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Editorial on the Research Topic

The immunosuppressive tumor microenvironment and strategies to
revert its immune regulatory milieu for cancer immunotherapy

Despite advancements in tumor immunotherapy, inconsistent therapeutic effects and
barriers impacting clinical outcomes highlight the need for a better understanding of the
tumor microenvironment (TME) in cancer immunology (1). The TME plays a crucial role
in anti-cancer immunity, influencing the effectiveness of immunotherapy and other
treatments (2, 3). Interactions between cancer cells, the extracellular matrix, and stromal
cells shape the TME, creating a heterogeneous environment that fosters chronic
inflammation, immune suppression, and angiogenesis (4-6).

Limited understanding of immune suppression in cancer patients has hindered the
success of immunotherapeutic strategies. Therefore, comprehending the TME, tumor
immune evasion mechanisms, and the interplay between stromal and immune cells is vital
for successful tumor immunotherapy (7, 8). Overcoming immune-suppressive networks
and activation barriers within the TME is crucial for effective cancer cell eradication (9-11).
Targeting key factors and reprogramming the TME to enhance T cell activity while
reducing immune-suppressive cell accumulation are potential strategies.Further studies on
TME composition and its impact on immune surveillance attenuation can guide the
development of strategies to manipulate the TME and benefit cancer patients (12, 13).

Understanding the TME status, immune cell involvement, and key transcription factors
is essential for developing therapies that target inefficient T-cells within the TME. In their
study titled “Regulatory effects of IRF4 on immune cells in the tumor microenvironment,”
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Lu et al. demonstrated the significant potential of targeting IRF4 and
its interactions with BATF, TCFI1, Roquin, or Regnasel to regulate
anti-tumor T-cell immunity and improve therapeutic efficacy.
Polyamine metabolism is closely associated with tumor
development and the TME. Wang et al. conducted a study on the
“development and validation of polyamine metabolism-associated gene
signatures” to predict prognosis and immunotherapy response in
lung adenocarcinoma (LUAD) using machine learning. They
identified specific genes related to polyamine metabolism that can
predict patient survival and showed their association with immune
cell infiltration and immunotherapy response in LUAD patients.
Additionally, the role of adenosine triphosphate (ATP) in cellular
energy metabolism and the contribution of CD39 and CD73
ectonucleotidases to inflammation, hypoxia, and cancer progression
have been recognized as promising therapeutic targets (14, 15). Jiang
et al. in a study entitled “The ectonucleotidases CD39 and CD73 on T
cells: The new pillar of hematological malignancy” highlighted the
potential of CD39 and CD73 as disease markers and prognostic
indicators in hematological malignancies, contributing to the
progression and expansion of leukemias.

Zhou et al. conducted a bibliometric and visual analysis on tumor-
associated macrophage (TAM) research, evaluating its research status,
focus areas, and development trends. The study covered 6,405 articles
published between 2001 and 2021, primarily from the USA and China,
providing valuable information for researchers in this promising field of
cancer immunology. In their contribution, Zhu et al. explored the
inhibition of immune response by stress hormones and its reversal
through enhancing the anti-cancer functions of granulocytes using
Ginsenoside Rgl, a traditional herbal medicine ingredient. They
confirmed the immunoprotective effects of Ginsenoside Rgl on
granulocytes through cell culture and animal experiments. The study
demonstrated the downregulation of ARG2, MMP1, S100A4, and
RAPSN mRNA expression, as well as the upregulation of LAMC2,
DSC2, KRT6A, and FOSB mRNA expression in noradrenaline-
inhibited granulocytes. These findings suggest the potential use of
Ginsenoside Rgl as an adjuvant drug for cancer patients
experiencing mental stress. Sarsembayeva et al. investigated the role
of tumor microenvironment-derived Cannabinoid receptors (CB1 and
CB2 receptors) in non-small cell lung cancer. They identified immune
cells expressing cannabinoid receptors in the tumor microenvironment
and observed that the absence of cannabinoid receptor 2 led to a
favorable change in the composition of immune cell populations,
favoring tumor-killing lymphocytes. The study indicated that the
absence of this receptor significantly improved the response to
immunotherapy, highlighting the relevance of microenvironment
findings in immunotherapeutic approaches. In the context of
immune suppression in solid tumors such as Glioblastoma (GBM),
Ni et al. conducted a study titled “Transcriptome and single-cell analysis
reveal the contribution of immunosuppressive microenvironment for
promoting glioblastoma progression.” This research identified immune
suppressive subgroups, major cell types, signaling pathways, and
molecules involved in the formation of the immune suppressive
subgroup. The findings provide valuable insights for future
personalized immunotherapy approaches targeting GBM.

