)
positive cells and Alexa 647 (APC-A channel) positive cells. The cells
initially were gated based on FSC vs SSC to eliminate debris and
define a population gate (P1). P1 was then analyzed on FSC-H vs.
FSC-A to isolate single cells (P2). A quadrant gate divided the P2 cells
into four sub-populations with FITC-A vs APC-A (FITC" APC;
FITC APC"; FITC" APC;; FITC APC’) and the percentage of Q3
(FITC" APC) was calculated. CytExpert 2.4 software (Beckman
Coulter) was used to calculate the killing percentage (%) as plotted
on the y axis against the antibody concentration on the x axis using a
four-parameter logistic (4PL) model. ECs, values, efficacy (y-axis
span) and 95% CI for EC5, were calculated in GraphPad Prism 9.3.1
(GraphPad Software, Inc.). Killing percentage (%) is determined by
the following equation (14): % Killing = 100 x {(average %
FITC'APC-A" of [lowest mAb] for each antibody -%FITC" APC-
A” sample)/(average %FITC* APC-A" of [lowest mADb] for
each antibody)}.

CDC assays

Twenty thousand tumor cells in RPMI 1640 medium were
plated per well in 96-well plates. Upon the addition of test articles,
the cells were incubated for 1 h at room temperature. After a 2-fold
diluted Baby Rabbit Complement (Cedarlane) was added, the wells
were incubated at 37°C for 1 h. The release of lactate dehydrogenase
(LDH) in the supernatants was measured with the Roche
Cytotoxicity Detection Kit. Control wells included: the target cells
and complement at the lowest concentration of test antibody (TC
spontaneous release); target cells only (T spontaneous release); and
target cells plus 0.2% (w/v) Triton X-100 (maximum release). The
lysis ratio on the y axis was plotted against the antibody
concentration on the x axis using a four-parameter logistic (4PL)
model. ECs, values, efficacy (y-axis span) and 95% CI for EC5, were
calculated in GraphPad Prism 9.3.1(GraphPad Software, Inc.). The
lysis ratio (%) was determined by the following equation with OD
values (492 nm - 650 nm):

% Lysis = [(Experimental — TC spontaneous)/(Maximum release

— T spontaneous)] x 100 % .

In vivo efficacy studies in mice

All procedures related to animal care, handling, and treatment
were carried out in accordance with the guidelines of GenePharma’s
Institutional Animal Care and Use Committee (IACUC).

Tumor cells were injected subcutaneously into female Balb/c
Nude mice (n = 5 or 7 per group; 6-10 weeks old; Nanjing
GemPharmatech Co., Ltd.) at the right flank (5x10° cells in 50%
Matrigel admixed with 50% PBS for HCC827; 5x10° NCI-H1975 in
PBS; 1x10” NCI-H292 in PBS). Therapeutic treatments began when
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the mean tumor volume reached approximately 200 mm?> and the
first day of dosing was denoted as day 0. The detailed treatment
regimens were described in each figure legend. In certain studies, at
the end of the research, tumors were collected, weighed, and/or
photographed. The average tumor volume in each group was
calculated as length x width® x 0.5 with units of mm?®. Tumor
volumes and body weights were recorded twice weekly, and the
tumor growth curves of each treatment group were plotted as mean
+ SEM. Tumor regression was defined as partial regression (PR) if
the tumor volume decreased to 50% of the tumor volume at the start
of treatment and as complete regression (CR) if the tumor volume
too small to be recorded (tumor volume ~ 0 mm®).

Statistical analysis of in vivo results

Statistical analysis was performed using GraphPad Prism
software version 9.3.1 (GraphPad Software, Inc.). A comparison
between two groups was performed using the Student’s T-test.
Multiple group comparisons used a parametric one-way ANOVA
followed by post hoc test (Tukey’s test). P values less than 0.05 were
considered statistically significant.
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ADCT
CDC
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EGF
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GADPH
GM-CSF
HGF
HRP

IgG
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Antibody-Dependent Cellular Cytotoxicity
Antibody-Dependent Cellular Phagocytosis
Antibody-Dependent Cellular Trogocytosis
Complement-Dependent Cytotoxicity
Carboxyfluorescein succinimidyl ester
Mesenchymal Epithelial Transition Factor
Confidence Interval

Chemoradiotherapy

Epidermal Growth Factor

Epidermal Growth Factor Receptor
Enzyme-Linked Immunosorbent Assay
Fluorescence-Activated Cell Sorting

Fc gamma Receptor

GlycerAldehyde-3-Phosphate Dehydrogenase

Granulocyte-Macrophage Colony-Stimulating Factor

Hepatocyte Growth Factor
Horseradish Peroxidase

Immunoglobulin G
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PBMC
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PFS
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SDS-PAGE
SEC

SEM
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TKI
TR-FRET
VEGF
VEGFR2
PK

DSF
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Lactate Dehydrogenase

Non-Small Cell Lung Cancer

Overall Survival

Peripheral Blood Mononuclear Cell

Phosphate Buffer Saline

Progression-Free Survival

Roswell Park Memorial Institute

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
Size Exclusion Chromatography

Standard Error of the Mean

Standard of Care

Tyrosine Kinase Inhibitor

Time Resolved-Fluorescence Resonance Energy Transfer
Vascular Endothelial Growth Factor

Vascular Endothelial Growth Factor Receptor 2
Pharmacokinetics

Differential Scanning Fluorometry

melting temperature
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Aumolertinib plus bevacizumab
for untreated advanced NSCLC
with EGFR sensitive mutation

Lingping Kong', Lina Peng', Xue Yang, Qing Ma, Linlin Zhang,
Xia Liu, Diansheng Zhong* and Fanlu Meng*

Department of Medical Oncology, Tianjin Medical University General Hospital, Tianjin, China

Background: Aumolertinib is a novel third-generation epidermal growth factor
receptor tyrosine kinase inhibitor (EGFR-TKI) with proven efficacy and safety for
untreated non-small-cell lung cancer (NSCLC) patients with EGFR sensitizing
mutations (EGFRm) in China. The progression-free survival (PFS) improvement of
the combination of first-generation EGFR-TKIs and bevacizumab was confirmed
by CTONG1509, JO25567, and NEJO26 studies, however, the effect of third-
generation EGFR-TKIs plus bevacizumab remains under debate. This study aimed
to investigate the efficacy and safety of aumolertinib plus bevacizumab in
untreated EGFRm advanced NSCLC.

Methods: We conducted a phase Il single-arm prospective clinical trial for advanced
EGFRm NSCLC treated with aumolertinib combined with bevacizumab. Treatment
continued until disease progression, occurrence of unacceptable toxicities, or the
patient withdrew consent. The study was stratified according to sex, smoking history,
stage, EGFR mutation status, and central nervous system (CNS) metastasis. The
primary endpoint was the 12—-month progression-free survival rate (PFS%), and
secondary endpoints included the objective response rate (ORR), overall survival
(OS), and progression-free survival (PFS).

Results: Between September 16, 2020, and November 11, 2021, a total of 21
patients were enrolled in the study. The median follow-up was 36.8 months
(ranging from 33.2 to 40.4 months), and all 21 patients were included in the
evaluation. The PFS% at 12-month was 81% (95% confidence interval (Cl): 64.1-
97.9%), the median PFS was 26 months (95% Cl: 16.5-35.5) and the ORR reached
85.7%, with an average reduction of the target lesions of 48.2%. Among patients
with CNS metastasis, the ORR was 92.9% (13/14), and for TP53 co-mutation
patients, the ORR was 86.6% (12/14). Grade 3 adverse events were observed in 4
patients (19.2%), and no grade 4 or 5 adverse events reported.

Conclusion: The combination of aumolertinib and bevacizumab in patients with
advanced EGFRm NSCLC achieved the study's primary endpoint. This study
indeed extended PFS compared with previous literature, and it was deemed
safe and tolerable.

KEYWORDS

aumolertinib, bevacizumab, EGFR-TKI, non-small cell lung cancer, progression-
free survival
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Introduction

Approximately 20-40% of non-small-cell lung cancer (NSCLC)
patients harbor epidermal growth factor receptor mutations
(EGFRm), primarily consisting of exon 19 deletions and exon 21
p-L858R (L858R) mutations (1). Epidermal growth factor receptor
tyrosine kinase inhibitors (EGFR-TKIs), including gefitinib,
erlotinib, and osimertinib, are the preferred first-line treatment
for patients with EGFR mutations (2-4). Notably, when employed
as the initial treatment for EGFRm NSCLC patients, osimertinib has
demonstrated prolonged progression-free survival (PFS) and
overall survival (OS) compared to erlotinib and gefitinib (2, 5).
Furthermore, studies have indicated its superior brain permeability
compared to first- and second-generation treatments (6, 7).
Nevertheless, despite these advancements, disease progression and
acquired resistance remain inevitable.

To address this challenge, integrated treatment strategies have
been proposed. Bevacizumab, a recombinant anti-vascular
endothelial growth factor (VEGF) monoclonal antibody, functions
by inhibiting angiogenesis and impeding tumor growth (8). In
numerous clinical phase 2/3 trials, the combination of EGFR-
TKIs and bevacizumab has consistently shown a significant
enhancement in progression-free survival (PFS) compared to
EGFR-TKIs monotherapy when used as the primary treatment
for patients with EGFRm NSCLC (9-11). Various phase 3 studies,
such as FLAURA2 and AENEAS, which compare third-generation
TKIs with first-generation TKIs as the initial therapy for patients
with advanced EGFRm NSCLC, have reported the superior PFS
associated with third-generation agents. Consequently, the
exploration of combining third-generation EGFR-TKIs with
bevacizumab in the first-line treatment of EGFRm NSCLC
represents a current focal point of research.

Aumolertinib (formerly known as almonertinib; HS-10296) is
an oral, third-generation EGFR-TKI designed to selectively target
mutant EGFR rather than wild-type EGFR. It has been specifically
formulated for the treatment of advanced EGFRm NSCLC. The
APPOLO study demonstrated the remarkable efficacy and safety
profile of aumolertinib in patients with EGFR T790M-positive
NSCLC, showcasing its effectiveness, particularly in brain
metastases (BM) (13). In the AENEAS trial, a phase 3 study
conducted among Chinese patients, aumolertinib, as a first-line
treatment, significantly extended progression-free survival (PES)
and duration of response (DOR) when compared to gefitinib in
patients with advanced EGFRm NSCLC. However, the overall
survival (OS) data from this study are currently immature (12).

A phase 1/2 single-arm study evaluating the initial treatment of
osimertinib plus bevacizumab for advanced EGFRm NSCLC
patients successfully achieved its primary endpoint, which was the
12-month progression-free survival rate (PFS%) (14). Building
upon this foundation, we propose an investigation into the
combination of aumolertinib and bevacizumab as a first-line
therapy for advanced EGFRm NSCLC. Our objective is to explore
the efficacy and safety of aumolertinib plus bevacizumab in
untreated EGFRm advanced NSCLC.
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Methods
Patient selection

Patients were enrolled between September 2020 to November
2021, and followed up until August 2024. The eligibility criteria
were as follows: (1) individuals aged 18 years or older, (2) NSCLC
confirmed histologically/cytologically or diagnosed clinically as
advanced peripheral lung cancer, (3) EGFR-sensitizing mutation
identified through next-generation sequencing (NGS) analysis, (4)
clinical stage IIIB, IIIC, or IV disease not suitable for radical
radiation therapy (based on the eighth edition of lung cancer
TNM staging system), (5) presence of measurable lesion
according to the Response Evaluation Criteria in Solid Tumors
(RECIST) version 1.1; (6) adequate hematologic and organ
function; (7) Eastern Coop-erative Oncology Group performance
status 0 or 1, (8) signed informed consent form.

The exclusion criteria were: (1) previous exposure to EGFR
inhibitors or VEGF receptor inhibitors, (2) coexistence or history of
interstitial lung disease, (3) a high susceptibility to bleeding or
embolism, (4) unmanaged hypertension, (5) Patients who received
radiotherapy to the brain can participate, but are required to have
an interval 214 days between the last days of radiotherapy and
study treatment.

Treatment

The patients received oral aumolertinib (110 mg) once daily and
bevacizumab (Avastin, 7.5 mg/kg) on day 1 intravenously every 3
weeks. Treatment persisted until disease progression, occurrence of
unacceptable toxicities, or withdrawal of patient consent.

Evaluation of efficacy and safety

Eight weeks following the initiation of aumolertinib and
bevacizumab, routine chest/abdominal computed tomography
and brain magnetic resonance imaging (MRI) were conducted,
with subsequent assessments every 2-4 months. Tumor lesion
response was evaluated based on the Response Evaluation Criteria
in Solid Tumors (RECIST) version 1.1. The Objective Response
Rate (ORR) was defined as the proportion of patients achieving
complete response and partial response (CR+PR). The Disease
Control Rate (DCR) was calculated as the proportion of patients
demonstrating objective response or stable disease for a minimum
of four weeks. PES was delineated as the duration from the initiation
of the first medication to disease progression or death. The primary
endpoint focused on 12-month PFS%, while secondary endpoints
encompassed ORR, PFS, and safety parameters.

Adverse events (AEs) were systematically evaluated throughout
the study, graded in accordance with the National Cancer Institute
Common Terminology Criteria for Adverse Events version 5.0.
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Sample size calculation

To consider combined aumolertinib and bevacizumab a
promising treatment strategy, we aimed for an improvement in
12-month PES rates from a historical 60% to 80%, which would
require a sample size of 24 patients to provide 80% power while
controlling the type 1 error at 10%. Ultimately, we achieved 80% of
our projected enrollments.

Statistical analysis

Survival analyses were performed according to the Kaplan-
Meier method, and confidence intervals (CIs) were calculated at a
95% confidence level. All analyses were performed using IBM SPSS
software, version 24.0.

Ethics

This study adhered to the rules and regulations of clinical
studies with respect to human subject protection, and it was
approved by the Tianjin Medical University of General Hospital
of Ethics Committee and conducted in accordance with the
principles of the Declaration of Helsinki. Informed consent was
obtained from all enrolled patients.

Results
Patient characteristics

A total of 21 patients, comprising four men and fifteen women,
were included in this study conducted between September 16, 2020,
and November 11, 2021. The detailed characteristics of these enrolled
patients are presented in Table 1. The median age of the participants
was 62 years, with an age range spanning from 41 to 89 years. The
majority of patients presented with adenocarcinoma (85.7%), while
one had squamous cell carcinoma, another had NSCLC (undetermined
pathological subtype), and one patient clinically manifested advanced
peripheral lung cancer. All patients were diagnosed at clinical stage IV
and received primary treatment. The EGFR mutations at diagnosis
were located in exons 19 deletion (42.9%) and 21 L858R (57.1%). TP53
mutation and primary T790M occurred in 71.4% and 19.0% of cases,
respectively. 14 patients had concomitant CNS involvement, with
21.4% (3/14) presenting symptomatic brain metastases at enrollment.
Brain radiotherapy was administered to two patients, one undergoing
whole-brain radiotherapy (WBRT), and the other receiving gamma
knife radiosurgery.

Clinical responses

All 21 patients were ultimately evaluated. The primary
endpoint, the 12-month PFS%, reached 81% (95% CI: 64.1-
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TABLE 1 Patient characteristics.

Characteristics Variables \|

Total case 21

Age Median(range), y 62 (41-89)

Sex Male 4 (19%)
Female 17 (81%)

Smoking Yes 5 (23.8%)
No 16 (76.2%)

Histology Adenocarcinoma 18 (85.7%)
Squamous 1 (4.8%)
cell carcinoma
NSCLC, unspecified type 1 (4.8%)
Peripheral lung cancer 1 (4.8%)

Clinical stage v 21 (100.0%)

EGFR mutation Exon 19 del 9 (42.9%)

Exon 20 L858R 12 (57.1%)

T790M mutation Yes 4 (19.0%)
No 17 (81.0%)
TP53 mutation Yes 15 (71.4%)
No 6 (28.6%)
CNS Yes 14 (66.7%)
No 7 (33.3%)
Neurological symptoms Yes 3 (21.4%)
No 11 (78.6%)
Brain radiotherapy Yes 2 (14.3%)
No 12 (85.7%)
CEA Abnormal 18 (85.7%)
Normal 3 (14.3%)

CNS, central nervous system; EGFR, epidermal growth factor receptor; CEA, carcino-
embryonic antigen.

97.9%). The patients exhibited a median PFS of 26 months (95%
CI: 16.5-35.5) (Figure 1A), with a median follow-up for PFS of 36.8
months (33.2m- 40.4m). The median OS was 32.8 months (95% CI:
26.1-39.5) (Figure 1B).

Within this cohort, seventeen patients experienced disease
progression, whereas two withdrew from treatment without
progression. Two patients continue to receive ongoing treatment
(Figure 2A). Notably, 95.2% (20/21) of patients demonstrated a
clinical response, marked by an average reduction of 48.2% in target
lesions (Figure 2B).

Subgroup analysis further explored various parameters. The
median PFS for patients with CNS metastases (n=14) or without
(n=7) were 21 (95% CI: 13.7-28.3) and 31 months (95% CI: 0-64.4),
respectively, with a Hazard Ratio (HR) of 1.77(95% CI: 0.62-5.08)
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FIGURE 1
Kaplan-Meier estimates of (A) PFS, and (B) OS.

(Figure 3A). For patients with exon 19 deletion (n=9) or exon 21
p-L858 (n=12), the median PFS was 26 (95% CI: 11.4-40.6) and 20
months (95% CI: 2.2-37.8), respectively, with an HR of 0.57 (95%
CI: 0.21-1.56) (Figure 3B). In patients with (n=15) and without
(n=6) TP53 mutation, the median PFS was 21 months (95% CI:
4.34-37.67) and 26 months (95% CI: 15.68-36.32), respectively,
with an HR of 0.86 (95% CI: 0.32-2.35) (Figure 3C). For patients
with (n=4) and without (n=17) T790M mutation, the median PFS
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(A) Swimming plot of patients. (B) Best percentage change from
baseline in target lesion size Responders were confirmed by
Response Evaluation Criteria in Solid Tumors guidelines. PR, partial
response; SD, stable disease; PD, progressive disease.
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was 26 months (95% CI: 9.05-42.95) and 21 months (95% CI: 9.57-
32.43), respectively, with an HR of 0.71 (95% CI: 0.20-
2.48) (Figure 3D).

The ORR was 85.7% (18/21) (Table 2). Noteworthy ORRs were
observed in patients with CNS metastasis (92.9%), intracranial
lesions (90%), EGFR 19del (100.0%), EGFR L858R (75%), TP53
comutation (86.6%), and primary T790M comutation
(100.0%) (Table 2).

Safety

The AEs encountered by patients during treatment with
aumolertinib and bevacizumab are delineated in Table 3. The
predominant AEs included increased creatine phosphokinase
(28.6%), proteinuria (19.0%), elevated AST/ALT levels (19.0%),
and weakness (14.3%). AEs of grade 3 or higher severity were
noted in four patients (19%), with no occurrences of grade 4 or 5
events. Bevacizumab discontinuation was necessitated in four
patients (23.5%) due to bleeding risk or creatine phosphokinase
elevation accompanied by chest pain and arrhythmia.

Discussion

This phase 2 trial investigated the combined administration of
aumolertinib and bevacizumab in previously untreated stage IV
EGFRm NSCLC patients. This prospective Phase II clinical trial met
the primary study endpoint. Moreover, in comparison with
previously published literature, it demonstrated favorable
treatment efficacy and exhibited good safety and tolerability. The
adverse events align with the known characteristics of each agent.

The study design is rooted in prior trials showing improved
efficacy and safety when combining first-generation EGFR-TKIs
with VEGF inhibitors for EGFRm NSCLC patients (9-11, 16, 17).
Previous trials revealed the significant improvement in PFS with
third-generation TKIs as first-line treatment (2) (Table 4). Our
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FIGURE 3

Subgroup analysis of PFS. (A): 19Del and L858R. (B): With or without CNS. (C): with or without TP53 mutant. (D): with or without T790M mutant. PFS,
progression-free survival; 19 Del, EGFR 19 Del; L858R, EGFR 21 Exon L858R; CNS, central nervous system; TP53m, with TP53 mutant; TP53WT,
without TP53 mutant; NE, not estimable; Cl, confidence interval; HR, hazard ratio.

study, notably, emulated the structure of a phase 1/2 trial median PFS (26 months) in this study seemed to be more beneficial
investigating osimertinib and bevacizumab. The results showcased  (12). During the period of our study, data from phase 3 studies of
a 12-month PFS of 81%, surpassing the outcomes observed with  third-generation EGFR-TKIs and studies investigating osimertinib
aumolertinib alone and the osimertinib-bevacizumab combination.  in combination with bevacizumab have been published and are
Compared with aumolertinib alone in AENEAS (19.3 months), the =~ summarized in Table 4 (12, 14, 18-20). The WJOG9717L study,

TABLE 2 The response to aumolertinib and bevacizumab in subgroup analysis.

Response Total N=21  CNS1 N=14 CNS2* N=10 19Del N=9 L858R N=12 TP53 N=15 T790M N=4

SD 2 0 1 0 2 1 0
PD 1 1 0 0 1 1 0
ORR 18/21 13/14 9/10 9/9 9/12 12/14 3/3
(85.7%) (92.9%) (90%) (100.0%) (75%) (86.6%) (100.0%)
DCR 20/21 13/14 10/10 9/9 11/12 14/15 3/3
(95.2%) (92.9%) (100%) (100.0%) (91.7%) (93.3%) (100.0%)

* Eight patients have measureable intracranial lesions.
PR, partial response; SD, stable disease; PD, progressed disease; ORR, objective response rate; DCR, disease control rate; CNS, central nervous system.
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TABLE 3 Adverse events (AEs) graded according to the common toxicity however, indicated no improvement in PFS with osimertinib-

criteria for adverse events (CTCAE). bevacizumab as first-line treatment (15). The mPFS and 1-year

PES rate in our study are higher than those in these studies,

Grade Grade Grade

1-2 (%) 3 (%) 4 (%) heralding the potential for the combination treatment regimen in
this study to become a frontline therapeutic approach. It may
Hematological . . . . . . .
require more refined stratification to identify specific populations
Leucopenia 1(4.8) 1(48) ‘ 0(0) ‘ 0(0) that may precisely benefit from the combination therapy.
Nonhematological Our study’s patient characteristics differed, notably with a
higher percentage of patients having preexisting CNS metastases
Rash 5(23.8) 5(23.8) 0 (0) 0 (0) . .
(66.7%, Table 4) (2, 12, 18-20). CNS metastases associated with a
Pruritus 1(48) 1(48) 0(0) 0(0) more aggressive disease phenotype and significantly shorter TKI
Anorexia 1 (4.8) 1 (48) 0(0) 0(0) treatment-related PFS compared to those without CNS metastases
(21). The established vascular normalization effect of antiangiogenic
Constipation 1(4.8) 1(4.8) 0 (0) 0 (0) . .. C .
drugs in the central nervous system has therapeutic implications.
Fatigue 3(143) 3(143) 0(0) 0(0) The BRAIN study demonstrated that bevacizumab could delay
Proteinuria 4(19.0) 4(19.0) 0(0) 0(0) brain metastases, showcasing its potential value (22). A
retrospective study on EGFRm NSCLC patients with brain
Oral 1(48) 1(4.8) 0 (0) 0 (0) o .
mucositis metastases revealed a 100% ORR and a 2-year survival rate of
62.5%, suggesting the efficacy of first-generation EGFR-TKI
Toothache 1@8 148 00 00 combined with bevacizumab as first-line therapy (23). Presently,
Oral bleeding | 2 (9.5) 2(9.5) 0 (0) 0 (0) third-generation EGFR-TKIs like osimertinib exhibit superior CNS
Epistaxis 295) 295) 00 00 efficacy in patients with EGFR-mutant brain metastases (24, 25).
Our study aligns with the AENEAS analysis at ASCO 2022
Hypertension | 2 (9:5) 265) 00 00 (NO.9096), indicating that combining aumolertinib and
Chest pain 1(4.8) 0 (0) 1(48) 0(0) bevacizumab may be effective and protective against CNS
Myalgia 1 (48) 0.0) 1 (48) 00) progression, as suggested by a 92.9% ORR in our study.
In subgroup analysis, patients with EGFR exon 19 deletions
ing“/elevation 4199 4190 0@ 0@ exhibited better PFS trends, contrasting with worse trends in those
with EGFR L858R. This is consistent with the trend of subgroup
CPK elevation | 6 (28.6) 4(19.0) 2(96) 00 analysis in the WJOG9717L study (15). The relationship between

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CPK, Creatinine phosphokinase. TP53 mutation and EGFR-TKI eﬁicacy remains debated, our data

TABLE 4 Literature review of third-generation EGFR-TKIs for EGFRm NSCLC.

Trial Treatment N CNS (%) ORR (%) PFS% (12mo) mPFS (mo)
AENEAS (12) Aumolertinib 214 262 738 662 19.3
vs 215 274 72.1 379 9.9
Gefitinib
FLAURA (2) Osimertinib 279 19.0 30 70 18.9
vs Gefitinib 277 227 76 47 10.2

or Erlotinib

FULONG (18) Furmonertinib 178 35 NA NA 20.8
Vs 179 32 NA NA 11.1

Gefitinib
NCT03861156 (19) Befotertinib 182 324 75.8 NA 22.1
Vs 180 31.7 78.3 NA 13.8

Icotinib
LASER301 (20) Lazertinib 196 26 76 NA 20.6
Vs 197 24 94 NA 9.7

Gefitinib
NCT02803203 (14) Osimertinib 49 31 80 76 19

+ Bevacizumab

WJOG9717L (15) Osimertinib 61 37.7 86 63.7 17.1
+ Bevacizumab 61 29.5 82 73.8 24.3

15, 21 were osimertinib plus bevacizumab as first-line treatment.
mPFS, median progression-free survival; PFS%, progress free survival rate; ORR, objective response rate; mo, months; N, patient numbers; CNS, central nervous system.
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indicate better PFS trends in patients without TP53 mutation.
Additionally, previous studies indicated that the occurrence of a
primary T790M mutation was associated with worse response and
poor prognosis in patients with advanced EGFR-m NSCLC treated
with first-generation (26-29), and second-generation (30, 31)
EGFR-TKIs. In recent studies, primary T790M mutation showed
some sensitivity towards osimertinib with the ORR fluctuating
between 10% and 72.2% (32-37). In our study, four patients who
had concurrent EGFR T790M at baseline benefited from the
treatment strategy combining bevacizumab with aumolertinib.
The best therapeutic outcome was PR, and the ORR reached
100%. This suggests that in cases of primary resistance to first-
generation EGFR TKIs mediated by the primary EGFR T790M
mutation, the treatment strategy adopted in this study is capable of
enhancing the clinical efficacy.

Despite these therapeutic implications, our study has
limitations. A small sample size from a single institution may
impact result conclusiveness. Being a single-arm study lacks a
control group, and future studies should expand the sample size
and consider randomized controlled trials.

In conclusion, our study suggests potential benefits of
aumolertinib and bevacizumab combination treatment for
EGFRm advanced NSCLC compared to aumolertinib
monotherapy. Nonetheless, it cannot be concluded arbitrarily that
aumolertinib combined with bevacizumab is the first-line treatment
of EGFRm NSCLC. Next, we should focus on subgroup analysis to
select the population more suitable for the combination of
aumolertinib and bevacizumab, further expand the sample size,
and conduct randomized controlled studies. In the future, whether
aumolertinib combined with bevacizumab can significantly
improve PFS as a first-line treatment strategy may be answered.
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Therapeutic responses to identical chemotherapy regimens often vary
significantly among patients with the same type of cancer, underscoring the
need for additional biomarkers to identify individuals most likely to benefit from
specific treatments. The expression of SLFN11 (Schlafenl1l) has been identified as
a potential biomarker for predicting patient responses to DNA-damaging agents
and PARP inhibitors, as it irreversibly blocks DNA replication under replication
stress, thereby increasing the sensitivity of cancer cells to various DNA-damaging
agents and PARP inhibitors. Preclinical and clinical trial data suggest that SLFN11
can predict therapeutic responses to multiple DNA- targeted drugs, including
platinum-based agents, topoisomerase I/Il inhibitors, DNA synthesis inhibitors,
and PARP inhibitors. Leveraging the expression status of SLFN11 or modulating its
expression offers exciting possibilities for clinical applications. In this review, we
summarize the structure and function of SLFN11, as well as its progress as a
biomarker across various cancer types. We also review the regulation of SLFN11
expression, its dynamic expression patterns, and potential strategies for
combination therapies to enhance efficacy based on SLFN11 status.
Furthermore, we discuss the potential of SLFN11 expression status in
overcoming resistance to DNA-damaging drugs, optimizing treatment
strategies, and advancing precision cancer therapy.

KEYWORDS

Schlafen1l (SLFN11), DNA damaging agents, PARP inhibitors, pan-cancer, DNA damage
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1 Introduction

Cancer continues to face challenges such as recurrence, drug side effects, drug
resistance, and individual variations in treatment efficacy (1). The economic burden of
29 types of cancer across 204 countries and regions is projected to reach $25.2 trillion from
2020 to 2050 (2). The six hallmarks of cancer include sustaining proliferative signaling,
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evading growth suppressors, resisting cell death, enabling
replicative immortality, inducing angiogenesis, and activating
invasion and metastasis, all of which are underpinned by genomic
instability (3). For decades, chemotherapy and radiation therapy
have been the cornerstones of cancer treatment, but sensitivities
vary in unselected patients. Recently, more and more studies have
found that the expression status of SLEN11 is associated with the
chemotherapy sensitivity of tumor patients. These therapeutic
drugs include platinum, topoisomerase I/II inhibitors, DNA
damaging agents, and PARP inhibitors, which we collectively
refer to as DNA-targeted drugs in this article. Small molecule
inhibitors targeting the DNA damage response (DDR) have
garnered significant interest. A prime example is PARP inhibitors,
particularly in ovarian cancer with BRCA1/2 mutations, which are
the most common cause of homologous recombination repair
deficiency (HRD). Since these cells rely on PARP1/2 for single-
strand repair, the use of PARP1 leads to a “synthetic lethality” effect.
In addition to BRCA gene mutations predicting the efficacy of
PARP inhibitors, SLEN11 can also predict the therapeutic
sensitivity of PARP inhibitors. SLFN11 has been recognized as a
biomarker predictive of response to various DNA-damaging agents
and PARPi across multiple cancer types, including gastric cancer
(4), esophageal cancer (5), small cell lung cancer (6-9), breast
cancer (10), ovarian cancer (11, 12), prostate cancer (13), Ewing
sarcoma (14), glioblastoma (15), head and neck cancer (16),
colorectal cancer (17, 18), clear cell renal cell carcinoma (19) and
hepatocellular carcinoma (20). These findings provide a foundation
for the clinical application of SLFN11 as a biomarker. In this article,
we review the structure and function of SLFN11. We also review the
progress in research on SLFN11 as a biomarker in various cancers,
with a focus on SCLC. Additionally, we review the regulation and
dynamic changes of SLEN11 expression and potential strategies for
combination therapy based on its expression status. Finally, we
discuss the potential of SLEN11 in overcoming drug resistance,
optimizing treatment strategies, and advancing precision
cancer therapy.

2 The structure and function of
SLFN11

The SLEN gene family was first described in 1998 as a growth-
regulating gene family influencing thymocyte development (21).
The murine SLFN family comprises 10 members (SLFN1, 1L, 2, 3, 4,
5, 8,9, 10, and 14), while the human SLFN family consists of 6
members (SLFN5, 11, 12, 12L, 13, and 14) (22). All human SLFN
genes contain an SLEN box, a domain not found in other proteins,
whose specific function remains to be elucidated. Except for the lack
of a helicase domain in SLEN12, the remaining human SLFN
proteins contain a helicase domain at the C - terminus (11).

Over the past decade, SLEN11 has been extensively studied for
its relevance to cancer therapy. The SLEN11 gene is located on
human chromosome 17 and encodes a protein consisting of 901
amino acid residues containing three major domains (11, 23): an N-
terminal endonuclease domain (residues 1-353), an intermediate
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linker domain (residues 354-576), and a C-terminal domain
(residues 577-901). The N-terminal domain is the critical domain
of SLEN11, possessing endoribonuclease activity (22). Under DNA
damage induction, SLFN11 mediates the cleavage of type II tRNAs
(notably tRNA-Leu-TAA) through its N-terminal endoribonuclease
activity, targeting their long variable loops. This degradation
selectively disrupts the translation of DNA damage response and
repair genes such as ATR and ATM, whose transcripts are enriched
in TTA codons (Leu) that depend on the low-abundance tRNA-
Leu-TAA for efficient protein synthesis (24). ATR (Ataxia
Telangiectasia and Rad3-related) and ATM (Ataxia Telangiectasia
Mutated) protein kinases are members of the phosphatidylinositol
3-kinase (PI3K)-related kinase (PIKK) protein family and play a key
role in DNA damage response (25). ATR is mainly involved in the
response to replication stress and maintaining replication fork
stability. ATM is mainly involved in DNA double-strand break
repair, regulating cell cycle checkpoints, and promoting
homologous recombination (HR) repair. In response to DNA
damage, it inhibits protein translation by degrading specific
tRNAs, promoting the sensitivity of cancer cells to DNA-
damaging agents (22). Studies have shown that mouse Slfn8 and
Slfn9 may partially compensate for the function of human SLFN11
(26), but phylogenetic and sequence alignment analysis showed that
mouse SLFN8/9/10 are orthologous genes of human SLFN13 rather
than SLFN11 (27). Studies have determined the crystal structure
and function of the Sus scrofa (wild boar) SLFN11 N-terminal
domain (NTD). sSLEN11-NTD is a clamp molecule and an efficient
RNase that cleaves type I and II tRNA and rRNA, and preferentially
cleaves type II tRNA (27). Cryo-EM structures reveal that SLEN11
interacts with tRNA through the positively charged groove formed
by the N-terminal nuclease domain of its dimer. The structure
captured the binding state of SLFN11 with tRNA-Leu (type II) and
tRNA-Met (type I) and confirmed that both tRNAs were cleaved at
specific sites 10 nucleotides away from the 3’ end (positions 76-77
for tRNA-Leu, positions 65-66 for tRNA-Met) (28). The
phosphorylation sites S219 and T230 located in the N-terminal
nuclease domain regulate tRNA recognition and ribonuclease
activity. After phosphorylation, the negative charge repels the
tRNA phosphate backbone, weakening the tRNA binding ability
and resulting in a significant reduction in nuclease activity (28). The
intermediate connecting domain of SLEN11 contains a conserved
SWAVDL sequence, which is present in all SLFN family members
(22). The C-terminal domain is homologous to superfamily I RNA/
DNA helicases and contains a conserved Walker A/B motif
(ATPase active site). Structural simulations show similarity to
Dna2 helicase, suggesting involvement in chromatin remodeling
(23, 29). Helicase activity is required for SLFNI11-mediated
chemosensitivity to DNA-damaging agents and replication fork
degradation (30). The phosphorylation site S753 located in the C-
terminal helicase domain acts as a conformational switch to
regulate SLFN11 dimerization and nucleic acid binding ability.
SLEN11 switches between monomer and dimer conformations
through the phosphorylation state of $753. S753 phosphorylation
induces a 140° rotation of the C-terminal helicase domain,
destroying the ID helix and hydrophobic interactions to form a
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monomer conformation. S753 dephosphorylation is a key trigger
for dimerization. Protein phosphatase 1 catalytic subunit 7y
(PPP1CC)-mediated S753 dephosphorylation relieves
conformational inhibition and promotes dimer formation. The
monomeric SLENI11 has the following characteristics: no DNA
binding, weakened nuclease activity, binding to ATP but no
hydrolysis, and maintaining a “closed” state. The dimeric SLEN11
has the following characteristics: binding to ssDNA/tRNA, high
cleavage activity, and performing replication fork arrest and
translation regulation (28). S753 phosphorylation acts as a “safety
lock” to inhibit SLFN11 activity under non-stress conditions,
preventing abnormal replication fork blockage or excessive tRNA
cleavage. When DNA is damaged, PPP1CC-mediated S753
dephosphorylation can activate SLFN11 dimerization, enabling it
to coordinate the execution of replication fork blockage and tRNA
cleavage functions. Dimerization underlies SLFN11-dependent
chemosensitivity. In addition, studies have found that the single-
stranded DNA (ssDNA) binding site K652 in the SLEN11 protein is
a direct binding site for ssDNA (31). K652 (lysine) is positively
charged and can form electrostatic interactions with negatively
charged ssDNA. When K652 mutates to negatively charged
glutamic acid (K652E) or aspartic acid (K652D), SLEN11 loses its
ssDNA binding ability and cannot be recruited to chromatin, losing
its replication blocking function and completely losing its drug
sensitivity. S753 dephosphorylation may change the protein
conformation, expose the K652 site or optimize its interaction
with ssDNA.

SLEN11 is recruited to DNA damage sites through direct
binding with RPA, promoting the destabilization of the RPA-
ssDNA complex, thereby inhibiting checkpoint maintenance and
homologous recombination repair (23, 32). SLEN11 promotes the
degradation of CDT1 in response to CPT by binding to DDB1 of
CUL4“P™ E3 ubiquitin ligase associated with replication forks,
which irreversibly blocks replication and induces cell death (33).
The SLFNI11 protein enhances chromatin accessibility across the
genome, particularly in response to replication stress induced by
DNA-targeting drugs, with this increase being most pronounced in
active gene promoter regions (34). Additionally, it responds to
replication stress by regulating immediate early genes (such as JUN,
FOS) and cell cycle arrest genes (such as CDKN1A), with this
function of SLEN11 dependent on its ATPase and C-terminal
helicase activities. In response to replication stress induced by
camptothecin or the CHKI1 inhibitor Prexasertib, SLFN11 is
recruited to stressed replication forks, blocking replication by
altering chromatin structure (30). In immune responses, the
expression of SLEN11 enhances the effect of the IFNY signaling
pathway, making tumor cells more sensitive to cytotoxic T
cells (35).

3 The significance of SLFN11 in
various cancers

SLEN11 is a very important and widely recognized biomarker
for predicting sensitivity to multiple DNA-targeted drugs. People
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have made great progress in this area. In this review, we
summarized the role, mechanism and clinical significance of
SLFNII in gastric cancer, esophageal cancer, small cell lung
cancer, breast cancer, ovarian cancer, prostate cancer, Ewing’s
sarcoma, glioblastoma, head and neck cancer, colorectal cancer,
renal cancer, hepatocellular carcinoma and other cancers
(Tables 1, 2).

3.1 Gastric cancer

SLFN11 plays a complex role in gastric cancer. Its expression is
epigenetically regulated (promoter region methylation), and high
expression (especially protein level) is associated with better
survival prognosis and is a powerful biomarker for predicting
sensitivity to platinum-based chemotherapy. SLENI11 inhibits
tumor growth and significantly enhances the efficacy of platinum
drugs by promoting S phase arrest and apoptosis. At the same time,
SLEN11 is deeply involved in the regulation of the tumor immune
microenvironment and is positively correlated with the infiltration
of multiple immune cells and the expression of immune checkpoint
molecules, suggesting its potential immune regulatory function.

The TCGA database showed that the mRNA expression of
SLEN11 in gastric cancer (STAD) was significantly higher than that
in normal tissues. Analysis of the UALCAN database showed the
mRNA level of SLEN11 was significantly positively correlated with
lymph node metastasis, tumor stage and grade (43). The Kaplan-
Meier Plotter showed that high expression of SLEN11 was not
significantly correlated with patients’ overall survival (OS), and
could not be used as a prognostic marker alone (unlike SLEN5/
SLEFN13) (43). However, a retrospective study evaluated the
expression of SLEN11 in tumor cells using immunohistochemistry,
and when >30% of tumor cells were stained, it was considered
SLEN11 immunostaining positive. They used the median to divide
patients into high SLFN11 group and low SLEN11 group. Kaplan-
Meier analysis showed that the 5-year overall survival rates of 169
gastric cancer patients were 63% and 40% in the high SLFN11 group
and the low SLEN11 group, respectively. The overall survival rate of
the high SLFN11 group was significantly higher than that of the low
SLEN11 group (HR, 0.5; 95% CI, 0.32-0.77; P = 0.0017). This
difference was even more pronounced when analyzing patients who
received either oxaliplatin or cisplatin(HR, 0.2; 95% CI, 0.06-0.51;
P=0.0009) (44). High expression of SLEN11 can be used as a
predictive biomarker for gastric cancer patients receiving platinum-
based chemotherapy (44).

GSEA functional enrichment analysis showed that SLFN11 was
mainly involved in adaptive immune response and immune regulation
(43). KEGG pathway analysis showed that SLFN11 was associated with
inflammatory diseases (such as hepatitis, Epstein-Barr virus infection)
and NF-kB signaling pathway (43). TIMER/TCGA database analysis
showed that SLEN11 expression was positively correlated with the
infiltration level of multiple immune cells, including CD8" T cells,
CD4" T cells, macrophages (main associated cells), dendritic cells
(DCs) (main associated cells), and neutrophils (43). TISIDB database
shows that SLEN11 is positively correlated with NK cell, Th17 cell, and
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TABLE 1 Studies that evaluated SLFN11 as a prognostic or predictive biomarker in cancer patients.

Evidence Type n of Drugs Conclusions
level of cancer patients
Retrospective Esophageal 73 low-dose nedaplatin Tumors with high SLEN11 H-score(> 51) were associated with longer PFI (p (36)
study Squamous + 5-fluorouracil with =0.013).
Cell Carcinoma concurrent radiation
Prospective Recurrent small 104 Temozolomide Temozolomide + veliparib elicited longer PFS (5.7 v 3.6 months; p = 0.009) and = (37)
Phase II study | cell lung cancer +veliparib or placebo OS (12.2 v 7.5 months; p = 0.014) in patients with SLEN11+ tumors vs.
SLEN11- tumors(H score cutoff >1 defined SLEN11 positive).
Prospective I/ Recurrent small 21 valemetostat (DS- Combination EZH1/2 inhibitor valemetostat and irinotecan was not tolerated (38)
II-phase study | cell lung cancer 3201b) combination but demonstrated efficacy in recurrent SCLC
with irinotecan
Prospective SLEN11-positive 106 atezolizumab (A) PFS was improved with AT versus A (2.9 v 2.4 months; p = 0.019); OS was not (39)
Phase II study | ES-SCLC versus atezolizumab different between groups (p = 0.47).
plus talazoparib (AT)
Observational | Non-small cell 22 Platinum- SLEN11 promoter methylation was associated with poor PFS (p = 0.031). (6)
study lung cancer based chemotherapy
Observational Breast Cancer 32 chemotherapy High SLFN11 mRNA levels were associated with better OS (p = 0.017). (10)
study (Not specified)
Retrospective high-grade serous = 27 platinum- Tumors with high SLEN11 H-score(“high” if H-score > 60) were associated with = (12)
study ovarian cancer based chemotherapy longer PFI (p = 0.004).
Retrospective Ovarian Cancer 110 Cisplatin- High SLFN11 mRNA levels were associated with better OS (p = 0.016). (40)
study based chemotherapy
Observational Ovarian Cancer 41 Cisplatin or carboplatin | SLFN11 promoter rmethylation was associated with shorter (OS) (p = 0.006) (6)
study and PES (p = 0.003).
Retrospective Castration- 20 platinum- Longer rPFS was associated with SLEN11+ CTCs compared to those without (41)
study Resistant based chemotherapy (6.0 versus 2.2 months, p=0.002)
Prostate Cancer
Retrospective Ewing Sarcoma 44 Not specified Tumors with high SLFN11 mRNA levels were associated with longer RFS (p (14)
study = 0.0046).
Retrospective Head and Neck 161 Platinum (cisplatin or Tumors with SLEN11-positive(SLEN11 positive staining was defined as >15% (16)
study Squamous carboplatin)- staining of the tumor nuclei) were associated with longer PFS p < 0.001).
Cell Carcinoma based
chemoradiotherapy
Retrospective Colorectal 128 Not specified SLEN11 promoter methylation was prognostic of poor 5-year OS and 5-year (40)
study Cancer RFS (p<0.05).
Retrospective Colorectal 153 Adjuvant oxaliplatin- Tumors with high SLEN11 expression score(>4.5) were associated with longer (18)
study Cancer with based chemotherapy OS (p = 0.048).
KRAS exon 2
wild type
Retrospective Hepatocellular 182 Underwent Tumors with high SLEN11(moderate or strong H-score) were associated with (20)
study Carcinoma curative hepatectomy longer OS andRFS (p < 0.001).
Retrospective Bladder Cancer 50 Platinum- Tumors with SLEN11-positive (SLEN11 was considered positive when at least (42)
study based chemotherapy 5% of the tumor cells were stained)were associated with longer OS p < 0.012).

Treg cell infiltration (43). SLEN11 expression was significantly
positively correlated with multiple immune checkpoint molecules,
including CD160, CD244, CD247, CTLA4, LAG3, PDCDI,
PDCDI1LG2, TIGIT, and HAVCR2 (43).

At the epigenetic level, SLFN11 is frequently methylated in
gastric cancer and its expression is regulated by promoter region
methylation (4). Compared to normal gastric mucosal tissues,
SLENI11 gene methylation is more prevalent in gastric cancer
tissues, and the methylation rate of SLEN11 was significantly
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higher in tumors with a diameter =5 ¢cm than in tumors with a
diameter <5 cm. The use of the demethylating agent 5-AZA can
restore SLENI11 expression (4). Restoring SLFN11 expression
significantly inhibits the proliferative capacity of gastric cancer
cells (such as SNU16 and MGC803). Studies using a mouse
xenograft model have shown that the re-expression of SLEN11
significantly reduces tumor weight and volume. SLFNI11 can
enhance the sensitivity of gastric cancer cells to cisplatin by
promoting cisplatin-induced S-phase arrest and apoptosis (4).
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TABLE 2 Summary of the roles, mechanisms and the clinical significance of SLFN11 in different cancer types.

Cancer
types

Gastric cancer

Esophageal
squamous
cell carcinoma

Expression characteristics
of SLFN11

High expression in tumor tissues

Patients with high expression who receive
chemotherapy/radiotherapy have a better
prognosis(regulated by
promoter methylation)

Functional mechanism

Promote cisplatin-induced S-phase arrest and
apoptosis. The expression of SLFN11 is
regulated by the methylation of the

promoter region.

Inhibition of the ATM pathway enhances
sensitivity to radiotherapy/chemotherapy.
Methylation silencing is associated with poor
tumor differentiation.

Clinical significance

High expression is associated with the improvement of
PFS. Methylation silencing leads to
chemotherapy resistance.

High expression is associated with the improvement of
OS. Patients with SLEN11 deletion may be sensitive to
ATM inhibitors (AZD0156).

Small cell
lung cancer

Breast cancer

Ovarian cancer

High expression is associated with
sensitivity to PARP inhibitors.

Patients with high expression who receive
chemotherapy have a better prognosis.

Patients with high expression who receive
chemotherapy have a better prognosis

EZH2-mediated H3K27me3 deposition leads to
downregulation of expression.

High expression is associated with the improvement of
PFS/OS. Patients with SLEN11 positivity are sensitive
to PARP inhibitors. EZH2 inhibitors can restore
expression and overcome chemotherapy resistance.

High expression is associated with the improvement of
OS. ATR inhibitors can reverse the drug resistance
caused by low SLEN11 expression.

High expression is associated with the improvement of
OS. The expression status of SLFN11 can predict the
efficacy of platinum-based drugs and PARP inhibitors.

Castration-
resistant
Prostate cancer

Patients with high expression levels have
a better response to platinum-
based chemotherapy.

High expression is associated with the improvement of
radiographic progression-free survival (rPFS). The
expression status of SLFN11 can predict the efficacy of
platinum-based drugs.

Ewing EWS-FLI1 transcriptional target genes, Impede replication repair and enhance the High expression is associated with the improvement of
Sarcoma High expression in tumor cell sensitivity to DNA - damaging drugs. Activate REFS, Patients with high expression of SLFN11 respond
the AP-1 pathway to inhibit the oncogene ¢ better to the combination of PARP inhibitors and
- Myc. topoisomerase inhibitors (such as SN - 38).
Glioblastoma High expression promotes Negatively regulate the NF-kB pathway and High expression is associated with the improvement of
tumor progression. inhibit the expression of p21. OS. SLEN11 deficiency inhibits tumor growth.
Head and High expression of SLEN11 is associated - Patients with high expression of SLEN11 respond better
Neck with a longer PFS. to cisplatin-based chemoradiotherapy (CRT).
Squamous
Cell
Carcinoma
Clear Cell High expression is associated with SLEN11 promotes the phosphorylation of the Overexpression of SLFN11 is an independent
Renal poor OS. PI3K/AKT signaling pathway. SLEN11 is highly | prognostic factor for clear cell renal cell carcinoma.
Cell expressed in ccRCC tissues and cell lines, and
Carcinoma is associated with a decreased methylation level.
Colorectal In patients receiving oxaliplatin adjuvant Methylation leads to low expression. May Patients with high expression of SLEN11 and wild-type
cancer chemotherapy, high expression of interact with the KRAS mutation status. KRAS have a better prognosis after adjuvant
SLEN11 is associated with a favorable oxaliplatin chemotherapy.
prognosis in patients with wild - type
KRAS exon 2.
Hepatocellular | Low expression is associated with Inhibiting the mTOR pathway through RPS4X. | Combination of CCL2/CCR2 inhibitors and PD - 1
carcinoma poor prognosis. Regulating the TRIM21-RBM10 axis to inhibitors can improve the therapeutic efficacy in
enhance the response to immune checkpoint patients with low SLFN11 expression.
inhibitors (ICI)
Leukemic - SLFN11 expression is regulated via the JAK, -
cell lines AKT and ERK, and ETS axis
Mesothelioma - - The response of mesothelioma cells to PARP inhibitors
cell lines is associated with high SLFN11 expression. When used

in combination with temozolomide, it can increase the
sensitivity of cells with low or no MGMT expression.
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3.2 Esophageal cancer

SLEN11 is a key biomarker for the efficacy of
chemoradiotherapy in ESCC. Its high expression improves
platinum and radiotherapy sensitivity by regulating the DNA
damage repair pathway (inhibiting ATM and activating ATR/
NHE]J), and is dynamically regulated by epigenetic methylation.
Targeting the ATM pathway in SLFN11-deficient tumors (such as
AZDO0156) has therapeutic potential.

In ESCC patients with definitive chemoradiotherapy (dCRT),
those with high expression of SLEN11(H-score > 51 was defined as
high SLEN11 expression) exhibited significantly better prognosis (p
= 0.013), particularly notable in stage II and III patients (p = 0.004)
(36). This prognostic improvement is primarily attributed to the
heightened sensitivity of SLEN11-high tumors to nedaplatin and
radiotherapy, rather than to 5-fluorouracil (36). Using a low-dose
cisplatin-induced DNA damage model, we found that SLFN11 was
able to activate non-homologous end joining and ATR/CHKI
signaling pathways, while inhibiting the ATM/CHK2 signaling
pathway (5). Loss of SLEN11 promotes tumor cell proliferation
by restoring ATM expression (5). Studies have shown that SLEN11-
deficient ESCC cells are highly sensitive to the ATM
inhibitor AZDO0156.

At the epigenetic level, the expression of SLEN11 is regulated by
promoter methylation, which is significantly associated with tumor
differentiation and tumor size (5). There was a negative correlation
between SLFN11 mRNA levels and methylation of CpG sites around
the transcription start site (cg13341380, cg18108623, cg05224998,
cg18608369, cg01348733, cg14380270, cg26573518, and cg05504685,
all P < 0.05) (5). Cell experiments showed that high expression of
SLFN11 can enhance the sensitivity of ESCC cells to cisplatin (5). In
KYSE30 and KYSE450 cell lines, after restoring SLFN11 expression,
the expression of ATM was significantly inhibited.

3.3 Small cell lung cancer

Small cell lung cancer (SCLC) is a highly aggressive malignancy
characterized by rapid progression and early metastasis. Although
initial responses to platinum-based chemotherapy combined with
etoposide are often favorable, the majority of patients relapse due to
the rapid development of drug resistance, highlighting an urgent need
for predictive biomarkers and more effective targeted therapies.

Recent molecular profiling has stratified SCLC into four distinct
subtypes—SCLC-A, SCLC-N, SCLC-P, and SCLC-I—based on the
expression of lineage-defining transcription factors ASCLI,
NEURODI, and POU2F3 (45). While SCLC-A and SCLC-N
exhibit neuroendocrine features, SCLC-P and SCLC-I display
non-neuroendocrine characteristics. Importantly, each subtype
exhibits differential therapeutic responses: SCLC-I responds well
to immunotherapy (particularly when combined with
chemotherapy) due to its high expression of inflammation-related
and immune checkpoint genes; SCLC-P shows particular sensitivity
to PARP inhibitors; SCLC-N demonstrates good response to
Aurora kinase inhibitors; and SCLC-A exhibits sensitivity to BCL-
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2 inhibitors. Notably, high expression of SLFNI11 in the SCLC-A
subtype is associated with sensitivity to PARP inhibitors, while the
SCLC-P subtype remains sensitive to PARP inhibitors even in the
absence of high SLFNI1 expression or low ATM expression.
POU2F3 expression, similar to SLFN11 expression, may serve as
a predictive biomarker for PARP inhibitor sensitivity (45, 46). In
SCLC-A (ASCLI-driven) cell lines, SLEN11 expression showed a
bimodal distribution (45): (1) high peak population: SLEN11 was
highly expressed and sensitive to cisplatin/PARPi. (2) low peak
population: SLFN11 was low expressed and significantly resistant.

SLFN11 has emerged as a pivotal biomarker of response to
DNA-damaging agents, particularly PARP inhibitors and platinum
compounds. High SLFN11 expression correlates with enhanced
drug sensitivity, while low expression confers resistance. This has
been consistently validated in: SCLC cell lines, where SLFNI1
expression negatively correlates with talazoparib IC50 values (7).
PDX models, where SLFN11-high tumors show better responses to
talazoparib (8). SCLC xenograft models, showing stronger effects of
PARP inhibitors combined with temozolomide in SLFN11-positive
tumors (7, 8). Mechanistically, Murai et al. proposed that SLFN11
enhances the activity of PARP inhibitors by inhibiting DNA
replication (7), while others suggested that SLEN11 creates a
“BRCAness” state by inhibiting homologous recombination repair
(RPA-dependent mechanism), making cancer cells sensitive to
PARP inhibitors (8, 32). High levels of SLFN11 (protein/mRNA)
are the strongest predictors of SCLC sensitivity to PARP inhibitors
(e.g., talazoparib, olaparib) and cisplatin, a finding that was
validated in PDX models and 51 SCLC cell lines. Notably,
SLEN11 protein expression was significantly downregulated in
SCLC cells treated with cisplatin or PARP inhibitors (confirmed
by western blotting) (9). The combined expression of SLEN11, low
ATM expression, and epithelial phenotype (high E-cadherin
expression/low EMT score) can optimize the prediction of SCLC
treatment response (9). In summary, SLEN11 is a key dynamic
regulator of SCLC sensitivity to DNA-damaging drugs, and PARP1
and ETS family transcription factor EHF regulate SLFN11
expression: PARP1 knockdown reduces SLEN11, while EHF is
positively correlated with SLFN11 in SCLC and regulates its
expression (knockdown of EHF reduces SLENI11). Promoter
methylation is also involved in regulation, but demethylation
treatment failed to effectively upregulate SLEN11 (9).

Further studies have expanded the potential of SLEN11 in
combination therapy. Studies have shown that the downregulation
of SLFN11 observed in chemoresistant SCLC patient-derived
xenograft (PDX) models can be reversed by targeted epigenetic
intervention (47, 48). Mechanism 1: EZH2-mediated trimethylation
of histone H3 at lysine 27 (H3K27me3): EZH2, the catalytic subunit of
the PRC2 complex, inhibits SLFN11 expression by depositing the
repressive histone mark H3K27me3 specifically on the SLEN11 gene
body. EZH2 inhibitors effectively reverse this silencing by reducing
H3K27me3 levels and restoring SLFN11 expression, thereby
resensitizing resistant SCLC models to chemotherapeutic drugs (48).
Mechanism 2: Promoter methylation and histone deacetylation: In
small cell lung cancer (SCLC) cell lines, SLEN11 expression is often
silenced by promoter hypermethylation, which is significantly
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negatively correlated with SLFN11 expression (49). The histone
deacetylase inhibitor (HDACi) FK228 reactivates SLFN11
expression primarily by increasing activating histone acetylation
marks (H3K9Ac, H3K27Ac¢) at the promoter (47). Notably, this
reactivation is associated with a decrease in promoter DNA
methylation (47), suggesting that there may be a crosstalk between
histone modifications and DNA methylation, although HDACs
themselves act on histones rather than directly on DNA. FK228-
induced restoration of SLFN11 expression effectively enhances the
anticancer efficacy of topotecan (47). The DNA-damaging agent
lurbinectedin effectively inhibits the proliferation of human SCLC
cell lines, particularly those with high SLEN11 expression, while the
combination of ATR inhibitors with lurbinectedin exhibits synergistic
effects in SCLC cell lines with low SLEN11 expression (50). The novel
ATR inhibitor M1774 has been shown to reverse chemotherapy
resistance in SLFN11-deficient cells (51). Clinical sample analysis
revealed that the proportion of SLENI11-positive circulating tumor
cells is lowest in SCLC patients undergoing platinum-based therapy
(52). This implies that SLFN11 expression levels decrease during
platinum-based treatment. Dynamic expression of SLFN11 in
circulating tumor cells can be used as a liquid biomarker for small
cell lung cancer, which can predict patient sensitivity to
treatment (52).

Multiple clinical studies have explored the practical application
of SLEN11 as a predictive biomarker. In patients with recurrent
SCLC, SLEN11-positive tumors(H score cutoff >1 defined SLFN11
positive) exhibited better responses to the combination therapy of
temozolomide and veliparib, with significantly prolonged PFS and
OS (37). Furthermore, following first-line chemotherapy, the
maintenance therapy with the PARP inhibitor talazoparib
combined with the immune checkpoint inhibitor atezolizumab
significantly improved PES in SLEN11-positive patients, although
it did not significantly extend OS (39). The EZH2-SLFN11 pathway
is a potentially targetable driver of acquired chemotherapy
resistance. A single-arm phase I/II clinical trial reported that the
combination of the EZH1/2 inhibitor Valemetostat (DS-3201b)
with irinotecan in patients with recurrent small cell lung cancer
presented toxicity issues, but some patients showed clinical benefit.
No significant correlation was observed between SLFN11/EZH2
expression and SCLC subtype with treatment response (38).

Research on SLFN11 has also extended to non-small cell lung
cancer (NSCLC). In vitro silencing of SLFN11 gene expression
increases resistance to cisplatin and carboplatin in lung cancer cell
lines (6). Clinical sample analysis revealed that SLFN11 methylation
is associated with shortened PFS and OS in lung adenocarcinoma
patients receiving platinum-based chemotherapy (6). NSCLC
circulating tumor cell-derived xenograft (CDX) models and cell
lines with high SLFNI11 protein expression were more sensitive to
PARP inhibitors, and CDX models and cell lines with high SLFN11
protein expression exhibited stronger metastatic potential and
potential SCLC histological transformation (53).NSCLC cell lines
with low SLENI11 expression and high ¢cMYC expression
demonstrated higher sensitivity to combined AXL/ATR inhibition
therapy (54).
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3.4 Breast cancer

The expression status of SLEN11 provides dual value for the
precision treatment of breast cancer: on the one hand, it is a
powerful biomarker for predicting the patient’s response and
prognosis to DNA-damaging chemotherapy (including traditional
chemotherapy, pyrrolobenzodiazepine (PBD)-conjugated
antibody-drug conjugates (ADCs), PARP inhibitors, TOP1
inhibitors, etc.), and can be used to guide treatment selection and
patient stratification; on the other hand, for the drug resistance
caused by low SLFNII expression, the combination treatment
strategy targeting the DNA damage response pathway (such as
ATR, CHKI1, WEE1, EZH2) shows significant reversal potential,
providing a new direction for overcoming drug resistance.

Survival analysis of clinical samples showed that breast cancer
patients with high SLEN11 expression who received chemotherapy
(unspecified drug) had a significant OS advantage (10). The
expression of SLEN11 is strictly regulated in breast cancer, and its
promoter methylation is an important mechanism leading to the
downregulation of its mRNA and protein expression (55). In cell
line models, upregulation of SLFN11 expression using IFN-y, the
demethylating agent DAC, or CRISPR-UNISAM significantly
enhanced the sensitivity of cells to multiple DNA damaging
agents, including cisplatin, epirubicin, and olaparib (55). This
association was further supported at the patient level and in
models: breast cancer patients with high SLENI11 protein
expression responded significantly better to standard
chemotherapy with DNA damaging agents (DDAs), such as
gemcitabine and cisplatin (56). Conversely, knockdown of
SLENI11 expression in the MDA-MB-361 cell line resulted in
resistance or significant reduction in sensitivity to SG3199 (free
pyrrolobenzodiazepine(PBD)) and PBD-antibody drug conjugates
(e.g., MEDI0641, trastuzumab-SG3249) (57). Importantly,
combination therapy strategies, such as PBD-ADC combined
with ATR inhibitors (AZD6738) or EZH2 inhibitors, can
effectively restore the sensitivity of SLEN11 low-expressing or null
cells to these drugs (57). In a xenograft (PDX) model of triple-
negative breast cancer (TNBC), the combination of irinotecan
(TOP1 inhibitor) and ATR inhibitor VE-822 significantly
improved tumor growth inhibition and inhibited CHKI1
phosphorylation in SLENI11-negative tumors, overcoming the
limitations of single-drug therapy (58). For breast cancer patients
with low SLEN11 expression, preclinical evidence (56) suggests that
the combination of DDA (such as gemcitabine) and ATR/WEE1/
CHKI inhibitors (such as AZD6738) may be an effective treatment
strategy to overcome their potential drug resistance.

3.5 Ovarian cancer

SLENI1I is a powerful prognostic and predictive biomarker in
ovarian cancer (especially high-grade serous ovarian cancer, HGSOC).
Its expression level affects patient survival, response to platinum/
PARPj, and is associated with the immune microenvironment. Its
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mechanism of inhibiting DDR (especially the ATR pathway) provides
a theoretical basis for the use of targeted drugs (such as ATR
inhibitors) to treat tumors with low SLFNI11 expression. Future
studies should be committed to verifying the clinical application
value of SLEN11 as a predictive marker to guide targeted therapies
such as PARP inhibitors (especially in BRCA wild-type populations)
and ATR inhibitors.

High expression (mRNA expression above the median) of
SLENI11 is significantly associated with longer overall survival
(OS) and better efficacy of platinum-based drugs in ovarian
cancer patients receiving cisplatin chemotherapy (10, 11). In
HGSOC, high SLEN11 expression (“high” if H-score > 60) is
closely related to the efficacy of platinum-taxane regimens and
can be used as an independent predictor of efficacy (12). SLFN11
promoter methylation leads to decreased expression, which is
significantly associated with shortened progression-free survival
(PFS) and overall survival (OS) in patients with serous ovarian
cancer (6), further confirming the key role of SLEN11 expression
level in prognosis. In HGSOC samples, the transcription level and
protein level of SLFN11 were positively correlated, and high
expression level was closely associated with better prognosis of
patients (12). The mechanism of action of SLEN11 is related to its
function in the DNA damage response (DDR). After DNA damage
induction, SLENI11 selectively inhibits the translation of key DDR
repair genes (such as ATR and ATM) by mediating tRNA
downregulation, thereby impairing the repair capacity of tumor
cells (24). In tumor-infiltrating lymphocytes (TILs), the expression
level of SLFN11 in non-tumor cells is positively correlated with the
number of TILs (12). Analysis of the TCGA HGSOC dataset
confirmed that SLEN11 is expressed in macrophages, T cells, and
B cell subsets, and is associated with a variety of immune features,
including immunogenic cell death features and IFN-y response
features (12). This suggests that SLEN11 not only affects tumor cells
themselves, but is also related to the shaping of the anti-tumor
immune microenvironment. In a phase II randomized controlled
clinical trial of olaparib maintenance therapy, high SLFN11
expression levels were associated with improved prognosis in
patients treated with olaparib. Although this association was not
completely independent of BRCA mutation status, it suggests that
SLEN11 may serve as a supplementary predictive marker in the
context of BRCA mutations or for stratification of BRCA wild-type
patients, which is worth verifying in larger studies (59). Given that
SLEN11 impairs DNA repair by inhibiting the translation of key
DDR genes such as ATR, it is theoretically possible that tumor cells
with low SLFN11 expression may be more dependent on residual
ATR pathway activity for survival, making them particularly
sensitive to ATR inhibitors. This theory has been initially
supported by clinical studies: a phase II clinical trial (60)
conducted in patients with platinum-resistant HGSOC showed
that the ATR inhibitor berzosertib combined with gemcitabine
significantly prolonged PFS compared with gemcitabine alone
(22.9 weeks vs 14.7 weeks, p=0.044). Unfortunately, the study did
not evaluate SLFNI11 status. Future studies should focus on
analyzing whether SLFNI11 expression levels (especially low
expression) can predict patients’ sensitivity to combined
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treatment with ATR inhibitors, which will provide an important
basis for precision treatment.

3.6 Prostate cancer

SLFN11 expression level is a promising predictive biomarker: it
not only predicts the benefit of platinum-based chemotherapy in
patients with metastatic castration-resistant prostate cancer
(mCRPC), but also shows the potential to predict the sensitivity
of specific subpopulations (such as RB1 WT AR+) to new targeted
therapies such as B7H3-PBD-ADC, providing an important basis
for personalized treatment strategies for advanced prostate cancer.

SLEN11 is overexpressed in a significant proportion of
advanced prostate cancers, including approximately 45% of
metastatic castration-resistant prostate cancer (mCRPC) and 25%
of primary prostate cancer (41). Importantly, high SLFNI1
expression (greater than the median value of SLEN11 expression
is high) was a strong predictor of responsiveness to platinum-based
chemotherapy in patients with mCRPC, associated with
significantly improved efficacy and longer progression-free
survival (PFS) (41). The study also found that SLEN11 expression
levels were positively correlated with the efficacy of the antibody-
drug conjugate B7H3-PBD-ADC in a metastatic prostate cancer
model; in particular, high SLEN11 expression was identified as a key
factor in sensitivity to the drug in RB1 wild-type (WT) androgen
receptor-positive (AR+) patients (13). The expression of SLFN11 is
highly clinically detectable and can be reliably assessed at the
mRNA or protein level in tumor tissue or circulating tumor cells
(CTCs), with high concordance between the two methods (41).

3.7 Ewing sarcoma

SLFNI11 is a key molecule in Ewing sarcoma that is directly
regulated by the oncogenic driver EWS-FLI1. Its high expression
not only has diagnostic and prognostic value, but also is a core
biomarker and potential hub for predicting tumor sensitivity to
multiple targeted therapy strategies (especially DNA damage
response targeted therapy).

In Ewing sarcoma (ES), SLEN11 was shown to be a direct
transcriptional target of the core oncogenic driver EWS-FLI1, and
its expression is positively regulated by EWS-FLI1 through
promoter binding (14). Compared with other pediatric tumors
(e.g., neuroblastoma, rhabdomyosarcoma), SLFN11 is significantly
overexpressed in ES cell lines, laying the foundation for its use as an
ES-specific molecular marker (61). The expression level of SLEN11
is a key determinant of ES sensitivity to a variety of DNA damaging
agents. Its high expression is closely associated with tumor
sensitivity to topoisomerase I inhibitors (such as SN-38/irinotecan
and its nanoliposome form), PARP inhibitors, and trabectedin (14,
61-63). The core mechanism is that SLFN11 can hinder DNA
replication fork repair and significantly enhance the replication
stress effect induced by these drugs, thereby eftectively promoting
tumor cell death (61, 62, 64). This mechanism also explains why
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high SLENI11 expression also predicts the sensitivity of ES to
ribonucleotide reductase (RNR) inhibitors (64). Clinical studies
have confirmed that ES patients with high SLFNI11 expression
have a better prognosis (14). Importantly, preclinical models (in
vitro and in vivo) consistently demonstrated that combination
therapy with PARP inhibitors and topoisomerase I inhibitors
exhibited significant synergistic antitumor activity in ES with high
SLEN11 expression (62). The expression level of SLEN11 directly
affects the therapeutic effect. Its reduced expression leads to
resistance to the above-mentioned DNA damaging agents (61,
63). Crucially, this drug resistance mediated by low SLEN11
expression can be partially reversed by co-application of ATR
inhibitors (61, 63), further highlighting the hub status of SLFN11
in the DNA damage response pathway.

The function of SLEN11 is not limited to the DNA damage
response. Its expression level was found to directly regulate the
sensitivity of ES cells to eltrombopag, a drug that inhibits
proliferation through an iron chelation mechanism. Overexpression
of SLEN11 enhanced sensitivity, while knockdown of SLEN11 reduced
sensitivity (65), demonstrating a role for SLFN11 in a broader
therapeutic mechanism.

Notably, although high SLEN11 expression is a strong predictor
of sensitivity to DNA damaging agents, some ES cells with high
SLENI11 expression still show drug resistance (62). Further studies
have shown that such drug resistance is usually not related to the
function of SLENI11 itself, but is caused by the impairment of
downstream effector pathways (such as apoptosis inhibition, such as
BCL-xL overexpression (62). In addition to being a biomarker, AP-
1 signaling pathway activated by SLFN11 has been shown to inhibit
ES cell growth and downregulate the expression of the oncogene c-
Myc (66), suggesting that SLEN11 or its regulatory pathway itself
may also be a potential target for therapeutic intervention.

3.8 Glioblastoma

In glioblastoma (GBM), the SLEN11 gene is highly expressed,
and it promotes GBM progression by negatively regulating the non-
classical NFkB signaling pathway. The study used CRISPR/Cas9
technology to knock out SLFN11, and the results showed that
knockout significantly inhibited the proliferation and neurosphere
formation ability of GBM cells, accompanied by downregulation of
the expression of precursor cell/stem cell marker genes (such as
NES, SOX2, and CD44), indicating that SLENI11 deficiency
weakened tumor stemness. Mechanistically, SLEN11 deficiency
directly stimulated the expression of NF«B target genes, including
the cell cycle inhibitory protein p21; since upregulation of p21 can
block cell cycle progression, this explains the growth inhibition
phenotype and confirms the negative regulatory effect of SLEN11 on
the NFkB pathway (i.e., SLFN11 deficiency leads to pathway de-
inhibition and activation). Furthermore, in a GBM mouse model,
SLFN11 deficiency significantly inhibited tumor growth and
prolonged survival (15).

Frontiers in Oncology

10.3389/fonc.2025.1582738

3.9 Head and neck squamous cell
carcinoma

Patients with head and neck squamous cell carcinoma
(HNSCC) have significant differences in their responses to
cisplatin-based chemoradiotherapy (CRT), and SLFNI11
expression levels have been revealed as a key prognostic factor
that can predict treatment benefit. Specifically, clinical studies have
shown that SLEN11-positive group (SLFN11 positive staining was
defined as 215% staining of the tumor nuclei) is closely associated
with longer progression-free survival; in vitro experiments have
further confirmed that high SLFNI11 expression enhances the
sensitivity of cells to platinum drugs (DNA damaging agents),
highlighting its potential as a response biomarker (16).
Mechanistically, SLEN11 deficiency specifically reduces the
sensitivity of cells to DNA-damaging drugs, but has no effect on
non-DNA-damaging drugs (such as docetaxel), which emphasizes
the central role of SLEFN11 in the DNA damage response pathway
(16). Interestingly, SLEN11 also has a radiosensitizing effect, and the
radiosensitization of DNA-dependent protein kinase (DNA-PK)
inhibitors is associated with the expression of SLEN11 mRNA (67).

3.10 Colorectal cancer

SLEN11 profoundly affects the response of colorectal cancer
(CRC) to DNA-damaging chemotherapy drugs, including
irinotecan and platinum (oxaliplatin, cisplatin), by participating
in the DNA damage response pathway. Its expression level,
especially in the context of KRAS wild-type, has important
prognostic value; and its frequent epigenetic silencing
(methylation) is one of the key mechanisms leading to
chemotherapy resistance and adverse clinical outcomes.

The expression level of SLFN11 is a key determinant regulating
the sensitivity of colorectal cancer (CRC) cells to DNA-damaging
chemotherapeutic drugs. In vitro studies have shown that high
expression of SLFN11 can significantly enhance the sensitivity of
CRC cells to irinotecan’s active metabolite SN-38, manifested by
strong anti-proliferative effects, cell apoptosis and cell cycle arrest,
which directly confirms that SLEN11 plays an indispensable role in
the DNA damage response pathway induced by irinotecan (17).
This effect is also clinically significant in platinum drugs. In CRC
patients receiving adjuvant chemotherapy with oxaliplatin, the
study revealed an important stratification effect: in KRAS exon 2
wild-type patients, high SLEN11 expression (the final score (0-6)
was calculated from the ratio and staining intensity, and a score >4.5
was defined as high expression) was closely associated with
significantly prolonged overall survival (OS), indicating a good
prognosis; however, in KRAS exon 2 mutant patients, SLFN11
expression levels were not significantly correlated with OS (18).
This finding clearly establishes SLFN11 as a potential predictive
biomarker for response to oxaliplatin in KRAS wild-type CRC
patients. Notably, the expression of SLENI1 itself is significantly
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affected by epigenetic regulation. About 55.47% of CRC samples
have methylation in the promoter region of the SLFN11 gene. This
epigenetic silencing event directly leads to a significant decrease in
the expression level of SLFN11. Functionally, the loss of expression
mediated by SLEN11 methylation weakens the sensitivity of CRC
cells to another important platinum drug, cisplatin. More
importantly, clinically, the methylation status of SLEN11 is an
independent poor prognostic factor, which is clearly associated
with patients’ poor 5-year overall survival (OS) and significantly
shortened recurrence-free survival (RES) (68).

3.11 Clear cell renal cell carcinoma

SLENII is a key tumor promoter and poor prognostic marker
for clear cell renal cell carcinoma (ccRCC). Its overexpression
(Greater than the median value of SLEN11 expression is high) is
an independent prognostic factor and is associated with T stage
(T3-T4), distant metastasis (M1), high pathological stage, and death
(P < 0.01) (69). SLEN11 is significantly overexpressed at both
mRNA and protein levels in ¢cRCC tissues and cell lines (such as
ACHN and 786-0), and promoter hypomethylation may be the
reason for its upregulation (69). Functionally, knockdown of
SLENI11 can effectively inhibit the proliferation, migration and
invasion of ccRCC cells and promote cell apoptosis (19). One of
its core cancer-promoting mechanisms is to activate the PI3K/AKT
signaling pathway: SLFNI11 knockdown inhibits the
phosphorylation of this pathway, and this effect can be reversed
by the PI3K activator 740Y-P (19).

More importantly, SLEN11 is closely associated with the
shaping of the immunosuppressive tumor microenvironment
(TME) in ccRCC, which constitutes another key mechanism for
its cancer promotion (69). SLEN11 expression is positively
correlated with the abundance of various tumor-infiltrating
lymphocytes (TILs), including CD4+ T cells, CD8" T cells,
macrophages, neutrophils, and dendritic cells. At the same time,
it is significantly positively correlated with various immune
checkpoint genes (such as CD86, CTLA4, CD244, CD48, CD27,
CD40) and key chemokines (such as CXCL5, CXCL10, CXCL11,
CXCL13) and their receptors (such as CXCR3, CXCR4, CXCR5,
CXCR6, CCR5, CCR6). Functional enrichment analysis (GO/
KEGG/GSEA) further confirmed that SLEN11 is involved in
immune-related processes such as T cell activation, chemokine
signaling pathways, and leukocyte migration. It is worth noting
that studies have shown that in ¢cRCC, chemokines such as
CXCL13 (whose receptor CXCR5 is strongly positively correlated
with SLEN11) can promote tumor progression by binding to
CXCRS5 to activate the PI3K/AKT/mTOR pathway, and high
expression of CXCR3/4/5/6 is associated with poor overall
survival (OS) of patients (70, 71). Therefore, we speculate that
SLEN11 may shape an immunosuppressive/pro-tumor TME
through regulation (especially inducing specific chemokine
networks and immune checkpoint expression), which synergizes
with its directly activated PI3K/AKT signaling pathway to jointly
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drive the aggressive progression and poor prognosis of ccRCC. PPI
network analysis: SLFN11 interacts with genes such as SAMHDI1
and ETS1 (69). SAMHDI1 has been found to play an important role
in cell cycle, cancer and innate immunity (72, 73). These
interactions may be involved in mediating its regulation of the
immune microenvironment and deserve further study in the future.

The clinical significance of SLEN11 needs to be considered in
conjunction with the current status of ccRCC treatment. Although
the DNA repair-related function of SLEN11 gives it a “beneficial”
predictive value in patients treated with DNA-damaging drugs
(such as platinum and PARP inhibitors) (14, 18, 40, 41), the first-
line treatment of ccRCC mainly relies on anti-angiogenic drugs and
immune checkpoint inhibitors (ICIs). In this context, the
immunosuppressive microenvironment driven by SLFN11
(manifested by high immune checkpoint expression and specific
immune cell composition) may become a key factor affecting the
efficacy of treatment. We believe that in ccRCC, this
immunomodulatory effect of SLFN11 dominates the cancer-
promoting mechanism and may mask the impact of its function
in DNA damage response on current mainstream

treatment options.

3.12 Hepatocellular carcinoma

Recent studies have strongly suggested that SLFN11 is a key
regulator in the immune microenvironment of hepatocellular
carcinoma (HCC) and shows great potential as a biomarker for
predicting the efficacy of immune checkpoint inhibitors
(ICI) treatment.

SLEN11 is often downregulated in HCC, and its low expression
(Samples with a negative or weak H-score were determined to be
the low protein expression group) is significantly associated with
poor prognosis of patients (20). Functionally, SLFN11 has been
shown to effectively inhibit the proliferation, migration, invasion
and metastasis of HCC cells and promote apoptosis. Its molecular
mechanism involves interaction with RPS4X, leading to weakened
S6 and eIF4E phosphorylation in the ribosome complex, thereby
inhibiting the cancer-promoting mTOR signaling pathway. More
importantly, recent studies (2024) revealed the central role of
SLEN1I in shaping the immune microenvironment of HCC (74).
The study found that SLENI1 expression was significantly
upregulated in tumor tissues of HCC patients who responded to
ICI treatment. In contrast, SLEFN11 deficiency promoted the
infiltration of immunosuppressive macrophages and aggravated
tumor progression. Mechanistic studies have shown that SLFN11
stabilizes RBM10 and promotes NUMB exon 9 skipping by
inhibiting TRIM21-mediated RBM10 degradation, a process that
is critical for regulating anti-tumor immune responses. It is worth
noting that for patients with low SLFN11 expression, the study
proposed a potential intervention strategy: blocking the CCL2/
CCR2 signaling pathway can effectively enhance their sensitivity
to ICI treatment, which provides a new idea for overcoming
immunotherapy resistance in such patients (74).
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3.13 Other

SLEN1I is a predictive biomarker for bladder cancer patients
receiving platinum-based chemotherapy, and its expression level can
specifically predict chemotherapy response and patient survival
outcomes (42). This conclusion is based on a clinical study of 120
cases of bladder cancer: the patients were divided into two groups, the
first group (50 cases) were patients with unresectable locally advanced
or metastatic bladder cancer who received platinum-containing
chemotherapy, and the second group (70 cases) were patients who
received surgical resection without chemotherapy. The key findings
showed that in the chemotherapy group, the overall survival rate of
SLEN11-positive patients (SLEN11 was considered positive when at
least 5% of the tumor cells were stained) was significantly better
(P=0.012), and SLEN11 expression was positively correlated with the
luminal subtype marker GATA3 (p=0.027). In contrast, in the non-
chemotherapy group, the overall survival rate of SLFN11-positive
patients was worse (P=0.034), which highlights the “predictive”
nature of SLFN11-its benefits are only manifested in the context of
chemotherapy, probably because high expression of SLFN11 marks the
inherent sensitivity of the tumor to DNA damaging agents, but in the
absence of chemotherapy, it is associated with an aggressive phenotype.

In vitro mechanistic experiments (42) further confirmed the
causal role of SLFNI11: in bladder cancer cell lines, SLEN11 gene
knockout led to resistance to cisplatin, while epigenetic
modification drugs (such as 5-azacytidine and entinostat) restored
SLEN11 expression and resensitized SLFN11-negative cells to
cisplatin and carboplatin. This provides a molecular basis for
SLFN11 as a biomarker and suggests that epigenetic therapy can
reverse resistance.

Notably, the predictive value of SLFN11 may extend to other
cancers. For example, SLFN11 expression is elevated in acute
myeloid leukemia (AML) and acute lymphoblastic leukemia
(ALL) cells. High expression of SLEN11 is regulated by
interferon-JAK signaling and ETS family transcription factors
(such as ETS-1 and FLI1) (75); JAK, AKT, ERK, or ETS
inhibitors can all downregulate SLFN11. Similarly, in
mesothelioma cells, high SLFN11 expression correlated with
response to PARP inhibitors, and combination with
temozolomide enhanced the sensitivity of cells with low MGMT
expression (76), further supporting the broad potential of SLEN11
as a biomarker of DNA damage response (76).

4 Potential treatment strategies based
on the expression status of SLFN11

4.1 Epigenetic re-expression of SLFN11: a
combined strategy to enhance
chemotherapy efficacy

SLEN11 is an important DNA damage response factor. Its
promoter hypermethylation leads to silencing expression, which is
a key mechanism for various cancers (such as small cell lung cancer
(SCLC)) to develop resistance to platinum and other DNA
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damaging agents (DDA), and is directly related to the poor
prognosis of patients (6). Therefore, reversing SLFN11 silencing
through epigenetic drugs and directly restoring its function is an
effective way to overcome drug resistance.

DNA demethylating agents (such as decitabine) and histone
deacetylase (HDAC) inhibitors (such as FK228) can effectively
reverse the abnormal methylation status of the SLFN11 promoter,
and FK228 has been shown to upregulate SLEN11 expression in a
dose-dependent manner (47, 77, 78). Re-expression of SLEN11 can
significantly restore cancer cell sensitivity to DDA: Decitabine
significantly enhanced the efficacy of the TROP2-targeting
antibody-drug conjugate sacituzumab govitecan by upregulating
SLFN11 and TROP2 (a cell surface antigen highly expressed in
various epithelial cancers) (78). The HDAC inhibitor FK228
restores sensitivity of SCLC cells to the topoisomerase I inhibitor
topotecan (47). More extensive studies have shown that class I
HDAC inhibitors can universally induce SLFN11 expression and
effectively overcome multiple DDA resistance, but class Il HDAC
inhibitors have no such effect (77). The EZH1/2 inhibitor
valemetostat combined with irinotecan showed efficacy in
relapsed SCLC (38), further confirming the clinical translational
potential of combining epigenetic drugs with chemotherapy to
enhance the therapeutic effect by reactivating SLFN11.

4.2 Overcoming SLFN11 deficiency:
targeting the DDR pathway to achieve
synthetic lethality

SLEN11-deficient tumors rely on the S-G2/M checkpoint to
repair DNA damage and survive, leading to DDA resistance (56).
Targeting checkpoint kinases such as ATR/CHK1/WEE1 can
abrogate this survival pathway.

Preclinical studies have demonstrated the efficacy of DDR
inhibitors in overcoming SLFN11 deficiency-associated drug
resistance: ATR/CHKI1 inhibitors (such as M4344, M6620, and
SRA737) have been reported in the clinic to resensitize SLFN11-
deficient cells to topoisomerase inhibitors, PARP inhibitors, and
cisplatin (33). In vitro experiments and PDX models showed that
gemcitabine combined with other DDRIi (such as ATR inhibitors,
WEE] inhibitors or CHK1 inhibitors) can overcome gemcitabine
resistance in SLFN11-deficient cell lines or PDX models (56). Low-
dose M1774 showed high synergy with a variety of clinical DDAs,
including TOP1 and TOP2 inhibitors, cisplatin, RNA polymerase II
inhibitors, and PARP inhibitors (51). M1774 reversed the
chemotherapeutic resistance of cancer cells lacking SLFNI11
expression to anticancer DDAs. In cell lines or PDX/xenograft
models of breast cancer, colon cancer, and SCLC, ATR inhibitors or
CHKI inhibitors combined with chemotherapy regimens (such as
TOP1 inhibitors exatecan, lurbinectedin, and PARP inhibitors)
showed synergistic effects (50, 79, 80). Notably, ATR inhibition
directly reverses SLEN11 deficiency-associated resistance to DNA-
damaging agents, pyrrolobenzodiazepine dimer (57) and PARP
inhibitors (7), by blocking the S phase checkpoint. This strategy
has shown positive clinical translational signals: gemcitabine
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combined with an ATR inhibitor showed efficacy in a phase II trial
for high-grade serous ovarian cancer (60); an ATR inhibitor
combined with a PARP inhibitor/lurbinectedin (an alkylating
agent/DNA damaging agent) showed synergistic effects in SCLC
cell lines (50, 79). Together, these results highlight targeting the
DDR pathway as a powerful therapeutic prospect to overcome
SLFNI11 loss-associated drug resistance and achieve
synthetic lethality.

5 Challenges and future prospects

Future research directions based on SLFN11 should focus on
the selection of evaluation methods, dynamic monitoring
technology, optimization of combination therapy, elucidation of
molecular mechanisms, cross-cancer validation, and regulation of
the immune microenvironment. By focusing these research
directions, it not only addresses the limitations of existing
treatments (such as drug resistance and heterogeneity),but also
provides an actionable path for clinical translation. The following
suggestions are directly related to the core functions of SLEN11 and
the reported treatment strategies, which contribute to promoting its
transition from a biomarker to a therapeutic target.