In their review titled “Targeting the Bone Marrow
Microenvironment in Acute Myeloid Leukemia: Potential Use of

Frontiers in Immunology
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Immune Checkpoint Inhibitors,” Aru et al. emphasized the impact of
dual inhibition of the CXCL12-CXCR4 and PD-1-PD-LI axes in
alleviating the immunosuppressive tumor microenvironment of
acute myeloid leukemia (AML). This highlights the potential of
immune checkpoint blockade (ICB) as a therapeutic approach for
modifying the bone marrow microenvironment (BMM) in AML.
However, further research involving larger patient cohorts is needed
to fully understand the integration of ICIs in hematological
malignancy treatments. Yao et al. explored the immune
characteristics of T-cell subsets in peripheral blood and bone
marrow samples of chronic myeloid leukemia (CML) patients.
They observed altered immune patterns, including increased
levels of TIGIT and CD8+ tissue-residual T cells (TRM) in de
novo-CML patients, while the level of CD8+TEMRA cells decreased
in patients who did not achieve a molecular response. These
findings suggest that tyrosine kinase inhibitor (TKI) therapy can
reshape the T-cell repertoire when patients achieve a molecular
response in CML. Lv et al. utilized single-cell RNA sequencing
(scRNA-seq) to analyze immune cell dynamics and tumor cell
infiltration in the bone marrow (BM) of multiple myeloma (MM)
patients. They discovered aberrant metabolic processes associated
with the immunosuppressive microenvironment in MM,
particularly dysregulated amino acid metabolism that impaired
the function of cytotoxic CD8 T cells. The authors propose that
restoring metabolic balance should be a key focus for improving the
efficacy of immune-based therapies in MM. In the context of B cell
malignancies, including MM, B-cell lymphomas, and chronic
lymphocytic leukemia, immunomodulatory drugs (IMiDs) such
as thalidomide, lenalidomide, and pomalidomide have been
employed. Guo et al. summarized the current advances in the use
of IMiDs in regulating immune cell function and enhancing the
efficacy of immunotherapies across different types of B-cell
neoplasms. The authors highlight the importance of IMiDs-based
tumor microenvironment re-education as a crucial mechanism for
improving treatment outcomes. These studies collectively
demonstrate the significance of understanding and targeting the
immune disorder within the microenvironment of hematological
malignancies, including AML, CML, MM, and B-cell neoplasms. By
manipulating the tumor microenvironment, such as through
immune checkpoint inhibitors or metabolic interventions, there is
potential to enhance the effectiveness of immunotherapies in
these diseases.

More recently, an old foe has come back to the forefront of the
fight against cancer, namely oncolytic viruses and their more
interesting cousins the arenaviruses. While oncolytic viruses have
limited efficacy in tumors with intact IFN pathways, arenaviruses
provide a promising alternative due to their ability to evade host
immunity (16, 17). In their review titled “Arenaviruses: Old viruses
present new solutions for cancer therapy,” Stachura et al. discuss the
resurgence of oncolytic viruses and the emerging use of
arenaviruses in cancer treatment. The authors provide a
comprehensive overview of arenaviruses, focusing on lymphocytic
choriomeningitis virus (LCMV), a non-cytopathic virus with
specific cancer tropism. They highlight the recent positive results
from early clinical trials with arenavirus-based therapies, presented
at the AACR and ASCO meetings in 2023. The review delves into