5.1 Detection methods for SLFN11

SLEN11 can predict the efficacy of DNA-targeted drugs in
various tumors, and this effect has been confirmed by
immunohistochemistry (IHC) in multiple previous studies (12,
20, 36, 37). Additionally, we analyzed two datasets, GSE37751
and GSE29013, from the Gene Expression Omnibus (GEO)
database. When only analyzing breast cancer patients who
received chemotherapy (n = 34), patients with high SLEN11
expression showed a significant benefit in overall survival (OS) (p
= 0.048). Similarly, in a dataset of 110 ovarian cancer patients who
received cisplatin chemotherapy, high SLFN11 expression showed a
trend associated with longer OS (p = 0.053). However, some studies
suggest that the expression level of SLFN11 obtained by tissue
RNA-seq may be overestimated in certain tumor tissues. In addition
to tumor cells, there are other non-tumor cells (such as immune
cells) in tumor tissues, and SLENI11 is also expressed, or even
strongly expressed, in these non-tumor cells (12, 81). The study
compared the RNA-seq data of SLFN11 in the TCGA database with
the THC staining of clinicopathological tissue specimens, and
emphasized the importance of using THC rather than tissue RNA-
seq to evaluate the expression of SLEN11 in patient samples (81). In
a study on high - grade serous ovarian cancer, they separately
investigated the THC semi - quantitative H - scores of SLEN11 in
tumor and non - tumor cells, emphasizing the hypothesis that
cancer - expressed SLEN11 is directly related to the sensitivity of
tumor cells to DNA - damaging agents such as platinum. Moreover,
they believed that the overall SLFN11 H - score is a more powerful
prognostic biomarker compared to the separately measured cancer
or non - cancer SLEN11 (12). A study on the prognostic role of
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SLFNI11 in bladder cancer only evaluated the expression score of
SLEN11 in tumor cells and found that SLFN11 was associated with
better overall survival (OS) in patients receiving platinum - based
chemotherapy (p = 0.012) (42). In some tissues (such as breast and
pancreatic tissues), there are significant differences in the
distribution of TCGA and IHC between normal and tumor
tissues (81). For different types of cancers, there are some
differences in the selection of SLFN11 detection methods (IHC or
RNA - seq) and evaluation regions (non - tumor cells, tumor cells,
or overall). Further research is required in different cancers to
screen and evaluate specific evaluation strategies.

5.2 Development and validation of a
dynamic monitoring technology for SLFN11
expression

Research has shown that SLEN11 undergoes dynamic changes
during the treatment process (52), and its expression status can
affect the efficacy of DNA-targeted drugs. Therefore, dynamic
detection of SLFN11 expression is particularly important for the
precise treatment of cancer patients. Non-invasive detection
methods based on liquid biopsy (such as circulating tumor cells)
should be developed to monitor the dynamic changes in SLFN11
expression during the treatment in real time, especially the
downward trend of SLEN11 expression after chemotherapy or
treatment with PARP inhibitors. Dynamic monitoring data can
be used to guide the timing of combination therapy with ATR
inhibitors, ATM inhibitors, CHK1 inhibitors, WEE1 inhibitors or
EZH2 inhibitors. For example, timely intervention when the
expression of SLFN11 decreases can be carried out to overcome
drug resistance. In addition, given the challenges in obtaining
sufficient tumor tissues from non - small cell lung cancer, liquid
biopsy should be regarded as an important tool in research and
treatment. In several preclinical studies using cell lines and patient -
derived xenograft models, the expression of SLFN11 strongly
predicted the response to cisplatin and PARP inhibitors (8, 9).
Therefore, the dynamic detection of SLFN11 in circulating tumor
cells shows special potential. For example, screening out the SLCC
population sensitive to cisplatin and PARP inhibitors through
dynamic monitoring of liquid biopsy and timely intervention
when SLFN11 expression decreases all require more prospective
studies for verification.

5.3 Optimization of combination therapies
based on SLFN11 status

High expression of SLEN11 is associated with the sensitivity of
tumor cells to DNA-targeted drugs, while low expression of SLFN11
is associated with the resistance of tumor cells to DNA-targeted
drugs. It is of potential value to explore combined treatment options
based on the expression status of SLFN11 (Table 3). The
combination of the PARP inhibitor talazoparib and the immune
checkpoint inhibitor atezolizumab as maintenance therapy
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TABLE 3 Potential treatment strategies based on the expression status of SLFN11.

Strategy

Specific methods
classification

Applicable scenarios Mechanism of action

Epigenetic regulation = HDAC inhibitors (FK228) or demethylation agents (5-AZA/

DAC) induce SLFN11 expression

Combination 1. Combination of PARP inhibitors and immune checkpoint
therapy (high inhibitors (small cell lung cancer, breast cancer);

expression 2. Combination of PARP inhibitors and topoisomerase

of SLEN11) inhibitors (Ewing sarcoma)

Combination 1. ATR inhibitor + chemotherapy,

2. ATR inhibitor + PARP inhibitor,

3. EZH2 inhibitor + chemotherapy,

4. ATR inhibitor + lurbinectedin,

5. CCL2/CCR2 inhibitor + immune checkpoint inhibitor,
6. ATM inhibitors + chemotherapy

therapy (low
expression
of SLFN11)

Targeting the Kinase inhibitors regulate the phosphorylation sites (such as

functional module $753) of SLFN11.

of SLFN11

SLEN11 low expression tumor = Reverse promoter methylation or histone
modification to restore the expression

of SLFN11

—

. SCLC, breast cancer
. Ewing sarcoma

1. High expression of SLEN11 in tumors

8]

with enhanced immune response
characteristics, Enhance DNA damage
2. Enhance DNA damage

Hepatocellular carcinoma

1. Breast cancer Inhibit the replication stress checkpoint to
2. SCLC overcome the drug resistance caused by

3. SCLC SLEN11 deficiency.

4.SCLC

5.

6.

Esophageal cancer

- Regulate the conformation of SLEN11 and
its binding ability to ssDNA.

Dynamic monitoring

and precise of SLEN11 to guide the timing of combination therapy with

intervention ATR/ATM/EZH2 inhibitors.

significantly improved the progression-free survival (PES) of
patients with SLEN11-positive small cell lung cancer (SCLC) (39).
In tumor-infiltrating lymphocytes (TILs), the expression level of
SLENI11 in non-tumor cells was positively correlated with the
number of TILs (12). Breast cancer samples with high SLFNI1
expression were accompanied by enhanced immune response
characteristics, including T cell infiltration and high expression of
immune checkpoints (such as PD-L1) (56, 58, 82). The results of a
phase II clinical study comparing the ATR inhibitor berzosertib in
combination with gemcitabine versus gemcitabine alone for the
treatment of platinum-resistant high-grade serous ovarian cancer
showed that the combination therapy group significantly prolonged
progression-free survival (PES) (22.9 weeks vs 14.7 weeks, p =
0.044) (60). For tumors with high SLEN11 expression, exploring the
synergistic effect and mechanism of action of immune checkpoint
inhibitors combined with PARP inhibitors or chemotherapy has
potential clinical significance. For tumors with low SLFNI11
expression, systematically evaluate the efficacy of the combination
regimens of ATR inhibitors, ATM inhibitors, CHK1 inhibitors, and
WEE] inhibitors with standard chemotherapy in different cancers.

Screen specific epigenetic drugs (such as HDAC inhibitors or
low - toxicity demethylating agents) targeting SLFN11 promoter
methylation or histone modification, and evaluate the differences in
their efficacy among different cancer types. In tumors with low
SLFN11 expression, such as ovarian cancer, breast cancer, colorectal
cancer, small - cell lung cancer, and bladder cancer, combine
chemotherapy with HDAC inhibitors or demethylating agents to
verify whether they can enhance chemotherapy sensitivity by
upregulating SLFN11.

Frontiers in Oncology 65

Liquid biopsy (CTC/ctDNA) monitors the dynamic expression

Tumors that progress after Adjust the treatment strategy in real - time
chemotherapy or treatment

with PARP inhibitors

to prevent drug resistance caused by the
down - regulation of SLEN11.

5.4 In - depth analysis and targeted
intervention of the molecular mechanism
of SLFN11

Analyze the interaction mechanisms of SLFNI11 with RPAI,
ssDNA, DDBI of CUL4“P™2 E3 ubiquitin ligase, and develop small
- molecule drugs to mimic or block its functions. Explore the
regulatory network of SLFN11 phosphorylation sites (such as
§753) and design kinase inhibitors to modulate its conformation
and activity. In glioblastoma, target the interaction between SLEN11
and the NF - kB pathway and verify whether it can reverse the
characteristics of tumor stem cells.

5.5 Cross-cancer clinical validation and
biomarker stratification

Establish a multi - center cohort study and enroll patients with
pan - cancer types (such as ovarian cancer, small - cell lung cancer
(SCLC), and triple - negative breast cancer (TNBC)). Stratify
patients based on the expression level of SLFN11 (using
immunohistochemistry (IHC) or next - generation sequencing
(NGS)) and evaluate its predictive value for different DNA -
targeting drugs (such as PARP inhibitors, platinum - based drugs,
and TOP inhibitors). In BRCA wild - type ovarian cancer,
determine whether SLFNI11 can serve as an independent
predictive marker for the efficacy of olaparib to compensate for
the limitations of homologous recombination deficiency
(HRD) testing.
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5.6 The interaction between SLFN11 and
the tumor microenvironment

Investigate how SLEN11 affects the response to immunotherapy
by regulating immune cell infiltration (such as T cells and
macrophages) or cytokine secretion (such as the CCL2/CCR2
axis), especially in hepatocellular carcinoma (74) and ovarian
cancer (12). In HCC with low SLENI11 expression, combine
CCR2 inhibitors with PD - 1 inhibitors to verify whether it can
reverse the immunosuppressive microenvironment (74).

6 Discussion

SLEN11 has emerged as a pivotal biomarker and potential
therapeutic modulator in the era of precision oncology. This
review consolidates compelling evidence demonstrating that
SLFNI11 expression strongly correlates with increased sensitivity
to a wide array of DNA-damaging agents (DDAs), including
platinum compounds, topoisomerase inhibitors, and PARP
inhibitors across diverse cancer types (7, 8, 11). The mechanistic
underpinnings of this sensitivity—ranging from replication fork
arrest and tRNA cleavage to inhibition of homologous
recombination via RPA1 destabilization—are unique and position
SLENI11 as a functional gatekeeper of DNA damage response
(DDR) (22, 32). Furthermore, the modulation of SLFN11 through
epigenetic silencing, post-translational modifications, and
transcriptional regulation provides clinically actionable targets for
reversing drug resistance.

One of the most striking findings across cancer types is the
context-dependent role of SLFNI11 in influencing prognosis and
therapy response. In cancers such as ovarian, breast, gastric, and
small cell lung cancer (SCLC), high SLEN11 expression consistently
predicts better outcomes in patients treated with DNA-targeting
chemotherapy (10-12, 37, 44). In Ewing sarcoma, SLFNII is
transcriptionally activated by the EWS-FLI1 oncogene and is
required for sensitivity to PARP and topoisomerase I inhibitors
(14). These data support its role as a lineage-influenced,
mechanistically relevant biomarker.

Despite its promise, the utility of SLEN11 as a universal biomarker
faces several challenges. A key limitation is the dynamic and
heterogeneous expression of SLFN11 both within and between
tumors, which can fluctuate during treatment (9, 52). This
necessitates the development of real-time, non-invasive monitoring
technologies, such as liquid biopsy-based assays using circulating
tumor cells (CTCs) (52). Moreover, there is no standardized
detection method—while RNA-seq data provide transcriptional
snapshots, protein-level evaluation via immunohistochemistry (IHC)
may offer a more accurate reflection of functional SLFN11 expression,
especially given its expression in immune and stromal cells (12, 81).

Therapeutically, SLFN11-deficient tumors often exhibit intrinsic
resistance to DDAs. However, this resistance is not insurmountable.
Multiple preclinical studies, including those in SCLC, breast, and
colorectal cancers, demonstrate that SLFN11 loss can be overcome by
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targeting compensatory DDR pathways, particularly ATR, CHKI,
and WEEI (7, 56, 79, 80). This introduces a synthetic lethality-based
rationale for combination regimens in SLFN11-low or silenced
tumors. Epigenetic drugs, such as HDAC inhibitors and
demethylating agents, have shown efficacy in reactivating SLFN11
expression, thereby restoring chemosensitivity (47, 77). These
findings underscore the therapeutic flexibility of SLEN11 as both a
predictive marker and a targetable resistance mechanism.

Additionally, SLFN11 has emerging significance in shaping the
tumor immune microenvironment (TME). Its positive correlation
with immune cell infiltration and immune checkpoint expression in
several tumor types—most notably in gastric cancer, breast cancer,
and hepatocellular carcinoma—suggests an immunomodulatory
role that may synergize with immune checkpoint inhibitors (12,
43, 74). Early clinical evidence from SCLC patients receiving PARP
inhibitors in combination with ICIs supports this hypothesis,
although further prospective trials are needed to validate such
approaches (39).

Moving forward, several research directions are warranted.
First, pan-cancer prospective clinical trials should evaluate the
predictive power of SLFN11-guided therapies, especially in
patients without BRCA mutations or homologous recombination
deficiency. Second, investigations into post-translational regulation
(e.g., S753 phosphorylation) of SLENII activity may yield new
therapeutic levers (28). Third, integrative studies that stratify
patients based on SLFNI11 expression alongside other biomarkers
(e.g., ATM, EMT status, TIL density) may refine response
prediction models (9, 12).

In conclusion, SLEN11 represents a paradigm-shifting
biomarker at the intersection of DNA damage response,
epigenetics, and immunology. Its integration into clinical
oncology not only promises to optimize treatment efficacy and
reduce unnecessary toxicity but also offers new avenues for
therapeutic innovation, especially in drug-resistant and
biomarker-poor cancers. With further validation and clinical
translation, SLFN11 has the potential to evolve from a predictive
biomarker into a central node of personalized cancer therapy.
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Introduction: Inhibitors of cyclin-dependent kinase 4 and 6 (CDK4/6) are
approved for the treatment of locally advanced or metastatic breast cancer,
but not for melanoma.

Methods: In this study, we evaluated the effectiveness of the CDK4/6 inhibitor,
palbociclib, the CDK2 inhibitor, PF-07104091, the dual CXCR1 and CXCR?2
(CXCR1/2) antagonist, SX-682, and the combination of these inhibitors for
effective treatment of melanoma in preclinical models.

Results: Both palbociclib and SX-682 inhibited the growth of BRAFVT/NRASWT
B16-F10 and NRAS™' 1014 melanoma tumors and in both models, SX-682
created a more anti-tumor immune microenvironment. The combination effect
was additive in the B16F10 model, but not in the 1014 model. In the B16F10
model, the addition of the CDK2 inhibitor, PF-07104091, overcame B16F10
acquired resistance to CDK4/6 inhibitors by suppressing the induction of cyclin
D1 and E1 expression by palbociclib. In the less responsive 1014 cells, cyclin D1
was reduced, but cyclin E1 was induced in response to PF-07104091. However,
in both models, combined treatment with palbociclib and PF-07104091
markedly suppressed cyclin A2, cyclin D1, cyclin E1 and pRB-S807/S811.
Combining CDK4/6 and CDK2 inhibitors with the CXCR1/2 antagonist, SX-682,
halted B16F10 tumor growth by blocking tumor cell proliferation and increasing
the anti-tumor immune response in the tumor microenvironment.

Conclusions: The combination of all three inhibitors resulted in a tumor
microenvironment characterized by increased IFNy-producing CD4+ T cells,
decreased CD4+FOXP3+ T regulatory cells (Tregs), and decreased IL-10-
producing CD4+ T cells. This combination also decreased the percentage of
CD8+ T cells that expressed PD-1 or TIM-3 and increased the ratio of MHCII+F4/
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80+ M1-like macrophages to CD206+F4/80+ M2-like macrophages. These data
suggest that inhibiting CDK4/6 and CDK2, combined with antagonism of CXCR1/
2, may be an effective treatment for BRAF wild-type melanoma tumors and NRAS
mutant melanoma tumors that express Rb and are resistant to immune
checkpoint inhibitors.

CDK inhibitors, CXCR2 antagonist, tumor immune microenvironment, tumor

growth, melanoma

1 Introduction

Metastatic melanoma has the highest death rate in relation to
incidence of any skin cancer (1). Recent advances in treatment have
led to significant improvements in the outcomes for patients with
melanoma. Immune checkpoint inhibitors (ICI) are the standard of
care, with combined nivolumab and ipilimumab treatment yielding a
median overall survival (OS) of 71.9 months in untreated advanced
melanoma (2). Recently, a phase 2 trial involving 333 patients
revealed that neo-adjuvant treatment of resectable stage III or
stage IV melanoma with pembrolizumab significantly improved
event-free survival (72%) compared to adjuvant-only treatment
(49%) after 2 years (3). Despite the clinical success of ICI in
advanced melanoma, outcomes remain sobering, with more than
half of patients eventually progressing, after which median OS is only
about 6 months (4, 5). The need for improved treatments thus
remains high. It has been demonstrated that ICI is less effective for
those melanoma tumors with an immunosuppressive tumor
microenvironment (TME) (6). For metastatic melanoma patients
who progress on ICI therapy, BRAF/MEK inhibitors offer an
additional follow-up therapy option for patients with BRAF-
mutant (BRAFV*!) advanced melanoma. Adjuvant treatment of
stage III resected melanoma with BRAF/MEK inhibitors provided a
71% OS at 8 years and a median progression-free survival (PES) of
93.1 months. However, treatment with the BRAF inhibitor
encorafenib plus the MEK inhibitor binimetinib provided only a
seven-year 21.2% PFS and 27.4% OS in 192 patients with
unresectable or metastatic BRAF-mutant melanoma who were
treatment-naive or had progressed on first-line immunotherapy
(7). Another study of 589 stage III BRAF-mutant melanoma
patients revealed that treatment with anti-PD1 monotherapy
resulted in a similar OS compared to treatment with dabrafenib
plus trametinib, and the median relapse-free survival was 51 months
in the dabrafenib + trametinib treatment group compared to 44.8
months in the anti-PD-1 monotherapy group (8). However, based
upon the results of the DREAMseq study, BRAF-mutant melanoma
patients should first be treated with ICI, and if they progress, BRAF/
MEK inhibitors can be highly successful (9).

In contrast, there are limited treatment choices for patients with
NRAS-mutant or BRAF"'/NRAS"" melanoma who progress after
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ICI therapy (i.e, de novo or acquired resistance). Based on the
observation that the CDK4/6 pathway is frequently altered in
melanoma, CDK4/6 inhibitors have emerged as potential agents
for treating patients with NRAS-mutant and BRAF-wild-type
tumors that have not lost the tumor suppressor retinoblastoma
protein (pRb) (10, 11). Indeed, two ongoing clinical trials are
evaluating the efficacy of CDK4/6 inhibitors, particularly when
combined with a MEK inhibitor as part of a multidrug regime
(NCT04720768 and NCT02645149) (12). CDK4/6 inhibitors have
been reported to augment the anti-tumor memory T cell pool and
improve the response to subsequent anti-PD-1 therapy, expanding
the T effector population (13). However, sequential, rather than
simultaneous, treatment of CDK4/6 inhibitors with anti-PD-1 or
BRAF/MEK therapy is advised to optimize the positive and mitigate
the adverse immunomodulatory effects of each treatment on the
TME (14). Resistance mechanisms to CDK4/6 inhibition have been
identified, which involve the induction of Cyclin D1, which
sequesters p21 and p27, thereby leaving CDK2 uninhibited.
Additionally, resistance to CDK4/6 inhibitors in breast cancer is
acquired through CDK2-mediated phosphorylation of ¢-MYC,
which enables cells to escape senescence. Thus, the synergistic
antiproliferative effect of the combined inhibition of CDK2 and
CDK4/6 in breast cancer can overcome acquired resistance to
CDK4/6 inhibitors by enhancing senescence (15).

The gene encoding the cyclin-dependent kinase inhibitor 2A
(CDKN2A) is frequently lost or mutated in 40-70% of sporadic
melanoma tumors, and 20-40% of familial melanomas (10). It has
been shown that melanoma tumors with loss of CDKN2A are often
highly sensitive to CDK4/6 inhibition (16). We have previously
demonstrated that combined treatment with a CDK4/6 inhibitor
and an MDM2 inhibitor suppresses the growth of melanoma
patient-derived xenografts and that knockdown of CDK2
overcomes resistance to CDK4/6 inhibition (17).

Melanoma tumors often exhibit an immune suppressive TME
and secrete various cytokines and chemokines that are key signals
involved in the recruitment of MDSCs. MDSCs express the CXC
chemokine receptor 1 and 2 (CXCRI1/2), and their ligands are
produced by melanoma cells (18). Thus, CXCR1/2 not only
regulates neutrophil trafficking from the bone marrow to
peripheral circulation or inflammation sites (19) but also plays a
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role in tumor progression by facilitating the migration of tumor-
associated myeloid cells into the TME (20). Therefore, targeting
CXCR1/2 should alter the accumulation of tumor-associated
myeloid cells and MDSCs in the TME, favoring a less immune-
suppressive TME (21, 22). We have previously demonstrated that
the treatment of mice bearing genetically derived inducible
melanoma tumors (BRAF/PTEN or NRAS/INK4a) with the
CXCR1/2 antagonist (SX-682) inhibited tumor growth and
increased activated CD8+ T cells, partly by reducing the
intratumoral MDSCs (6). There are ongoing clinical trials
combining SX-682 with anti-PD-1 to treat advanced metastatic
melanoma (23). These compelling studies from solid tumors in
either mice or humans prompted us to investigate the therapeutic
potential of combining CDK inhibitors and SX-682 for treating
NRAS™" and BRAF™" melanoma. Here, we initiate a preclinical

F™T murine B16-F10 melanoma and

study using murine BRA
NRAS™" 1014 melanoma cells to examine the effectiveness of
combining the CXCRI1/2 antagonist, SX-682, with the CDK4/6
inhibitor, palbociclib. We also evaluate the addition of the CDK2
inhibitor, tagtociclib (PF-07104091) (24), to this treatment regimen
and assess whether this triple- drug combination results in greater
inhibition of tumor growth in the B16F10 mouse model

of melanoma.

2 Materials and methods
2.1 Mouse melanoma tumor model

All mouse experiments were performed under a protocol
approved by the Vanderbilt IACUC committee (#M2000008), and
guidelines were strictly adhered to. C57/Bl6 female mice of 8-10
weeks old were purchased from Charles River (Wilmington, MA,
RRID: IMSR_CRL:027). B16-F10 melanoma cells (ATCC, RRID :
CVCL_0159) that carry amplifications of Braf and Met oncogenes
and missense mutations of the tumor suppressor Pten, and loss of
CDKNA (25) or 1014 NRASQXPpTENWT/CDKN2A VT
expressing melanoma cells (the kind gift of Lionel Larue, Institut
Curie, Centre Universitaire (26), were examined for mycoplasma
contamination monthly and any contaminated cultures were
discarded. Authentication of genotypes for these cell lines was
determined by DNA sequence analysis. Tumor cells were
implanted subcutaneously on both sides of the intrascapular
region of the mouse (3 x 10° for B16F10 and 3 x10° for 1014
cells). When the tumor size reached approximately 125mm?>, mice
were randomly assigned to two groups: half the tumor-bearing mice
were fed regular chow, and the other half were fed chow containing
SX-682 (1,428 mg/kg of chow), as previously described, but at a
dose was twice that previously used (6). The toxicity and plasma
levels of SX-682 administered PO ad libitum in chow have been
previously described (6, 27, 28). We have previously compared the
effects of SX-682 treatment to the targeted knock out of CXCR2 on
myeloid cells or melanocytic cells, where treatment with SX-682 had
similar effects on tumor growth as targeted knock out of CXCR2,
indicating good drug delivery (6, 27). Half the mice in each chow-
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fed treatment group were randomly assigned to receive oral gavage
containing either vehicle alone or palbociclib (100 mg/kg
bodyweight) daily for 5 days per week. In some experiments,
mice received both palbociclib (100 mg/kg) and the CDK2
inhibitor PF-07104091 (50 mg/kg) in two separate gavages with
or without SX-682-containing chow. When two different vehicle
controls were used, two separate vehicle gavages were administered.
The body weight and tumor size of mice were measured twice a
week. Tumor volume was determined as 0.5 x length x width x
width. Power analysis indicated that an n of 5 mice per group
provided sufficient power to detect differences with a p-value < 0.05
approximately 80% of the time. Only female mice were used due to
the issue of male mice fighting if not bred as siblings.

2.2 Reagents

Palbociclib-HCL (PD-0332991)(Cat# S1116, Selleckchem,
99.82% purity) was dissolved in water (50°C, 100 mg/10 ml). The
CDK2 inhibitor, tagtociclib (PF-07104091) (Cat#CT-PF0710,
Chemietek, >99% pure) was dissolved in DMSO (81 mg/ml) for
in vitro experiments. For in vivo experiments, PF-07104091 was
dissolved in 5% DMSO, 40% PEG 300, 5% Tween 80, and 50%
water. In addition, chow containing SX-682 (1,428 mg/kg of chow,
Syntrix Pharmaceuticals) or chow containing vehicle control was
used as previously described (27). Monoclonal antibodies (mAb) to
phospho-Rb (Ser807/811) (D20B12, XP® rabbit mAb Cat#8516,
RRID: AB_11178658), Cyclin D1 (E3P5S, XP® rabbit mAb
Cat#55506, RRID: AB_2827374), Cyclin A2 (E9Q5G, rabbit mAb
Cat#81754), and Cyclin E1 (D7T3U, rabbit mAb #20808) were
purchased from Cell Signaling Technology.

2.3 Flow cytometry analysis and antibodies

For flow cytometry, tissues were minced on a programmable
gentleMACS dissociator (Miltenyi Biotec, USA) and digested with
an enzyme solution of collagenase 1 (1,500 CDU, CAT#234153,
Calbiochem), dispase II (1 mg/mL, CAT#13689500, Roche), and
DNase I (0.1 mg/mL, CAT#260913, Calbiochem). Staining and
analysis protocols were according to our previously published
methodology (6). Cells were incubated with Ghost Dye TM Violet
510 (Tonbo Biosciences), an amine-reactive viability dye used to
discriminate live/dead cells and then washed with fluorescence-
activated cell sorting (FACS) buffer (PBS containing 2% v/v FBS).
After blocking Fc receptors with anti-mouse CD16/CD32
(BioLegend) in FACS buffer for 15 minutes, cells were incubated
with fluorescence-conjugated mAbs specific to mouse immune cell
surface or intracellular markers (BD Cytofix/Cytoperm Plus
Kit#554715), indicated below for an additional 30 minutes on ice.
Cells were washed twice in FACS buffer (23), data were acquired
with a FACSCanto II flow cytometer (Becton Dickinson), and data
(FCS files) were analyzed using FlowJo software (Version 10.1,
RRID: SCR_008520). For cell-surface markers, the following
monoclonal antibodies (mAbs) from eBioscience were used:
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CD11b-FITC (clone M1/70), CD3-FITC (clone 17A2), CD3-PECy5
(clone 17A2), CD103-Brilliant Violet 421 (clone 2E7), CD4-Pacific
Blue (clone RM4-4), CD4-APC/Cy7 (clone RM4-4), CD8-PECy7
(clone 53-5.8), CDI11c-APC (clone N418), CD19-PECy7 (clone
N418), B220-APC (clone RA3-6B2), CD45-PerCp/Cy5.5 (clone 30-
F11), CD45-APC/Cy7 (clone 30-F11), CD44-APC/Cy7 (clone
IM7), NK1.1-APC/Cy7 (clone PK136), F4/80-Pacific Blue (clone
BMS8), CD69-APC (clone H1.2F3), CD107b-Alexa Fluor 647 (clone
M3/84), CD62L-Alexa Fluor 647 (clone MEL-14), Ly6G-APC
(clone 1A8), Ly6C-Alexa Fluor 647 (clone HK1.4), CD25-PerCp/
Cy5.5 (clone 3C7), CD44-APC (clone IM7), MHC II-Alexa Fluor
647 (clone AF6-120.1), CD206-PE (clone C068C2), PD-1-APC/
Cy7 (clone 29F.1A12), PD-L1-APC (clone 10F.9G2). For
intracellular markers, monoclonal antibodies (mAbs) from
BioLegend were used as follows: Foxp3-Alexa Fluor 647 (clone
150D), and Ki67-Pacific Blue (clone 16A8). We also used the
following antibodies: IFNy-Alexa Fluor 700 (clone XMG1.2, from
BD Bioscience); Gost Dye violet 450, Gost Dye violet 510, and Gost
Dye violet 780 (from Tonbo Biosciences).

2.4 Western blot analysis

After culturing 1014 or B16F10 melanoma cells in DMEM/F12
(1:1) with 10% FBS to 75% confluence, cells were treated with 20 uM
Palbociclib and 20 uM PF-07104091 for 24 hours. Media was
removed, and the cells were rinsed with cold PBS. The whole-cell
lysates were prepared using RIPA buffer (Fisher Scientific, Cat. #
PI89900) supplemented with a protease inhibitor cocktail (Roche,
Cat. # 04693124001) and a phosphatase inhibitor cocktail (Roche,
Cat. # 4906845001). The protein concentration was measured using
Pierce' " BCA Protein Assay Kits (Thermo Scientific, Cat. # 23225).
40 g of protein was separated on 4-20% Precast Midi Protein Gel
(BioRad, Cat. # 5671094) and transferred to nitrocellulose membrane
using Trans-Blot Turbo RTA Transfer Kit (Nitrocellulose, BioRad,
Cat. # 1704272). Blots were blocked with Intercept Blocking Buffer
(TBS) (LI-COR, Cat. # 927 60001) for 1 hour. Primary antibodies
were diluted with Intercept Antibody Diluent (TBS) (LI-COR, Cat. #
927 65001). Blots were incubated with primary antibodies overnight
at 4°C. These antibodies were purchased from Cell Signaling
Technology: Cyclin A2 (Cat. # 81754), Cyclin D1 (Cat. # 55506),
Cyclin E1 (Cat. # 20808), phospho-Rb S807/5811 (Cat. # 8516), and
Caspase-3 (Cat. # 9662). Beta actin antibody was from Invitrogen
(Cat. # MA5-15739). These secondary antibodies were used: IRDye®
800CW Goat anti-Rabbit IgG (H + L) (LI-COR, Cat. # 926-32211),
IRDye® 680RD Goat anti-Mouse IgG (LI-COR, Cat. # 926-68070).
Protein bands were visualized using the Odyssey CLx Imager (LI-
COR). To detect cleaved caspase-3, the ECL Western blotting method
was used. Blot was blocked with 5% non-fat milk in TBS buffer with
0.1% Tween-20 for 1 hour, then incubated with anti-cleaved caspase-
3 (Cell Signaling Technology, Cat. # 9661) overnight at 4°C. After
washing, the blot was incubated with the secondary antibody anti
rabbit IgG-HRP (Cell Signaling Technology, Cat. # 7074P2) for 1
hour. After washing five times, the blot was incubated with
SuperSignalTM West Pico PLUS Chemiluminescent Substrate for 5
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minutes, and signals were captured using HyBlot cL®
Autoradiography Film (Thomas Scientific). All western blot bands
were quantified with Image Studio software, and data were
statistically analyzed using One-way ANOVA and Tukey’s test.

2.5 Cell cycle analysis

Cell cycle analysis by flow cytometry was based on
measurement of DNA content by staining with propidium iodide
(PI). Melanoma cells (B16-F10 and 1014) were plated in 6-well
plates in DMEM/F-12 medium (Gibco, Cat. # 11330-032) + 10%
FBS (Atlas Biologicals, Cat. # F-0500-A). When cell confluence
reached approximately 80%, cells were treated with either 20 uM
palbociclib alone, or 20 uM PF-07104091 alone, or 20 uM
palbociclib plus 20 uM PF-07104091, or with vehicle control.
After 24 hours of treatment, cells were trypsinized, and the cells
in the media were also collected. After washing once with PBS, cells
were fixed with 70% ethanol for 48 hours at -20°C. Cells were
washed once, and the cells were counted for each sample. Cells were
stained for 24 hours at 4°C at 1 x10°/ml with PI stain solution [PBS
buffer with 0.1% Triton-X100, 200 pg/ml RNase (Qiagen, Cat.
#11330-032), and 20 ug/ml PI (Sigma-Aldrich, Cat. # P4864)]. PI
fluorescence was collected using 5-laser BD LSRFortessa flow
cytometer, and data were analyzed with BD FACSDiva 8.0.2.

2.6 Cell viability and apoptosis assay

B16F10 (from ATCC) and 1014 (the kind gift of Lionel LaRue,
Pasteur Institute) melanoma cells were grown in DMEM/F-
12 + 10% fetal bovine serum(FBS) in a 37°C, 5%CO2 humidified
incubator (ThermoFisher Heracell Vios 160i) until cells were at
approximately 80-90% confluent in T150 flask (Corning Cat.
#431465). Cells were trypsinized with 0.05% trypsin, 0.53 mM
EDTA 1X (Corning Cat. #25-052-CI) for 5 minutes in a
humidified CO2 incubator and then checked under the
microscope to ensure that all cells had been released from the flask.

Cells were collected from the flask and counted by using a cell
counter (Gibco Cell Countess II). Cells were then plated at 10,000
cells/well in each 96-well plate (Genesee Scientific Cat. #25-109MP
and Thermoscientific Cat. #165305 [optical bottom plate with black
base]) in triplicate using FluoroBrite DMEM (Gibco Cat. #A18967-
01)+ 10% FBS (100uL). Cells were allowed to attach to plates
overnight, and treatments were initiated the next day. The zero (0)
concentration was a DMSO control diluted in the same manner as
the highest concentration of the PF inhibitor. The treatments were
as follows: palbociclib (palbo) alone at final concentrations of
100nM, 500nM,1uM, and 10uM, PF-07104091 inhibitor (PF)
alone at final concentrations of 50nM,100nM, 500nM,1uM, and
10uM, and for the four concentrations of Pablo each of the five
concentrations of PF inhibitor were added (ex. 100nM palbociclib
+50nM PF inhibitor, 100nM palbociclib + 100nM PF inhibitor,
100nM palbociclib + 500nM PF inhibitor, 100nM palbociclib +
1uM PF inhibitor, and 100nM palbociclib + 10uM PF inhibitor).
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Treatment solutions were prepared at a 2X concentration of
inhibitor in FluoroBrite DMEM media, with a final volume of
50uL. Removal of 50 UL of the original 100 UL of plated media was
performed using a multichannel pipet and 50 uL of the treatments
was added in triplicate wells following the template. Treatments
were for 48, 72 or 144 hours. Cell viability was determined using the
Cell Titer Blue assay (Promega, Cat. #G808A). Triplicate wells were
set up with 100uL media containing no cells for background
readings. The average of these three wells was subtracted from
the reading of each treated well. The DMSO control wells were
assigned a value of 100% viability, and a % viability was assigned to
each treatment group and graphed based on this determination.

Apoptosis was determined by using the APO-One
Homogeneous Caspase 3/7 assay (Promega, Cat. #G7791).
Triplicate wells were set up with 100uL media with no cells for
background readings. The average of these three wells were
subtracted from the reading of each treated well. The amount of
apoptosis is determined by the RFU reading from each well. These
readings were averaged across the triplicate plates and graphed
based on the RFU readings from each treatment + standard
deviation (SD). Statistical analysis was by ANOVA (Type III test).
Additionally, we evaluated the RFU readings on a per cell basis to
determine whether loss of cells contributed to reduction in the RFU
readings per well.

2.7 Protein array

Mouse serum samples were prepared and examined in protein
arrays using Mouse Antibody 1.308 Array Kit (308 proteins) (Cat. #
AAM-BLG-1-4, RayBiotech), per the manufacturer’s protocol. A
serum sample was taken from two BI6F10 tumor-bearing mice in
each treatment group for analysis. The glass chip was scanned on
the Cy3 channel of a GenoPix 4000B scanner (Genopix 6.1,
Molecular Devices, Sunnyvale, CA). For each spot, the net density
was determined by subtracting the background.

2.8 Statistical analysis

Statistical analyses were performed using Prism software version
8.3.0 (GraphPad Software, RRID : SCR_002798). Data were
summarized in figures displaying the mean + SD. Treatment
effects in standard two-group experiments were compared using a
two-way ANOVA with unequal variances or the Wilcoxon rank-sum
test. For Western blot data, a one-way ANOVA was used with
unequal variances and Tukey’s multiple comparisons test. Where
indicated, *p < 0.05 **p < 0.0I; *p<0.001; ***p<0.0001. For
statistical analysis of the effects of targeted therapies on tumor
volume, a mixed-effects model was used to account for the
correlation among repeated measurements per mouse over time.
Tumor volume was analyzed on a natural log scale to reduce
heterogeneity. The mean tumor growth rates were estimated based
on least-square means and compared using the Wald test. Pairwise
comparisons were adjusted for p-values using the Holm correction.
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A test for synergism between treatments was conducted, and a
synergistic effect on tumor volume over time was defined as an
effect from the drug combination (effect i) that exceeds the sum of
the effects of each drug (effects a and b) (i.e., i>a+b). To evaluate
this, a mixed-effects model including both individual and
interaction effects was used to assess the impact of the drug
combination on tumor volume over time. Model-based (least-
squares) means were used to estimate average tumor growth for
each treatment group. Synergism was evaluated using a multiple
comparisons procedure within a generalized linear hypothesis
testing framework, comparing the null hypothesis (i < a + b)
against the alternative (i > a + b). Standard residual diagnostics
were also performed to validate model assumptions.

3 Results

3.1 Cell cycle CDK4/6 and CDK2 inhibitors
differentially affect the cell viability and
apoptosis of melanoma cells

We first evaluated the effects of the CDK4/6 inhibitor
palbociclib, the CDK2 inhibitor PF-07104091, or the combination
of drugs on cell viability based on quantitation of cell titer blue
staining. Cultured B16-F10 cells and 1014 cells were treated with
palbociclib or PF-07104091 over a concentration range of 0 to 10
UM for 48, 72 or 144 hours. We observed a dose-dependent
inhibition of cell viability in BI6F10 (100 nM -10 uM) and 1014
(100 nM to 10 pM) in response to palbociclib over a 48, 72 and 144
hour time frame. However, the 1014 cells exhibited a greater
reduction in viability at the 48- and 72-hour time points at a 10
UM concentration of palbociclib than the B16F10 cells (Figure 1A,
Supplementary Figure S1). In contrast, at the 48-, 72- and 144-hour
timepoints there was only a modest reduction in cell viability in
response to PF-07104091 (50 nM to 10 uM) in both B16F10 and the
1014 cells showed a 60% inhibition in viability after 144 hours
treatment with 10uM PF-07104091 (Figure 1B, Supplementary
Figure S1). Interestingly, the addition of only 50 nM PE-
07104091 to 1uM palbociclib significantly reduced the viability in
B16F10 cells (p<0.001), while addition of 100 nM (p<0.01)or 1 uM
(p<0.001) of PF-07104091 to 1 uM palbociclib significantly
inhibited the viability of 1014 cells after 144 hours of treatment
(Figure 1C, Supplementary Figure S1). To observe the induction of
apoptosis of BI6F10 and 1014 melanoma cells over time in response
to palbociclib, we examined caspase 3/7 activity over 48 hours. Only
modest induction of apoptosis occurred with 10 nM-1 uM
concentrations of palbociclib in B16 melanoma cells, but 10 uM
palbociclib induced a significant amount of apoptosis (Figure 1D).
PF-07104091 did not significantly affect caspase 3/7 activity in
B16F10 melanoma cells (Figure 1E). However, when combined
with 1 uM palbociclib and increasing concentrations of PF-
07104091, there was a significant increase in caspase 3/7 activity
at the 10 uM concentration of PF-07104091 (Figure 1F). In
contrast, 1014 cells exhibited highly variable levels of apoptosis
which trended upward without showing a significant induction of
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FIGURE 1

Cell cycle CDK4/6 and CDK2 inhibitors differentially affect melanoma cell viability and apoptosis. (A) effects of palbociclib or PF-07104091 on the in
vitro viability/growth of B16-F10 melanoma cells over a concentration range of 100 nM to 10uM after 48h hour exposure; effect of PF-07104091
(PF-07104091 50 nM to 10 uM) on the viability/growth of B16F10 cells after 48h hour exposure; effect of 1uM palbociclib combined with
concentrations of 50nM to 10uM of PF-07104091 on the viability/growth B16F10 melanoma cells after 48h hour exposure. (B) effects of palbociclib
or PF-07104091 on the in vitro viability/growth of 1014 melanoma cells over a concentration range of 100 nM to 10 uM after 48h hour exposure;
effect of PF-07104091 (PF-07104091 50nM to 10pM) on the viability/growth of 1014 cells after 48h hour exposure; effect of 1 uM palbociclib
combined with concentrations of 50 nM to 10 uM of PF-07104091 on the viability/growth melanoma cells after 48 hour exposure. (C) palbociclib

(5 or 10 uM) reduced the G1 to S-G2 transition of B16-F10 melanoma after a 24 hour exposure. (D) effects of palbociclib or PF-07104091 on the in
vitro apoptosis of B16-F10 melanoma cells over a concentration range of 100nM to 10 uM after 48h hour exposure; effect of PF-07104091(50 nM to
10 uM) on the apoptosis of B16F10 cells after 48h hour exposure; effect of 1 uM palbociclib combined with concentrations of 50 nM to 10 uM of PF-
07104091 on the viability/growth B16F10 melanoma cells after a 48 hour exposure. (E) effects of palbociclib or PF-07104091 on the in vitro
apoptosis of 1014 melanoma cells over a concentration range of 100 nM to 10 uM after 48h hour exposure; effect of PF-07104091 (50 nM to 10 uM)
on the viability/growth of 1014 cells after a 48h hour exposure (F); effect of 1uM palbociclib combined with concentrations of 50 nM to 10 uM of PF-
07104091 on the viability/growth melanoma cells after a 48 hour exposure. Data are shown as RFUs of caspase activity at each concentration of
palbociclib. Adjusted p-values were analyzed using the Holm test to adjust for multiple comparisons. Adj. Sig. ***p<0.001, **p<0.01, and *p<0.05.
The stars over the histogram indicate values that are significantly different from the DMSO control. The stars over the bars indicate the specific

differences between treatment groups as indicated.

caspase activity at the 48-hour timepoint to palbociclib or PF-
07104091 (Figures 1D, E), though the combination of 1 uM
palbociclib and 1 uM PF-07104091 as well as 1 uM palbociclib
and 10uM PF-07104091 significantly increased apoptosis
(Figure 1F). It is unclear why we did not detect increases in
caspase activity in 1014 cells in response to palbociclib at the 48-
hour timepoint, although we did observe a reduction in viability at
this time point. However, when we analyzed RFU/cell, we did detect
significant induction of APO-One activity with the 10 uM
concentration of palbociclib at the 48-hour timepoint in 1014
cells. We speculate that the early loss of dying cells floating in the
media may have contributed to the inability to capture a significant
difference in the total RFU for caspase activity in each well of cells.
At the 72- and 144-hour time points there were greater increases in
caspase 3/7 activity in response to single treatment and
combination treatments (Supplementary Figure S1). Notably, the
combination of 10 uM palbociclib and 10 uM PF-07104091 resulted
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in the elimination of melanoma cell viability after 48 hours of drug
treatment (Supplementary Figure S1).

3.2 CDK4/6 and CDK2 inhibitors modulate
cell cycle and cyclin levels and reduce the
hyperphosphorylation of Rb

It is known that for cells to transit from the G1 to S phase in the
cell cycle, the tumor suppressor pRb needs to become
hyperphosphorylated (29). This hyperphosphorylation is
catalyzed by the complex formed by CDK4/6 and the cyclin
group of related D cyclins of which cyclin DI is a member), as
well as by the CDK2/Cyclin complex. Upon CDK4/6
phosphorylation of pRb, it becomes partially inactivated, releasing
the E2F transcription factors, which activate the E2F transcriptional
program, including cyclin E1. Cyclin E1 binds to CDK2 to form an

frontiersin.org


https://doi.org/10.3389/fonc.2025.1609735
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yang et al.

active complex that fully phosphorylates Rb, resulting in the full
activation of the E2F transcriptional program and progression
through the S-phase of the cell cycle. The transcription factor E2F
is released, transcription of E2F regulated cell cycle genes, including
Cyclin E1 ensues, and cells progress to S phase (30-32).

To evaluate the effects of CDK4/6 and CDK?2 inhibitors on the
cell cycle of B16F10 and 1014 melanoma cells, we chose a 24-hour
treatment time to ensure capture of early and drug-specific effects.
After examining a range of drug concentrations, we found that 20 uM
concentrations of the drug, but not 10 UM concentrations, had
significant effects on the cell cycle at the 24-hour time point.
Therefore, subsequent experiments were performed with 20 uM
concentrations of the drugs. We observed that 24-hour treatment
of B16F10 cells with 20 uM palbociclib reduced the percentage of cells
in S phase and had no significant effect on the percentage of cells in
G1 or G2. At the same time, PF-07104091 increased the percentage of
cells in S phase, decreased the percentage in G1 phase, and increased
the percentage of cells in G2 and subG, (dying cells) compared to
untreated control. The combination of palbociclib and PF-07109091
decreased the percentage of cells in G1, increased the percentage in S
and G2 and markedly increased the dying cells in subG, compared to
the untreated control (Figures 2A, B, upper panel). In 1014 cells the
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24-hour, 20 UM treatment with palbociclib resulted in a decrease in
sub-Gy, an increase in G1, but no change in S or G2 phases as
compared to control. PF-07104091 (20 uM) decreased the percentage
of cells in sub Gy and G1 but increased the percentage of cells in S and
G2 compared to control. The combination treatment decreased the
percentage of cells in G1, had no effect on cells in S of sub G, phase,
and increased the percentage of cells in G2 as compared to control
(Figures 2A, B, lower panel). A diagram showing the expected eftects
of CDK4/6 and CDK2 inhibitors on cell cycle proteins is shown
in Figure 2C.

To evaluate the effects of CDK4/6 and CDK2 inhibitors on
cyclin and cleaved caspase 3 protein levels we again utilized a 24-
hour time period and treated cells with high concentrations of
inhibitors (20 pM) to effectively maximize the ability to capture
inhibitor-induced changes in cell cycle proteins by Western blot
analysis. In B16F10 melanoma cells, palbociclib decreased protein
levels of cyclin A2 but increased cyclin DI and cyclin E1 protein
levels (Figure 2D). The CDK2 inhibitor decreased protein levels of
cyclin A2 and cyclin D1 and had no significant effect on cyclin E1
protein levels. Combined treatment of B16-F10 cells with
palbociclib (20uM) and the CDK2 inhibitor PF-07104091 (20uM)
resulted in a reduction of both cyclin A2 and cyclin D1, reversed the
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CDK4/6 and CDK2 inhibitors modulate cell cycle and cyclin levels and reduce the hyperphosphorylation of Rb in Braf-wild type melanoma. (A)
representative flow cytometry cell cycle analysis for B16F10 and 1014 cells after treatment with control, palbociclib, PF-07104091, or the combination
for 24 hours. (B) quantitation and statistical analysis of flow cytometry triplicate analysis of the effects of palbociclib, PF07104091, or their combination
on cell cycle as compared to control. (C) diagram showing how the cascade of cyclin and pRb phosphorylation regulates the cell cycle and how
cyclin E1 is up-regulated by palbociclib and down-regulated by the combined treatment of palbociclib and PF-07104091 in B16-F10 melanoma cells.
(D) immunoblots and quantitative analysis of triplicate analysis of cell cycle proteins Cyclin A2, Cyclin D1, Cyclin E1, pRb, and cleaved caspase 3 in
B16-F10 cells treated for 24 hours with either vehicle, palbociclib (20 pM), PF-07104091 (20 uM) or both inhibitors at 20 pM. (E) immunoblots and
quantitative triplicate analysis of cell cycle proteins Cyclin A2, Cyclin D1, cyclin E1, pRB, and cleaved caspase 3 in 1014 cells treated with either vehicle,
palbociclib (20 uM), PF-07104091 (20 uM) or both inhibitors at 20 uM. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001; ns, non significant.
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palbociclib induction of cyclin El, and strongly induced cleaved
caspase 3 levels (Figure 2D). Hyperphosphorylation of Rb(S807/
811) was reduced by treatment with palbociclib (20uM) and was
blocked entirely by PF-07104091 (20 uM), with the combination of
palbociclib and PF-07104091 not having an effect greater than PF-
07104091 alone (Figure 2D).

In 1014 cells, palbociclib (20uM) significantly reduced protein
levels of cyclin A2, increased cyclin D1 levels and cyclin E1 levels,
and reduced hyperphosphorylation of Rb (S807/S811). PE-
07104091 (20uM) decreased cyclin A2 levels, had no significant
effect on cyclin D1 levels, increased cyclin E1 levels and cleaved
caspase 3 and reduced hyperphosphorylation of Rb (S807/S811).
The combination treatment with palbociclib (20uM) and PF-
07104091 (20uM) significantly reduced cyclin A2, reduced cyclin
D1, and blocked phosphorylation of Rb (S807/S811). It reversed the
elevations of cyclin E1 by each agent alone, restoring cyclin E1 levels
to the control level (Figure 2E). The combination treatment also
strongly induced cleavage of caspase 3 (Figure 2D).

The individual inhibitors and their combination resulted in a
decrease in cyclin A2 levels (Figures 2D, E), which is similar to a
previous report by Arora et al. in breast cancer cells. However, the
concentration of the drug used here was higher (24). It is curious
that, despite nearly complete inhibition of hyperphosphorylation of
Rb S807/811 in response to 20 UM of PF-07104091 in B16F10
melanoma cells (Figure 2D), treatment with 10 pM of PF-07104091
for up to 48 hours had only a modest effect on cell viability
(Figure 1A). In contrast, the 1014 cells were less sensitive to PF-
07104091 regarding the reduction in Rb phosphorylation. However,
the 24-hour treatment with a combination of palbociclib (20 uM)
and PF-07104091 (20 puM) effectively blocked Rb807/811
phosphorylation and induced cleaved caspase 3 in both B16F10
and 1014 cells.

3.3 The CXCR1/2 antagonist, SX-682,
affects the growth-inhibitory effect of
palbociclib and anti-tumor immunity in
vivo

To evaluate the hypothesis that the previously demonstrated
anti-tumor effects of palbociclib on the memory CD8 T-cell pool
(13) would be enhanced by co-treatment with SX-682, which has
been shown to reduce the recruitment of myeloid-derived
suppressor cells (MDSCs) into the TME, we compared the effects
of palbociclib alone versus palbociclib in combination with the
CXCR1/2 antagonist SX-682 on the tumor growth of B16-F10
melanoma in C57BL/6 mice. Tumor-bearing mice (5 mice/group)
were treated with 100 mg/kg per day palbociclib HCL alone (5 days/
week) or combined with chow containing SX-682. Because these
tumors grow very rapidly, treatment was initiated when the tumor
diameter was ~5mm yielding a tumor volume of ~125mm® to
ensure that here was adequate time to monitor response to drug
before control mice had to be euthanized due to tumor burden.
Moreover, this ensures that at the end point, the tumors have not
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developed sufficient necrosis to limit the evaluation of the TME by
flow cytometry. The anti-tumor effect of palbociclib was enhanced
with the addition of SX-682 (Figure 3A), but synergism between the
two treatments was not detected (Supplementary Figure S3A). All
treatment groups tolerated the treatment for eleven days without
significant loss of body weight (Figure 3B).

To examine the immune response to palbociclib and/or SX-682
treatment in the TME of tumors from Figure 3A, a single-cell tumor
suspension was prepared, cells were stained with fluorescent
conjugated antibodies and analyzed by flow cytometry. In
comparison with vehicle controls, tumor-bearing mice fed with SX-
682 chow showed an increase in the TME of CD45+ total tumor-
infiltrated leukocytes (Figure 3C), including CD3+CD45+ T cells
(Figure 3D) in the TME, an increase in CD8+ T cells (Figure 3E), an
increase in CD69+ activated CD8+ T cells (Figure 3F), and an
increase in the percentage of CD4+CD44+ T cells (Figure 3I). SX-
682 also reduced the percentage of Ly6G+ CD11b+ and CD14+Ly6G
myeloid cells (Figures 3], K) in the TME. In contrast, palbociclib
treatment reduced the percentage of CD3+CD45+ T cells
(Figure 3D), decreased the CD4+CD3+ T cells (Figure 3G) in the
TME as compared to control. The combination treatment
(palbociclib + SX-682) compared to control exhibited a
normalization of the effect of SX-682 on the percentage of CD3+ T
cells in the tumor (Figure 3D). The combination treatment
also increased the percentage of CD3+CD8+ T cells (Figure 3E),
increased the percentage of CD44+CD4+ T cells (Figure 3H),
increased the percentage of CD4+CD62L+ T cells (Figure 3I),
and increased the percentage of CD11b+Ly6C+ monocytes
(Figure 3L) compared to control. In some instances, the positive
effects of the SX-682 chow on the anti-tumor immune environment
were thus overridden by the addition of palbociclib (ie., loss of
reduction in Ly6GCD11b+ cells, loss of reduction in CD14+Ly6G+
cells, increase in Ly6C+CD11b+ cells, loss of increase in CD69+ CD8
+ T cells, and reduction in total CD45+ cells and loss of increase in
CD45+ CD3+ T cells compared to SX-682). However, the percentage
of CD8+ T cells remained elevated in tumors treated with both SX-
682 and palbociclib. The effects of combined therapies were additive,
but not synergistic in B16-F10 melanoma tumors (Supplementary
Figure S2A). Palbociclib appears to be exerting its major effect by
slowing the movement of tumor cells through the cell cycle, thus
slowing tumor growth. In contrast, SX-682 affects tumor growth (27)
and produces a more anti-tumor immune environment characterized
by increased CD8+ T cells and activated CD69+CD8+ T cells
(Figures 3E, F).

3.4 SX-682 treatment tends to increase
serum levels of cytokines involved in T cell
response in B16-F10 tumor-bearing mice

A protein array was performed on the sera from B16F10 tumor-
bearing C57Bl/6 mice at the endpoint of the tumor growth assay to
define the values for 308 cytokines or receptors in each of the four
treatment groups (Figure 4). Results showed that the mice in the
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The CXCR1/2 antagonist, SX-682, affects the growth-inhibitory effect of palbociclib and increases anti-tumor immunity in vivo. (A) the effect of
palbociclib dosing (100 mg/kg treatment), SX-682 chow, or the combination on body weight or (B) tumor growth of B16-F10 tumor-bearing C57Bl/
6 mice. (C-L) the effect of palbociclib, SX-682, or the combination on various immune populations in the TME of B16-F10 tumor-bearing C57Bl/6

mice. *p<0.05, **p<0.01, ***p<0.001.

SX-682 treatment group exhibited trends toward increased levels of
IP-10 (CXCL10), CTACK, CXCR4, CXCR6, Endocan, Endostatin,
GDF-8, IFNYR1, IL-10., IL-31, MCP-5 and TSLP compared to the
control group. These cytokine array data demonstrate that
treatment with the CXCR1/2 antagonist elevates factors associated
with T cell activation and recruitment [IP-10 (CXCL10), CTAK,
CXCR4, CXCR6, IFNYR1, IL-10, TLSP] over that with the CDK4/6
inhibitor. Both SX-682 and palbociclib inhibitors suppressed

amphiregulin. IL-1c, endostatin, GDF8, and IFNYR1 also trended
upward in the serum of mice treated with the combination of SX-
682 + palbociclib. Palbociclib did not increase the values of the
cytokines assayed here over control, except GDF-8. Since the data
represent duplicate values, statistically significant differences cannot
be determined. Altogether, these data reinforce prior published data
showing that SX-682 treatment increases the recruitment of T cells
and activated T cells into the TME (27).
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FIGURE 4

SX-682 treatment results in a trend toward increased serum levels of cytokines involved in T cell response in B16-F10 tumor-bearing mice.
Comparison of protein levels in serum from B16F10 mice treated with SX-682, palbociclib, or the combination, normalized to mice in the vehicle

control group.
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3.5 Palbociclib, SX-682, and the
combination of both drugs inhibit NRAS
mutant 1014 melanoma tumor growth and
result in a stronger anti-tumor immune
microenvironment

Experiments evaluating the effect of SX-682, palbociclib, or the
combination of inhibitors were also conducted in C57Bl/6 mice
bearing 1014 NRAS mutant (NRAS™") melanoma xenografts over
a treatment period of two weeks. Palbociclib significantly inhibited
tumor growth (p<0.01), as did SX-682 (p<0.05). However, the effect
of the combination treatment on inhibiting tumor growth was not
greater than that of either treatment alone (Figure 5A). Individual
therapies and the combination treatment did not result in a body
weight reduction of greater than 10% over the treatment period
(Figure 5B). Palbociclib reduced the percentage of CD45+ cells and
CD3+CD45+ T cells in the tumors, but this effect was reversed by the
combination with SX-682 treatment (Figures 5C, D). While neither
treatment increased the percentage of CD3+ T cells that were CD8+
T cells, SX-682 chow increased the percentage of CD69+ activated
CD8+ T cells (Figures 5E, F). Also, neither treatment affected the
percentage of CD3 T cells that were CD4+. Both palbociclib and SX-
682 increased the effector memory (CD44+) and naive (CD62L+)
CD4+ T cells (Figures 5G-I), but the combination treatment was
similar to the control treatment (Figure 5I). SX-682 chow, palbociclib
alone, and the combination of both SX-682 and palbociclib reduced
the percentage of CD11b cells (Figure 5]). The percentage of CD11b
+Ly6G+ granulocytes, presumably granulocytic MDSCs (gMDSCs),
was only reduced by SX-682 (Figure 5K). The lack of an additive
effect of palbociclib and SX682 on the growth of the 1014 cells is

10.3389/fonc.2025.1609735

consistent with the palbociclib- mediated reduction of immune cells
in the TME. The palbociclib inhibition of Rb hyperphosphorylation
was equivalent in both B16F10 and 1014 cells. These data suggest that
the increased recruitment of CD8+ T and CD4+ T cells in palbociclib
+ SX-682-treated B16F10 tumors but not in 1014 tumors may be
associated with the observation that the 1014 tumors are less growth-
inhibited by palbociclib plus SX-682 than the B16F10 tumors.
Alternatively, activation of the NRAS pathway in 1014 cells may
result in production of factors that override the inhibition of CDK4/6
and CXCR2.

3.6 The addition of a CDK2 inhibitor
(PF07104091) to the CDK4/6 inhibitor
palbociclib and the CXCR2 inhibitor SX-
682 improves the anti-tumor response in
BRAF wild-type melanoma

When C57Bl/6 mice (10 mice/group) bearing B16-F10 tumors
(~5mm diameter) were exposed to a daily dose of 100 mg/kg
palbociclib, 50 mg/kg of the CDK2 inhibitor, PF-07104091, with
control chow or SX-682 chow, the toxicity of palbociclib plus PE-
07104091 or the triple therapy was acceptable and anti-tumor
efficacy of the triple combination with SX-682 was increased
relative CDK4/6 plus CDK2 inhibition or SX-682 alone
(Figures 6A, B), resulting in a failure of tumors to grow. The
effect of the triple combination treatment on tumor growth was
additive, but not synergistic (Supplementary Figure S2B).

Analysis of the immune cells in the TME of B16-F10
(Figures 6C-O) melanoma tumors treated with SX-682 alone
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FIGURE 5

Palbociclib, SX-682, and the combination of both drugs inhibit Nras mutant 1014 melanoma tumor growth and result in a stronger anti-tumor
immune microenvironment. The effect of palbociclib dosing (100 mg/kg treatment), SX-682 chow, or the combination on (A) tumor growth, or (B)
body weight of C57Bl/6 mice bearing NRAS™" 1014 melanoma tumors. (C—K) profile of immune cell populations in the TME of NRAS™" 1014
tumor-bearing mice receiving treatment with palbociclib (100 mg/kg), SX-682 inhibitor containing chow, or the combination of treatments. *p <

0.05, **p < 0.01.
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FIGURE 6

The addition of a CDK2 inhibitor (PF07104091) to the CDK4/6 inhibitor palbociclib and the CXCR2 inhibitor SX-682 improves the anti-tumor
response in BRAF wild-type melanoma. (A) the effect of the following treatments on the tumor growth of B16F10 tumor xenografts growing in
C57BL/6 mice for four weeks: combination palbociclib (100 mg/kg) and PF 07104091 (50 mg/kg), SX-682 chow, or the combination of all three
inhibitors. (B) the effect of the above treatments on B16F10 mouse weight in C57Bl/6 mice over 23 days. (C—0) the effect of palbociclib +
PF07104091, SX-682, or the combination on various immune populations in the TME of C57Bl/6 mice bearing B16F10 tumors. *p < 0.05, **p < 0.01;

**xp < 0.001.

increased the CD3+ T cells. Palbociclib+ PF-07104091 reduced the
CD3+ T cells, increased IFNy+ CD4+ T cells, but reduced IL-10 +
CD4+ T cells. This CDK inhibitor combination was associated with
a decrease in F4/80+MHCII+ M1-like macrophages and an increase
in CD206+F4/80+ M2-like macrophages. The triple combination of
CDK4/6, CDK2, and CXCR1/2 antagonists revealed an increase in
CD4+CTLA4+ T cells, an increase in IFNy+ CD4+ T cells, but a
reduction in Tregs (CD4+FOXp3+), CD8+PD-1+ T cells, CD8
+Tim-3+ T cells, and IL-10+ CD4+ T cells. These data indicate
that there is a reduction in the exhaustion status of CD8+ T cells, an
increase in CD4+ T cells, and a decrease in Tregs with the triple
combination inhibitor treatment. Altogether, these data support
combining inhibitors of CDK4/6, CDK2, and CXCRIL,2 for the
treatment of BRAF wild-type melanoma. The CDK inhibitors work
together to inhibit Rb phosphorylation while the CXCR1,2
antagonist creates a more anti-tumor immune microenvironment.

We have previously demonstrated in preclinical models that
CDK4/6 inhibitors, when combined with MDM2 inhibition, can
effectively inhibit melanoma tumor growth, and that resistance to
CDK4/6 inhibition can be overcome through the targeted deletion
of CDK2 (17). However, MDM2 inhibitors are mostly effective only
in p53™" tumors, and they have been shown to induce
thrombocytopenia, neutropenia, and other toxicities, though
several recent clinical trials continue to ‘fine-tune’ these inhibitors
and combine them with other appropriate therapies for further
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clinical development (33-36). To determine how an MDM?2
inhibitor might affect the response to SX-682 in melanoma, we
performed experiments combining the MDM?2 inhibitor,
idasanutlin (50mg/kg), with SX-682 in B16F10 melanoma and we
observed that idasanutlin reduced the effect of SX-682 on tumor
growth inhibition (Figure 7A) and reversed the inhibitory effects of
SX-682 on the Ly6G+CD11b+ granulocytic MDSCs (Figure 7B)
and also increased the CD206+ M2 macrophages in the blood
(Figure 7C). Thus, inclusion of an MDM2 inhibitor with treatment
regimens that include the CXCR2 antagonist SX-682 is not advised.
Our results show that optimal inhibition of tumor growth in the
B16F10 melanoma model can be obtained with co-inhibition of
CDK4/6 and CDK2 along with SX-682.

4 Discussion

Key to the process of cancer development is the failure to
control cell proliferation, often resulting from an impaired
regulation of proteins involved in cell cycle progression,
particularly the constitutive activation of the cyclin-dependent
kinases (CDKs) (37). Upon mitogenic stimulation, CDK4/6
hyperphosphorylates the tumor suppressor Rb, releasing the
transcription factor E2F to drive expression of cyclin E, resulting
in the elevation of this protein at the late restriction point of the G1
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The MDM2 antagonist idasanutlin ablates the tumor growth inhibitory and anti-tumor immunity response to SX-682. (A) C57Bl/6 mice bearing
B16F10 tumors were placed on chow containing SX-682 or control chow at the time tumors reached a diameter of 5mm. Mice were grouped into
four groups: those that received control chow + vehicle, those that received SX-682 chow + vehicle, those receiving control chow and idasanutlin
(50mg/kg), and those on SX-682 chow that also received idasanutlin (50mg/kg) by oral gavage. Treatments and measurements continued for
fourteen days, after which time the mice were euthanized, and tumors (B) and blood (C) were collected for isolation and flow cytometry to

characterize the immune cells. * p<0.05; *** p<0.001.

phase (38). When cyclin E binds to CDK2, and the active complex
that also hyperphosphorylates Rb and numerous other substrates,
controlling essential cellular processes, including the initiation of
DNA replication and regulation of histone biosynthesis.
Phosphorylated cyclin E protein is degraded by the SCF(Fbw?7)
ubiquitin ligase complex, thus eliminating cyclin E/CDK2 activity
(39-41). A high level of cyclin E protein is associated with poor
prognosis, reduced survival, and therapy resistance in cancer
patients (40). Moreover, the overexpression of cyclin E has been
proposed as a potential mechanism of resistance to CDK4/6
inhibitors (15, 42-44). Dysregulation of these kinases is a major
contributor to endocrine therapy resistance in breast cancer (11).

CDK4/6 inhibitors induce cell cycle arrest in Rb protein (pRb)-
competent cells by blocking the hyperphosphorylation of Rb by
CDK4/6 (37, 45). Although early CDK4/6 inhibitors were quite
toxic, the development of more selective CDK4/6 inhibitors, such
as ribociclib, abemaciclib and palbociclib, has led to improved efficacy
and reduced adverse events during the treatment of tumors that are
driven by CDK4/6 pathway activation. Preliminary evidence showed
promising activity in melanoma (17, 46) and improved progression-
free survival with tolerable toxicity in patients with advanced-stage
estrogen receptor (ER)-positive breast cancer, though resistance is an
issue (42). Factors involved in acquired resistance to CDK4/6
inhibitors are being identified and new approaches to overcome
this resistance are being developed. Biomarkers have been
characterized that identify solid tumors that will not benefit from
treatment with CDK4/6 inhibitors, such as loss of pRb (37).

The main objective of the study described in this report is to
develop new approaches to improve the efficacy of CDK4/6
inhibitors for the treatment of melanoma. Our study design was
informed by data comparing the clinical pharmacokinetics and
pharmacodynamics of palbociclib (47-49). It is important to note
that the GI50 concentrations of palbociclib (concentration of drug
required to inhibit growth of 50% of the cells) required for the
inhibition of melanoma cell growth here in B16F10 and 1014 cells is
high (~10 pM) as compared to the reported GI50 of 100 nM to 1
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UM for breast cancer cells. However, a wide range for the GI50 for
melanoma cell lines has been observed previously by other groups,
ranging from 30nM to 9 (16, 50, 51). The effective serum
concentration of palbociclib delivered at a dose of 100 mg/kg
body weight is between 3 and 5 pg/ml. Here we had a maximal
response at 10 UM concentrations of palbociclib which is the
equivalent of 4.473 ug/ml of palbociclib. There are many factors
that affect the GI50, including genetic and phenotypic differences,
culture conditions, time of exposure to the drug, cell density, genetic
mutations and biomarkers, metabolic factors, prior drug treatment,
and experimental techniques. Our data show the in vitro activity of
palbociclib to be comparable to that reported by others for
melanoma therapy.

The stability of cyclin D1 is regulated by Thr286 phosphorylation
by GSK3p, and the stability of cyclin E1 is regulated by Thr380
phosphorylation of cyclin E1 by CDK2. These phosphorylation events
allow cyclin ubiquitination by SCF(Fbx4/0B-crystallin) E3 ubiquitin
ligase for cyclin D1 (52) and SCF(Fbw7) E3 for cyclin E1 (53),
followed by degradation. We observed that palbociclib (20uM)
alone induced cyclin D1 and cyclin E1 in B16F10 and 1014 cells,
but in combination with the CDK2 inhibitor PF-07104091 (20 uM),
this induction did not occur. The palbociclib increase in cyclin D1
levels in B16F10 and 1014 cells and the PF-07104091 increase in cyclin
El in 1014 cells indicates that either the GSK2B and CDK2
phosphorylation may not be occurring, or the E3 ubiquitin ligase
activity is deficient for these cyclins since the hyperphosphorylation of
RB is inhibited by treatment with palbociclib and/or PF-07104091
with the combination treatment completely blocking phosphorylation
of Rb on S807/S811. The increased cyclin EI levels in 1014 cells in
response to inhibition of CDK2 would be expected if CDK2 inhibition
resulted in inability to phosphorylate cyclin E1 to target it for
degradation. However, we did not observe a PF-07104091 elevation
of cyclin E1 in B16F10 cells. In a separate study, low-dose CDK2
inhibition with PF-3600 resulted in a rebound phenotype that could be
overcome with co-inhibition of both CDK4/6 and CDK2, or with
high-dose PF-3600 (24). In 1014 melanoma cells, even with high-dose
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CDK?2 inhibition, addition of the CDK4/6 inhibitor was required to
suppress cyclin E1 levels. Clearly, the response to these inhibitors
varies among different cell lines depending on the activity of a
spectrum of proteins involved in regulating the cell cycle.

The data from the analysis of the effects of palbociclib, PF-
07104091, and the combination of drugs on the progression through
cell cycle were surprising. While we expected that palbociclib would
reduce the percentage of cells in S phase and that PF-07104091 alone
would increase the S phase percentage (24), we did not expect to see
an increase in cells in G2, or a reduction of cells in G1 in response to
the CDK2 inhibitor. These data suggest that in melanoma cells, the
CDK?2 inhibitor may impinge on progression from G2 to M phase,
and this has not been previously reported. The effects of PF-07104091
and the combination with palbociclib on increasing the percentage of
cells in subG, could indicate that these drugs are inducing cell death
in B16F10 cells, but not the more resistant 1014 cells. However, the
combination of both inhibitors eftectively induces apoptosis, reduces
cell viability, and results in loss of hyperphosphorylation of Rb at
S807/S811.

While CDK4/6 inhibitors have been effectively combined with
ICI for the treatment of breast cancer, this combination with or
without CDK2 inhibition has not yet been demonstrated to be
clinically effective for metastatic melanoma. However, it has been
demonstrated that CDK4/6 activity drives ICI resistance in RB
competent immune cold melanoma tumor but when mouse models
of these resistant melanoma tumors are treated first with ICI
followed by CDK4/6 inhibition plus ICI, the resistance program is
overcome and tumor growth is suppressed, demonstrating that
order of delivery of the therapy is important.

In this study, we show that palbociclib is somewhat immune
suppressive based upon its decrease in CD45+ cells, CD3+CD45+ T
cells, CD4+CD3+ cells and CD11b+CD45+ cells, though it increased
the CD44+CD4+ and CD62L+CD4+ T cells. In contrast, SX-682
blockade of CXCR1/2 in B16F10 tumors resulted in increased CD45+
immune cells, increased intratumoral CD8+T cells and CD69+CD8+
T cells, increased CD44+ CD4+ T cells and CD62L+ CD4+ T cells,
and reduced CD11b+CD45+ cells, Ly6G+CD11b+ and CD14+Ly6G+
myeloid cells (Figure 3C). The combination of SX682 and palbociclib
inhibited B16F10 melanoma tumor growth, increased the percentage
of CD45+ cells, CD3+CD8+ T-cells, CD4+CD44+ T cells, and CD62L
+CD4+ T cells. For myeloid cell effects, the combination decreased the
percentage of CD11b+CD45+ cells and increased the Ly6c+CD11b+
cells. Analysis of data from a serum protein array indicated that mice
fed SX-682 chow exhibited a trend toward higher levels of certain
inflammatory cytokines involved in regulating T cells.

The effect of SX-682 or palbociclib individually on the growth of
1014 cells was equivocal to that for BI6F10 melanoma cells (~50%
inhibition). However, the effect if the combination therapy on the
growth of 1014 NRAS™" melanoma xenografts was less than that
observed with the BI6F10 xenografts, though SX-682 increased the
CD69+CD8+ activated T cells and decreased the CD11b+CD45+
myeloid cells, including Ly6G+CD11b+ granulocytes (and/or
gMDSCs) in 1014 tumors similar to that observed in the B16F10
tumors. Palbociclib increased the CD4+CD25"¢" T regulatory cells
and the CD4+CD44+ effector memory T cells. Both palbociclib and
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SX-682 as single agents increased the CD4+CD62L+ central
memory T cells, but the combination treatment eliminated this
increase. This failure of the combined treatment with palbociclib
and SX-682 to increase CD3+CD8+ T-cells, and CD62L+CD4+ T
cells in 1014 tumors could explain in part the reduced response to
SX-682 + palbociclib in 1014 tumors versus B16F10 tumors. As
observed with SX-682 treatment, the combination treatment
reduced the percentage of CD11b cells and the percentage of
CD11b+ myeloid cells, including CD11b+Ly6G+ cells in both
B16F10 and 1014 tumors, presumably gMDSCs.

In B16F10 tumors, addition of SX-682 containing chow to
treatment with palbociclib + PF-07104091 blocked tumor growth
and this was accompanied by reduced the percentage of CD8+ T
cells, but also reduction in LAG-3+CD8+ T cells, TIM-3+ CD8+ T
cells, PD-L1+ CD8+ T cells, Foxp3+CD4+ T cells, and IL-10+ CD4
+ T cells in the TME, suggesting the CD8+ T cells were less
exhausted compared to those in the control TME. In contrast,
there was an increase in the CD4+ CTLA4+ T cells with the
combined therapy. The combination treatment increased IFNy+
CD4+ T cells, as well as M1-like and M2-like macrophages. Thus,
addition of PF-07104091 to the SX-682 and palbociclib treatment
was highly effective in inhibiting tumor growth and producing a
more anti-tumor TME. Similar results would be expected for 1014
tumors, though the response would be expected to be somewhat
reduced in comparison to B16F10 tumors, based on the more
suppressive effect of palbociclib on the population of T cells in
the TME.

A limitation of our study is that only two melanoma cell lines
were evaluated in the study, BRAFVT/NRASYT B16F10 and
NRAS'® mutant 1014 cells. We concentrated on melanoma lines
that do not have a mutation in BRAF, since there are adequate
second-line therapies available for BRAF mutant melanoma patients,
but not for BRAF wild-type melanoma patients. One might argue that
the B16F10 model may not fully represent the BRAF/RAS™'
melanomas that usually harbor NFI mutation or deletion, KIT
mutation, or amplification of cyclin D. Certainly extension of the
study to more representative murine models could provide additional
information as to how various genetic modifications affect response
to CDK4/6 and CDK2 inhibitors. On that note, we have previously
examined the response of seven human melanoma cell lines and five
melanoma patient-derived xenografts to treatment with a CDK4/6
inhibitor alone or in combination with an MDM2 inhibitor (17). We
also demonstrated that blocking CDK2 activity enhanced the
response to CDK4/6 inhibitors in these melanoma models. With
§X-682 currently in clinical trials for the treatment of metastatic
melanoma in combination with anti-PD1 in instances where there is
resistance to ICI therapy, we propose that an alternative option may
be to treat ICI-resistant BRAF wild-type melanoma with the
combination of CDK4/6, CDK2, and CXCR2 antagonists.

5 Conclusions

Altogether, these data suggest that the addition of the CDK2
inhibitor to CDK4/6 and CXCR1/2 inhibitors not only reduces
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melanoma tumor cell viability and tumor growth more effectively in
BRAFV'NRAS™" melanoma cells but also results in a less
immunosuppressive tumor immune microenvironment. This
study provides significant information for the design of future
clinical trials for ICI-resistant melanomas without BRAF mutation.
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Diaryl pyrimidine guanidine
suppresses hepatocellular
carcinoma cell stemness by
targeting B-catenin signaling
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Background: Liver cancer remains a major global health burden, with
hepatocellular carcinoma (HCC) accounting for approximately 80% of liver
cancer cases. Cancer stem cells (CSCs) play a critical role in HCC initiation,
progression, metastasis, and resistance to therapy, making them critical targets
for novel therapeutic interventions. However, effective agents specifically
targeting CSCs in HCC remain limited. The objective of this study was to
identify and characterize novel small molecules that inhibit CSCs properties
and overcome drug resistance in HCC.

Methods: Functional assays assessed the effects of C504244 on tumor sphere
formation, cancer cell proliferation, and migration. RNA sequencing was
conducted on C504244-treated HCC cells to investigate changes in gene
expression profiles. Downstream targets of the Wnt signaling pathway were
analyzed to determine pathway inhibition. Co-immunoprecipitation (Co-IP) was
performed to assess whether C504244 disrupts the interaction between [-
catenin and Transcription Factor 4 (TCF4) in HCC cells. Lenvatinib-resistant
HCC cell lines were used to evaluate the combinatorial efficacy of C504244
and Lenvatinib in vitro and in vivo.

Results: C504244 significantly suppressed tumor sphere formation, proliferation,
and migration of HCC cells. Transcriptome analysis revealed that C504244
treatment led to significant inhibition of the Wnt signaling pathway, with
corresponding downregulation of downstream target gene expression.
Mechanistically, C504244 disrupted the B-catenin/TCF4 complex formation,
which may contribute to reduced transcriptional activity. Since B-catenin
signaling is hyperactivated in Lenvatinib-resistant HCC cells, C504244 was
tested in combination with Lenvatinib and found to markedly sensitize these
resistant cells to Lenvatinib treatment both in vitro and in vivo.
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Conclusions: C504244 represents a promising agent that effectively inhibits B-
catenin signaling, thereby impairing CSCs properties and reversing Lenvatinib
resistance in HCC cells. These findings suggest that C504244 may serve as a
potential therapeutic agent for HCC.

diaryl pyrimidine guanidine, CSCs, HCC, B-catenin/TCF4, lenvatinib resistance,
combination treatment

Introduction

HCC is one of the leading causes of cancer-related deaths
worldwide, primarily due to late-stage diagnosis, metastasis, and
the development of resistance to available therapies (1, 2).
Treatment options available for early-stage HCC patients usually
include surgical resection, liver transplantation, and radiofrequency
ablation. However, in advanced-stage HCC patients, who are no
longer eligible for resection interventions, systemic therapies, such
as chemotherapy and target therapy, are the only treatment option
that can benefit them (3, 4). Recently, targeted therapies such as
tyrosine kinase inhibitors (TKIs) have become a major focus of
clinical treatment for HCC (4-6). Lenvatinib, a multi-targeted TKI,
is one of the approved and most effective first-line treatments for
advanced HCC. It is able to target tyrosine kinases, such as vascular
endothelial growth factor receptors (VEGFR), fibroblast growth
factor receptors (FGFR), and platelet-derived growth factor
receptors (PDGFR), KIT, and RET to inhibit tumor angiogenesis
and growth (5, 7). Although Lenvatinib has shown promising effects
in improving progression-free survival of HCC patients, the
development of drug resistance remains a significant challenge.
Preclinical in vitro and in vivo studies indicate that TKIs may have
off-target effects, which might also contribute to tumor recurrence
and metastasis (8). Clinically, only approximately 30% of HCC
patients initially respond to TKIs, and nearly all responders develop
resistance within six months (8, 9). Therefore, new therapeutic
strategies are needed to overcome this resistance and improve long-
term outcomes for HCC patients.

CSCs have emerged as a critical factor in the progression and
recurrence of various cancers, including HCC (10, 11). CSCs are a
small subpopulation of tumor cells with the ability to self-renew,
differentiate, and initiate tumors. These cells are often more
resistant to conventional therapies, contributing to relapse and
metastasis (12, 13). In HCC, CSCs are thought to be responsible
for tumor initiation, progression, and resistance to both
chemotherapy and targeted therapies (14). Therefore, targeting
CSCs represents a promising strategy for improving the
effectiveness of current treatments.

Several signaling pathways are well-known to regulate CSCs
properties, including the Wnt/B-catenin pathway (15, 16). It has
been addressed that aberrant activation of the Wnt/B-catenin
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signaling axis contributes to the maintenance of CSCs, therefore
promotes cancer proliferation and survival (16, 17). B-catenin, the
key effector of the Wnt pathway, is a central player in regulating
CSCs functions, and its stabilization in the nucleus leads to the
activation of target genes that promote tumorigenesis and CSCs
maintenance (17-19). In HCC, the Wnt/B-catenin signaling
pathway is frequently dysregulated and is associated with
aggressive disease progression (19-21). Therefore, targeting this
pathway has become a major focus in the development of novel
CSCs-targeting strategies for HCC. Drugs that inhibit the Wnt
pathway have shown promise in preclinical models, and several
small molecules and biologics have entered clinical trials (22, 23).
However, there is still no approved therapy specifically targeting
CSCs in HCC, and challenges still remain in translating these
findings into clinical practice.

The tumor sphere formation assay has been developed as an in
vitro surrogate method to study CSCs potential (24, 25), we
therefore screened a series of compounds in our in-house library
using HCC sphere model to identify potential CSCs inhibitors.
During 34 compounds examined, we identified C504244 as the
most potent inhibitor of tumor sphere formation in HCC cell line
Huh?7. Further investigation revealed that C504244 effectively
suppresses HCC CSCs proportion, as well as cancer cell
proliferation and migration. Mechanism study revealed C504244
was able to efficiently disrupt B-catenin/TCF4 complex formation
and suppress B-catenin downstream targets’ expression.
Furthermore, we found that C504244 treatment could sensitize
Lenvatinib-resistant HCC cells to Lenvatinib, suggesting C504244
could be a promising strategy to overcome Lenvatinib resistance.
This discovery holds clinical potential, offering a new approach for
HCC treatment.

Materials and methods
Cell lines

Huh7, SK-Hep1, Hep1-6 liver cancer cell lines were purchased
from the American Type Culture Collection (ATCC) and

authenticated by short tandem repeat (STR) profiling, which was
performed by Qida Biotechnology (Shanghai, China). All liver
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cancer cell lines were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (#10-013-CVRC, Corning, VA, United States)
medium supplemented with 10% fetal bovine serum (FBS) (#10099-
141, Gibco, NY, United States). All cells were maintained in a
humidified incubator at 37°C with 5% CO..

Sphere formation assay

HCC cells were seeded in low-adhesion 96-well plate at a
density of 1,000 cells/well, with fresh culture medium replenished
every three days. 10 days after culture, tumor spheres with diameter
greater than 100pm were counted under a microscope. F12/DMEM
supplemented with 1xB27, 20 ng/mL 20 ng/mL epidermal growth
factor (EGF), 10 ng/mL fibroblast growth factor 10 (FGF10), and 10
ng/mL hepatocyte growth factor (HGF) and 1% PS was used as
culture medium for sphere formation.

Aldehyde dehydrogenase analysis

The ALDEFLUOR'™ assay kit (#01700, STEMCELL
Technologies, Vancouver, BC) was used for ALDH activity
detection following the manufacturer’s protocol. A total of 2x10°
cells were centrifuged at 250g for 5 minutes, and the supernatant
was discarded. The pellet was washed twice with the assay buffer.
Cells was resuspended in 400uL of assay buffer mixed with 3uL
activated ALDEFLUOR reagent, followed by dividing into 2 equal
parts. 1 part were added with 3uL N, N-Diethylaminobenzaldehyde
(DEAB) inhibitor to serve as the negative control, and the other part
as the experimental one. Cells were incubated in dark at 37°C for 45
minutes. After incubation, cells were centrifuged at 250 g for 5
minutes, washed twice with the assay buffer, and resuspended in
300uL assay buffer for flow cytometry analysis within 4 hours on
(#CytoFLEX S, Beckman Coulter Inc, CA, United States).

CDZ24 staining flow cytometry assay

2x10° cells were centrifuged at 250 g for 5 minutes, and the
supernatant was discarded. Cells were washed twice with staining/
washing buffer (1xPhosphate-Buffered Saline (PBS) with 2% FBS).
Each sample was then resuspended in 300uL of buffer and
incubated with 5uL of CD24 antibody (#PMG555428, Becton,
Dickinson and Company, NJ, United States) on ice for 25
minutes. After incubation, cells were centrifuged at 250 g for 5
minutes, washed twice, resuspended and filtered for flow cytometry
analysis within 4 hours on (#CytoFLEX S, Beckman Coulter Inc,
CA, United States).

Western blot assays

Tumor cells were lysed using RIPA lysis buffer (#P0013B,
Beyotime, Shanghai, China), and protein concentration was
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quantified using the BCA Protein Assay Kit (#A55865, Thermo
Fisher Scientific, MA, United States). The lysates were then
subjected to SDS-PAGE and transferred onto PVDF membranes
(#ISEQ00010, Millipore, Boston, United States). The membranes
were blocked with 5% BSA for 1 hour at room temperature and
incubated with primary antibodies at 4°C overnight. Subsequently,
the blots were incubated with the horseradish peroxidase conjugated
secondary antibody and developed by enhanced chemiluminescence.

Primary antibodies used were listed as following: Nanog
(#4903), OCT4 (#2750), Sox2 (#2738), Sox9 (#¥D8G9H), GAPDH
(#14C10), p-B-catenin-34/37 (#9561), B-catenin (#9562), p-GSK-3[3
(#9336), CyclinD1 (#2922), and TCF4 (#2569) were purchased
from CST (United States), c-Myc (#9E10) was from Santa Cruz
(United States).

Reverse transcription quantitative
polymerase chain reaction assays

Total RNA was extracted using TRI-Reagent (#TR118,
Molecular Research Center, Inc, Cincinnati, OH, United States).
Gene expression levels were measured using SYBR Premix Ex Taq II
(Takara Bio, Shiga, Japan) on a 7,300 Real-Time PCR system
(Applied Biosystems, Franklin Lakes, NJ, United States) with
designed primers for target genes. The primers used in this study
are listed in Supplementary Table S1.

Colony formation assay

Cells in the logarithmic growth phase were counted, and 1,000
cells were seeded into each well of a 6-well plate. The cells were
cultured for 10-14 days, with fresh medium changed every 3days.
Colonies were fixed with 1mL 4% paraformaldehyde for 15 minutes,
followed by staining with 0.1% crystal violet at room temperature
for 20 minutes. Subsequently, stained colonies were washed with
water until no residual dye remained. After the plate dried, images
were taken. Finally, 10% acetic acid solution was added to dissolve
the crystal violet for absorbance measuring at 530 nm using a
microplate reader (#Multiskan SkyHigh, Thermo Fisher Scientific,
Massachusetts, United States).

Cell migration and invasion assay

Cells were trypsinized, washed with PBS, resuspended in serum-
free medium, and adjusted to a density of 2x10°/mL. 500 uL
medium containing 20% FBS was added to the lower chamber,
100-200uL of cell suspension was added to the upper chamber,
followed by incubation for desired time course. Afterward, the
chambers were washed with PBS, and a cotton swab was used to
remove non-migrated cells on the upper chamber side from the
membrane. Migrated cells were fixed with 4% paraformaldehyde for
20 minutes, stained with 0.1% crystal violet for 30 minutes, and
washed with PBS for three times. The chambers were dried at 37°C,
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and microscopic images were captured, with the number of
migrated cells counted.

For the cell invasion assay, 20% Matrigel (#353097; Corning,
NY, United States) diluted with serum-free medium was added to
the upper chambers to mimic the extracellular matrix before
the assay.