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1086803
https://doi.org/10.3389/fimmu.2023.107095
https://doi.org/10.3389/fimmu.2023.1110325
https://doi.org/10.3389/fimmu.2023.1110325
https://doi.org/10.3389/fimmu.2023.1078705
https://doi.org/10.3389/fimmu.2023.1070679
https://doi.org/10.3389/fimmu.2022.997115
https://doi.org/10.3389/fimmu.2022.1051701
https://doi.org/10.3389/fimmu.2023.1108200
https://doi.org/10.3389/fimmu.2023.1078118
https://doi.org/10.3389/fimmu.2022.1077768
https://doi.org/10.3389/fimmu.2022.1017990
https://doi.org/10.3389/fimmu.2023.1110522
https://doi.org/10.3389/fimmu.2023.1238698
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ganjalikhani Hakemi et al.

the biology of LCMYV, its safety profile in patients, and various
LCMV-based therapies and anti-cancer vaccines. The information
presented in the review will be valuable for researchers in the field of
cancer immunotherapy, providing insights into the potential of
arenaviruses as a novel viral-based therapy.

At the whole, we received and enthusiastically reviewed
several interesting reviews and research articles on this Research
Topic, which shed light on new research directions related to
one of the most important and multidisciplinary research
subject: “The Immunosuppressive Tumor Microenvironment and
Strategies to Revert its Immune Regulatory Milieu for Cancer
Immunotherapy. “We hope that all the efforts of the editorial
team and the articles presented in this Research Topic can be
interesting, informative, and inspiring for all our readers,
encouraging them to thoroughly explore the presented subject in
this Research Topic.

Author contributions

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it
for publication.
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Immunomodulatory drugs (IMiDs) such as thalidomide, lenalidomide and
pomalidomide are antitumor compounds that have direct tumoricidal activity
and indirect effects mediated by multiple types of immune cells in the tumor
microenvironment (TME). IMiDs have shown remarkable therapeutic efficacy in
a set of B-cell neoplasms including multiple myeloma, B-cell lymphomas and
chronic lymphocytic leukemia. More recently, the advent of immunotherapy
has revolutionized the treatment of these B-cell neoplasms. However, the
success of immunotherapy is restrained by immunosuppressive signals and
dysfunctional immune cells in the TME. Due to the pleiotropic
immunobiological properties, IMiDs have shown to generate synergetic
effects in preclinical models when combined with monoclonal antibodies,
immune checkpoint inhibitors or CAR-T cell therapy, some of which were
successfully translated to the clinic and lead to improved responses for both
first-line and relapsed/refractory settings. Mechanistically, despite cereblon
(CRBN), an E3 ubiquitin ligase, is considered as considered as the major
molecular target responsible for the antineoplastic activities of IMiDs, the
exact mechanisms of action for IMiDs-based TME re-education remain
largely unknown. This review presents an overview of IMiDs in regulation of
immune cell function and their utilization in potentiating efficacy of
immunotherapies across multiple types of B-cell neoplasms.

KEYWORDS

Immunomodulatory drug, B-cell lymphoma, Multiple myeloma, Tumor microenvironment,
Immunotherapy, CRBN

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1017990/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1017990/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1017990/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1017990/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1017990/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.1017990&domain=pdf&date_stamp=2022-10-12
mailto:drzhouks77@163.com
https://doi.org/10.3389/fimmu.2022.1017990
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.1017990
https://www.frontiersin.org/journals/immunology

Guo et al.

1 Introduction

B-cell neoplasms, which stem from distinct stages of B-cell
development, are a heterogeneous set of cancers including B-cell
lymphomas (BCLs), chronic lymphocytic leukemia (CLL), and
plasma cell dyscrasias such as multiple myeloma (MM) (1).
Despite great advances have been achieved in diagnosis and
treatment, these hematologic disorders still cause significant
global morbidity and mortality. The introduction of a safe and
more effective new class of drugs, especially the monoclonal
antibodies (mAbs) (e.g. anti-CD20 rituximab and anti-CD38
daratumumab), has made remarkable therapeutic progress in the
past twenty years. Yet a large number of patients still fail to have
response or relapse eventually. More recently, novel
immunotherapies including immune checkpoint inhibitors (ICIs)
and chimeric antigen receptor (CAR) T-cell therapy have made
breakthroughs in treatment of refractory disease (2, 3). However,
the success of immunotherapy is impeded by inhibitory signals
which reside in cancer cells or that are generated from the tumor
microenvironment (TME), which restricts the tumor-suppressive
capacity of the immune system (4-6).