Immunofluorescence assay

3.5x10* cells were seeded onto coverslips in 12-well plates and
cultured for 48-72 hours until an appropriate confluence was
achieved. After washing with 1xPBS, the cells were fixed with
ImL 4% paraformaldehyde for 15 minutes. Next, the cells were
permeabilized with 0.2% Triton X-100 for 10 minutes, followed by
three washes with PBS. The cells were then blocked with 3% BSA for
15 minutes, followed by incubating with the primary antibody
overnight at 4°C. Then, the cells were washed and incubated with
Alexa Fluor 488-conjugated goat anti-rabbit IgG (H + L) (#ZF-
0511, ZSGB-Bio, Beijing, China) for 1 hour in the dark, after
washing, cells were mounted in DAPI-containing mounting
medium (#P36941, Thermo Fisher Scientific, Massachusetts,
United States) for imaging on a fluorescence microscope
(FV3000, Olympus Corporation, Japan).

Immunoprecipitation assay

The IP assay was performed using an IP kit (P2197M, Beyotime,
Shanghai, China). First, 300 UL of IP lysis buffer and 40 pL of
Protein A magnetic beads were added to a sterile, enzyme-free EP
tube. The mixture was thoroughly mixed, and the beads were
separated using a magnetic stand. After washing the beads with
PBS, the supernatant was discarded. In the experimental group, 350
UL of diluted primary antibody was incubated with the magnetic
beads, while the control group was incubated with IgG. The
incubation was carried out at 4°C with rotation for 8 hours. After
cell lysis, proteins were extracted using IP lysis buffer, and their
concentrations were determined. Equal amounts of protein were
incubated with the magnetic beads for 8 hours. The beads were
washed 5-6 times to remove nonspecific proteins. After the final
wash, the beads were transferred to a new microcentrifuge tube, and
40 UL of 1xloading buffer was added. The samples were heated at
100°C for 10 minutes to denature the proteins. The denatured
samples were separated by SDS-PAGE and analyzed by Western
blot to detect the expression of the target protein.

Chromatin immunoprecipitation assays

ChIP was performed using the ChIP kit (#P2080S, Beyotime,
Shanghai, China) according to the manufacturer’s manual. In brief,
ells were crosslinked with 3.7% formaldehyde, and crosslinking was
terminated with glycine. After washing with PBS, cells were lysed in
SDS Lysis Buffer containing protease inhibitors and incubated on
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ice. Chromatin was then fragmented to 200-1000 bp by sonication,
and the shearing efficiency was checked by agarose gel
electrophoresis. After centrifugation to remove the pellet, the
supernatant was collected and diluted with ChIP Dilution Buffer.
The sample was incubated with antibody targeting designed
antigen, followed by immunoprecipitation using Protein A/G
magnetic beads to enrich DNA fragments bound to the target
protein. The immunocomplexes underwent a series of stringent
washing steps to remove nonspecific binding. Finally, the target
DNA was eluted using elution buffer, and crosslinking was reversed
under high-temperature conditions. The DNA was then extracted
and analyzed by RT-qPCR. The primers used in this study are listed
in Supplementary Table SI.

Xenograft assays

The animal protocols were approved by the Biomedical Ethics
Committee, Subcommittee on Laboratory Animal Welfare, Peking
University (PUIRB-LA2022626). All mice were purchased from
Vital River Laboratory Animal Technology Co. (Beijing, China) and
were subcutaneously implanted with Hepal-6 cells at a
concentration of 5 x 10° cells per site in 6-week-old BALB/c nude
mice. Once tumors reached approximately 50 mm?® in volume, the
mice were randomly divided into four groups (six mice per group)
for drug administration. Tumor volume and body weight were
measured daily throughout the treatment period. Tumor volume
was calculated using the formula: volume (mm?®) = L x W? x 0.5
(where L is the longest diameter and W is the shortest diameter). At
the end of the treatment, mice were euthanized and tumors were
harvested for further analysis.

Data and code availability

RNA sequencing data have been deposited at Genome Sequence
Archive for Human HRA006499 and are publicly available as of the
date of this publication.

Compound characterization

'H and "’C Nuclear Magnetic Resonance (NMR) spectra were
recorded on a Bruker AM-400 MHz spectrometer using C,DsOS
(Deuterated Dimethyl Sulfoxide (DMSO)-dg) as the solvent and
tetramethyl silane (TMS) as the internal standard. Chemical shifts
(8) were reported in parts per million (ppm), and coupling
constants (J) were expressed in hertz (Hz). NMR spectroscopy
was used for structural elucidation of the compounds, and the
detailed spectral data are shown in Supplementary Table S2 and
Supplementary Figures S1A, B.

High-resolution mass spectra were obtained using an Agilent
Liquid Chromatography/Mass Selective Detector Time-of-Flight
(LC/MSD TOF) mass spectrometer. The mass spectrometric
analysis provided accurate molecular weight information, which
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was used to confirm the molecular formula of the isolated
compounds. The detailed High-Resolution Electrospray
Tonization Mass Spectrometry (HRESIMS) data are presented in
Supplementary Table S2 and Supplementary Figure S1C.

High-Performance Liquid Chromatography (HPLC) analysis
was carried out using an Agilent 1260 instrument equipped with a
Gemini-NX C18 110A column (4.6 x 250 mm, 5 pm). The elution
was performed at a flow rate of 1 mL/min with a gradient from 5%
mixed solvent (99.5% acetonitrile + 0.5% triethylamine in water) to
100% mixed solvent over 20 minutes, followed by 5 minutes at
100% mixed solvent. HPLC was used to assess the purity of the
compounds, and the results are summarized in Supplementary
Table S3 and Supplementary Figure S1D.

Statistical analysis

All experimental data were analyzed using GraphPad Prism 5
software. The results are presented as mean + standard error of the
mean (Mean + SEM). For comparisons involving only two groups, a
two-tailed Student’s t-test was used to calculate the p-value.
When comparing more than two groups, one-way analysis of
variance (One-Way ANOVA) was applied to calculate the p-
value. A p-value less than 0.05 was considered statistically
significant. The significant differences in the results are indicated
with an asterisk: *p < 0.05.

Results

Identification and validation of C504244 as
a CSCs-inhibitory compound

To identify small molecules with potential inhibitory effects on
CSCs stemness, we performed a primary screen using our in-house
library containing 34 candidate compounds (5 uM) using sphere
formation assay in Huh7 HCC cells. Among all compounds detected,
compound 31 (C504244) exhibited the most potent suppression
ability of sphere formation (Figure 1A; Supplementary Figure S2).
Structurally, C504244 features a diaryl pyrimidine guanidine scaffold
(Figure 1B). Its physicochemical properties were computationally
evaluated using ADMETIab 3.0 (https://admetlab3.scbdd.com), and
the results (Supplementary Table S4) indicate favorable ADMET
parameters, supporting further investigation. To further validate the
inhibitory effect of C504244 on CSCs stemness, we treated two HCC
cell lines, Huh7 and SK-Hepl, with C504244 at indicated
concentrations (Figure 1C). As the data shown in Figure 1C,
C504244 exhibited strong suppression effects in a dosage-
dependent manner in both cell lines, suggesting a robust and
consistent inhibitory effect on CSCs properties. We further
assessed the potential cytotoxicity of C504244 in four normal
human cells, HUVEC (Human Umbilical Vein Endothelial Cells),
HDF (Human Dermal Fibroblast), WI-38 (human embryonic lung
fibroblast), and PBMC (Peripheral Blood Mononuclear Cell).
As shown in Supplementary Figure S3, C504244 exhibited
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markedly lower toxicity in all four normal cells than in 2 HCC
cells (Huh7 and SK-Hepl), supporting its tumor-selective activity.

C504244 inhibits CSCs stemness in HCC
cells

We ALDH activity assay, CSCs marker CD24 flow cytometry
analysis, and western blotting/qPCR analysis of CSCs markers, to
further validate the inhibitory effect of C504244 on CSCs stemness.
The results of both Huh7 and SK-Hep1 cells showed similar trends,
with C504244 significantly reducing CSCs characteristics. As the
data shown in Figure 2, compared to the control group, C504244
treatments significantly decreased the proportion of ALDH+ and
CD24+ cells, further confirming its inhibitory effect on CSCs
characteristics. Meanwhile, the expression of several well-known
CSCs markers, such as Nanog, OCT4, Sox2, and Sox9, were
noticeably suppressed in C504244 treated HCC cells at both
protein and mRNA levels (Figures 2C, D). Additionally, C504244
also suppressed the mRNA expression of ALDH (Figure 2D), which
might contribute to the reduced activity of ALDH in C504244-
treated cells.

To further evaluate the CSC-targeting effects of C504244, we
sorted Huh7 cells into CD133* (HCC stem cells) and CD133" (non-
stem cells) subpopulations (26-28) and treated them with vehicle
control or C504244 at indicated dosages. As shown in Figures 2E-H,
CD133" cells were markedly more sensitive to C504244 treatment,
with an IC50 of 1.927 uM, compared to 10.79 uM in CD133" cells
(Figure 2F). Consistently, C504244 inhibited CD133" cell growth
more severely than CD133" cells (Figure 2G). Also, sphere formation
ability was significantly reduced in CD133" populations upon
C504244 treatment, with no significant effects in CD133" cells
(Figure 2H). Taken together, these results further implicated the
selective inhibitory effects of C504244 on CSC-like subpopulations
in HCC.

C504244 suppresses HCC cell growth and
migration abilities

In order to detected the effects of C504244 on HCC malignant
progression, we first checked the role of it on cell viability, and
found C504244 suppressed Huh7 and SK-Hepl cell survival with
ICs as 4.159 uM and 6.315 pM, respectively (Figure 3A). Since both
decreased cell growth and increased cell death contribute to
suppressed cell viability, we first evaluated the effect of C504244
on cell proliferation using both growth curve analysis and colony
formation assays. As shown in Figures 3B, C, treatment with
C504244 significantly inhibited cell proliferation and colony
formation in both Huh7 and SK-Hepl cells, compared to the
control group, confirming its inhibitory effect on HCC cell
growth. We also checked cell apoptosis using Annexin V flow
cytometry analysis, and found C504244 did not induce HCC cell
apoptosis significantly (data not shown), indicating C50244
induced cell loss might predominantly cause by cell proliferation
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FIGURE 1
Identification of C504244 as a potent inhibitor of HCC sphere formation. (A)

A panel of 34 small-molecule compounds from our in-house chemical

library was screened in Huh7 spheres at a concentration of 5 uM. The number of tumor spheres with a diameter greater than 100 um was counted.
(B) The chemical structure of compound C504244. (C) Huh7 and SK-Hepl cells were treated with vehicle Control (DMSO) or C504244 at indicated
dosage for 6 days. Representative images of tumor spheres were captured, and the number of tumor spheres with a diameter greater than 100 um
was counted. All statistical analyses were performed using Student's t-test with significance indicated as *p < 0.05.

inhibition. We also examined the effects of C504244 on cell
migration and invasion, the key characteristics of malignant
progression. Transwell migration and Matrigel invasion assays
(Figure 3D) revealed C504244 treatment significantly reduced
both migration and invasion abilities of Huh7 and SK-Hep1 cells.
Additionally, the wound healing assay (Figure 3E) showed impaired
wound closure in C504244 treated cells, indicating slowed
migration. In summary, C504244 effectively inhibits HCC cell
proliferation, migration, and invasion, highlighting its potential as
a therapeutic agent for targeting HCC progression.

C504244 suppresses Wnt signaling by
disrupting -catenin/TCF4 interaction

To elucidate the molecular mechanisms underlying the effects
of C504244 in suppressing CSCs maintenance and malignant
progression in HCC, we performed RNA sequencing using
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C504244-treated Huh7 cells, followed by Gene Ontology (GO)
analysis. Among all the biological pathways affected by C504244,
the Wnt signaling pathway (Figure 4A) particularly attracted our
attention because the Wnt/B-catenin pathway is a central regulator
of CSCs self-renewal and malignant progression in HCC. Activation
of this pathway stabilizes P-catenin, facilitating its nuclear
translocation and interaction with TCF4, which drives the
transcription of downstream targets such as Cyclin D1 and c-Myc
(17, 18, 29). To validate the sequencing results, we examined several
downstream target genes of the Wnt pathway. Consistent with the
RNA sequencing data, treatment with C504244 significantly
inhibited the expression of 2 classic targets of Wnt signaling, c-
Myc and CyclinD1 (Figure 4B). Unexpectedly, C504244 treatments
did not alter total B-catenin levels or its phosphorylation at Ser33/
37/Thr4l (which is targeted by GSK-3p for proteasomal
degradation) (Figure 4B), nor the phosphorylation of GSK-3f
(Ser9), a key kinase regulating B-catenin stability (Figure 4B),
ruling out the possibility of upstream kinase modulation.
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FIGURE 2

C504244 suppresses HCC CSCs maintenance. (A-B) DMSO or C504244 (2 uM) treated Huh7 and SK-Hepl1 cells were collected for ALDH activity
assay (A) and CD24 staining flow cytometry analysis(B). The percentage of ALDH and CD24-positive cells was quantified in the bar graph.

(C-D) Huh7 and SK-Hep1 cells treated with C504244 for 48 hours at indicated concentrations were collected for Western blot (C) and gPCRs

(D) analysis. (E) Flow cytometric sorting of Huh7 cells to isolate CD133* and CD133" subpopulations. (F) Dose-response curves and IC50 values of
C504244 in total, CD133", and CD133™ Huh7 cells. (G) Huh7 cells plated in 96-well plates were treated with DMSO or C504244 at the day after
seeding, cell numbers were counted every two days and monitored until day 7. Relative cell growth was normalized to day 1. (H) Huh7 cells were
treated with vehicle Control (DMSO) or C504244 at indicated dosage for 6 days. Representative images of tumor spheres were captured, and the
number of tumor spheres with a diameter greater than 100 um was counted. All statistical analyses were performed using Student'’s t-test with

significance indicated as *p < 0.05, ns, no statistical significance.

Moreover, immunofluorescence staining confirmed that the
nuclear-cytoplasmic distribution of B-catenin was unchanged by
C504244 treatments (Figure 4C). Given that the stability and
localization of B-catenin were unaltered, we hypothesized that
C504244 might interfere with its transcriptional activity. To test
this possibility, we performed ChIP-qPCR to assess the binding of
B-catenin/TCF complex to the promoters of its target genes.
C504244 treatment led to a marked reduction in TCF4 occupancy
at the ¢-Myc and Cyclin D1 promoter regions (Figure 4D),
suggesting transcriptional repression. We further demonstrated
that C504244 significantly impaired the formation of the f3-
catenin/TCF4 complex (Figure 4E), indicating that such
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compound disrupts their physical interaction. To further validate
the inhibitory effect of C504244 on Wnt/B-catenin transcriptional
activity, we performed qRT-PCR to assess the expression levels of
key target genes. Consistent with previous results, treatment with
C504244 significantly decreased c-Myc and Cyclin DI mRNA
expression (Figure 4F). These data provide evidences suggesting
that C504244 represses Wnt signaling likely through inhibiting [3-
catenin/TCF4 interaction, thereby impairing the transcription of
key oncogenic targets critical for HCC progression.

To determine whether the anti-tumor effects of C504244 are
mainly dependent on B-catenin signaling or not, we checked the
effects of C504244 on HCC cells under B-catenin knockdown
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FIGURE 3

C504244 inhibits HCC cell proliferation and migration. (A) The ICsq values of C504244 in HCC cells were determined using cell viability assay. Huh7
and SK-Hepl cells were treated with C504244 at indicated concentrations for 48 hours, followed by CCK-8 cell viability assay. (B) Huh7 and SK-
Hepl cells plated in 96-well plates were treated with DMSO or C504244 at the day after seeding, cell numbers were counted every two days and
monitored until day 9. Relative cell growth was normalized to day 1. (C) Huh7 and SK-Heplcells plated in 6-well plates were treated with DMSO or
C504244 at the day after seeding. 14 days after drug treatment, the number of colonies formed was quantified, and representative images are
shown. (D) DMSO or C504244 treated Huh7 and SK-Hepl cells were collected for transwell migration and invasion assays. For invasion assays, 20%
Matrigel was added to the transwell inserts. Cells that migrated or invaded through the membrane were stained with crystal violet and quantified by
counting the number of cells. Scale bar = 100 um. (E) Huh7 and SK-Hepl cells treated with DMSO or C504244 for 24 hours were scratched for
wound healing assay. Images were captured at 0- and 24-hours post-treatment. Scale bar = 100 pym. All statistical analyses were performed using

Student'’s t-test, with significance indicated as *p < 0.05.

condition in Huh?7 cells. In consistent with our previous results, we
found C504244 alone significantly reduced the ALDH+ cell
population, while B-catenin depletion (Supplementary Figure
S4A) could slightly further enhance this reduction
(Supplementary Figure S4B). We also found C504244 treatment
markedly inhibited cell proliferation and migration, while 3-catenin
knockdown did not further suppress these phenotypes in HCC cells
(Supplementary Figures S4C, D), indicating B-catenin plays vital
roles in mediating C504244’s functions in HCC cells.
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C504244 synergizes with lenvatinib to
overcome resistance in HCC

Multiple studies have confirmed that the Wnt/B-catenin
signaling pathway is frequently aberrantly activated in HCC,
contributing to disease progression and therapeutic resistance
through various mechanisms (30-32). One critical mechanism is
its role in maintaining CSCs stemness, which drives tumor
resistance to anti-cancer therapies (22, 23). Consistently, analysis
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C504244 inhibits B-Catenin/TCF4 interaction. (A) GO analysis of C504244 treated compared to vehicle control Huh7 cell RNA sequencing data
showing enrichment of the Wnt signaling pathway. (B) C504244 or DMSO treated Huh7 cells were collected for western blotting analysis, GAPDH
was detected as the loading control. (C) Confocal immunofluorescence analysis of B-catenin in Huh7 cells treated with DMSO or C504244. The
nucleocytoplasmic fluorescence ratio was quantified using ImageJ. Scale bar = 50 um. (D) Binding of TCF4 to the promoter region of Cyclin D1 and
c-Myc promoter was detected using chromatin immunoprecipitation (ChIP) assay in vehicle or C504244-treated Huh? cells. (E) Co-
immunoprecipitation (IP) analysis was performed to detect the interaction between TCF4 and B-catenin in vehicle or C504244-treated Huh7 cells.
(F) MRNA expression levels of stemness-related genes were measured by gPCR in Huh7 cells treated with vehicle or C504244 (2 uM) for 48 hours.
All statistical analyses were performed using Student’s t-test, with significance indicated as *p < 0.05, ns, no statistical significance.

of our HCC organoids (with paired clinical samples) database (33)
revealed significantly higher Wnt signaling activity in tumor tissues/
organoids compared to adjacent normal liver tissues/organoids
(Supplementary Figure S5A). Moreover, Wnt signaling is
positively correlated with CSCs characteristics in HCC organoids
(Supplementary Figure S5B), reinforcing its role in sustaining
cancer stemness.

CSCs have been represented as the major source of therapy
resistance (10, 12). Resistance to Lenvatinib, a first-line treatment
for advanced HCC, has severely restricted the clinical benefits of
this drug. Utilizing our HCC organoids drug-sensitivity database
(33), we analyzed GSVA (Gene Set Variation Analysis) score of
Wnt signaling in Lenvatinib resistant organoids compared to
sensitive ones, the results revealed significantly higher Wnt
pathway activation in the resistant organoids (Figure 5A).
Furthermore, GSEA (Gene Set Enrichment Analysis) confirmed
the enrichment of B-catenin target genes in the resistant organoids
(Figure 5B). These findings suggest that aberrant Wnt activation
may contribute to the development of Lenvatinib resistance.
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Given these findings, we hypothesized that inhibiting Wnt/{3-
catenin signaling pathway could enhance the therapeutic efficacy of
Lenvatinib. To test this possibility, we utilized Lenvatinib-resistant
SK-Hepl cells to assess whether combining C504244 with
Lenvatinib could improve treatment response (8, 34, 35). Indeed,
C504244 treatment significantly sensitize SK-Hepl cells to
Lenvatinib, with the synergy score (calculated using Synergy
Finder 2.0) of 17 (Figure 5C), indicating a strong synergistic
effect. Cell growth curve and colony formation assays confirmed
the synergistic effects of C504244 and Lenvatinib (Figures 5D, E;
Supplementary Figure S6A). Similarly, migration and wound
healing assays showed that the combination treatment effectively
suppressed cell migration (Figures 5F, G; Supplementary Figures
S6B, C), indicating that C504244 enhances the sensitivity of
Lenvatinib-resistant cells to Lenvatinib. We confirmed the effects
of C504244 and Lenvatinib on HCC cells by checking the activation
status of their target signaling pathways, including phosphorylation
of VEGFR/Epidermal Growth Factor Receptor (EGFR) and
expression of c-Myc and Cyclin DI.
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C504244 sensitize Lenvatinib resistant HCC cell to Lenvatinib. (A) GSVA of the canonical Wnt signaling pathway in Lenvatinib-sensitive (n=113) and
Lenvatinib-resistant (n=110) organoids. (B) Gene Set Enrichment Analysis (GSEA) for B-catenin target genes in Lenvatinib-resistant organoids. The
enrichment plot indicates significant upregulation of B-catenin target genes in resistant organoids. (C) Synergy map of SK-Hepl cells treated with
C504244 and Lenvatinib at indicated concentrations. (D) Cell proliferation was assessed by cell growth curve analysis of SK-Hepl cells treated with
DMSO, Lenvatinib (2 uM), C504244 (3 uM), or combination of both drugs. Cell numbers were counted every two days and monitored until day 9.
Relative cell growth was normalized to day 0. (E) Colony formation assay was performed using SK-Hepl cells treated with DMSO, Lenvatinib (2 uM),
C504244 (3 uM), or combination of both drugs for 14 days. Colony formation efficiency was calculated by comparing colony numbers relative to the
vehicle control. (F) SK-Hepl cells treated with DMSO, Lenvatinib, C504244, or the combination for 24 hours were applied for cell migration assay.
Scale bar = 100 pm. (G) SK-Hepl cells treated with DMSO, Lenvatinib (2 uM), C504244 (3 uM), or the combination of both drugs were utilized for
wound healing assay. Images were taken at 0- and 24-hours post-treatment. (H) SK-Hep1 cells treated with DMSO, Lenvatinib or C504244 were
collected for western blotting analysis. GAPDH was detected as loading control. All statistical analyses were performed using Student’s t-test, with
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significance indicated as *p < 0.05.

Lenvatinib inhibits VEGFR/EGFR signaling in Lenvatinib
sensitive Huh7 cells as expected, and C504244 suppresses [3-
catenin signaling, thus combined application of both drugs blocks
both VEGFR/EGFR and B-catenin signaling, which contributes the
synergistic effects of these drugs in Huh7 cells (Supplementary
Figure S7). While in Figure 5H, Lenvatinib failed to inhibit VEGFR/
EGEFR signalings in Lenvatinib resistant HCC cells, while C504244
suppresses B-catenin signaling, which meanwhile contributes to
decreased EGFR activation (36), which might explain the
synergistic effects of these drugs in HCC cells.

Frontiers in Oncology

Combined lenvatinib and C504244
treatment inhibits tumor growth in vivo

To further confirm the synergistic anti-tumor effect of
Lenvatinib and C504244, we employed the Hepl-6 cell line,
which is also resistant to Lenvatinib (35). Similar to the results
observed in SK-Hepl cells, the combination of Lenvatinib and
C504244 exhibited a strong synergistic effect in Hepl-6 cells
(Supplementary Figure S8A). Consistently, the combination
treatment also significantly inhibited Hepl-6 cell proliferation,
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colony formation, and migration compared to either treatment
alone (Supplementary Figures S8B-D).

To assess the therapeutic potential of combining Lenvatinib and
C504244 in vivo, nude mice were implanted with Lenvatinib-
resistant murine Hepl-6 tumor cells and treated with DMSO,
Lenvatinib (4 mg/kg), C504244 (25 mg/kg), or the combination
of both agents (35). Tumor volume was monitored over the
treatment period, and the results demonstrated a significant
reduction in tumor growth in the combination treatment group
compared to the single-agent treatment groups (Figure 6A), without
affecting the body weight, indicating that combination of Lenvatinib
and C504244 did not cause obvious toxicity (Figure 6B). Moreover,
Hematoxylin and Eosin (H&E) staining of major organs (heart,
liver, kidney, spleen, and lung) showed no evident tissue damage,
inflammation, or necrosis in mice treated with C504244 alone or in
combination with Lenvatinib, further supporting the safety of
C504244 and the combination regimen at the tested doses
(Supplementary Figure S9). Tumor masses were weighed at the
end of the treatment period, and the data revealed a significant
decrease in tumor weight in the combination group compared to
the individual treatment groups (Figures 6C, D). Meanwhile, we
noticed that the Ki67 and c-Myc positive cells were severely reduced
in the combination group, which further confirmed C504244, in
combination with Lenvatinib, exhibits synergistic effects and can
reverse Lenvatinib resistance in liver cancer cells. These results
collectively demonstrate that the combination of Lenvatinib and
C504244 effectively inhibits tumor growth and reduces tumor
weight in vivo, supporting the potential of this combination
therapy for enhanced anti-tumor efficacy.

Discussion

HCC remains a global health challenge worldwide, with late-stage
diagnosis, aggressive metastasis, and therapeutic resistance
significantly limiting patient survival benefits (1, 37). According to
the 2024 American Society of Clinical Oncology (ASCO) guidelines,
TKIs such as Lenvatinib or sorafenib remain key components of first-
line therapy, typically in combination with immune checkpoint
inhibitors (ICIs), such as PD-1/PD-L1 antibodies (4, 38, 39). As a
multi-targeted TKI inhibiting VEGFR1-3, FGFR1-4, and PDGFRo,
Lenvatinib demonstrated superior efficacy over sorafenib in the
REFLECT phase III trial, with a median overall survival (OS)
of 13.6 months (versus 12.3 months for sorafenib) and an objective
response rate (ORR) of 24.1% (compared to 9.2% for sorafenib)
(5, 6, 40). However, the therapeutic potential of Lenvatinib is still
frequently hindered by acquired resistance mechanisms (8, 41). One
of the critical contributors to Lenvatinib resistance is the enrichment
of CSCs within the tumors (42, 43).

Extensive studies have established a close link between CSCs
and HCC recurrence, metastasis, and drug resistance (12, 13). CSCs
are a subset of tumor cells with self-renewal capacity, multilineage
differentiation potential, and high tumorigenicity. Several keys
signaling, such as Wnt/B-catenin, Notch and Hedgehog pathways,
have been well-documented to play vital roles in maintaining
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stemness properties of CSCs (15, 16). Aberrant activation of the
Wnt/B-catenin pathway in malignant tumors, often due to
CTNNBI1 gain-of-function or APC loss-of-function mutations,
leads to the upregulation of crucial target genes, such as c-MYC,
Cyclin D1, and SOX9, which are involved in promoting cancer cell
proliferation, survival, and sustaining CSCs stemness (17, 22, 23).
Accumulating evidences suggest that acquired resistance to TKIs is
associated with the enrichment of CSCs populations (42, 43). In this
context, Wnt/f-catenin signaling emerges as a key contributor, not
only in maintaining CSCs stemness but also in driving TKI
resistance (8). The aberrant activation of this pathway helps CSCs
survive and proliferate despite treatment, making it an important
factor in the development of resistance to therapies like TKIs
(21, 29). Given the significant role of Wnt signaling in both CSCs
maintenance and TKI resistance, targeting this pathway might
provide a promising therapeutic strategy. Interestingly, a recent
study showed that the combination of Lenvatinib with the CDK6
inhibitor palbociclib can overcome cell resistance to Lenvatinib by
blocking the Wnt/B-catenin pathway (31). This approach highlights
the potential for combination therapies to effectively target both
CSCs stemness and the underlying mechanisms of drug resistance.

In this study, we identified C504244 as a novel compound that
inhibits Wnt/B-catenin signaling and effectively suppresses
malignant phenotypes of HCC cells. Functionally, C504244
treatment led to reduced cell proliferation, migration, and
invasion, along with a marked decrease in CSCs-associated
features (44). Mechanistically, we found that C504244 suppressed
Wnt/B-catenin pathway by inhibiting the formation of [3-catenin/
TCF4 complex, thereby weakening the binding of such complex to
target genes’ promoter and inhibiting downstream genes’
expression. It is worth noticing that although our data indicate
reduced interaction between B-catenin and TCF4 upon C504244
treatment, we do not yet have direct evidence that C504244
physically disrupts the formation of the B-catenin/TCF4 complex.
Importantly, our results also suggest that the inhibitory function of
C504244 is largely dependent on B-catenin signaling, as [3-catenin
knockdown did not further enhance the anti-tumor effects of
C504244. Further studies are needed to clarify the precise
mechanism by which C504244 interferes with the -catenin/TCF4
transcriptional complex, including whether it directly disrupts their
interaction interface, induces conformational changes, or acts
through other mechanisms.

Given the limited efficacy of Lenvatinib monotherapy,
combination therapies are actively being explored (3, 4). Previous
studies have reported that Lenvatinib combined with PD-1
inhibitors (e.g., pembrolizumab) benefits selected patients with
high PD-L1 expression (7, 45). Additionally, Lenvatinib in
combination with suberoylanilide hydroxamic acid (SAHA), a
histone deacetylase inhibitor, has been shown to enhance
therapeutic outcomes (35). For EGFR-positive HCC patients, the
combination of Lenvatinib and the EGFR inhibitor gefitinib
significantly improves ORR (46).

In our patient-derived organoid database (33), we observed that
Wnt signaling is significantly upregulated in Lenvatinib-resistant
HCC samples, suggesting that Wnt activation might contribute to
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Lenvatinib resistance. Thus, targeting Wnt signaling holds the
possibility to overcome Lenvatinib resistance and improve
therapeutic efficacy. Interestingly, both in vitro and in vivo studies
revealed that C504244 enhances Lenvatinib sensitivity in resistant
HCC cell lines. These findings suggest that C504244 not only
suppresses CSCs stemness and malignant phenotypes in HCC
cells but also potentiates Lenvatinib’s therapeutic efficacy by
counteracting Wnt-driven resistance mechanisms.

Compared to these approaches, C504244 offers a unique
mechanism that integrates CSCs-targeting and anti-angiogenesis

Frontiers in Oncology

strategies, potentially overcoming the limitations of existing
combination regimens. However, further validation in patient-
derived organoids or humanized patient-derived xenograft models
is necessary to translate these findings into clinical applications.
Future studies should further investigate whether Wnt activation
can be used as a predictive biomarker for Lenvatinib resistance and
whether C504244’s efficacy extends to a broader range of
resistant models.

In conclusion, C504244, a novel compound that suppresses
CSCs stemness, offers a potential strategy to overcome Lenvatinib
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resistance in HCC. Its synergistic effect with Lenvatinib enhances
treatment efficacy in resistant HCC models. Given Lenvatinib’s
current clinical positioning, this combination therapy may help
bridge the gap between CSCs-targeting and anti-angiogenesis
strategies, providing a new avenue for improving patient
outcomes. However, further studies are needed to optimize its
pharmacokinetic properties, validate its efficacy in patient-derived
models, and explore its clinical translation potentials.
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SUPPLEMENTARY FIGURE 1

NMR, HRESIMS, and HPLC characterization of compound C504244. (A) *H
NMR Spectrum (400MHz) of compound 504244 in DMSO-d6. (B) **C NMR
Spectrum (100MHz) of compound 504244 in DMSO-d6. (C) HRESIMS
Spectrum of compound 504244. (D) HPLC trace of compound 504244.

SUPPLEMENTARY FIGURE 2

Identification of C504244 as a potent inhibitor of tumor sphere formation.
Representative images of spheroids formed under each treatment condition
are shown. Compound 31 exhibited the strongest inhibitory effect.
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SUPPLEMENTARY FIGURE 3

Cytotoxicity of C504244 in normal human cells. The ICsq values of C504244
in cells were determined using cell viability assay. Huh7, SK-Hepl1, HUVEC,
HDF, WI-38, and PBMC cells were treated with C504244 at indicated dosages
for 48h, and cell viability was measured using the CCK-8 assay.

SUPPLEMENTARY FIGURE 4

C504244 functions mainly via suppressing B-catenin signaling in HCC cells.
(A) Huh7 cells were transfected with siRNA targeting B-catenin (20 nM) or
negative control, and treated with DMSO or C504244 (2 uM) for 48 hours.
GAPDH was detected as the loading control. (B) ALDH activity was
analyzed by flow cytometry, and the percentage of ALDH+ cells was
quantified. (C) Cell proliferation was assessed by cell growth curve analysis
in Huh7 cells. Cell numbers were detected every two days and monitored
until day 9 after plating. Relative cell growth was normalized to day 1. (D) Cell
migration was evaluated by wound healing assay in Huh7 cells. Images were
captured at 0- and 24-hours post-scratching. Scale bar = 100 um. All statistical
analyses were performed using Student's t-test, with significance indicated as
*p < 0.05.

SUPPLEMENTARY FIGURE 5

Canonical Wnt signaling correlates with stemness in HCC. (A) GSVA scores of
the canonical Wnt signaling pathway were compared between tumor and
adjacent liver tissue derived organoids and corresponding primary tissues. (B)
A positive correlation was observed between canonical Wnt signaling activity
and embryonic stem cell-like signatures in HCC organoids.

SUPPLEMENTARY FIGURE 6

Synergistic effects of Lenvatinib and C504244 in SK-Hepl cells. (A-C) SK-
Hepl cells treated with DMSO, Lenvatinib, C504244, or the combination of
both drugs were applied for colony formation (A), migration (B), and wound
healing (C) assays.
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Background: Cervical lesions of sarcomatoid carcinoma are very rare, and there
are still no reports of any targeted drugs applied in this rare tumor. In this report,
we document a patient with stage IVA sarcomatoid carcinoma of the cervix,
according to the FIGO staging system. The genetic testing of the patient’s tumor
tissue indicated the expression of PD-L1. This finding is significant as it suggests
that the patient may be a candidate for immunotherapy. In this manuscript, we
report a case of a patient who achieved a transient recurrence-free survival
period through combined therapy (although recurrence eventually occurred),
with a progression-free survival exceeding 13 months and an overall survival
exceeding 22 months (as of the last follow-up, the patient was receiving palliative
care only).

Case presentation: After diagnostic confirmation, the patient was administered a
first-line combination therapy consisting of pembrolizumab plus bevacizumab.
After 2 cycles of treatment, there was a marked reduction in tumor volume and
the patient did not experience any side effects. Since then, the patient has
continued to receive the regimen and the tumor has continued to shrink.
Ultimately, after 10 courses of treatment with immune checkpoint inhibitors
and anti-angiogenic drugs, the PET-CT scan showed complete disappearance of
the tumor, with no evidence of cancer throughout the body. Subsequently, the
patient continued to receive maintenance therapy with the same regimen, with
regular follow-up evaluations. No recurrence was detected until 13 months later,
when a MRI scan revealed tumor recurrence.

Conclusions: The combination of a PD-1 inhibitor with a drug that promotes
tumor vascular normalization has shown promise in treating advanced cervical
sarcomatoid carcinoma. We are the first to report the use of this combination
regimen in this rare tumor, where previously reported treatment has been with
chemotherapy agents. In addition, the level of PD-L1 expression could serve as a
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potential biomarker to predict the response to immunotherapy in patients with
advanced sarcomatoid carcinoma of the cervix. Our case highlights the efficacy
of immunotherapy in combination with anti-angiogenic targeted therapy for the
treatment of sarcomatoid carcinoma of the cervix.

sarcomatoid carcinoma, cervix, pembrolizumab, bevacizumab, PD-L1

1 Introduction

The entity of sarcomatoid carcinoma is seldom encountered in
the pathology of the uterine cervix (1, 2). Sarcomatoid carcinoma of
the cervix (SCC) has both epithelial and sarcomatoid stromal tissue
components, sarcomatoid tissue is usually dominant, squamous cell
carcinoma is the main epithelial component (3, 4). Although the
classification system of World Health Organization (WHO) for
gynecological tumors does not formally acknowledge sarcomatoid
carcinoma as a separate histological subtype of cervical cancer, it is
noteworthy that this rare malignancy has been reported in a few
case studies in the medical literature (5). These reports provide
valuable insights into the clinical presentation, management
challenges, and outcomes associated with this rare and aggressive
form of cervical cancer.

Patients typically exhibit symptoms at later stages and
experience a highly aggressive progression of the disease. Due to
the rarity of the cervical sarcomatoid carcinoma, there is no
standardized diagnostic and therapeutic protocol. The majority of
these cases are managed as squamous cell carcinoma and treated
with either surgery or radiotherapy or chemotherapy (1, 6, 7).
Although a significant therapeutic response to the initial treatment
is observed in the majority of cases, subsequent relapses tend to
occur after a short period (2, 3, 6). SCC is an exceptionally rare
malignancy, with fewer than 40 cases documented in the existing

Abbreviations: SCC, sarcomatoid carcinoma of the cervix; WHO, World Health
Organization; ICIs, immune checkpoint inhibitors; PD-L1-positive, programmed
death-ligand 1-positive; ICI, immune checkpoint inhibitor; PD-1, programmed
cell death protein 1;VEGF, vascular endothelial growth factor; MRI, magnetic
resonance imaging; FIGO, International Federation of Gynecology and
Obstetrics; HE, hematoxylin and eosin; ITHC, immunohistochemistry; CPS,
Combined Positive Score; HPD, hyperprogressive disease; MSI, microsatellite
instability; MSS, microsatellite stable; PD-L1, programmed death-ligand 1; PET-
CT, positron emission tomography/computed tomography; CT, computed
tomography; PES, progression-free survival; OS, overall survival; VEGF-A,
vascular endothelial growth factor A; VEGEFR, vascular endothelial growth
factor receptor; HPV, human papillomavirus; ALT, Alanine Aminotransferase;
AST, Aspartate Aminotransferase; SCr, Serum creatinine; FBG, Fasting Blood
Glucose; CRP, C-reactive protein; ESR, Erythrocyte Sedimentation Rate; CEA,

Carcinoembryonic Antigen.
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medical literature, resulting in a scarcity of long-term follow-up
data. Currently, the landscape of treatment for SCC is characterized
by a variety of approaches, including surgery, radiotherapy, and
chemotherapy (1). SCC generally has a poor prognosis, especially in
advanced stages. Therefore, there is an urgent need to explore new
and reliable therapeutic options. However, there is a notable
absence of a standardized therapeutic protocol, as well as a lack
of a systematic treatment plan tailored to this rare condition. SCC is
recognized for its heightened invasiveness compared to
conventional cervical carcinomas, characterized by a propensity
for rapid progression, a tendency to relapse shortly after treatment,
and a generally poor response to pre-existing therapeutic
interventions (6).

Historically, sarcomatoid carcinoma has demonstrated a lack of
sensitivity to conventional radiotherapy and chemotherapy, which
has posed significant challenges in its management (8). Given these
factors, the mainstay of treatment has centered on early diagnosis
and the complete surgical resection of the tumor (7). Despite its
sarcomatous features, sarcomatoid carcinoma retains epithelial
origins, which means that traditional chemotherapeutic agents
may still be utilized in an adjuvant capacity to complement
surgical intervention (1). However, for patients presenting with
advanced stages or those experiencing recurrence, the effectiveness
of current chemotherapy options remains limited, and no
definitively effective regimen has been reported to date. Given
these challenges, there is a pressing requirement for the
innovation of new therapeutic agents or specially designed
alternative treatment strategies.

There are currently no clinical studies to assess the combination
of immune checkpoint inhibitors (ICIs) with anti-angiogenic
therapies for the treatment of programmed death-ligand 1-
positive (PD-L1-positive) SCC. Pembrolizumab is a type of
immune checkpoint inhibitor (ICI) that functions by blocking the
programmed cell death protein 1 (PD-1) on T cells, allowing them
to recognize and attack cancer cells (9). Bevacizumab is a type of
monoclonal antibody designed to target vascular endothelial growth
factor (VEGF), a protein that is crucial for the development of blood
vessels that nourish tumors. By inhibiting VEGF, bevacizumab not
only exerts anti-angiogenic effects but also induces transient
vascular normalization in tumor vasculature, thereby limiting its
growth and spread (10). This paper reports a case study that
analyses the efficacy and safety profile of the combination
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treatment using pembrolizumab, an ICI, together with
bevacizumab, an anti-angiogenic agent, for an advanced case of
PD-L1-positive SCC.

2 Case presentation

In 2023, a 73-year-old Chinese woman with a prior HPV-DNA
test result positive for low-risk HPV type 70 presented to the
Department of Internal Medicine of Oncology and Hematology at
our hospital. She had been diagnosed with SCC at a local hospital
approximately two weeks prior. The patient was in search of
alternative treatment options, as she had declined the conventional
approaches of radiotherapy and chemotherapy. The patient was
admitted to a local hospital due to over 10 days of irregular vaginal
bleeding without an immediately identifiable cause. Then, the patient
underwent a pelvic magnetic resonance imaging (MRI) scan, which
revealed an occupying mass in the anterior lip of the cervix,
suggestive of cervical cancer, measuring 66 mm x 52.5 mm x 36
mm. The boundary with the anterior wall of the rectum and the
posterior wall of the bladder is unclear (International Federation of

10.3389/fonc.2025.1586531

Gynecology and Obstetrics (FIGO) stage IV4A) (Figure 1A). The
patient subsequently underwent a colposcopic biopsy with
hematoxylin and eosin (HE) staining and immunohistochemistry
(THC). The results of these tests were indicative of a predisposition to
sarcomatoid carcinoma, leading to the diagnosis of SCC. The
sarcomatoid component, as determined by comprehensive
histopathological evaluation, accounted for 70% of the total tumor
volume in this case (Figures 2, 3). The patient, who was not in favor of
undergoing chemotherapy and radiotherapy, decided to seek
alternative options and turned to our hospital for further assistance
and potential treatment avenues.

SCC is extremely rare and has a poor prognosis in advanced
stage patients, with no evidence of survival benefit from
radiotherapy and chemotherapy. We advised the patient to
undergo genetic testing to identify potential therapeutic targets
that could inform a more personalized treatment approach. The
genetic testing of the patient’s tumor tissue revealed the following
mutations and characteristics (1): Somatic tumor mutations:An
NRAS Q61K mutation was detected at a frequency of 6%;A
BRAF G464E mutation was identified at a frequency of 6.9%;An
ABL1 K609del mutation was identified at a frequency of 6.0%; A

FIGURE 1

(A) Initial tumor mass:MRI image showing an occupying lesion in the anterior lip of the cervix, which is considered to be sarcomatoid carcinoma of
the cervix (66mmx52.5mmx36mm). The boundary with the anterior wall of the rectum and the posterior wall of the bladder is unclear (FIGO stage
IVA). (B) Post-treatment shrinkage:The pelvic MRI results showed a significant reduction in the size of the patient's tumor

(23.2mmx17.8mmx17.0mm). MRI, magnetic resonance imaging.
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FIGURE 2

HE staining of sarcomatoid carcinoma of the cervix. (A—C), H&E stain, original magnification x400. HE staining of tumor showing a poorly
differentiated malignant tumor with marked cellular atypia. The tumor cells exhibit epithelioid and myofibroblastic patterns, with abundant cytoplasm
and prominent nucleoli. The background is mixed with granulation tissue and there is significant infiltration of inflammatory cells (Black arrows:
Epithelioid carcinoma cells; Red arrows: Myofibroblast-like tumor cells; Purple arrows: Inflammatory infiltrates).

FIGURE 3

Immunohistochemical (IHC) staining of sarcomatoid carcinoma of the cervix. (A) CK7 (positivity), original magnification x200. (B) CK5/6 (very rare
positivity), original magnification x400. (C) P63 (sparse positivity), original magnification x200. (D) P16 (positivity), original magnification x200. (E)
Vimentin (positivity), original magnification x200. (F) P40 (focal positivity), original magnification x200. (G) CK (positivity, epithelioid component),

original magnification x200. (A—F) demonstrate protein expression in the sarcomatoid component, whereas (G) shows protein expression in the

epithelioid component.
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FIGURE 4

PD-L1 IHC of the tumor tissue. (A), positive control (PD-L1-positive non-small cell lung cancer tissue), original magnification x100. (B), negative
control (PD-L1-negative non-small cell lung cancer tissue), original magnification x100. (C), PD-L1 IHC of tissue from the patient in this case report
(antibody 22C3 pharmDx), original magnification x100. (D), HE staining of tissue from the patient in this case report, original magnification x100.
Tumor Proportion Score (a TPS): 40% and Combined Positive Score (b CPS): 45. (a TPS is the percentage of living tumor cells that have partial or full
PD-L1 membrane staining, assessed in a sample of at least 100 living tumor cells. b CPS is calculated by dividing the count of PD-L1 positive cells
(such as tumor cells, lymphocytes, and macrophages) by the total tumor cell count, then multiplying the quotient by 100 to express it as a

percentage.

DNMT3A S129G mutation was identified at a frequency of 48.2%;
An EPCAM A82G mutation was identified at a frequency of 48.8%;
A PALB2 A38G mutation was identified at a frequency of 42.5% (2).
The tumor’s Combined Positive Score (CPS) for PD-L1 expression
was 45, indicating positive programmed death-ligand 1 (PD-L1)
expression (Figure 4) (3). No genes associated with
hyperprogressive disease (HPD) were found (4). No mutations
were detected in either immunotherapy-positive associated genes
(MMR-related genes, POLE, POLD1, DDR genes, KRAS, TP53) or
immunotherapy-negative associated genes (B2M, DNMT3A, JAK1/
2, ALK, ROS1, MET, VEGFA, PTEN, STK11) (5). The
microsatellite instability (MSI) testing results indicate a
microsatellite stable (MSS) status, with an MSI score of 0.0235
(values >0.4 classified as MSI-H, <0.4 as MSS). The CPS for PD-L1
expression indicates that the tumor is highly likely to be sensitive to
ICIs, which could make immunotherapy a viable treatment option.
Prior to initiating formal antitumor therapy, the patient underwent
comprehensive biochemical testing. The baseline characteristics
upon hospital admission are detailed in Table 1. As a result, the
patient was administered a combination therapy consisting of
bevacizumab (300 mg) plus pembrolizumab (200 mg) Q3W.
After 2 cycles of the therapeutic regimen, the tumor shrank
significantly, and the patient did not experience any side effects

Frontiers in Oncology

(Figure 1B). Since then, the patient has continued to receive the
regimen and the tumor has continued to shrink. Ultimately, after
completing 10 cycles of treatment with ICIs and anti-angiogenic
drugs, the positron emission tomography/computed tomography
(PET-CT) scan showed complete disappearance of the tumor, with
no evidence of residual cancer in the body(Figure 5). Considering
the patient’s advanced stage and the high malignancy of cervical
sarcomatoid carcinoma, which is highly prone to recurrence, we
continued with the original treatment plan for maintenance
therapy. During the maintenance therapy period, the patient
underwent regular follow-up evaluations without evidence of
recurrence. Treatment was maintained for 13 months until MRI
demonstrated recurrence (Figure 6). Subsequently, the patient was
transferred to the Department of Radiotherapy in our hospital and
began radiotherapy. We still conducted regular follow-ups for the
patient. Given the extremely high malignancy of this rare tumor,
although the tumor eventually recurred unfortunately, the
combination therapy initially achieved a transient recurrence-free
survival period. Moreover, no significant adverse reactions were
observed during the drug treatment. Radiotherapy was
discontinued after 3 months due to concurrent tumor progression
observed during treatment. The patient is currently receiving
palliative care only. Our data demonstrate a progression-free
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TABLE 1 Baseline characteristics of the patient.

ooy o

Demographics

Age/Sex 73-year-old, Female

Ethnicity Han Chinese

ECOG Performance Status 1

Laboratory values

HPV Status Positive

pl6 THC Positive

HPV DNA Typing Test Positive for HPV type 70 (low-risk)

Albumin 34.0 g/L (Ref:40.0-55.0)

Alanine Aminotransferase (ALT) 11.6 U/L (Ref:7.0-40.0)

Aspartate Aminotransferase (AST) 14.7 U/L (Ref:13.0-35.0)

Serum creatinine (SCr) 39.0umol/L (Ref:41-81)

Fasting Blood Glucose (FBG) 4.94 mmol/L (Ref:3.96-6.12)

C-reactive protein (CRP) 7.3 mg/L (Ref:0.0-6.0)

Erythrocyte Sedimentation Rate (ESR) 81.0 mm/h (Ref:0.0-20.0)

Carcinoembryonic Antigen (CEA) 6.2 ng/ml (Ref:0.0-5.0)

survival (PFS) exceeding 13 months and overall survival (OS)
surpassing 22 months.

Notably, among all tumor markers monitored during treatment,
only carcinoembryonic antigen (CEA) showed abnormal elevation,

FIGURE 5

10.3389/fonc.2025.1586531

while other markers remained consistently within normal ranges.
Although CEA levels were abnormally elevated during the clinical
course, the fluctuations were relatively minimal (Table 2).

3 Discussion

In our report, we detail a rare instance of SCC that was
successfully treated and achieved a clinical cure, highlighting the
effectiveness of pembrolizumab combined with bevacizumab
treatment. To our knowledge, PubMed records as of July 2025
indicate fewer than 40 reported cases of cervical sarcomatoid
carcinoma worldwide, consequently no treatment guidelines are
currently available for this malignancy (1-7, 11). Typically, the
management of the disease involves a combination of surgery,
chemotherapy, and radiation therapy, based on the stage of the
disease and the patient’s overall health status (6). At present, a
standardized treatment protocol for SCC has not been established.
In clinical practice, doctors will make professional judgments based
on the main treatment methods for cervical cancer and sarcomatoid
carcinoma. In the early stages of the disease, surgical treatment is
given priority. For locally advanced cases that are resectable, a
combination of surgery and chemoradiotherapy is used. For locally
advanced cases that are unresectable and advanced-stage lesions,
systemic drug treatment plans are adopted, with chemotherapy
drugs for cervical cancer as the mainstay. While chemotherapy is
frequently cited in the medical literature as the only class of
therapeutic drugs, the overall prognosis for patients with this rare
and aggressive form of cancer remains unfavorable (3, 6).

After 10 cycles of treatment, PET-CT results showing the complete disappearance of the tumor. PET-CT, positron emission tomography/computed

tomography.
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FIGURE 6

MRI scan performed after 13 months of combination therapy showed significant tumor recurrence.

TABLE 2 Dynamic monitoring of CEA levels.

: Tumor
Ui response
point pons
evaluation
Pre-
treatment 6.2 0.0-5.0 Diagnosed with SCC
baseline
After 2
treatment 42 0.0-5.0 PR
cycles
After 10 PET-CT showed the
treatment 5.3 0.0-5.0 complete disappearance of
cycles the tumor
After 13
< MRI detected
treatment 5.5 0.0-5.0
tumor recurrence
cycles

Final follow-
up 7.0 0.0-5.0 Bone metastasis confirmed
(22 months)
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Because sarcomatoid carcinoma appears to be insensitive to
radiotherapy and chemotherapy, and have limited therapeutic options,
patients generally have a poor prognosis and a short survival time (2, 6,
11). Sarcomatoid carcinoma, despite limited literature, is described as an
aggressive tumor with poor clinical outcome (12). The rarity of the
disease complicates the development of standardized treatment
protocols, and as such, treatment often relies on a combination of
radiotherapy, surgery, and chemotherapy, tailored to the individual
patient’s condition and disease stage (1, 6). Despite the advent of novel
treatments such as immunotherapy and targeted therapy, which have
revolutionized the management of various gynecological malignancies,
there remains a conspicuous absence of targeted drug applications
specifically for this rare tumor. This underscores the urgent need for
research and clinical trials to identify effective, personalized treatment
strategies for patients afflicted with SCC.

The PD-1 is one of the checkpoints that regulates the immune
response. The expression of PD-1 on effector T-cells and PD-L1 on
neoplastic cells enables tumor cells to evade anti-tumor immunity.
Blockade of PD-1 is an important immunotherapeutic strategy for
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cancers. Pembrolizumab is a humanized monoclonal anti-PD-1 antibody
that has been extensively investigated in numerous malignancies (9).
Actually, the tumor microenvironment is a complex and interrelated
environment, made up of various cell types such as endothelial cells,
pericytes, immune cells, fibroblasts, and extracellularmatrix (13). Cancer
cells manipulate their surrounding microenvironment by secreting
extracellular signals that trigger tumor angiogenesis, boost cancer cell
growth, and foster immune tolerance, thus evading detection by the
immune system (14). Bevacizumab functions as a monoclonal antibody
designed to target vascular endothelial growth factor A (VEGF-A),
blocking its interaction with vascular endothelial growth factor receptor
(VEGFR) and inhibiting angiogenesis, a process that supports tumor
growth. As an early therapy aimed at the tumor microenvironment,
incorporating bevacizumab into the standard treatment protocol
introduces a new therapeutic strategy and provides an effective option
for various advanced cancers that have a poor prognosis (10).

The growing availability of targeted drugs marks the advent of
personalized medicine, while bevacizumab remains a mainstay in the
treatment of various diseases. The collaboration of antiangiogenic
therapy with ICIs can result in a synergistic therapeutic advantage
(10, 14, 15). The synergistic antitumor effect of bevacizumab and
pembrolizumab is primarily mediated through multi-level
mechanisms (16). At the vascular level, VEGF blockade promotes
tumor vascular normalization, improving vascular structure and
function to facilitate immune cell infiltration (17). Regarding the
tumor immune microenvironment, vascular normalization
significantly enhances effector T cell infiltration while reducing the
accumulation of various immunosuppressive cells, thereby effectively
ameliorating the immunosuppressive state (18). On the metabolic level,
the improved hypoxic condition alleviates the acidic tumor
microenvironment and restores T cell function (19). Furthermore,
VEGF inhibition downregulates immune checkpoint molecule
expression and enhances T cell activation signaling pathways (20). A
clinical study conducted in cervical cancer has confirmed that this
combination regimen significantly improves the treatment response
rate, demonstrating promising clinical translation potential (21). The
combination therapy with pembrolizumab and bevacizumab has

10.3389/fonc.2025.1586531

shown a synergistic effect in this patient, resulting in a significant
tumor reduction without any adverse side effects. Meanwhile, anti-PD-
1 immunotherapy activates immune cells, increases the secretion of
IFN-y, reduces the amount of VEGF, and thereby promotes vascular
normalization (14). Hence, the marriage of antiangiogenic therapy with
immunotherapy can interact to enhance the treatment’s effectiveness
on tumor cells.

Considering that the tumor was not sensitive to
chemoradiotherapy, our patient in this case was in a locally advanced
stage with a high recurrence and metastasis rate, along with the patient’s
advanced age and frailty, and the positive PD-L1 expression indicated
by genetic testing, we opted for a treatment regimen similar to that used
for pulmonary sarcomatoid cancer (22). The treatment involved a
combination of pembrolizumab and bevacizumab.

The elderly female patient we admitted underwent 10 cycles of
treatment with ICIs and anti-angiogenic drugs. Miraculously, the
PET-CT scan data highlighted that the tumor had completely
vanished, with no signs of cancer found throughout her body
(Figures 5, 7). Considering the high malignancy of SCC, which is
highly prone to recurrence, we continued with the original
treatment plan for maintenance therapy.

During the maintenance therapy period, the patient received
regular follow-up evaluations, with no signs of recurrence detected.
This condition persisted until 13 months after combination therapy,
when MRI indicated tumor recurrence. (Figure 6). Since this disease is
a rare tumor with no established treatment guidelines available, we
referred to the management guidelines for cervical cancer and
consulted a radiation oncologist for evaluation (23). Considering the
patient’s advanced age and frail condition, the decision was made to
refer her to the Department of Radiotherapy for the initiation of
radiotherapy. The patient was then followed up regularly. Despite the
eventual recurrence, we still consider this case a success worthy of
reporting, as the patient achieved a PFS of over 13 months and an OS
of over 22 months with the first-line combined treatment regimen. The
success of this case suggests that for elderly and frail patients, traditional
chemotherapy and radiotherapy may pose significant risks and side
effects. In such scenarios, targeted therapy, being a relatively milder

Radiotherapy was initiated
one month after tumor
recurrence

PET-CT showed the complete
disappearance of the tumor

following 10 cycles of therapy

PFS longer than 13 months

O

Diagnosed with SCC around two Treatment with pembrolizumab
weeks later plus bevacizumab was initiated
approximately two weeks after thel
genetic test results became
available
o0—oO O —O0

Diagnosed with cervical
cancer (FIGO IVA) in 2023

0]

PR observed following
2 cycles of therapy

Final follow-up at 22
months post-
diagnosis: Bone

MRI detected tumor recurrence
following 13 months of

CPS for PD-L1 expression
was 45 (10 days post-SCC
diagnosis)

FIGURE 7
An overview of the patient’s entire treatment process.
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treatment modality, could potentially be a more suitable option for
administering the care for these individuals.

The application of targeted therapy, which is designed to
specifically attack cancer cells while sparing healthy ones, offers a
less aggressive alternative to conventional treatments. This approach
may be particularly beneficial for patients who may not tolerate the
harsher effects of chemotherapy and radiation. By honing in on the
molecular and cellular pathways that cancer cells rely on for growth
and survival, targeted therapies like pembrolizumab and
bevacizumab have shown promise in reducing tumor size and
extending survival without the severe side effects often associated
with more traditional cancer treatments.

4 Conclusion

Here we present an exceptionally rare case of SCC (initially staged
as FIGO IV4A) exhibiting both low-risk HPV70 infection and p16
overexpression. The successful treatment of our patients demonstrates
the efficacy and safety of targeted drugs applied in this rare tumor. Our
case report confirms the therapeutic effectiveness of using ICIs in
conjunction with antiangiogenic drugs to treat this PD-L1-positive and
vascular-rich advanced rare tumor, providing evidence to support the
clinical treatment of SCC. It also suggests that in rare tumors that are
not sensitive to radiotherapy and chemotherapy, it is necessary to
conduct genetic testing on tumor tissues to find effective therapeutic
targets, at least the expression of PD-L1 is very meaningful. For elderly
and frail patients with advanced tumors, blind pursuit of chemotherapy
may not necessarily benefit patients, and may even shorten the survival
period of patients. In the absence of sufficient chemotherapy evidence,
seeking targeted therapy is a good strategy.
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Despite recent therapeutic advances, the adjuvant treatment of non-small cell
lung cancer (NSCLC) remains a challenge. Reducing the risk of recurrence is still a
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adding KRAS inhibitors (KRASI) sequentially or concurrently to CT in both parental
(PR) and gemcitabine-resistant (GR) KRAS mutated NSCLC cell lines (SW1573 and
H23). We demonstrated that KRASi added to CT (both sequential and concurrent
treatment strategies) reduced cell viability in SW1573-PR and H23-PR and this
effect is less evident in GR cell lines. Interestingly, in the 3D model, the
concomitant use of KRASI+CT reduced spheroid volume in both PR and GR
spheroids. Our results indicate that KRASI enhances the efficacy of CT in both
NSCLC PR and GR cells, suggesting a potential therapeutic strategy to overcome
chemoresistance in the adjuvant setting of NSCLC.

KEYWORDS

NSCLC, KRAS mutations, chemoresistance, KRAS inhibitors (KRASi), adjuvant
chemotherapy

Introduction

Lung cancer is the leading cause of cancer-related mortality worldwide, with non-small
cell lung cancer (NSCLC) accounting for approximately 85% of all lung cancer cases (1-3).
The prognosis for NSCLC patients is often poor, even in early stages with a five-year
survival rate between 26%-60% (4). 25% of NSCLC patients are diagnosed with an early-
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stage resectable disease, and for these patients surgery remains the
primary therapeutic approach with curative intent. However,
approximately 35-60% of these patients experience disease
recurrence after surgery alone. Despite significant advancements
in treatment modalities over the past decades, the management of
post-operative NSCLC has been based on traditional chemotherapy
(CT) platinum-based regimens with nucleoside analogs (e.g.,
gemcitabine) (5). Adjuvant CT provides only a 5.4%
improvement in 5-year overall survival (OS) regardless of the
choice of platinum-based treatments (6). The discovery of
molecular alterations and oncogenic drivers in NSCLC has paved
the way for targeted therapies, offering a new paradigm in cancer
treatment. Recently, the integration of immunotherapy into the
adjuvant setting for NSCLC with programmed death-ligand 1 (PD-
L1) expression 250% (7), as well as targeted therapies for epidermal
growth factor receptor (EGFR)-mutated disease (8) and anaplastic
lymphoma kinase (ALK) fusions (9), has significantly improved
survival outcomes in patients undergoing surgical treatment.

Currently, not all oncogene alterations known to have a
therapeutic target in the metastatic setting have a treatment
counterpart in earlier settings, including the adjuvant one.
Among these, kirsten rat sarcoma viral oncogene homolog
(KRAS) gene mutations are prevalent in approximately 30% of
NSCLC cases and represent a critical therapeutic target (10-12).
The majority of these mutations results in the replacement of
glycine (G) in codon 12 with cysteine (C) (G12C), occurring in
approximately 50% of KRAS mutant tumors. KRAS G12C
mutations are strongly associated with tobacco exposure and
KRAS GI12C-mutant NSCLCs have been consistently reported to
have a higher tumor mutational burden (TMB) and a high rate of
concurrent mutations such as STK11, KEAPI, SMARCA4 and ATM
compared to NSCLCs carrying other KRAS isoforms or KRAS wild-
type (WT) (13). However, the prognostic role of KRAS mutations is
still unclear, although recent experience may suggest an unfavorable
role compared to WT disease and when mutant KRAS NSCLC are
associated with co-occurring mutations in advanced disease treated
with chemo/chemoimmunotherapy (14, 15). The demonstrated
efficacy of sotorasib and adagrasib, the first mutant-selective
covalent KRAS GI12C inhibitors (KRASi) in KRAS G12C
pretreated NSCLC, with response rates of 30-40%, led to approval
by the European Medicines Agency (EMA) and the Food and Drug
Administration (FDA), marking a breakthrough for this drug
category (16-19). However, there are currently no data on the
efficacy of KRASi in the adjuvant setting, and the few available
clinical trials are in early stages of enrollment (NAUTIKA-
1, NCT04302025).

Given the poor efficacy of traditional adjuvant CT and the
advent of KRAS-targeted therapies, there is a growing interest in
exploring combination approaches with KRASi in early settings to
enhance the therapeutic efficacy and overcome resistance
mechanisms, thereby improving clinical outcomes for NSCLC
patients. The present study investigates the potential of
combining KRASi with standard chemotherapeutic agents in both
parental (PR) and gemcitabine-resistant (GR) NSCLC cell lines. By
harnessing 2D and 3D preclinical cellular models, we aim to
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elucidate the effects of these combinations, to determine whether
the sequential or concomitant use of KRASi with CT modifies cell
viability, and thus establish their potential for advancement in the
therapeutic landscape of NSCLC.

Materials and methods
Patients

Patients with NSCLC who underwent surgery between 2019
and 2023 at the Clinical Oncology Unit of the Azienda Ospedaliero-
Universitaria Careggi in Florence in Italy were enrolled. We
collected data of patients stage II to IIIB per the Union
Internationale Contre le Cancer and American Joint Committee
on Cancer staging system (8th edition-2017) treated with adjuvant
CT. We recorded demographic characteristics, type of surgery and
adjuvant CT performed, stage, and biomolecular characteristics
when available. Finally, we collected data on relapse-free survival
(RFS) and overall survival (OS).

The study was conducted in accordance with good clinical
practice (GCP) guidelines, the ethical principles of the
Declaration of Helsinki, and regulatory requirements and local
laws. The protocol was approved by the local ethics committee
(CEAVC n.22712). All patients provided written informed consent.

Adjuvant treatment and follow-up

Patients who were able to receive cisplatin-based CT underwent
4 cycles of cisplatin 75 mg/mq or carboplatin AUC5 IV D1 Q3W
and gemcitabine 1250 mg/mq days IV D1,8 Q3W. Radiologic
evaluation was performed according to the clinical practice
schedule at baseline and then every 3 months with a whole body
CT scan.

Cell lines and culture

NSCLC cell lines (SW1573 and H23) with a KRAS G12C
mutation were kindly provided by Dr. Azucena Esparis-Ogando
(IBMCC-CIC, IBSAL, CIBERONC, Salamanca, Spain). NSCLC cell
lines were cultured in Roswell Park Memorial Institute (RPMI)-
1640 medium (Life technologies, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum, L-glutamine (2mM),
penicillin/streptomycin (50 U/ml) (Euroclone, Milan, Italy) at 37°C
and 5% CO2. To generate GR-cells, SW1573 and H23 cells were
transiently exposed to gemcitabine twice a week with increasing
concentrations of gemcitabine weekly for more than 2 months.

Drug treatments

The chemotherapeutic agents used in this study were
carboplatin, gemcitabine, pemetrexed, and paclitaxel. The KRASI

frontiersin.org


https://doi.org/10.3389/fonc.2025.1654491
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Tubita et al.

used were sotorasib and adagrasib. gemcitabine, sotorasib,
adagrasib, pemetrexed and paclitaxel were purchased from
MedChemExpress (Monmouth Junction, NJ, USA). carboplatin
was provided by the Azienda Ospedaliera Universitaria Careggi’s
galenic pharmacy (AOUGC, Firenze, Italy).

Cell viability assay

Cell viability was measured using Prestoblue " Cell Viability
reagent (Invitrogen, Waltham, MA, USA) according to the
manufacturer’s protocol. The optical density (OD) was measured
using a 560 nm excitation filter and 590 nm emission filter using the
BioTek SynergyTM H1 hybrid multi-mode microplate reader
(Agilent, CA, USA). Half-maximal inhibitory concentration (ICs)
values were derived by a sigmoidal dose-response (variable slope)
curve fitted using a four-parameter logistic regression model (log
(inhibitor) vs. normalized response Variable slope (four
parameters)) as described in the software documentation of
Graph Pad Prism v6.0.

Analysis of cell cycle

A total of 150-000 cells/well were seeded in 6-multiwell plates.
After medium removal, 500 pl of solution containing 50 ug/mL
propidium iodide, 0.1% w/v trisodium citrate and 0.1% NP40 was
added. Samples were then incubated for 1 hour at 4°C in the dark
and nuclei analyzed with FACSCanto flow cytometer (Becton
Dickinson, Franklin Lakes, New Jersey, USA).

Cell lysis and western blotting

Total cell lysates were obtained using Laemmli buffer (62.5 mM
Tris-HCI-pH 6.8, 10% glycerol, 0.005% bromophenol blue, SDS 2%).
Culture plates were placed on ice and cell monolayers were rapidly
washed three times with ice-cold PBS containing 100 mM
orthovanadate (Merck Millipore, Billerica, MA, USA). Cells were
lysed by scraping in Laemmli buffer and incubating at 95°C for 10
min. Lysates were then clarified by centrifugation (13000 rpm for 10
min at room temperature). Proteins were separated on Bolt BisTris
Plus gels 4-12% precast polyacrylamide gels (Life Technologies,
Monza, Italy). Then, proteins were transferred from the gel to a
polyvinylidene difluoride (PVDF) membrane using the iBlot 2 System
(Thermo Fischer Scientific, Milan, Italy). Blots were blocked for 5 min,
at room temperature, with the EveryBlot Blocking Buffer (BioRad,
Hercules, CA, USA). Subsequently, the membrane was probed at 4°C
overnight with primary antibodies diluted in a solution of 1:1
Immobilon® Block-FL/T-PBS buffer (Merck Millipore, Billerica,
MA, USA). The primary antibodies were as follows: Rabbit anti-
p21Wafl/Cipl, rabbit anti-pRb-S807/811, mouse anti-Vinculin,
rabbit anti-pERK1/2-T202/Y204, rabbit anti-pAKT-S473, rabbit
anti-Beclin-1, rabbit anti-E-Cadherin, rabbit anti-Actin, mouse anti-
P21, rabbit anti-cleaved-caspase 3, mouse anti-PCNA (1:1000, Cell
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Signaling Technology, Danvers, MA, USA), mouse anti-N-Cadherin
(1:1000, DAKO Agilent, Milan, Italy), rabbit anti-CyclinB, mouse
anti-CyclinD1 and mouse anti-Tubulin (1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The membrane was washed
in T-PBS buffer, incubated for 1 h with goat anti-rabbit IgG Alexa
Fluor 750 antibody (1:30000) or with goat anti-mouse IgG Alexa Fluor
680 antibody (1:30000; Invitrogen, Monza, Italy), and then visualized
at the Odyssey Infrared Imaging System (LI-COR Bioscience, Lincoln,
NE, USA). Mouse anti-Vinculin or rabbit anti-Actin antibodies were
used to assess an equal amount of protein loaded in each lane.

Spheroid formation assay

SW1573-PR/GR and H23-PR/GR cells were seeded in RPMI
10% FBS in 96-well plate (2000 cells/well) precoated with 1.5%
agarose (Condalab, Madrid, Spain) in water. After 72 hours, photos
of time 0 were taken and spheroids were left untreated (CTRL) or
treated with drugs. Photos were taken after 3 and 7 days of
treatment by using Leica DMI1 Inverted Microscope (Leica,
Wetzlar, Germany) and the volume of SW1573-PR/GR or H23-
PR/GR spheroids was quantified with Image] [Volume = 0.5*L*W2,
L=length (major axis) W=width (minor axis)].

RNA extraction and bulkRNAseq

Total RNA was extracted from NSCLC cell lines using the
RNeasy Mini kit (Qiagen, Manchester, UK). The quantity and the
quality of RNA were evaluated using a Nanodrop spectrophotometer
(Thermo Fischer Scientific, Milan, Italy). RNA-seq was performed by
Novogene using the Novaseq PE150 pipeline.

Transcriptomic analysis

Raw sequencing data were assessed for quality. Reads were
trimmed and aligned to the GRCh38 reference genome using
HISAT2 (20). Alignment files were converted, sorted, and
indexed using Samtools (21). Gene-level expression was
quantified with featureCounts (22) and raw counts were loaded in
an R environment. Differential expression analysis (DEA) was
performed on raw counts using DESeq2 (23). Gene Set
Enrichment Analysis (GSEA) was performed on the DEA results
sorted by the Wald statistic using clusterProfiler (24). Pathways’
gene expression scores were calculated on normalized, log-scaled
and variance-stabilized counts as the average expression of the
pathway genes. P-values were corrected for multiple testing when
necessary using the BH method.

Statistical analysis

Cell viability and spheroid volumes are reported as mean + SD
of values obtained from at least three independent experiments.
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Clinical data are reported as absolute numbers and percentages. P
values were calculated using the appropriate statistical test based on
the distribution of the data and multiple testing corrections were
applied when necessary using the Bonferroni method. Survival data
were reported using the Kaplan-Meier estimator and comparison of
survival times between groups were performed using a log-rank test.

Results
Population characteristics and survivorship

We identified a total of 47 patients with NSCLC who received
adjuvant platinum- and gemcitabine-based CT (Table 1). 57.4%
(n=27) of patients were aged 70 years or younger, and 74.5% (n=35)
were male. Surgery consisted of lobectomy in 78.7% (n=37) and
included lymphadenectomy in almost all cases (95.7%; n=45).
Histological examination revealed that 91.5% (n=43) were
adenocarcinomas, while the remaining 8.5% (n=4) were
squamous cell carcinomas. The most common stages were IIB
(57.4%; n=27) and IITA (31.9%; n=15). 53.2% of patients had PD-
L1 greater than or equal to 1 and 44.7% (n=21) had KRAS
mutations. The most common KRAS mutations were G12C
(42.9%; n=9), G12V (19%; n=4) and GI2A (14.3%; n=3). 51.1%
of patients (n=24) experienced a recurrence, which involved lung in
50% of cases (n=12), lymph nodes in 33.3% (n=8), and the central
nervous system (CNS) in 16.7% (n=4).

Comparing the two subgroups of KRAS mutated and KRAS WT
patients for demographic and disease characteristics, we found that
WT patients are more likely to be female (83.4%; n=10, Fisher’s Exact
Test p=0.042), stage IIB (59.3%; n=16) or IIIA (53.4%; n=8, p=0.806),
and are PD-L1 <1% (68.2%; n=15, p=0.171). In contrast, the KRAS
mutated subgroup has a similar distribution of male and stage of
disease presentation, but is more likely to be PD-L1 21% (56%; n=14).
Moreover, although not statistically significant (p=0.054), WT
patients are more likely to have positive lymph nodes pN1 (80%;
n=12) and pN2 (53.9%; n=7) than mutated patients pN1 (20%; n=3)
and pN2 (46.1%; n=6). Finally, both groups have the same probability
of recurrence with a higher incidence of CNS metastases in the WT
subgroup (75%; n=3) (p=0,59).

To define the predictive and prognostic value of KRAS
mutations, we compared the mutated and WT patient
populations of our cohort for RFS and OS. Although they did not
reach statistical significance, we observed a slight trend in favor of
the WT subgroup with median RFS (mRFS) of 31.99 months (95%
CI: 16.34-NA) compared to 25.84 months (95% CI: 10.16-NA) of
the mutated group (p=0.23). Similarly, OS also tends to favor the
WT population over the mutated population (mOS 44.38 months
95% CI: 28.93-NA vs. 41.82 months 95% CI: 41.46-NA, p=0.21)
(Figure 1A). Finally, within the subgroup of patients with KRAS
mutations, we evaluated the RFS and OS of G12C compared to the
other mutations, showing a non-statistically significant advantage
for both endpoints. In particular, mRFS was 26.5 months (95% CI:
6.02-NA) for G12C compared to 10.78 months (95% CI: 10.78-NA)
for the others (p=0.47). For the G12C mutation, mOS was not
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reached (95% CI: 28.93-NA), while it was 34.78 months (95% CI:
21.73-NA) for the remaining mutations (p=0.25; Figure 1B).

Enhanced efficacy of carboplatin and
gemcitabine combined with KRASI in
reducing viability in KRAS-mutated NSCLC
cell lines

To define the optimal combination of chemotherapeutic agents,
among those commonly used in NSCLC in adjuvant settings, that
are capable of maximizing sensitivity to KRASi treatment, we
developed two experimental protocols: one based on sequential
treatments and the other based on concurrent treatments.
Chemosensitivity was quantified as the ICs, value, representing
the drug concentration required to achieve a 50% reduction in cell
viability. The ICs, values for chemotherapeutic agents and KRASi
(sotorasib or adagrasib) were derived from dose-response curves
(Table 2; Supplementary Figure S1). Of note, SW1573 cell line has
been reported to be more resistant to sotorasib compared to the
H23 cell line (25). In general, with the exception of gemcitabine, our
experiments demonstrate that the SW1573 cells exhibit significantly
higher ICs, values for all other drugs tested, highlighting their
increased resistance profile. Using the sequential treatment scheme
(Figure 2A), KRAS-G12C-mutated NSCLC cell lines (SW1573 and
H23) were seeded and after 24 hours were treated with a
combination of chemotherapeutics, including gemcitabine (IC50
H23: 3.3nM-SW1573: 4nM) plus carboplatin (IC50 H23: 30uM-
SW1573: 64uM) (Gem+Carbo), pemetrexed (IC50 H23: 2.3nM-
SW1573: 37uM) plus carboplatin (Peme+Carbo), and paclitaxel
(IC50 H23: 134uM-SW1573: 245uM) plus carboplatin (Pacli
+Carbo), for 48 hours at their ICs,. Control cells (CTRL) were
maintained without any chemotherapeutic agents or KRAS:i for 72
hours. After 48 hours of treatment, the chemotherapeutics were
removed, and the cells were subsequently exposed to KRASi
(sotorasib or adagrasib; IC50 sotorasib H23: 540nM-SW1573:
65uM; IC50 adagrasib H23: 200nM-SW1573: 4uM) for an
additional 24 hours at their 1Csy,.

The results were expressed as the percentage change in cell
viability (A%) relative to the control or between the indicated
samples. Significant differences were observed in cell viability
across different treatment groups, with variations between the
responses of SW1573 and H23 cell lines. Importantly, although
the Gem+Carbo condition did not achieve the highest percentage of
growth inhibition among all tested chemotherapeutic combinations
as compared to untreated cells (SW1573: Gem+Carbo A=61% vs
Peme+Carbo A=58% and Pacli+Carbo A=72%; H23: Gem+Carbo
A=65% vs Peme+Carbo A=58% and Pacli+Carbo A=72%), it proved
to be the most effective combination respect to the other combined
treatments in sensitizing SW1573 and H23 cells to sotorasib
(A=49% and A=29%, respectively compared to Gem+Carbo-
treated cells) and adagrasib (A=72% and A=40%, respectively
compared to Gem+Carbo-treated cells) (Figure 2B).

For the experimental design in which treatments were
administered concurrently, firstly we tested the best combination of
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TABLE 1 Patient clinical, and molecular characteristics stratified by KRAS mutation status.
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mut (n=21)
<70 27 (57.4%) 12 (44.4%) 15 (55.6%)
Age
>70 20 (42.6%) 9 (45%) 11 (55%) 1
F 12 (25.5%) 2 (16.6%) 10 (83.4%)
Gender
M 35 (74.5%) 19 (54.3%) 16 (45.7%) 0.042
NO 2 (4.3%) 2 (100%) 0 (0%)
Lymphadenectomy
YES 45 (95.7%) 19 (42.2%) 26 (57.8%) 0.194
Lobectomy 37 (78.7%) 13 (35.1%) 24 (64.9%)
Pyramidotomy 1(2.1%) 1 (100%) 0 (0%)
Resection type Pneumonectomy 2 (4.3%) 2 (100%) 0 (0%)
Atypical resection 3 (6.4%) 2 (66.6%) 1 (33.4%)
Segmentectomy 4 (8.5%) 3 (75%) 1(25%) 0.071
Squamous cell carcinoma 4 (8.5%) 1 (25%) 3 (75%)
Histology
Adenocarcinoma 43 (91.5%) 20 (46.5%) 23 (53.5%) 0.617
pT1 9 (19.1%) 2 (22.2%) 7 (77.8%)
pT2 14 (29.8%) 6 (42.8%) 8 (57.2%)
pT
pT3 19 (40.4%) 10 (47.6%) 9 (52.4%)
pT4 5 (10.6%) 3 (60%) 2 (40%) 0.443
pNO 17 (36.2%) 10 (58.8%) 7 (41.2%)
pN1 15 (31.9%) 3 (20%) 12 (80%)
pN
pN2 13 (27.7%) 6 (46.1%) 7 (53.9%)
pNx 2 (4.3%) 2 (100%) 0 (0%) 0.054
pM pMoO 47 (100%) 21 (44.7%) 26 (55.3%)
1A 1(2.1%) 1 (100%) 0 (0%)
B 27 (57.4%) 11 (40.7%) 16 (59.3%)
Stage
IITA 15 (31.9%) 7 (46.7%) 8 (53.3%)
I11B 4 (8.5%) 2 (50%) 2 (50%) 0.806
<1% 22 (46.8%) 7 (33.3%) 15 (57.7%)
PD-L1
>1% 25 (53.2%) 14 (66.7%) 11 (42.3%) 0.171
mut 21 (44.7%) 21 (100%) 0 (0%)
KRAS status
wt 26 (55.3%) 0 (0%) 26 (100%)
Adjuvant therapy plat + gem 47 (100%) 21 (44.7%) 26 (55.3%)
NO 23 (48.9%) 9 (39.1%) 14 (60.9%)
First line therapy
YES 24 (51.1%) 12 (50%) 12 (50%) 0.649
Distance 10 (41.7%) 5 (50%) 5 (50%)
Local 13 (54.2%) 7 (53.9%) 6 (46.1%)
Relapse site
Both 1 (4.2%) 0 (0%) 1 (100%)
NA 23 9 14 1
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TABLE 1 Continued
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KRAS
P-value
mut (n=21) wt (n=26)
NO 20 (83.3%) 11 (55%) 9 (45%)
Metastasis CNS YES 4 (16.7%) 1 (25%) 3 (75%)
NA 23 9 14 0.59
NO 16 (66.7%) 8 (50%) 8 (50%)
Nodal metastasis YES 8 (33.3%) 4 (50%) 4 (50%)
NA 23 9 14 1
NO 12 (50%) 4 (33.3%) 8 (66.7%)
Lung metastasis YES 12 (50%) 8 (66.7%) 4 (33.3%)
NA 23 9 14 0.22
NO 21 (87.5%) 10 (47.6%) 11 (52.4%)
Bone metastasis YES 3 (12.5%) 2 (66.7%) 1 (33.3%)
NA 23 9 14 1
NO 18 (75%) 10 (55.5%) 8 (45.5%)
Other metastasis YES 6 (25%) 2 (33.3%) 4 (66.7%)
NA 23 9 14 0.64
GI12A 3 (14.3%)
G12C 9 (42.9%)
G12D 1 (4.8%)
KRAS mutation types G12S 1 (4.8%)
G12V 4 (19%)
Q61L 1 (4.8%)
UNK 2 (9.5%)

The table summarizes the distribution of age, gender, surgical procedures, histological subtypes, tumor staging (pT, pN, pM, and overall stage), PD-L1 expression, and KRAS mutation details.
Statistical analyses, including p-values by Fisher’s Exact Test, are provided to indicate significant differences between KRAS-mut and KRAS-wt groups. Additional columns report treatment
modalities, metastasis locations, and KRAS mutation types. Abbreviations: CNS, Central nervous system; UNK, Unknown.

The bold values were those significant in the table.

chemotherapeutic agents (Gem+Carbo) and KRASi at the IC,5 or at
the ICs, concentrations for 72 hours in SW1573 and H23 cell lines
(Supplementary Figure S2). Importantly, using this experimental
design at the IC,5 concentrations, for the Gem+Carbo treatment we
achieved a similar reduction in cell viability, comparable to the
sequential treatment scheme, at least in the H23 cell line.
Specifically, in H23 cells the viability reduction due to gem+carbo
combined treatment was substantial (A = 65%), while in SW1573 cells,
the decrease was more moderate (A = 46%). A higher decrease was
obtained when the chemotherapeutic agents and KRASi were
administered together at the ICsp, and with a smaller, but
significant, reduction when the drugs were administered at the ICys
for 72 hours in both cell lines (Supplementary Figure S2).

In view of these results, we decided to use the best
chemotherapeutic combination Gem+Carbo at the IC,5 combined
with KRASI at the ICs, for 72 hours in both cell lines (Figure 2C)
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since we obtained similar effects when the chemotherapeutic agents
and KRASi were administered together (SW1573: Gem+Carbo
+Soto A=82% and Gem+Carbo+Ada A=77%; H23: Gem+Carbo
+Soto A=72% and Gem+Carbo+Ada A=67%), while reducing the
toxicity of chemotherapeutic agents. As expected, the
administration of Gem+Carbo (this combination will be indicated
as “CI” from here on) induced a slighter reduction of cell viability
compared to the previous experiment (SW1573: CI A=47%; H23: CI
A=48%), but determined a robust decrease of cell viability when
used in combination with KRASi in SW1573 and H23 NSCLC cell
lines (SW1573: Cl+sotorasib A=66%, Cl+adagrasib A=56%; H23: CI
+sotorasib A=46% Cl+adagrasib A=36%; compared to CI alone.
Figure 2D). Thus, the combination of Gem+Carbo effectively
enhances the sensitivity of KRAS-G12C-mutated NSCLC cell
lines to KRASi, with both sequential and concurrent treatment
strategies, achieving significant reductions in cell viability.
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Kaplan-Meier analysis of RFS and OS depending on the status of KRAS in 47 NSCLC patients (WT: n=26; mutated: n=21). (A) RFS and OS curves of
patients with WT and mutated KRAS (KRAS mutations: G12C, G12A, G12D, G12S, G12V, Q61L). (B) RFS and OS curves of patients with KRASG12C
mutation (n=9) and KRAS mutated in other isoforms (i.e., G12A, G12D, G12S, G12V, Q61L; n=12). P values were calculated with a log-rank test.

TABLE 2 ICsq values for chemotherapeutic agents and KRAS inhibitors
in NSCLC cell lines.

SW1573 (uM) H23 (M)

Carboplatin 64h4.4 30+6
Gemcitabine 0.004 + 0.0006 0.0033 + 0.00025
Sotorasib 65+ 4.9 0.540 £ 0.014
Adagrasib 4+05 0.200 + 0.015
Pemetrexed 37 £ 0.6 0.0023 + 0.003
Paclitaxel 245+ 7.2 134 + 0.021

Effect of chemotherapeutic agents and
KRASI on spheroid volume reduction in
parental KRAS mutated cell lines

Three-dimensional tumor spheroids grown in vitro are
extensively utilized as 3D cell culture models for anticancer drug
evaluation because they closely mimic the physiological conditions
of tumor tissue compared to 2D models (26). SW1573 and H23
spheroids were generated following this procedure: firstly cells were
seeded to allow the formation of spheroids and after 72 hours,
photos of time 0 (T0) were taken and spheroids were then treated
with drugs or left untreated (CTRL). Photos were taken after 3 and 7
days of treatment and the volume of SW1573 or H23 spheroids was
quantified (Figure 3A). We used SW1573 and H23 spheroids to test
whether using the combination of CI and the KRASi adagrasib,
which has demonstrated greater efficiency in reducing cell viability
compared to sotorasib (Figure 2), at the ICs, concentrations leads to
a similar response with respect to 2D models. At 3 days, the
combination of CI and adagrasib showed a reduction between
45% and 65% in SW1573 spheroid volumes and a reduction
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between 30% and 63% in H23 spheroid volumes compared to the
respective single-agent treatments or CI (Figure 3B). At 7 days, the
effect was maintained (Figures 3C, D).

These findings confirm the data obtained from the 2D assay,
and further demonstrate that the Cl+adagrasib combination
exhibits superior efficacy even when the cells are cultured in a
3D model.