TME is a complex network consisting of both cellular and
non-cellular compositions, which forms a physical barrier
around malignant cells. Increasing evidence has established
that components of TME play vital roles in a series of
processes of tumor development, including carcinogenesis,
progression, metastasis and treatment resistance (6-8).
Recognition of the TME has paved the way for exploring
novel strategies targeting the microenvironment as well as its
interplays with tumor cells (9). Immunomodulatory drugs
(IMiDs) are a group of anticancer agents including

Abbreviations: AML, Acute myeloid leukemia; ADCC, Antibody-dependent
cell-mediated cytotoxicity; ADCP, Antibody-dependent cellular
phagocytosis; APC, Antigen presenting cell; ASCT, Autologous stem cell
transplantation; BCL, B-cell lymphoma; BsAb, Bispecific antibody; BiTE, Bi-
specific T-cell engager; BMSC, Bone marrow-derived mesenchymal stromal
cell; CK1a, Casein kinase 1 alpha; CRBN, Cereblon; CAR, Chimeric antigen
receptor; CLL, Chronic lymphocytic leukemia; CR, Complete response; DC,
Dendritic cell; DLBCL, Diffuse large B-cell lymphoma; FDC, Follicular
dendritic cell; FL, Follicular lymphoma; FDA, Food and Drug
Administration; ICI, Immune checkpoint inhibitor; IS, Immune synapse;
IMiD, Immunomodulatory drug; IRF4, Interferon regulatory factor 4; MCL,
Mantle cell lymphoma; MOA, Mechanism of action; mAb, Monoclonal
antibody; MM, Multiple myeloma; MDS, Myelodysplastic syndrome; NK,
Natural killer; ND, Newly diagnosed; NHL, Non-Hodgkin lymphoma; ORR,
Overall response rate; PDX, Patient-derived xenograft; PCNSL, Primary
central nervous system lymphoma; PEL, Primary effusion lymphoma; PFS,
Progression-free survival; Treg, Regulatory T cell; R/R, Relapsed/refractory;
SLE, Systemic lupus erythematosus; TME, Tumor microenvironment; TAA,
Tumor-associated antigen; TAM, Tumor-associated macrophage; VEGF,

Vascular endothelial growth factor.
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thalidomide and its analogs lenalidomide and pomalidomide.
These compounds show pleiotropic effects in hematologic
malignancies including anti-angiogenic, anti-proliferative and
immunobiologic properties by direct cytotoxicity towards tumor
cells and indirectly interfering with cellular components of the
TME (10-12). Herein, we provide a comprehensive review of the
immunomodulatory activities of thalidomide analogues towards
T cells, tumor-associated macrophages (TAMs), natural killer
(NK) cells, dendritic cells (DCs) and stromal cells. In addition,
we also discuss the clinical efficacy of IMiDs in combination with
the state-of-the-art immunotherapies to shed light on optimal
TME-targeted treatment strategy.

2 Development of IMiDs
2.1 Drug repurposing and regeneration

Thalidomide (o-N-phthalimido-glutarimide) (Figure 1A), a
synthetic glutamic acid derivative, was once infamous for its
potent teratogen causing dysmelia when used for alleviating
nausea during pregnancy in the late 1950s and early 1960s.
Despite withdrawal from markets that time, thalidomide regained
its new life four decades later when immunomodulatory and anti-
tumor effects were discovered (10, 13, 14). The first evidence for the
immunomodulatory functions of thalidomide was demonstrated
that it was effective in the treatment of erythema nodosum
leprosum due to its ability to inhibit TNFa. secreted by activated
monocytes (15, 16). Except for this anti-inflammatory property,
thalidomide was subsequently shown to exert other
immunomodulatory properties such as co-stimulation of T cells
and activation of NK cells (17). Along with these findings, the
recognition of thalidomide as an inhibitor of angiogenesis further
fueled a surge of interest in repurposing thalidomide as a promising
anti-neoplastic therapy (18). As such, a set of formal medicinal
chemistry programs were then initiated to discover novel derivatives
with enhanced efficacy while less toxicity compared with
thalidomide (19). Lenalidomide and pomalidomide (Figure 1A),
the two first-in-class IMiDs, are derived by adding an amino group
to the fourth carbon of the phthaloyl ring of thalidomide (13).