Generation and characterization of
gemcitabine resistant cells

Our experiments showed that gemcitabine is the most
promising platinum partner in SW1573 and H23 cell lines
inhibition, especially in sensitizing NSCLC cells to treatment with
KRASi (Figure 2B). Notably, tumor cells often develop multidrug
resistance after CT; therefore, to investigate the impact of acquired
resistance to gemcitabine to the efficacy of KRASi, we generated
NSCLC cell lines (SW1573 and H23) resistant to gemcitabine by
chronic and repeated exposure to increasing gemcitabine
concentrations (Figure 4A). We observed evident morphological
differences between parental (PR) and resistant (GR) NSCLC cells.
The SW1573-GR cells acquired a long spindle shape compared to
the round shape of the PR cells. Furthermore, the SW1573-GR
show a larger volume compared to PR cells. The H23-GR cells have
developed pseudopodia and these are also larger than the PR
counterpart (Figure 4B). GR cells were validated using cell
viability assay, comparing PR and GR cell proliferation after a
72h of gemcitabine treatment. Compared to parental cells, H23-GR
and SW1573-GR cells showed a slight decrease in cell viability upon
treatment with increasing doses of gemcitabine (Figure 4C). To
investigate the impact of gemcitabine resistance on cell
proliferation, we performed a cell cycle analysis. In the H23-GR
cell line, we observed a slight increase in the proportion of cells in
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FIGURE 2

Chemotherapeutic agents sensitized NSCLC cells to KRASi in 2D cell viability assay. (A) The cartoon indicates the sequential treatment schedule used for
the cell viability assay. Initially the cells were seeded and after 24 hours they were treated with chemotherapeutic (CT) agents for 48 hours at their ICsq.
After this amount of time, these agents were removed and a KRAS inhibitor was administered for additional 24 hours at their ICsq. (B) Cell viability assay
was performed in SW1573 or H23 cells treated with combination of chemotherapeutic agents (gemcitabine+carboplatin or pemetrexed+carboplatin or
paclitaxel+carboplatin) and KRASI (sotorasib or adagrasib) following the time schedule reported in (A). Data shown are mean + SD from three
independent experiments. *P < 0.05; **P < 0.01 refer to differences vs untreated cells (CTRL) as determined by Student t test; #P < 0.05; ##P < 0.01
refer to differences between the indicated samples as determined using one-way ANOVA. A indicates the percentage change in cell viability relative to
CTRL cells or between the indicated samples. (C) The cartoon indicated the concomitant treatment schedule used for the cell viability assay. Initially the
cells were seeded and after 24 hours they were treated with a combination of Gem+Carbo (Cl) at their IC,5 and KRASi at their ICsq for 72 hours. (D) Cell
viability assay was performed in SW1573 or H23 cells treated with combination of chemotherapeutic agents Gem+Carbo and KRASi adagrasib following
the schedule reported in (C) Data shown are mean + SD from three independent experiments. **P < 0.01 refer to differences with respect to control
(CTRL) as determined by Student t test; ##P < 0.01 refer to differences between the indicated samples as determined using one-way ANOVA. A
indicates the percentage change in cell viability relative to the control (CTRL) or between the indicated samples

the GO/G1 phase, and consequently a reduction in the S and G2/M
phases, with respect to H23-PR. Consistently, in the H23-GR cell
line we observed reduced levels of pRB, cyclin D1 and B1. We also
found an increased expression of the cyclin-dependent kinase
inhibitor (CDKi) p21, confirming the slight slowdown of the cell
cycle in the gemcitabine-resistant cell line (Figure 4D). Then, we
performed a comprehensive analysis of differentially expressed
genes (DEGs) and KEGG pathway enrichment in H23 cell lines,
including both PR and GR variants, under two conditions:
untreated and treated with gemcitabine. This dual comparison
enabled us to identify specific genes and pathways associated with
the development and maintenance of gemcitabine resistance. By
analyzing RNA-seq data from H23-PR and -GR cells in untreated
and treated conditions, we identified 166 upregulated and 268
downregulated genes in untreated GR vs. PR cells, while 196
upregulated and 326 downregulated genes were observed in
treated GR vs. PR cells ([log2FC| > 1; p-value < 0.05). These
DEGs are visualized in volcano plots (Figure 4E). The top 10
genes that were consistently up-regulated in both untreated and
treated GR cells were SLC4A4, TNFSF15, IGFBP3, ZNF711, CD36,
CHRNAY, PLXDC2, GALNT13, PLCH1, UBE2QL1. While the top
10 genes that were consistently down-regulated in both untreated
and treated GR cells were MYCN, SFRP5, DOK5, CRTACI,
TRPA1, CSMD2, GOLGA7B, RGS6, CYP24A1, TMEM179. To
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explore the functional implications of these transcriptional
changes, we conducted a KEGG pathway analysis, identifying key
pathways involved in mechanisms driving or contributing to drug
resistance in both treated and untreated conditions (Figure 4F). In
both conditions, the most enriched pathways are largely centered
around protein synthesis (ribosome biogenesis, ribosome, RNA
polymerase), RNA processing (splicecosome, mRNA surveillance),
DNA metabolism (DNA replication, chromatin remodeling) and
cell cycle regulation (Figure 4F). This upregulation shifts towards
enhanced transcriptional and translational machinery, which may
support an adaptation of resistant cells to survive DNA damage
caused by gemcitabine. To delve deeper and to identify the main
pathways involved in the mechanism of resistance to gemcitabine,
we performed a gene set enrichment analysis on Gene Ontology
pathways comparing H23-PR- and H23-GR-cells. This allowed us
to identify multiple cellular pathways associated with gemcitabine
resistance, including autophagy, PI3K/AKT signaling, epithelial-
mesenchymal transition (EMT), and hypoxia response (Figure 4G).
To confirm these findings at protein level, we performed Western
blot analysis. In the H23-GR cell line, we observed a decrease in E-
cadherin expression and an increase in N-cadherin expression, a
common characteristic of EMT. Additionally, this resistant cell line
exhibited an increase in Beclin-1, a marker of autophagy, as well as
enhanced AKT phosphorylation, accompanied by a decrease in
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FIGURE 3

Chemotherapeutic agents sensitized NSCLC cells to KRASi adagrasib in a 3D spheroids model. (A) The cartoon indicated the treatment schedule
used for the spheroid assay. Initially the cells were seeded and we waited 72 hours for spheroid formation. Then after this time, photos of time 0
were taken and spheroids were treated with chemotherapeutic agents or KRASi at their IC50. After that, photos were taken also after 3 and 7 days
and spheroid volume was quantified each time. (B) SW1573 or H23 spheroids were treated with different combinations of chemotherapeutic agents
and KRASI adagrasib at their ICsq for 3 days. (C) SW1573 or H23 spheroids were treated with different combinations of chemotherapeutic agents and
KRASi adagrasib at their ICsq for 7 days. Graphs (A, B) show the quantification of spheroid volumes + SD at different time points (3 and 7 days)
normalized for the time point 0 (n = 3 independent experiments). (D) Representative images of spheroids taken at day 3 and 7 are shown. *P < 0.05;
**P < 0.01 refer to differences with respect to control (CTRL) as determined by Student t test; #P < 0.05; ##P < 0.01 refer to differences between
the indicated samples as determined using one-way ANOVA. Scale bar: 400 um.

ERK1/2 phosphorylation (Figure 4G). Moreover, we observed that
combined treatments of CI and Cl+adagrasib result in modulation
of the pERK1/2 pathway. Regarding AKT phosphorylation, which is
more active in the gemcitabine-resistant cell line, was not
modulated by the combined treatments (Supplementary Figure
S3A). Given all of that, these findings suggest that gemcitabine
resistance is associated with adaptive mechanisms that promote cell
survival and therapy resistance.

Effect of chemotherapeutic agents and
adagrasib on GR NSCLC cells

Next, we evaluated whether NSCLC cells, with different
gemcitabine sensitivities (PR and GR), exhibit a different response
to KRASi adagrasib. Firstly, we used SW1573-GR and H23-GR to
assess cell viability after a 72 h treatment using CI at IC,5 and KRASi
adagrasib at ICs; (values determined in parental cell lines, see Table 2),
following the same experimental schedule of Figure 2C (Figure 5A).
While both GR cell lines showed resistance to gemcitabine as
expected, the combination of Cl+adagrasib was more effective
respect to CI treatment alone and more significant accentuated in
SW1573-GR (A=45%) compared to H23-GR (A=36%; Figure 5B).
Importantly we observed a significant reduction in cell viability of PR
and GR cell lines with the combination of CI and adagrasib although
this effect is less evident in GR cell lines (SW1573GR vs PR: Gem
+Carbo+Ada A=42%; H23GR vs PR: Gem+Carbo+Ada A=53%)

Frontiers in Oncology

118

(Figure 5C). To investigate the mechanisms underlying the
reduction in cell viability, we observed a modulation of the Cleaved-
Caspase-3 in the PR cell line following treatment with Gem+Carbo, as
well as with the triple combination of CI+KRAS inhibitor.
Interestingly, a similar modulation was also detected in the GR cell
line, although to a lesser extent, suggesting a differential apoptotic
response between the two models. We also evaluated the expression of
additional proliferation- and cell cycle-related markers, including
PCNA and p21. We observed a reduction in PCNA signal following
treatment with Adagrasib alone and in combination with Gem+Carbo
in both cell lines, indicating decreased proliferative activity.
Additionally, p21 expression was upregulated upon treatment with
Gem-+Carbo, both in the presence and absence of the KRAS inhibitor,
indicating activation of cell cycle arrest mechanisms. Notably, the
increase was more pronounced in GR cell line compared to their
parental counterparts, especially with CI+Adagrasib combination
treatment, as confirmed by densitometric analysis (Figure 5D).
These findings support the impact of the treatments on both
apoptotic and proliferative pathways.

Effect of chemotherapeutic agents and
adagrasib on spheroid volume reduction of
GR NSCLC cell lines

Then, we studied the effect of combination therapies with CI
and adagrasib to inhibit viability in GR NSCLC tumor spheroids
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Characterization of gemcitabine resistance NSCLC cells (A) Schematic representing the generation of gemcitabine-resistant (GR) NSCLC cells from
parental NSCLC cells, using incrementally increasing concentrations of gemcitabine in culture over time. (B) Representative images of PR and GR
NSCLC cells. Cells were grown to 50% confluency and then photographed under 10x magnification. (C) Determination of cell viability for
gemcitabine in PR and GR SW1573 and H23 NSCLC cells. Cells were treated with gemcitabine at the indicated concentrations for 72 h and viability
was determined. Data were normalized to control and presented as mean + SD from three independent experiments. *P < 0.05; **P < 0.01 refers to
differences with respect to control (CTRL) as determined by Student t test. (D) Cell cycle phase distribution plots and values (tables) of GR NSCLC
cells and of PR NSCLC cells (H23). Cells were analyzed after 48 h from cell seeding. Data shown are mean + SD from three independent
experiments. *p < 0.05 as determined by Student's t-test (left). Immunoblot showing the expression or phosphorylation status of cell cycle
regulators in H23-PR and H23-GR cells cultured for 48h (right). Actin was used as a loading control. (E) Volcano plot of differentially expressed
genes (DEG) between H23-PR and H23-GR cells. H23-PR and H23-GR cells were treated with gemcitabine for 72 hours. Data are from three
independent experiments. (F) KEGG pathways Gene Set Enrichment analysis of the DEGs between H23-PR and H23-GR cells. Only the ten most
significantly upregulated pathways in H23-GR cells are shown. NES: Normalized Enrichment Score. (G) Differences in the expression of gemcitabine
resistance-associated pathways in H23-PR and H23-GR cells (left). GES: Gene Expression Score. P-values have been computed with a Wilcoxon
rank-sum test. Immunoblot showing the expression or phosphorylation status of resistance markers in H23-PR and H23-GR cells cultured for 72h

(right). Actin was used as loading control.

using the same experimental schedule of Figure 3A (Figure 6A).
Importantly, the spheroids generated from H23 PR and GR cells
exhibit the same volume at all time points, whereas the spheroids
derived from SW1573 PR and GR cells show a significant difference
at 7 days (Figure 6B). As shown in Figures 6C, D, we observed a
substantial and significant reduction in spheroid volume with
different treatments in both cell lines (Figures 6C, D). At 3 days,
the combination of CI and adagrasib led to reductions in spheroid
volumes ranging from 8% to 61% for SW1573 and from 22% to 70%
for H23 when compared to the corresponding single-agent
treatments or CI alone (Supplementary Figure S3B, Figure 6C).
By 7 days, these effects became more pronounced, with the SW1573
cell line showing a marked response to combination therapy,
achieving up to an 89% reduction in spheroid volume, while the
H23 cell line demonstrated a maximum reduction of 75% under
similar conditions (Figure 6D).

Finally, at 7 days in GR spheroids the percentages of inhibition
(4) of the combined treatment Cl+adagrasib were the same as the
parental type 3D models and the reduction of the volumes were
similar with respect to parental cells (Supplementary Figure S3C).
These findings are crucial as they provide evidence that the CI
+adagrasib combination is effective also in resistant cells.
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Discussion

Adjuvant CT in NSCLC has a limited impact on survival, and
for decades has been the only treatment available for stage II and III
patients undergoing radical surgery. This lack of benefit is notable
for EGFR mutations and ALK fusions, for which it has recently
introduced targeted agents into clinical practice with significant
survival benefits over CT alone (8, 9). However, with the exception
of the mutations listed above, therapies for other known targets in
the metastatic setting are not currently available in NSCLC early
stages, including KRAS.

KRAS is one of the isoforms, along with HRAS and NRAS, that
belong to the RAS oncogene family. KRAS is the most frequently
mutated and is found in approximately 15-20% of patients with
NSCLC (27). The KRAS protein has a characteristic action,
depending on a GTP-GDP mechanism, it oscillates between an
active phase “ON” and an inactive phase “OFF”, allowing signal
transduction to promote various cellular processes such as
differentiation, growth, chemotaxis and apoptosis. This particular
activation mechanism gathers the absence of well-defined
hydrophobic pockets on the surface, picomolar affinity of GTP
and GDP making mutations in KRAS difficult targets (28) as proved
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FIGURE 5

Chemotherapeutic agents sensitized gemcitabine resistant NSCLC cells to KRASi adagrasib in 2D cell viability assay. (A) The cartoon indicated the
treatment schedule used for the cell viability assay. Initially the cells were seeded and after 24 hours they were treated with a combination of

chemotherapeutic agents at their IC,s and KRASI at their ICsq for 72 hours.

(B) Cell viability assay was performed in SW1573 or H23 cells treated with

combination of chemotherapeutic agents gemcitabine and carboplatin and KRASi adagrasib following the time schedule of Figure 2C. Data shown

are mean + SD from three independent experiments. *P < 0.05; **P < 0.01

refer to differences with respect to control (CTRL) as determined by

Student t test; #P < 0.05; ##P < 0.01 refer to differences between the indicated samples as determined using one-way ANOVA. A indicates the
percentage change in cell viability relative to the control (CTRL) or between the indicated samples. (C) Determination of cell viability for gemcitabine
comparing parental and GR SW1573 and H23 NSCLC cells. Cells were treated as indicated in Figure 4B. Data were normalized to control and
presented as mean + SD from three independent experiments. *P < 0.05; **P < 0.01 refers to differences with respect to control (CTRL) as
determined by Student t test. #P < 0.05; ##P < 0.01 refer to differences between the indicated samples as determined using one-way ANOVA.

(D) Expression of cleaved-caspase 3, PCNA and p21 in H23-PR and H23-GR cell line treated with the indicated drug combination for 72h detected

by western blotting. Tubulin was used as loading control.

by the RR and PFS data in the metastatic setting with the selective
inhibitors sotorasib and adagrasib (29, 30). Literature data have
shown that KRAS mutations have a negative impact on prognosis
(31), leading to resistance to most treatments, including checkpoint
inhibitors, particularly when co-occurring with mutations like
STKI11/LKBI in metastatic setting (32). On the other hand, the
available data on KRAS in the adjuvant setting come from the
analysis of the LACE-bio trial and an old but large meta analysis,
which showed no statistically significance in OS compared to wild-
type and few data confirm no difference in OS between single
hotspot mutation probably due to the small sample size (33, 34).

In our cohort of patients, 47 underwent radical surgery and
were administered adjuvant CT with platinum-based therapy with
gemcitabine. KRAS mutations exhibited a higher prevalence of PD-
L1>1% (56%; n=14), the most common mutations were G12C,
G12V and G12A findings that align with the existing literature (11).

A subsequent analysis of survival data revealed a trend in favor
of the WT population (mOS: 44.38 months 95% CI: 28.93-NA vs.
41.82 months 95% CI: 41.46-NA, p=0.2). However, when we
analyzed the G12C subgroup compared to the other mutations,
we did not find statistical significance in survival (mOS NR 95% CI:
28.93-NA vs. 34.78 months 95% CI: 21.73-NA, p=0.25).

This work aims to explore the potential of adding KRASi
sequentially or concurrently to CT in two KRAS G12C mutated
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NSCLC cell lines. In this study, the CI with Gem+Carbo exerts the
best viability reduction in SW1573-PR and H23-PR cell lines when
KRASi are added sequentially or concurrently in 2D model and
similar results were confirmed in spheroid models. The
combination therapy was particularly effective in reducing the
viability of SW1573-PR and H23-PR, outperforming other tested
chemotherapeutic regimens such as Peme+Carbo and Pacli+Carbo.
However, the efficacy of these agents is frequently compromised by
the development of chemoresistance, a major obstacle in the
successful management of the disease. In our cohort more than
half of the patients (n=24) experienced a recurrence. RFS was
shorter in KRAS mutated patients without a statistical
significance (mRFS 25.84 months vs. 31.99 months; p=0.23)
suggesting that the KRAS mutation may have a deleterious effect
and that the tumor cells may be inherently resistant to adjuvant
therapies. Gemcitabine resistance, in particular, poses a significant
challenge, limiting the effectiveness of this widely used
chemotherapeutic agent (35). Gemcitabine resistance in NSCLC
involves multiple mechanisms as per autophagy suppression via
impaired JNK-mediated Bcl-2 phosphorylation that limits
autophagy-dependent cell death (36), enhancing activation of the
PI3K/AKT/NF-xB pathway and reducing ROS-driven ERK
signaling, with survival and proliferation boost as direct results
(37). Another mechanism of resistance involves hypoxia-inducible
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FIGURE 6

Chemotherapeutic agents sensitized gemcitabine resistant NSCLC cells to KRASi adagrasib in a 3D spheroids model. (A) The cartoon indicated the
treatment schedule used for the spheroid assay. Initially the cells were seeded and spheroids were allowed to form for 72 hours. After this time,
photos of time O were taken and spheroids were treated with chemotherapeutic agents or KRASi at their IC50. Photos were then taken after 3 and 7
days and spheroid volume was quantified each time. (B) Quantification of spheroid volumes + SD at different time points (3 and 7 days) normalized
for the time point 0 (n = 3) in PR and GR NSCLC cell lines. *P < 0.05; **P < 0.01 refers to differences with respect to control (CTRL) as determined by
Student t test. ##, P < 0.01 refers to the difference between SW1573 GR and SW1573 PR as determined by Student t test. (C) SW1573 or H23
spheroids were treated with different combinations of chemotherapeutic agents and KRASi adagrasib at their ICsq for 3 days (D) GR SW1573 or H23
spheroids were treated with different combinations of chemotherapeutic agents and KRASi adagrasib at their ICsq for 7 days. Graphs (A, B) show the
quantification of spheroid volumes + SD at different time points (3 and 7 days) normalized for the time point 0 (n = 3). (E) Representative images of
spheroids taken at day 3 and 7 are shown. *P < 0.05; **P < 0.01 refers to differences with respect to control (CTRL) as determined by Student t test.
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##P < 0.01 refer to differences between the indicated samples as determined using one-way ANOVA. Scale bar: 400 pm.

factor-1o. (HIF-1a) that upregulates ABCB6 expression,
reprogramming heme metabolism to reduce reactive oxygen
species (ROS) and conferring resistance (38). Similarly, targeting
mTORC?2, rather than mTORCI, sensitizes cells to gemcitabine by
inducing apoptosis (39). The FOXO3-regulated TRIM22 axis
promotes autophagy to protect cells from gemcitabine-induced
apoptosis, further reducing drug sensitivity (40). Additionally,
exosomal transfer of miR-222-3p drives gemcitabine resistance
and malignancy by targeting SOCS3 (41). To better understand
the mechanism behind gemcitabine chemoresistance in KRAS
mutated cells we developed H23-GR and SW1573-GR cell lines,
highlighting that chronic gemcitabine exposure induces significant
transcriptional and cellular adaptations in NSCLC cells, promoting
the development of resistance. Key resistance mechanisms include
enhanced DNA damage repair, altered cell cycle dynamics, and an
upregulation of transcriptional and translational machinery. The
observed increase in the GO/G1 cell population in H23-GR cells,
coupled with enrichment of pathways related to ribosome
biogenesis, RNA processing, and chromatin remodeling, supports
the hypothesis that resistant cells reprogram their metabolic and
replicative machinery to adapt to therapeutic stress.

To determine whether gemcitabine resistance was reversible
with the addition of a KRASi, we next replicated the analysis of cell
viability on the two resistant cell lines H23-GR and SW1573-GR.
Based on our previous results, we decided to treat both the 2D
model and the spheroids directly with the CIl+adagrasib
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combination, the most promising of the combination tested.
Interestingly, both H23-GR and SW1573-GR exhibited similar
sensibility to adagrasib used as a single agent or in combination
with CI in 2D and 3D models. This finding suggests that KRASi
may mitigate the adaptive resistance mechanisms in GR cells as
already reported in preclinical PDAC models (42-44). Our 2D and
3D models demonstrated that the combination of Cl+adagrasib was
consistently more effective than CI or adagrasib alone in both PR
and GR cells. The significant reduction in spheroid volume over
extended treatment periods underscores the potential for
combination regimens to achieve durable antitumor effects, even
in the context of chemoresistance.

Importantly, while previous preclinical studies have
investigated KRASi such as adagrasib and sotorasib in
combination with CT (17, 19), our study provides several novel
contributions. First, we employed both 2D and 3D spheroid models,
the latter of which better mimics tumor architecture and drug
penetration than conventional monolayer cultures (45). Second, we
evaluated the effects of KRASi+CT combinations in chemoresistant
cell lines—a clinically relevant context that remains underexplored
in current literature. Third, we analyzed both concurrent and
sequential treatment strategies, offering insights into potential
therapeutic scheduling strategies that could optimize efficacy.
These aspects collectively differentiate our work and underscore
its translational relevance in a setting where therapeutic options for
KRAS-mutant NSCLC remain limited in the adjuvant context.
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Conclusion

The results of this study highlight the potential impact of
combination therapies in the early treatment of operated NSCLC,
particularly for KRAS G12C tumors. The ability of KRASi to
potentiate cytotoxic effects when combined with conventional
chemotherapeutic agents provides a rationale for the integration
of these agents into adjuvant treatment regimens. In addition, the
efficacy observed in GR cell models suggests that KRASi may have a
role to play in the treatment of chemoresistant disease. However,
given the adverse event profile of individual agents, further in vivo
safety evaluations are needed.
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SUPPLEMENTARY FIGURE 1
Dose-response curves (using GraphPad Prism) tested for chemotherapeutic
agents and KRAS inhibitors in NSCLC cell lines with cell viability assay.

SUPPLEMENTARY FIGURE 2

Cell viability assay was performed in SW1573 or H23 cells treated for 72 hours
with different combinations of chemotherapeutic agents and KRASi. Black
bars indicated treatments at IC25 of the indicated drugs. Grey bars indicated
treatments at IC50 of the indicated drugs. Data shown are mean + SD from
three independent experiments. *, P < 0.05; **, P < 0.01 refer to differences
with respect to control (CTRL) as determined by Student t test; #, P < 0.05;
##, P < 0.01 refers to differences between the indicated samples as
determined using one-way ANOVA. A indicates the percentage change in
cell viability relative to the control (CTRL) or between the indicated samples.

SUPPLEMENTARY FIGURE 3

(A) Combined treatment of H23-PR and H23-GR NSCLC cells showing the
effect of Gemcitabine, Carboplatin and Adagrasib or their combination on the
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phosphorylation of ERK1/2 and AKT. Vinculin was used as loading control. The
graph below shows densitometric values of pERK1/2 and pAKT normalized for
Vinculin content. Data shown are mean + SD from two independent
experiments. (B, C) Determination of spheroid volumes + SD at different
time points (3 and 7 days) normalized for the time point O (n = 3) comparing
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Lung NUT carcinoma is a rare malignant tumor, which is highly aggressive, poorly
differentiated, and difficult to recognize at an early stage, and is associated with
very rare reports and extremely poor prognosis, with some reports showing a
mOS of only 2.2 months. In this paper, we report the treatment of a rare case of
primary lung NUT cancer. After surgery, chemotherapy and targeted therapy, the
patient’s progression-free survival is now more than 4 months, which provides a
feasible treatment option for lung NUT cancer.

KEYWORDS

lung NUT carcinoma, NUT midline carcinoma, chemotherapy, anlotinib, targeted
therapy, case report

1 Introduction

Pulmonary NUT carcinoma belongs to a type of Nuclear protein of the testis carcinoma
(NC).NC also known as NUT midline carcinoma (NMC), is a rare and highly aggressive
malignant tumor that can occur anywhere in the body but most tumors are located in the
midline anatomy or mediastinum and are characterized by chromosomal rearrangements
(1). Due to its rarity, no studies have been conducted to clarify the specific incidence values
and the pattern of disease incidence distribution, and only partial evidence-based evidence
suggests that the onset of the disease involves patients of all age groups and is more
common in younger patients (2-4). Cases of pulmonary NUT carcinoma are reported to be
rare and have a poor prognosis, with a median overall survival (OS) of only 2.2 months in a
real-world retrospective study (5). In this paper, we report a case of pulmonary NUT
carcinoma with a long survival after comprehensive treatment including surgery and
chemotherapy combined with antivascular targeted therapy, which provides a reference for
the clinical management of pulmonary NUT carcinoma.

2 Case presentation

A 54-year-old male presented to the local hospital in September 2024 with a cough. No
family history of genetic predisposition. Chest CT (Figure 1) showed a right lower lobe
occupancy of about 47*41 mm with multiple tiny nodules in both lungs. PET/CT showed a
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FIGURE 1

— L’J

10.3389/fonc.2025.1632133

Baseline imaging characteristics: CT imaging on September 18, 2024, established the initial diagnosis of pulmonary NUT carcinoma; (A) lung window;

(B) mediastinal window.

right lower lobe hypermetabolic occupancy of about 47*41 mm with
SUVmax: 11.1 and right hilar hypermetabolic lymph node with
SUVmax: 8.3.The patient underwent video-assisted thoracic surgery
for partial lower lobectomy of the right lung along with excision of a
diaphragmatic mass at Dezhou Hospital of Shandong University Qilu
Hospital on September 27, 2024.Postoperative pathology: NUT
carcinoma (right lung lower lobe mass). Immunohistochemistry:
NUT (1+), P40 (2+), INSMI (-), CK5/6 foci (+), CgA (-), Syn (-),
CD56 (-), ALK (-), HER2 (0), Ki67 (70%+). Genetic testing
(PAN116) showed no driver mutations and Microsatellite Stability
(MSS). Lung NUT carcinoma was considered in combination with
immunohistochemistry. No postoperative treatment was performed
and chest CT was repeated in November 2024 and Progressive
Disease (PD) was evaluated according to Response Evaluation
Criteria in Solid Tumors 1.1 (RECIST 1.1) efficacy. Genetic testing
was performed to see APC, ATM, BRCA1, BRCA2, CSFIR, GNALII,
KIT, MLH1, EGFR, and ROS1 mutations, TMB 2mut/Mb, and MSS.
One cycle of treatment was performed in December 2024 at outside
hospital, with the following specific regimen: anlotinib (8mg qd),
afatinib (30mg qd), and olaparib (150mg bid). Review CT in January

2025 suggested (Figure 2) postoperative changes in the lower lobe of
the right lung, peripheral strips of soft-tissue shadows, which
increased in size compared with the range of 2024-11, fullness of
the right lung hilar, no significant changes were seen, thickening and
adhesion of the right pleura, and a small amount of effusion in the
right thoracic cavity. Efficacy evaluation of PD. Four cycles of
etoposide (1.8g d1-3), cisplatin (60mg d1-2), and anlotinib (8mg po
d1-14,q21d) were performed on 2025-1-16, 2-6, 2-26, and 3-18.A
repeat CT (Figure 3) on 2025-4-7 suggested postoperative changes in
the right lower lobe of the lungs, with striated solid changes in the
operative area, and a slightly enlarged lymph node in the right hilar
region, with a large one 8mm in short diameter. Right pleural
thickening and adhesion, right pleural cavity little effusion roughly
the same as before, compare 2025-3-18 did not see obvious changes.
The current tumor measures 18.28*11.62 mm, with a 25% reduction
in the sum of the longest diameters of target lesions compared to the
January 15, 2025 baseline without new lesions, meeting the criteria for
partial response (PR) according to RECIST 1.1. At present, the
patient is still in the second-line chemotherapy combined with
targeted therapy, the current PFS has been more than 3 months,

FIGURE 2

Disease progression on targeted therapy: CT imaging on January 15, 2025, demonstrated a peripheral soft tissue opacity in the right lower lobe
(42.90 x 35.33 mm) showing interval enlargement compared to pre-treatment baseline; (A) lung window; (B) mediastinal window.
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FIGURE 3
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Therapeutic response to EP plus anlotinib: Post-treatment CT on April 7, 2025 (after 4 cycles) showed a 25% reduction in the target lesion (18.28 x
11.62 mm) compared to the January 15, 2025 assessment with no new metastatic lesions observed; (A) lung window; (B) mediastinal window.

the patient’s treatment was well tolerated, and the symptoms of cough
and fatigue were once significantly improved compared with the pre-
treatment period. The patient’s treatment history is shown in Table 1.

3 Discussion

Diagnosing NUT midline carcinoma (NMC) poses significant
challenges due to non-specific clinical manifestations and
histopathological features lacking pathognomonic morphology.
Current diagnostic approaches rely on immunohistochemical
(IHC) staining demonstrating nuclear NUT overexpression or
molecular confirmation of NUTMI1 rearrangement through
fluorescence in situ hybridization, next-generation sequencing, or
reverse transcription polymerase chain reaction (6). In this case, the
diagnosis of primary pulmonary NUT carcinoma was established
based on poorly differentiated carcinoma identified via core needle
biopsy, combined with NUT overexpression on IHC, and further
supported by clinical presentation and imaging findings.

Pulmonary NUT carcinoma exhibits non-specific clinical
manifestations unrelated to smoking, with cough being the most
frequent symptom (7). The poorly differentiated or undifferentiated

TABLE 1 The patient’s treatment history.

Intervention

PFS months

nature of the tumor complicates histomorphological identification
and necessitates broad differential diagnoses. Focal squamous
differentiation is frequently observed in pulmonary NUT
carcinoma histology, where immunomarkers P63 and P40 may
show positivity—features overlapping with pulmonary squamous
cell carcinoma (SCC). Consequently, primary pulmonary NUT
carcinoma was historically classified as an SCC subtype (8) but
was reclassified under ‘other epithelial tumors’ in the 2015 and 2021
WHO classifications of thoracic tumors.

For thoracic NUT carcinoma, CT imaging delineates primary
lesion size, location, lymph node involvement, and extent of local
invasion. CT typically reveals a solitary lobulated mass without site
predilection, characterized by large dimensions, relatively well-
defined margins, and heterogeneous mild enhancement. Distant
metastases to bone or lymph nodes are common (9, 10). In this case,
initial CT demonstrated a 47x41 mm right lower lobe mass with
bilateral pulmonary micronodules. PET/CT confirmed absence of
distant metastasis.

The pathologic features, imaging manifestations, and standard
treatment options for NUT cancers originating in the lung are
currently unknown. Synchronized radiotherapy or sequential
radiotherapy plays an important role, followed by surgery

Assessment

Timepoint

Video-assisted thoracic surgery for partial

2024-09-27 lower lobectomy of the right lung along with 3
excision of a diaphragmatic
Anlotinib (8 mg qd)
2024-12 Afatinib (30 mg qd) 1
Olaparib (150 mg bid)
2025-01-16 EP + Anlotinib (Cycle 1)
4+
2025-03-18 EP + Anlotinib (Cycle 4)
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Key outcomes

Postoperative pathology and THC Pathologically confirmed NUT carcinoma

Target lesion: Metabolic hyperintensity
31*26*44mm,
SUVmax6.9

RECIST 1.1, PET/CT, CT

RECIST 1.1, CT Target lesions stable, no new metastases

25% reduction in sum of longest
RECIST 1.1, CT diameters 'of target lesion§ vs. ]anu'flry 15,
2025 baseline; no new lesions; partial

response (PR) per RECIST 1.1
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combined with neoadjuvant therapy or adjuvant radiotherapy.
Surgery alone or chemotherapy alone also prolongs patient
survival to some extent. The clinical efficacy of immunotherapy is
unknown, and it is mainly used as a backline treatment.
Chemotherapy regimens usually use platinum-containing dual
agents (mainly TP). Anthracyclines, cyclophosphamide,
isocyclophosphamide and other chemotherapeutic agents are also
used (11). The EP regimen was selected for this case based primarily
on germ cell tumor (GCT)-like characteristics: Involvement of
testis-specific protein genes suggests potential germ cell tumor
origin, and EP serves as the chemotherapeutic backbone for
GCTs (12). Additionally, strong co-expression of P40 and CK5/6
indicates squamous differentiation. Studies have demonstrated EP
application in SCC carcinomas under specific clinical circumstances
(13). A Ki-67 index of 70% reflects aggressive tumor biology.
Etoposide preferentially targets rapidly proliferating cells by
stabilizing topoisomerase II-DNA complexes during S/G2 phase,
while high Ki-67 tumors exhibit heightened mitotic activity,
potentially indicating increased susceptibility to etoposide (14).
Angiogenesis plays an important role in tumor growth, and recent
studies have shown that blocking angiogenesis has become a successful
alternative strategy in cancer treatment (15). Anlotinib is a novel oral
multi-target tyrosine kinase inhibitor that targets receptors involved in
tumor proliferation, angiogenesis, and microenvironment modulation.
It potently inhibits vascular endothelial growth factor receptor 2/3,
fibroblast growth factor receptor 1-4, platelet-derived growth factor
receptor o/f3, stem cell factor receptor, and rearranged during
transfection (16). This multi-kinase blockade confers broad
antitumor activity against angiogenesis and growth in diverse solid
tumors through three core mechanisms:Anti-angiogenesis: Suppresses
VEGF-mediated endothelial cell proliferation, migration, and tube
formation, significantly reducing tumor microvessel density. Direct
antiproliferative action: Inhibits FGFR-dependent signaling pathways,
induces G1/S cell cycle arrest, and triggers caspase-3-dependent
apoptosis. Microenvironment modulation: Blocks PDGFR-f3
phosphorylation and downstream ERK signaling, inhibiting cancer-
associated fibroblast activation and reducing interstitial fluid pressure
(16). Anlotinib is currently approved as a third-line treatment for
refractory advanced NSCLC, and recent studies have demonstrated
that anrotinib increases the sensitivity of pneumoblastoma to in vivo
chemotherapy (17). Therefore, we hypothesized that anlotinib may
play an active role in overcoming chemotherapy resistance, and from
imaging observations, chemotherapy combined with anlotinib as a
second-line treatment for patients achieved PR, but the efficacy of this
regimen remains to be further validated due to insufficient sample size.

4 Conclusion

Our first use of EP in combination with anlotinib significantly
prolonged progression-free survival and significantly improved
clinical symptoms in patients with lung NUT cancer, providing a
therapeutic option for the treatment of lung NUT cancer.
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Salivary duct carcinoma (SDC) is a rare and highly aggressive malignancy with
limited treatment options, particularly in elderly patients. HER2 overexpression
has emerged as a potential therapeutic target in this disease. This study reports
the case of an 86-year-old male with HER2-positive submandibular gland SDC
who underwent surgical resection on June 19, 2020. Six months postoperatively,
follow-up revealed lymph node metastasis and local recurrence at the left
submandibular region. Ultrasound-guided radiofrequency ablation was
performed, but local recurrence persisted. The patient subsequently received
trastuzumab combined with low-dose nab-paclitaxel, achieving a partial
response according to RECIST 1.1 criteria. Maintenance therapy with
trastuzumab monotherapy was then initiated, resulting in disease stability for
over 20 months. In October 2023, the disease progressed to the left sublingual
region. After targeted monotherapy and local radiotherapy by April the following
year, disease control was achieved. At the most recent follow-up, the patient
remains in stable condition. This case highlights the efficacy and safety of HER2-
targeted combination therapy in elderly SDC patients, offering valuable insights
into biomarker-driven personalized treatment strategies for this population.
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1 Introduction

Salivary duct carcinoma (SDC) is one of the most aggressive
subtypes of salivary gland carcinomas (SGCs), a rare group of
malignancies accounting for less than 5% of all head and neck
neoplasms (1). Clinically, SDC most frequently arises in the parotid
gland, followed by the submandibular gland and minor salivary
glands. It typically presents as a by rapidly enlarging neck masses,
often accompanied by facial nerve paralysis and cervical lymph
node metastasis. Owing to its highly invasive nature and propensity
for early metastasis, SDC generally carries a poor prognosis, with a
5-year disease-specific survival rate of only 40-60%. Furthermore,
the majority of cases are diagnosed at advanced stages, which
further compromises treatment outcomes (2).

SDC has an aggressive clinical course and poor prognosis,
making therapeutic strategies challenging, especially in elderly
patients with reduced tolerance to conventional treatments.
Molecular targeted therapies, particularly HER2 inhibitors, have
emerged as a promising approach. However, evidence for their use
in elderly populations remains limited (3). This study presents a
case report of an 86-year-old man with HER2-positive
submandibular gland SDC who underwent HER2 inhibitor-based
combination therapy following postoperative recurrence. Follow-up
evaluations revealed sustained disease stability over four years with
treatment-related toxicity remaining within manageable limits. This
case highlights the efficacy and safety of HER2-targeted
combination therapy in elderly SDC patients, offering valuable
insights into biomarker-driven personalized treatment strategies
for this population.

2 Case report

An 86-year-old man patient was admitted to our hospital on
June 17, 2020, presenting with a ten-year history of a left
submandibular mass and newly developed left-sided lingual
numbness and paresthesia persisting for one week. The patient
had been previously asymptomatic and had not sought medical
attention for the mass until the recent onset of symptoms. On
physical examination a firm, approximately 3.5 cm mass was
palpated in the left submandibular region, exhibiting fixation to
the overlying skin and restricted mobility. The tongue was midline
at rest with preserved mobility.

Initial diagnostic imaging included magnetic resonance imaging
(MRI) of the head and neck, which identified a 1.5x1.3x1.1 cm
calcified lesion within the left submandibular gland (Figure 1).
Subsequent contrast-enhanced ultrasonography revealed a
heterogeneous hypoechoic nodule with prominent internal
vascularity in the left submandibular gland. Fine-needle
aspiration biopsy (FNAB) confirmed the presence of infiltrating
atypical glandular tissue, suggestive of submandibular
gland malignancy.

The patient underwent left submandibular gland excision on
June 19, 2020, for definitive diagnosis. Histopathological
examination confirmed ductal carcinoma (pT2NxMO0) with

Frontiers in Oncology

10.3389/fonc.2025.1590497

perineural and vascular invasion. Immunohistochemical analysis
demonstrated positive staining for CK7, AR, and HER2 (3+)
(Figure 2), with strong p53 expression (+++) and a Ki-67
proliferation index of 35%. Negative markers included CK5/6,
GCDFP-15, SMA, p40, p63, CD117, and Calponin (Table 1). The
patient was followed up regularly without any adjuvant therapy.

By April 2021, the patient developed progressive lingual sensory
disturbance, dysarthria, and leftward tongue deviation. Cervical
ultrasonography revealed lymph node metastasis and local
recurrence at the left submandibular region, confirmed by biopsy.
The recurrent lesion was then treated with ultrasound-guided
radiofrequency ablation.

In October 2021, the patient experienced progressive worsening
of symptoms and was subsequently transferred to our department
for further management. Contrast-enhanced CT of the tongue
demonstrated an irregular soft tissue density lesion (2.1x5.0 cm)
in the left submandibular region with heterogeneous enhancement
(Figure 3). Biopsy confirmed poorly differentiated invasive
carcinoma with immunohistochemical profile consistent with the
primary lesion (Table 1), confirming SDC origin.

Based on HER2 overexpression, advanced age, and poor
performance status, the patient started trastuzumab (loading dose
8 mg/kg, maintenance dose 6 mg/kg q3w) combined with nab-
paclitaxel (80 mg/m* on days 1 and 8, q3w) in November 2021.
After four cycles, contrast-enhanced CT scan of the tongue showed
a partial response (PR), with a reduction in the size of the
submandibular lesion. Two additional cycles were administered as
consolidation therapy, achieving radiological stability. Maintenance
therapy with trastuzumab (6 mg/kg q3w) began in April 2022, with
imaging follow-up scheduled every 12 weeks (every 4 treatment
cycles). However, due to poor patient compliance, only four cycles
were intermittently completed between April 2022 and June
2023.Imaging evaluations during this period confirmed stable
disease (SD) according to RECIST 1.1 criteria (Figure 3).

In October 2023, follow-up contrast-enhanced MRI of the head
and neck revealed a lesion in the left sublingual region. Combined
with clinical findings, this was assessed as disease progression
according to RECIST 1.1 criteria. Targeted monotherapy was
recommended but the patient did not adhere to the
treatment regimen.

By March 2024, enhanced MRI of the mandible showed
enlargement of the left sublingual mass (maximum diameter 4.1
cm) accompanied by progressive worsening of symptoms.
Following comprehensive assessment, radiotherapy to the
submandibular region was initiated on 9th April 2024 (total dose
60 Gy/30 fractions, 2 Gy/fraction), resulting in symptom relief. The
patient remained in stable condition at the most recent follow-up in
January 2025.

3 Discussion

SDC is a rare, highly aggressive malignancy characterized by
high rates of local recurrence, poor prognosis, and significant
mortality (4).Standard treatment involves complete surgical
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FIGURE 1

Histopathological features of salivary duct carcinoma. (A) Hematoxylin and eosin (H&E) staining (original magnification x100); (B) H&E staining
(original magnification x200); (C) Immunohistochemical staining for HER2 (original magnification x400); (D) HER2 immunohistochemistry (original
magnification x400).

resection followed by postoperative radiotherapy (5). For 1o/ c1 |mmunohistochemical Staining Control.

inoperable, recurrent, or metastatic disease, chemotherapy is the

mainstay, though no standardized regimen exists. Given the ohistochemical staining 0 O
limitations of single-modality treatments, a multimodal approach Positive marker
is often optimal.

In recent years, molecular profiling has gained increasing CK7 )
importance in SDC, and HER2-targeted therapy has attracted AR (+) (+)
growing interest. Several international guidelines now recommend HERY (34) 39)
HER?2 status assessment in the diagnostic workup of recurrent or
metastatic SDC (6). This approach is supported by the notable ps3 ()
morphological and molecular similarities between SDC and high- Ki-67 35%
grade breast ductal carcinoma. Trastuzumab, a humanized GCDFP15 0 )
monoclonal antibody targeting the extracellular domain of HER2,
inhibits downstream signaling and suppresses proliferation of CAMS.2 ®
HER2-overexpressing tumor cells (7). Its efficacy, well-established MSH2 ()
in breast cancer through large-scale randomized trials, provides a MSHG )
rationale for its application in SDC.