Lenalidomide was the first thalidomide analogue developed,
consequently dominating the clinical development in
hematologic malignancies (14). Lenalidomide was also the first
agent of this group of immunomodulatory drugs approved by
US Food and Drug Administration (FDA) for the treatment of
MM, relapsed/refractory (R/R) mantle cell lymphoma (MCL),
and myelodysplastic syndrome (MDS) with deletion 5q (20-24).
Recently, it has been approved for previously treated follicular
lymphoma (FL) and marginal zone lymphoma (MZL) in
combination with rituximab (25-27). Notably, in 2020,
lenalidomide combined with tafasitamab (a CDI9 targeting
mAD) received accelerated approval for patients with R/R
diffuse large B-cell lymphoma (DLBCL) (28).
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Molecular mechanisms of action for IMiDs. (A) Structure of thalidomide and its analogues. They all share a glutarimide ring that binds to CRBN
while vary in the neosubstrate-binding moiety (phthaloyl ring). (B) Proteasomal degradation of CRBN neosubstrates redirected by IMiDs. IMiDs
act as the molecular glue to recruit neosubstrate proteins to CRBN receptor component of the CRL4“REN E3 ligase complex (left), which leads
to the sequential ubiquitylation and degradation of neosubstrates (NEOs) (right).

As the third-generation thalidomide analogue,
pomalidomide contains both the phthalimide and the
glutarimide moieties like thalidomide but differs in an amino
substituent at the four position of the phthalimide ring
(Figure 1A) (29). Pomalidomide has been approved for the
treatment of MM, which is more powerful than lenalidomide
and shows efficacy in cases that are resistant to lenalidomide (30,
31). Furthermore, it is now under extensive exploration in
preclinical or clinical studies on aggressive BCLs including
DLBCL, primary effusion lymphoma (PEL) and primary
central nervous system lymphoma (PCNSL) (32-37).
Avadomide (also called CC-122) (Figure 1A), a novel
modulator of cereblon E3 ubiquitin ligase (CELMoD)
exhibiting potent anti-lymphoma and immunomodulatory
activities, is currently in phase I trials (38, 39). Other new
CELMoDs such as CC-220 (iberdomide) and CC-885
(Figure 1A) have shown efficacy in the treatment of systemic
lupus erythematosus (SLE) and acute myeloid leukemia (AML)
(40-42). The established applications and most common side
effects of three approved IMiDs (thalidomide, lenalidomide and
pomalidomide) are summarized in Table 1.

2.2 Mechanism of action

IMiDs exert their anti-tumor effects by a unique mechanism
of action (MOA), not only killing the malignant cells directly,
but also modulating nonmalignant immune cells (T cells, NK
cells, TAMs, DCs etc.) within the TME, which are believed to
contribute to lymphoma progression and survival (10, 11, 13).
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Due to the pleiotropic effects of IMiDs, their molecular targets
were believed to be various. The direct target of IMiDs was
unknown until Ito et al. identified cereblon (CRBN) as the sole
molecular target underlying thalidomide teratogenicity (173).
Thereafter, various studies have focused on elucidating the role
of CRBN in the effects of thalidomide analogues, especially for
lenalidomide (56, 80, 174-176). As a result, CRBN is currently
regarded as a primary direct target for therapeutic activities of all
IMiDs (13).

CRBN forms a cullin-4 RING E3 ubiquitin ligase complex
(CRLA“®EN) with DNA damage-binding protein 1 (DDB1), cullin
4 (CULA4), and regulator of cullins-1 (ROC1) (Figure 1B) (173,
177, 178). When bound by thalidomide derivatives, CRBN
triggers protein ubiquitination and degradation of drug-specific
neosubstrates. Substrate selectivity rests with the structure of
IMiDs bond to CRBN (13, 179). IMiDs have a conserved
glutarimide moiety that directly docks into a tri-tryptophan
pocket on the surface of CRBN, which in turn activates its E3
ligase activity, modulates specificity of protein substrate and
avoids autoubiquitylation (180, 181). In malignant B cells,
IMiDs retarget CRBN-dependent ligase activity to Ikaros
(IKZF1) and Aiolos (IKZF3), both of which are zinc finger—
containing transcription factors in lymphoid development,
resulting in their proteasomal degradation (14, 56, 88, 182, 183)
(Figure 1B). The reduced abundance of Ikaros and Aiolos elicits
direct anti-proliferative and anti-neoplastic effects against tumor
cells. More importantly, a constellation of immunomodulatory
effects arising from Ikaros and Aiolos degradation have been
proposed to contribute to activities of IMiDs (14, 19), which
include improved formation of immune synapse (IS) (184),
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TABLE 1 Applications of thalidomide analogues in hematologic malignancies and reported toxicities.

Thalidomide

Preclinical activities MM (43-45)
NHL (46)

CLL (47, 48)
AML (49-53)
ALL (54, 55)

MM* (90-95)

FL (96, 97)

MCL (98-100)

HL (101, 102)

TCL (103, 104)

CLL (105-108)
DLBCL (109)
MALT lymphoma (110)
AML (111-113)
MDS (111, 114-117)
CMML (118)

CML (119)

Clinical applications

Toxicities Teratogenicity (169)

Constipation (169) Hypothyroidism (169)
ACTH stimulation (169) Hypoglycemia (169)
Xerostomia (169)

Fever (169)

Mood changes (169)

Headache (169)

Peripheral neuropathy (169) Somnolence (169)

Sedation (169)
Rash (169)
VTE (169)

Lenalidomide

MM (56-61)
NHL (11, 61-71)
CLL (72-77)
AML (78, 79)
MDS (78, 80-83)

MM* (120-125)

10.3389/fimmu.2022.1017990

Pomalidomide

MM (61, 84-87)
NHL (34, 35, 37, 61, 88)
AML (40, 89)

MM* (160-163)

MDS* (126, 127) CLL (164)
MCL* (128-132) DLBCL (32, 164)
FL* (25-27, 128, 133-135) PCNSL (33)
MZL* (26, 27, 128, 135) MPN (165, 166)
SLL (26, 27, 128, 135) MDS (167)

CLL (136-141)

DLBCL (128, 142, 143)
MALT lymphoma (110, 144)
PCNSL (145, 146)

TCL (147-150)

AML (127, 151-155)
CMML (156-159)

AML (40, 167, 168)

Neutropenia (121)

Anemia (121)
Thrombocytopenia (121)
Diarrhea (121)

Fatigue (121)

Muscle cramps (121)

Rash (121)

Infections (121)

VTE (121)
Myelosuppressive effects (170)
Secondary MDS/AML (171)
Secondary ALL (172)

Neutropenia (170)
Anemia (170)
Thrombocytopenia (170)
Fatigue (170)

VTE (170)

Neuropathy (170)
Infections (170)

MM, Mutiple myeloma; NHL, Non-Hodgkin lymphoma; CLL, Chronic lymphocytic leukemia; AML, Acute myeloid leukemia; ALL, Acute lymphoblastic leukemia; MDS, Myelodysplastic
syndrome; FL, Follicular lymphoma; MCL, Mantle cell lymphoma; HL, Hodgkin lymphoma; TCL, T-cell lymphoma; DLBCL, Diffuse large B-cell lymphoma: MALT lymphoma, Mucosa-
associated lymphoid tissue lymphoma; MZL, Marginal zone lymphoma; SLL, Small lymphocytic lymphoma; PCNSL, Primary central nervous system lymphoma; CMML, Chronic

myelomonocytic leukemia; MPN, Myeloproliferative neoplasm; ACTH, Adrenocorticotropic hormone; VTE, Venous thromboembolism. *, FDA-approved applications.

potentiated co-stimulation of T cells (57), and enhanced release
and function of anti-tumor cytokines (185).