Building on the success in breast cancer therapy and supported PMS2 )
by clinical evidence in SDC, several phase II trials have evaluated MLHI (+)

the efficacy of trastuzumab-based targeted therapy combined with (Continued)
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TABLE 1 Continued

Immunohistochemical staining

Negative Marker
CK5/6
SMA
p40

p63
CD117
Calponin
PSA
TTF-1
NapsinA
CK20
CDX2
PD-1

ER

Blank spaces indicate items not assessed in the current examination.

chemotherapy in SDC, demonstrating promising outcomes with
objective response rates (ORR) ranging from 58% to 70% and
median progression-free survival (MPFS) ranging from 6.9 to 11.7
months (8-11). Notably, this approach has shown promising
clinical efficacy even in patients with recurrent or metastatic
disease, For example, a recent phase II clinical trial conducted by
Lee et al. reported a 70% ORR for trastuzumab combined with
taxane therapy in metastatic SDC, which is consistent with the
partial response observed in our case. Notably, while the
combination of trastuzumab and docetaxel has become a
recommended regimen for salivary duct carcinoma (SDC), it is
associated with a high incidence (approximately 50%) of grade =3
treatment-related adverse events (12). Data in frail elderly patients

10.3389/fonc.2025.1590497

are scarce. Our use of low-dose nab-paclitaxel aimed to
optimize tolerability.

This trastuzumab-based, low-dose nab-paclitaxel regimen
represents a deviation from standard therapy, aiming to balance
efficacy and safety. In our case, the clinical outcome was consistent
with previous studies. Despite suboptimal treatment compliance
during the maintenance phase due to the patient’s frail condition,
local disease control was sustained for over 20 months. This
suggests that a HER2-targeted, low-intensity chemotherapy
combination can yield durable efficacy even in elderly, vulnerable
patients, though its definitive value requires confirmation in
prospective studies. Therefore, comprehensive molecular testing is
recommended for this population.

The optimal duration of HER2 inhibitor maintenance therapy
remains undefined. In numerous cases of SDC treatment, the
duration of targeted maintenance therapy varies significantly,
with some patients achieving favorable outcomes after only one
year of trastuzumab maintenance therapy (13, 14). In our case,
disease progression occurred after one year of maintenance therapy,
which may be related to irregular treatment adherence. The
outcome appears slightly inferior compared to other reported
cases, suggesting that maintenance therapy should be stratified
according to disease stage. However, specific protocols require
further investigation through larger sample sizes. Ultimately,
treatment decisions should be based on comprehensive
assessment of patient status and treatment goals, incorporating
the best available evidence.

Adjuvant radiotherapy has demonstrated significant efficacy in
the management of head and neck cancers. Current evidence
suggests substantial clinical benefits of postoperative radiotherapy
in SDC patients, particularly those with high-risk features such as
extracapsular extension and/or positive margins. This approach has
been shown to improve overall survival and enhance locoregional
control. And there are Studies have consistently identified the
omission of postoperative radiotherapy as a significant risk factor

for disease recurrence (15).

FIGURE 2

Magnetic Resonance Imaging (MRI) of the neck region in June 2020. (A) T1-weighted image showing a hypointense lesion in the left submandibular
gland (approximately 1.5x1.3x1.1 cm); (B) Diffusion-weighted image demonstrating a hyperintense signal in the left submandibular gland.
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FIGURE 3

The imaging evolution of a left submandibular mass in a patient during the treatment period from November 2021 to October 2023. (A) Contrast-
enhanced neck CT (October 2021): Demonstrates an enhancing mass in the left submandibular region (maximum diameter: 5.0 cm); (B) Contrast-
enhanced neck CT (February 2022, After 4 cycles of treatment): Shows significant reduction in the size of the mass compared to A (maximum
diameter: 3.2 cm); (C) Contrast-enhanced MRI of the submandibular gland (axial T1-weighted image; March 2023): Reveals a mass in the sublingual
region (maximum diameter: 1.7 cm); (D) MRI of the submandibular gland (axial T1-weighted image; June 2023): The mass measures 1.8 cm in

maximum diameter, indicating size stability compared to C.

Unfortunately, the patient did not receive standard postoperative
radiotherapy initially, due to comorbid conditions and patient
preference. Subsequently, the patient developed lymph node
metastasis within six months after surgery, suggesting that the
omission of adjuvant radiotherapy may have compromised
disease control.

It is worth noting that radiotherapy may still play an important
role within multimodal therapy even in recurrent or metastatic
settings. For example, Rencui Qua et al. reported a case of SDC with
postoperative lymph node metastasis treated with trastuzumab,
chemotherapy, and concurrent regional radiotherapy, achieving a
complete response lasting five years (16). Had our patient received
concurrent radiotherapy during HER2-targeted treatment—if
medically feasible—it might have provided additional benefit,
potentially improving disease control and prognosis.

Other therapeutic avenues for recurrent/metastatic SDC include
androgen deprivation therapy (ADT) and immunotherapy (17, 18).

Frontiers in Oncology

Approximately 70% of SDCs express androgen receptor (AR), and
ADT is gaining traction due to its favorable toxicity profile and efficacy
(19). Although our patient was AR-positive, ADT was not initially
considered due to limitations in clinical consensus and therapeutic
depth at the time. Current evidence suggests that targeted therapy
should take precedence, but combination with ADT may prolong
survival (20). For selected patients, adjuvant ADT or ADT-based
combination therapy may represent a promising strategy, further
refining personalized treatment approaches.

In conclusion, SDC is a rare and highly aggressive malignancy
with significant therapeutic challenges, particularly in elderly
patients. Identifying unique biomarkers, such as HER2, and
implementing personalized treatment strategies are crucial. HER2
inhibitor-based combination therapy has shown efficacy and
manageable toxicity in elderly SDC patients with local recurrence
and metastasis. However, further clinical studies are needed to
refine and optimize treatment protocols.
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Case Report: Advanced grade 2
meningioma with PBRM1
inactivation with prolonged
response to immunotherapy
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Meningiomas are the most common primary tumor in the central nervous
system, yet an effective systemic treatment remains a challenge. We present a
grade 2 meningioma that resulted in a positive and prolonged response to
pembrolizumab. Our case had polybromo-1 (PBRM1) and BAPI functional loss,
tumor mutational burden of 4 Muts/Mb, stable microsatellite status, and a PD-L1
tumor proportion score of <1%. We add to the limited literature regarding PBRM1
mutations in meningiomas. We discuss our findings in relation to the ongoing
investigation of immune checkpoint inhibitor therapy in treating higher-grade
refractory meningiomas.

KEYWORDS

atypical meningioma, immunotherapy, PBRM1, grade 2 meningioma, PD-1/L1

Introduction

Meningioma incidence is increasing in the US population. Meningioma is one of the rare
tumors whose incidence continues to rise with advancing age (1, 2). They arise from
arachnoid cells of the leptomeninges and are the most common primary tumor in the central
nervous system (CNS) (1, 3). Although there are widespread asymptomatic cases in 1%-2%
of the general adult population, nearly all are non-malignant grade 1 tumors (1, 4, 5). In 2016,
the World Health Organization defined grade 2 meningiomas as atypical, exhibiting mitotic
rates of 4-19 per 10 high power fields (HPFs), brain invasion, or at least three of five defined
histological features (necrosis, sheet-like growth, prominent nucleoli, high cellularity, or high
nuclear:cytoplasmic ratio within cells). Grade 3 meningiomas were considered anaplastic or
malignant and were described as having mitotic rates >20 per 10 HPFs or papillary or
rhabdoid histological features (6, 7). More recently, the 2021 WHO guidelines emphasize
that, regardless of any underlying pathologic characteristics, atypical and anaplastic
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meningiomas should be classified as grade 2 and grade 3, respectively
(5). Additionally, where rhabdoid and papillary features previously
would be automatically classified as a grade 3 meningioma, the WHO
CNS5 now recommends that meningiomas be classified based on
criteria outside of those cytologic features (5). There are several
molecular biomarkers that can be utilized in the classification of
meningiomas. BAP1 is associated with the rhabdoid and papillary
subtypes, SMARCEL is consistent with the clear cell subtype, and
KLF4/TRAF7 mutations are associated with the secretory subtype.
Furthermore, meningiomas with CDKN2A/B homozygous deletions
and/or TERT promoter mutations are classified as grade 3. Prognosis
can be estimated through methylome profiling, and some mutations
(H2K27me3 loss of nuclear expression) may be associated with
poorer prognoses (5). From surgically resected cases, higher-grade
meningiomas remain a minority: atypical or borderline malignant
grade 2 tumors occur in 5%-15% and malignant grade 3 tumors in
1%-3% of cases (1, 4). The recurrence rates following surgery are low
for grade 1 tumors but increase to 30% to 40% for grade 2 and 50% to
80% for grade 3 (1, 4).

Regarding immune access, recent anatomical discoveries
demonstrate that the central nervous system is no longer considered
a strictly immune-privileged organ (8). Lymphatic vessels, adjacent to
the blood vascular system, are the primary means by which bodily
tissues can eliminate excess fluid and proteins (9). Tissues with higher
metabolic rates typically contain denser lymphatic systems.
Interestingly, despite the high rate of metabolic byproduct formation,
the brain and spinal cord do not contain a lymphatic tree (9, 10).
Instead, waste products from the CNS are removed through the
exchange of cerebrospinal fluid (CSF) and interstitial fluid (ISF)
within the para-arterial interstitial space (9, 11). ISF then drains out
of the CNS into the subarachnoid lymphatic-like membrane (SLYM).
This recently identified structure present under the dura separates the
subarachnoid space into outer and inner compartments and limits the
exchange of most peptides and proteins between the two subarachnoid
compartments. The recent discovery of the SLYM adds to the
suggestion that CSF transport is more sophisticated than previously
acknowledged (12).

We report one of the first pathologically proven cases of
meningioma having a significant and prolonged response to a single
agent pembrolizumab. This patient’s tumor had a truncation in the
polybromo-1 (PBRMI) gene, which is a tumor suppressor gene
involved in the control of the cell cycle, the promotion of genomic
stability, and centromeric cohesion (8). Overall, PBRMI is mutated in
nearly 40% of all clear cell renal cell carcinoma (RCC) occurrences, as
well as some papillary RCCs and bladder carcinoma (13). PBRMI
mutations are relatively uncommon in meningiomas, but when
present, they are associated with papillary subtypes and often have
overlapping BAPI mutations (14).

The occurrence of meningiomas has undergone only limited
formal investigation in regard to therapies, and they currently
remain among the few relatively common tumors without a Food
and Drug Administration (FDA)-approved therapy. Meningiomas are
chemotherapy resistant, and both targeted and immune-based
therapies have been actively investigated (15-18). As discussed
previously, there is evidence of an immune-based role in higher-
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grade meningiomas, including containing a significantly greater
intra-tumoral T-cell infiltrate, inducing known local and systemic
immunosuppression, a recent case of possible immune-mediated
abscopal effect from radiation therapy, and several case reports of
activity for immune checkpoint inhibitors (ICIs) (19, 20). With our
case study, we have begun to further explore the occurrence of PBRM1
mutations and subsequent outcomes in patients with meningiomas.

Caris genomics study

Genomics data from patient tumors that were sent to Caris Life
Sciences for next-generation sequencing were utilized for this
analysis. A total of 399 patients with meningiomas were
identified, and 2.5% (n = 10) had alterations in PBRM1. Of the 10
patients with PBRM1 alterations, one patient had a known
pathogenic point mutation variant (R1027X). Overall survival
(OS) was estimated using the Kaplan-Meier method. The median
OS was 797 days (95% CI 270 to o days) for patients with PBRM1
alteration and 1,862 days for those without (95% CI 1,547-2,009
days) (Figure 1). Of note, the patient having the PBRM1 R1027X
mutation had a survival of 797 days. The Kaplan-Meier plots and p-
values were not generated due to a low sample size of
PBRM1 alterations.

Clinical case

In 1993, at age 19, our patient was diagnosed with atypical
meningioma, grade 2, located around the right mastoid region. Her
treatment plan included two closely spaced surgeries and proton
therapy, followed by surveillance for more than a decade. She lacked
a family history of neurofibromatosis 2 (NF2) or cancer, as well as
clinical or imaging evidence of NF2. Referral for genetic counseling
was refused. In March 2017, at age 43, she developed progressive
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FIGURE 1
Overall survival estimates of meningioma patients with and without
PBRM1 alterations.
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headaches, and imaging demonstrated an enhancing right upper
neck mass with erosion of C1-C2 and extension into the posterior
fossa (Figure 2A). Her first surgical resection (R1) following
recurrence was performed in April 2017, and pathology
demonstrated atypical meningioma lacking immune infiltrates.
The post-surgery MRI and histopathology (H&E) images are
depicted in Figures 2B, 3A, respectively.

She initiated somatostatin analog injections in July 2017, which
she continued monthly for 22 months until imaging in November
2018 demonstrated progression (21-23). She also developed mild
headaches, tearing in her right eye, and decreased movement in the
right side of her face. The decision was made to undertake a large
cancer-based surgery, R2 (Figures 2C, D), in April 2019. Pathology
from this surgery was similar to that of the R1 specimen (Figure 3B).

After recovery (June 2019), she enrolled in a phase I clinical trial
of BXQ-350, a synthetic form of the human glycoprotein saposin C
(NCT02859857). Unfortunately, she soon progressed in August
2019 with the growth of the right skull base tumor and began to

10.3389/fonc.2025.1587752

have increased symptoms of headaches, dysphagia with liquids, and
weight loss. To identify possible targeted therapies, next-generation
sequencing (NGS) testing was performed on the R2 specimen (right
cerebellar tumor) with FoundationOne. This demonstrated a non-
elevated tumor mutational burden (TMB) of 4 Muts/Mb, stable
microsatellite status, and no recommended therapies or trials. There
were alterations including FBXW7 G419, BAPI loss, and PBRMI
loss of exons 2 to 12. The tumor was also found to have a PD-L1
tumor proportion score of <1% on PD-L1 22C3 THC testing.
Having the PBRMI mutation, a mutation possibly associated
with immune therapy response in RCC, pembrolizumab was
administered at standard flat dosing of 200 mg every 3 weeks
starting in September 2019 (30 months from R1). The patient soon
reported improvement in her symptoms and, after three cycles,
returned to full-time work. She experienced no significant adverse
effects from therapy. Repeat imaging demonstrated a reduction in
size with near resolution of mass effect (Figures 4A, B), and she
continued ICI therapy. At the time of manuscript writing, the

FIGURE 2

Contrast-enhanced coronal T1 MRI of the brain following recent surgeries. Arrows mark enhancing skull base mass prior to R1 (A) and R2 (C) and

resulting post-operative images following R1 (B) and R2 (D).
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FIGURE 3

H&E, x100 (A, B). Specimens from R1 and R2 demonstrating recurrent atypical meningioma.

patient had completed 66 cycles of pembrolizumab 200 mg every 3
weeks since R2. She continues to work and enjoys high performance
status and has no evidence of disease on her most recent imaging
(Figures 4C, D), approximately 3 years 9 months from the initiation
of ICI therapy and 50 months from R2.

Other cases benefiting from ICI therapy include an advanced
lung cancer patient co-diagnosed with imaging-based meningioma
(lacking tissue confirmation) in which both tumors continued
growing on standard chemotherapy prior to seeing a positive
response to nivolumab (24). Another case with atypical
meningioma (grade 2)—with mismatch repair deficiency and
disease extending extra-axially from a frontal convexity tumor to
involving the scalp—had prior treatment with bevacizumab,
temozolomide, two radiosurgeries, and seven surgical debulking
procedures, but exhibited benefit from nivolumab (25). In a 1997
study, six patients with unresectable or malignant meningiomas
were treated with interferon alpha-2B, with five patients showing a
positive response to treatment. Of those five patients, four
experienced tumor stabilization with a range of 6 to 14 months
(26, 27). Furthermore, a study published in 2022 documented a
slight trend in increased PD-L1 expression correlating with better
outcomes and growth stabilization in pembrolizumab-treated
meningioma patients (20). Twelve patients achieved a median
progression-free survival (PFS) of 7.6 months, which was a
favorable comparison to previous trials that had only reported
PES of 4-26 weeks (20, 28). The findings of this study also
suggested that T-cell or myeloid-cell phenotypic dynamics, as well
as the level of histological aggression, may dictate whether a clinical
benefit or disease response is achieved from ICI therapy (20).
Although limited in scope, these cases collectively support the
exploration of immunotherapy as an option for the treatment of
advanced meningiomas.

Discussion

PBRM]1 is a tumor suppressor gene that codes for BAF180, a
component of the chromatin remodeling complex (29). Thus, its
loss of function impacts chromatin structure and downstream
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transcriptional and DNA repair processes (30, 31). In vivo
experiments have demonstrated increased tumorigenesis in mice
with downregulated PBRM1I, with the greatest difference in gene
expression being seen in the chemokine/chemokine receptor
interaction pathway, suggesting a possible mechanism by which
PBRM1 alters cell cycle progression and proliferation (32). Other
recent studies have shown that a lack of PBRMI subsequently
results in DNA damage and dynamic chromosome instability (33).

In patients with clear cell RCC, loss-of-function mutations in
PBRM1 are common and are associated with clinical benefit from
immune checkpoint inhibitors (13, 34). Braun and colleagues
reported consistent results: in 189 patients with metastatic clear
cell RCC receiving nivolumab or everolimus as part of a clinical
trial, 55 patients had a PBRMI mutation, which was associated with
both clinical benefit and longer PFS in nivolumab-treated patients.
There was no effect noted in those treated with everolimus only.

In contrast, in a retrospective analysis conducted at three
Chinese institutions, presumably in Asian patients, PBRMI
mutations were infrequent in patients with non-small cell lung
cancer (84/2,767, 3%). This analysis demonstrated that PBRM1 may
be potentially associated with poorer survival in patients treated
with immunotherapy, despite previous reports suggesting a
correlation between PBRMI mutations and increased neoantigens
(35, 36).

PBRM]1 genetic alterations are infrequent (2.8%) in
meningiomas, and alterations are usually associated with high-
grade meningiomas (37). Unfortunately, the genomics data we
obtained from Caris Life Sciences did not contain information
regarding the tumor grade of the included patients. However, in a
recent case series of 850 patients with meningiomas that were grade
1 (220/850, 26%), grade 2 (441/850, 52%), and grade 3 (176/850,
20%) (13 cases were not graded due to inadequate specimens), only
16 had an inactivating mutation in PBRMI1 (1.9%) (14). The
majority of the 16 PBRMI meningioma cases (11) had papillary
histologic features that were higher grade (2/16 grade 1, 8/16 grade
2, and 6/16 grade 3), all were microsatellite stable and had a low
median TMB of 2.1 Muts/Mb, and five cases had an overlap
mutation with BAPI. Our analyses of 399 meningioma patients
undergoing NGS testing demonstrated that patients with PBRM1
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FIGURE 4

Contrast-enhanced coronal (A, C) and sagittal (B, D) T1 MRI of the brain. Arrows in panels A and B mark enhancing right cerebellar/skull base prior
to pembrolizumab. (C, D) Following six cycles of therapy, demonstrating response.

alterations had likely lower overall survival. The frequency (2.5%) of
PBRM] alterations in meningiomas in our analysis matches
published literature. Despite PBRM1 mutations rarely occurring
in meningioma, this represents a potential therapeutic investigation.

BAPI was originally identified as a BRCAI-interacting protein
and encodes a de-ubiquitinating enzyme that is involved in many
processes (38). BAPI can act as a subunit of the Polycomb
Repressive De-ubiquitinase complex (PR-DUB), which reverses
the ubiquitinating activity of Polycomb Repressive Complex 1
(PRC1); one key PR-DUB substrate is histone H2A ubiquitinated
at lysine 119, so BAPI normally acts to modulate chromatin
structure and cellular epigenetic status (39, 40). Thus, loss of
BAPI function is thought to affect DNA repair and transcription
processes that are affected by chromatin state. Mutations in BAPI
have been reported to correlate with positive response to
immunotherapy (41), perhaps by similar mechanisms as for
PBRM1, but BAPI alterations are even rarer (<1%) (37).

This report details our experiences with a patient with advanced
meningiomas and illustrates the challenges associated with treating
these malignancies. Our patient received proton therapy and
aggressive multi-team surgery, underwent a first-in-human early-
phase clinical trial, and was treated with a somatostatin analog for
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many years. Our patient’s meningioma demonstrated stable
microsatellite status and PD-L1 negativity, but with a TMB of 4
Muts/Mb, which is higher than reported for atypical meningioma
(mean 1.8 Muts/Mb) but lower than TMBs in other tumors
(melanomas, many lung cancers, and microsatellite instability
(MSI)-high cancers) (25) for which ICIs have FDA labeling. Thus,
it seems unlikely that PD-L1 or TMB levels explain the positive
response to immunotherapy.

The genomics report demonstrated probable loss-of-function
alterations (large deletions) in the tumor suppressor gene PBRM1
on chromosome 3p21. Our patient had a PBRM1I deletion involving
exons 2 through 12. Missense mutations in the bromodomain
regions have been shown to result in the tumor suppressor
activity of PBRMI, especially in the bromodomain 2 (42).
Further, the bromodomains have also been found to be essential
in the chromatin complex interaction (42, 43). Even though it is
tempting to suggest that loss of function of PBRM1I and/or BAP1
plays a role in the positive response of our patient to
pembrolizumab, the role of mutations in PBRMI has yet to be
well-characterized. Our genomics analysis on meningioma patients
demonstrated 90% (9/10) patients having PBRM1 mutations with
unknown oncogenic significance. The patient in our case report had
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a reported exon loss in PBRM1, which may result in truncating
mutations leading to a loss of function as a tumor suppressor.
Truncating or splice site mutations appear to be the majority of
reported PBRM1 oncogenic alterations based on the cBioPortal
database (44, 45). This suggests that despite PBRMI being a
potential biomarker for immunotherapy, heterogeneity in tumors
may present challenges when validating biomarkers as a response
to immunotherapy.

The current therapeutic landscape remains limited in
meningioma, but treatments targeted to actionable mutations are
promising. In addition to immunotherapy, ongoing clinical trials
are under investigation involving FAK inhibition in patients based
on preclinical synthetic lethality seen with NF2 loss and FAK
inhibition (46). Despite evidence of PBRMI loss contributing to
genomic instability or neoantigen production, a majority of the
reported literature is preclinical in nature, and the concept requires
further research to validate PBRM1I as a marker for immunotherapy
response. Our experience with immunotherapy in treating
meningioma patients mirrors that observed in patients with other
malignancies—i.e., while a substantial percentage of patients may
have a positive or even exceptional response, others may not
respond even though their tumors may possess a marker that
would potentially predict a positive response. Our findings
expand this paradigm to aggressive meningiomas from the
positive outcome of our patient case, which adds to the limited
previous literature demonstrating positive responses of these
malignancies to immunotherapy.
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PARP inhibitors are widely used class of drugs for the treatment of homologous
recombination deficient cancers, including BRCA mutated ones. These drugs led
to substantial improvement in survival, particularly for patients with BRCA
mutated tumors. However, many patients eventually develop resistance to
PARP inhibitors, mainly due to BRCA reversion mutations. Overcoming
resistance to PARP inhibitors is an unmet medical need. Recently, it has been
shown that BRCA-deficient cells are hypersensitive to the thymidine analogue 5-
chloro-2'-deoxyuridine (CldU), either alone or in combination with PARP
inhibitors. In this study, we show, across multiple BRCA2 mutated cell lines,
that CldU sensitizes PARP inhibitor-resistant cells to PARP inhibitors. This synergy
was also present in cell lines with BRCAZ reversion mutations and was associated
with high levels of DNA damage and arrestin S phase. This effect, which is specific
to thymidine analogue CldU, may open new avenues for the treatment of BRCA
mutated cancers resistant to PARP inhibitors.

KEYWORDS

BRCA mutation, PARP inhibitor, resistance, reversion mutation, thymidine analogue,
CldU, cancer

1 Introduction

Poly(ADP-ribose) polymerase (PARP) inhibitors (PARPi) induce cell death by
exploiting the absence of homologous recombination in cancer cells harboring
mutations in the BRCAI/BRCA2 genes (1). More precisely, cancer cells lacking the
repair proteins BRCA1 and BRCA2 rely more heavily on PARP to repair their damaged
DNA. Hence, inhibiting PARP leads to cell death as these cells are no longer able to repair
the damage to their DNA. Studies have shown that loss of BRCA2 leads to cells being 100 to
1000 times more sensitive to PARPI, this led to their exploitation in the clinic in the context
of BRCAI/2-mutated cancer (2, 3). Other mechanisms whereby PARPi induce cell death
include regulation of fork reversal and non-homologous end joining (NHE]) at collapsed
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forks (4). It is also thought that inhibition of PARP activity causes a
delay in single-strand breaks, which will accumulate and become
toxic double-strand breaks upon encounters with the replication
fork (5). PARPi are the first successful example of therapy
exploiting synthetic lethality in cancer. They showed survival
benefit across multiple cancers with BRCA mutations (6, 7).

Despite the substantial impact that PARPi have made in the
clinic, most patients with metastatic disease do eventually develop
resistance, creating a major unmet medical need. For instance, the
SOLO2 phase III trial exemplified how 78% of BRCA-mutated
patients with relapsed ovarian cancer eventually experienced
disease progression on Olaparib, indicating the development of
resistance to PARPi (8). Another example is the ARIEL2 study,
which showed that 60% of BRCA-mutated, high-grade ovarian
carcinoma patients treated with Rucaparib ultimately experienced
disease progression (9). Patients that become resistant to PARPi
have poor outcome and develop cross-resistance with other DNA
damage agents such as platinum (10, 11).

There are various described mechanisms to render cancer cells
resistance to PARPi. The first is the restoration of the homologous
recombination pathway, either through reversion mutations that
restore activity to the BRCA proteins (12, 13) or via loss of 53BP1
and other resection-associated proteins (14), which will, in turn, restore
the homologous recombination capacity of the cell (15). Recent
analyses reported that up to 80% of prostate cancer patients with
BRCA2 mutations who developed resistance to PARPi had undergone
reversion mutations (16). Mutations in PARP itself can also lead to
resistance to inhibitors by reducing the binding of the drug (17).
Finally, loss of Poly(ADP-ribose) Glycohydrolase results in defective
removal of PAR chains, potentially conferring resistance to PARPi (18).

It is expected that this resistance issue will affect approximately
40-70% of metastatic patients with BRCA mutations (19). Strategies
aiming to combine PARPi with other drugs to overcome the hurdle
of resistance have not yet proven to be successful. Strategies aiming
to combine different PARPi with various chemotherapeutic drugs,
such as PI3K inhibitors (20), ATR inhibitors (21, 22) or Pol®
inhibitors (23, 24) have been explored but are yet to deliver
impactful results with manageable toxicities. This illustrates the
major need for strategies to overcome resistance to PARPi.
Recently, it was shown that BRCA-defective cells are sensitive to
treatment with the thymidine analogue CIdU either alone or in
combination with PARPi olaparib (5). In this study, we found that
the thymidine analogue CIdU conferred specific sensitivity to
PARPi in BRCA2 mutated cell lines that were previously resistant,
including those with reversion mutations. We show that this
combination of treatments induced high levels of DNA damage
in PARP inhibitor-resistant cell lines.

2 Material and methods

2.1 Cell lines

PEO1 and PEO4 serous ovarian cancer cell lines were
purchased from Sigma-Aldrich. They are derived from peritoneal
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ascites of the same patient with a poorly differentiated serous
ovarian adenocarcinoma. PEO1 cells were collected from the
patient at first relapse (cisplatin-sensitive). PEO4 cells were
collected after the patient demonstrated resistance to cisplatin
(25). PEO1 has BRCA2 non-sense mutation (5193C>G, Y1655X)
and PEO4 harbors BRCA2 reversion mutation (5193C>T, Y1655Y).
C4-02 and C4-13 clones were derived in vitro from PEOI cells
through continuous exposure to cisplatin for 4 weeks (25). C4-02
exhibited BRCA2 reversion mutation (5192A>T). PEOI and its 3
clones were cultured in RPMI1640 medium (+) l-glutamine
supplemented with 2mM Sodium Pyruvate and 10% fetal bovine
serum (FBS).

CAPAN-1 is a BRCA2 mutant (6174delT) pancreatic cancer cell
line. Its clones C2-5, C2-8 and C2-13 were derived in vitro through
continuous exposure to cisplatin for 4 weeks. C2-5 exhibited
BRCA2 reversion mutation (6006_6308del303) while C2-08 and
C2-13 do not have reversion mutations (13). CAPAN-1 and its 3
clones were cultured in RPMI1640 medium (+) l-glutamine
supplemented with 2mM Sodium Pyruvate and 10% fetal bovine
serum (FBS). PEO1 derived clones (C4-02 and C4-13), CAPAN-1
and its clones (C2-05, C2-08 and C2-13) were generously provided
by Prof. Toshiyasu Taniguchi (Tokai University school
of medicine).

2.2 Drugs and chemicals

Olaparib (HY-10162), CldU (Merck, C6891) and Saruparib
(HY-132167) were purchased from MedChemExpress
(LUCERNA-CHEM). Thymidine (T1895) was purchased from
Sigma-Aldrich, EdU (A10044) from ThermoFisher Scientific and
BrdU (B23151 from Invitrogen). The stock solutions of PARPi and
chemical compounds were prepared from powders dissolved in
100% dimethyl sulfoxide (DMSO) for a stock solution
concentration of 10mM except for thymidine that was dissolved
in water, aliquoted, and stored at —80°C for up to a maximum of 12
months. In order to minimize the cytotoxic effect of DMSO dilution
solution on the cells, several intermediate dilutions were prepared to
dispense 2uL of inhibitors in 2mL medium per well of a 6-well plate.
The same volume of DMSO was added to control wells.

2.3 Clonogenic assay

The cytotoxic activity of drugs and their influence on cell growth,
survival and their ability to form colonies were assessed using the
colony formation assay. Briefly, cells were seeded in 6-well plates in 2
mL of culture medium in triplicate (1500 cells per well for CAPAN-1
and its clones, and 3000 cells for PEO1 and its clones) and incubated
for 24 h (37°C, 5% CO2). Drugs were added to the medium 24h after
cell seeding with pre-selected doses of tested compounds (0.001 -
10uM olaparib, 10 - 100-1000 nM saruparib, 0.05 - 5 uM CIdU or
their combinations) by adding 2uL of 1000 x concentrated drugs
prepared in DMSO. The same volume of DMSO was added to
control wells. After 48h, the medium was changed, and cells were
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allowed to grow and proliferate in a drug-free medium for 14-21 days
until non-overlapping colonies were formed in control wells.
Colonies were fixed with paraformaldehyde (PFA) 4% for 20 min,
stained with 0.5% crystal violet in 20% ethanol for 20 min, thoroughly
rinsed with deionized water to remove residual dye, and air-dried at
room temperature. Each well was photographed using the FUSION
FX6 EDGE Imaging System and number of colonies was quantified
using Image] software® with colony counting extension. A colony of
at least a size of 20 pixel® was scored as one survivable colony and
considered for the count. Results were expressed as relative survival
(percentage of colonies) as the number of colonies per treatment
versus colonies that appeared in the DMSO control (mean colony
counts + standard errors are reported). Graphs were generated using
GraphPad Prism®, 9 software (v.9.4.1).

2.4 Flow cytometry

Following drug treatment, cells were harvested by trypsin and
fixed in 70% ethanol in PBS1X overnight at —20°C. Detection of
YH2AX phosphorylation was performed using the Guava Histone
H2AX Phosphorylation Assay Kit (Luminex, catalogue no.
FCCS100182) according to the manufacturer’s instructions.
Genomic DNA was stained by incubating the cells in PBS
containing RNase (Roche, catalogue no. 11119915001) and
propidium iodide (Sigma-Aldrich catalogue no. 81845). DNA-
YH2AX profiles were acquired by flow cytometry (CytoFLEX LX
flow cytometer); more than 5,000 cells were analyzed per sample
using Kaluza® software (Beckman Coulter).

2.5 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9
software (v.9.4.1). Detailed description of means or medians,
error bars and the number replicates and/or cells analyzed is
reported in the figure legends. For comparison of more than two
groups, the two-way ANOVA with Tukey’s multiple comparisons
test was used Values are presented as mean + SEM. p<0.05 was
considered significant. Detailed description of means or medians,
error bars and the number replicates and/or cells analyzed is
reported in the figure legends. Statistical analysis was reported on
Supplementary Tables.

3 Results

3.1 BRCA2-mutant cells’ sensitivity to CldU
resembles the sensitivity to PARP inhibitor

Recent findings have demonstrated that BRCA1-deficient cells
exhibit marked sensitivity to chlorodeoxyuridine (CIdU), both as a
monotherapy and in combination with the PARP inhibitor olaparib
(4). In this study, we assessed the sensitivity to CIdU across eight
BRCA2-mutant cancer cell lines. These included: (1) PEOI, an
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ovarian cancer-derived cell line, and its isogenic derivatives
resistant to cisplatin, either with (PEO4; C4-02) or without
BRCA2 reversion mutation (25); and (2) CAPAN-1, a pancreatic
cancer-derived cell line, along with its cisplatin-resistant clones due
to either BRCA2 reversion mutations (C2-05 and C2-13) or other
mechanisms (C2-08) (13). Our results revealed that sensitivity to
CldU partially reflected sensitivity to PARP inhibitor olaparib.
Notably, PEO1 displayed pronounced sensitivity to olaparib
(Figures 1A-C) and CIdU (Figure 1E), whereas PEO4, C4-02,
CAPAN-1, C2-05, C2-08, and C2-13 exhibited reduced sensitivity
to both olaparib (Figures 1C, D) and CIdU (Figures 1E, F).

3.2 CldU sensitizes PARP inhibitor-resistant
cells to PARP inhibitors

We next investigated whether the combination of CldU and
PARPi exerts a synergistic effect in BRCA2-mutant cancer cells.
Remarkably, the co-treatment with low doses of olaparib (1 uM)
and CIdU (0.5 uM) proved to be lethal in BRCA2-mutant PEO1 cells,
as well as in its olaparib-resistant isogenic derivatives, including
revertant clones PEO4 and C4-02 (Figure 2A, Supplementary
Table 1 and Supplementary Figure 1A). This synergistic effect was
further validated using saruparib (AZ5305), a second-generation,
highly potent and PARP1-selective inhibitor with approximately 500-
fold selectivity for PARP1 over PARP2 (18). Low-dose saruparib (10
nM) combined with CIdU resulted in >80% cell death across the three
PEOI1-derived clones, all of which were resistant to saruparib
monotherapy (Figure 2C, Supplementary Table 3, Supplementary
Figure 1C and Supplementary Figures 2A-D). Consistently, the
combination of CldU with olaparib (Figure 2B, Supplementary
Table 2 and Supplementary Figure 1B) elicited a synergistic
response in the BRCA2-mutant CAPAN-1 cell line and its PARP
inhibitor-resistant isogenic derivatives, including the reversion-
bearing C2-05 clone. Interestingly, the synergistic response
between saruparib and CldU in CAPAN-1 cells was less significant
(Figure 2D, Supplementary Table 4, Supplementary Figure 1D and
Supplementary Figures 2E-H). This could reflect the high intrinsic
resistance of these cells to both agents, in addition to saruparib being
a PARP1 specific inhibitor with lower trapping potential than
olaparib (26). Collectively, these findings demonstrate that CldU
and PARPI act synergistically in BRCA2-mutant cancer cells, even in
the context of acquired PARP inhibitor resistance, including
resistance mediated by BRCA2 reversion mutations.

3.3 The synergistic effect of CldU and
PARP inhibitor is specific

CldU is a thymidine analogue with a chemical structure closely
resembling that of native thymidine. It is commonly used in molecular
biology to label newly synthesized DNA, as it is incorporated into
DNA but not RNA. Other thymidine analogues, such as 5-ethynyl-2'-
deoxyuridine (EdU) and 5-bromo-2’-deoxyuridine (BrdU), serve
similar roles in tracking DNA synthesis (Figure 3A). To determine
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(B) chlorodeoxyuridine (CldU; 0.05-0.5 uM). Survival is expressed as percent of untreated control. (C, D) Olaparib sensitivity in BRCA2-mutant
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normalized to untreated controls.

whether the observed synergy between CldU and PARPi is unique to
CldU or shared among thymidine analogues, we evaluated the
cytotoxic effects of olaparib (1 uM) in combination with thymidine
or its analogues (CldU, BrdU, and EdU) at an equivalent
concentration (0.5 uM) in PEO1 and PEO4 cell lines. Our results
demonstrated that the synergistic interaction with olaparib was
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specific to CldU (Figures 3B-E and Supplementary Figure 3). In
contrast, EdU exhibited intrinsic cytotoxicity across all conditions,
independent of olaparib co-treatment (Figures 3B-E and
Supplementary Figure 3). This result is consistent with a recent
report showing that EAU induces DNA damage in mammalian
cells, that is repaired by nucleotide excision repair (27). Neither
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combination. (A) PEO1 (BRCA2-mutant), PEO4 and C4-2 (BRCA2-revertant resistant), and C4-13 (non-revertant resistant). Data are mean + SD of
three technical replicates from one representative experiment (n = 3 independent repeats). (B) Capan-1 (BRCA2-mutant), C2-5 and C2-8 (BRCA2-
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all panels, the striped bars (combination) reveal pronounced loss of clonogenic survival in both parental and PARPi-resistant clones, indicating strong

synergy between CldU and either olaparib or saruparib

thymidine nor BrdU alone, nor in combination with olaparib,
exhibited significant cytotoxic effects. These findings suggest that the
synergy between CldU and PARPi is not a general property of
thymidine analogues, but rather a specific feature of CldU.

3.4 CldU combination with PARP inhibitor
induce DNA damage

Finally, we sought to determine whether the combination of
CldU and PARP inhibition induces DNA damage in BRCA2-
mutant cancer cells. As expected, treatment with olaparib alone
triggered DNA damage in PARP-sensitive PEO1 cells (Figure 4A).

Frontiers in Oncology

148

In contrast, olaparib monotherapy did not elicit substantial DNA
damage in PARP-resistant PEO4 and C4-02 cells (Figure 4B and
Supplementary Figure 4). Notably, co-treatment with CldU and
olaparib resulted in marked DNA damage in these resistant cell
lines (Supplementary Figure 4). Furthermore, the combination of
CldU and olaparib induced early S-phase cell cycle arrest in both
PEO1 and PEO4 cells (Supplementary Figure 4), consistent with
replication stress-associated DNA damage. In parallel, EdU
treatment led to DNA damage across all conditions (Figures 4A,
B), independent of BRCA2 status, underscoring its inherent
cytotoxicity. Collectively, these findings demonstrate that CldU
and olaparib cooperate to induce DNA damage in PARPi-
resistant cells, supporting a synergistic mechanism of action.
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CldU is the most potent and selective thymidine analogue for synergizing with PARP inhibition. (A—D) Clonogenic survival of BRCA2-mutant PEO1
cells and isogenic derivatives following 48-hour treatment with thymidine analogues (Thymidine, EdU, CldU, or BrdU; 0.5 pM) alone or combined
with olaparib (1 pM). (A) PEO1 parental cells. (B) C4-13 (PARPi-resistant, BRCA2 non-revertant). (C) PEO4 (PARPi-resistant, BRCA2-revertant). (D) C4-2
(PARPi-resistant, BRCA2-revertant). Data represent the mean + SD of three technical replicates from one representative experiment (n=3). Statistical
significance was assessed using GraphPad Prism 10.5.0 software by two-way ANOVA with Tukey's multiple comparisons test. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001. Experiments were repeated independently three times for panels (A, C), and twice for panels (B, D).

4 Discussion

PARP inhibitors (PARPi) have significantly advanced the
treatment of cancers harboring BRCAI or BRCA2 mutations by
exploiting deficiencies in homologous recombination-mediated
DNA repair. However, resistance to PARPi remains a major
clinical challenge. Reversion mutations in BRCAI/BRCA2—
observed in up to 80% of patients who develop resistance to
PARPi—can restore protein function, thereby reinstating DNA
repair capability and leading to therapeutic resistance and poor
outcomes (16, 17). Strategies to overcome PARPi resistance are
actively being explored. In this study, we demonstrate that the
thymidine analogue chlorodeoxyuridine (CldU) sensitizes PARPi-
resistant cancer cells to PARP inhibition. This cytotoxic effect is
thought to result from the accumulation of single-stranded DNA
gaps initiated by uracil DNA glycosylase-mediated base excision
repair. When combined with PARPi-induced replication stress and
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compromised fork protection in BRCA-deficient cells, this leads to
lethal levels of DNA damage. Notably, even cells harboring BRCA
reversion mutations, which partially restore homologous
recombination, remain sensitive to the combination of CldU and
PARPi. This suggests that the mechanism of cytotoxicity may
bypass conventional BRCA-mediated repair pathways. Although
the exact mechanism of cell death remains to be fully elucidated, our
findings point to a potentially novel vulnerability in PARPi-
resistant cancers. Of note, we observed that the combination of
CldU and olaparib was synergetic across all cell lines derived from
both PEO1 and CAPAN-1, while the synergistic effect between
saruparib and CldU in CAPAN-1 cells was less significant.
Elucidating whether this is due to intrinsic differences in DNA
repair between cell lines, replication stress response, or PARP
trapping efficiency (26) need to be addressed in the future.
Importantly, while CIdU is not approved for clinical use and is
currently limited to research applications as a DNA synthesis
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The chlorine group in CldU drives enhanced DNA damage in BRCA2-mutant cells under PARP inhibition. Quantification of yH2AX-positive cells
(marker of DNA damage) by flow cytometry after 48-hour treatment with thymidine analogues (Thymidine, EdU, CldU, or BrdU; 0.5 pM), alone or
combined with olaparib (1 uM). (A) PEO1 (BRCA2-mutant parental line). (B) PEO4 (PARPi-resistant, BRCA2-revertant). Data show the percentage of
YH2AX-positive cells from three independent experiments. Increased DNA damage in CldU-treated groups highlights the role of the chlorine

modification under PARP inhibition.

marker, clinically approved nucleoside analogues such as
gemcitabine, cytarabine, and trifluridine share structural
similarities. Some of these, particularly gemcitabine, have shown
synergistic activity with PARPI in preclinical models of non-small-
cell lung cancer (28) and in a clinical trial that enrolled pancreatic
cancer patients (29). Next-generation antibody drug conjugates
combining dual payloads that target DNA damage, for instance
topoisomerase 1 inhibitor and PARPi, are currently investigated
(30) and could be a therapeutic approach to reduce the toxicities of
such combinations. Our work also confirmed that another
thymidine analogue, EdU, is cytotoxic and induces DNA damage
in mammalian cancer cells (27, 31), independent of BRCA2 status.
Overall, our findings prompt further investigation into nucleotide
analogues for the treatment of PARPi-resistant cancers.
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SUPPLEMENTARY FIGURE 1

Representative colony formation assays showing the effects of combined CldU
and PARP inhibition on BRCA2-mutant and PARPi-resistant cell lines. (A, B)
Representative images from clonogenic survival assays following 48-hour
treatment with olaparib (1 pM) plus CldU (0.5 pM) in: (A) PEO1 (BRCA2-
mutant) and its isogenic derivatives (PEO4, C4-2, C4-13) (B) Capan-1 (BRCA2-
mutant) and its isogenic derivatives (C2-8, C2-13, C2-5) (C, D) Representative
images from clonogenic survival assays following 48-hour treatment with
saruparib (10 nM) plus CldU (0.5 pM) in: (C) PEO1 and its isogenic derivatives
(PEO4, C4-2, C4-13) (D) Capan-1 and its isogenic derivatives (C2-8, C2-13, C2-
5). For each condition, one well from triplicate experiments is shown.
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