It should be noted that different neosubstrate spectrum that
are targeted for proteasomal degradation may account for the
distinct activity of each thalidomide derivative (14). For instance,
lenalidomide degrades casein kinase 1 alpha (CK1a., encoded by
CSNKI1AI gene) more efficiently than thalidomide and
pomalidomide in myeloid neoplasms, thus providing a
therapeutic window for lenalidomide in del (5q) MDS, where
CSNKIA1 haploinsufficiency due to genetic deletion sensitizes
tumor cells to lenalidomide (80, 186, 187). A recent study
showed that treatment with lenalidomide but not
pomalidomide leads to expansion of pre-leukemic Trp53-
mutant hematopoietic stem and progenitor cells (HSPCs) due
to selective degradation of Cklo, which offers a potential
alternative strategy to mitigate the risk of therapy-related
myeloid neoplasms (t-MNs) development (171). Accordingly,
the efficacy and toxicity profiles of each IMiD and the precise use
of these agents need to be thoroughly investigated.
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3 The anti-tumor activities of IMiDs
3.1 Direct effects on malignant B cells

Direct anti-neoplastic activity of IMiDs against malignant B
cells has been demonstrated in MM, CLL and aggressive non-
Hodgkin lymphoma (NHLs) (12, 188). Degradation of Ikaros
and Aiolos by lenalidomide and pomalidomide leads to specific
and sequential downregulation of c-Myc followed by interferon
regulatory factor 4 (IRF4), which results in subsequent cell death
of myeloma cells (189). In addition, lenalidomide can upregulate
p21WAF/Cipl expression and lead to cell cycle arrest in CLL
cells (72). In Namalwa CSN.70, a Burkitt’s lymphoma cell line
with chromosome 5 deletion, lenalidomide was shown to induce
cell cycle arrest and inhibit Akt and Gabl phosphorylation
(190). Moreover, lenalidomide kills activated B cell-like (ABC)
DLBCL cells by inhibiting IRF4 and the Ets transcription factor
Spi-B while stimulating IFN production in a CRBN-dependent
manner (191).
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3.2 Pleiotropic effects of IMiDs on TME

Beyond the direct cytotoxicity towards malignant B cells,
recent studies have emphasized the therapeutic implications of
IMiDs-remodeled interplay between malignant cells and non-
malignant immune cells in the TME within the lymph nodes and
bone marrow (11, 12, 192). Despite these nursing cells usually
build a supportive network for tumor development and drug
resistance, they also have potential to drive antitumor immune
responses in specific cases (5, 6). Early studies based on gene
expression signature of FL patients found that the length of
survival was associated with the molecular features of tumor-
infiltrating immune cells at diagnosis, which was independent of
clinically prognostic variables (193). This evidence was
supported by direct studies demonstrating that TME cells such
as follicular dendritic cells (FDCs), CD4" T cells and bone
marrow stromal cells promoted lymphoma cell survival and
proliferation (194, 195). In addition, tumor-associated
monocytes/macrophages can attract and work in concert with
other immune cells (e.g. T cells) by secretion of chemokines
CCL3 and CCL4 (196, 197). As a result, TME shields malignant
B cells from the immune recognition and elimination. The
underlying mechanisms include the dampened expression of
molecules (e.g. MHC I and II) required for interactions with
immune cells, defected T-cell IS formation, and the recruitment
of immunosuppressive cells such as regulatory T cells (Tregs)
and TAMs (198-200). The immunomodulatory effects of IMiDs
on the TME, especially the immune cells, are summarized in
Table 2 and illustrated in Figure 2.

3.2.1 Effects on T cells

Compelling evidence suggests that malignant B cells can
induce an immune-suppressed, largely exhausted and senescent

10.3389/fimmu.2022.1017990

T-cell phenotype through numerous mechanisms, such as
upregulation of inhibitory ligands, downregulation of co-
stimulatory molecules and production of immunosuppressive
cytokines, which ultimately results in suppression the T-cell
surveillance and immune escape (199, 235-237).

Preclinical studies have shown that treatment with IMiDs
enhances co-stimulation and proliferation of T cells by inducing
pro-inflammatory cytokine (e.g. IFN-y, TNF-o. and IL-2),
decreasing anti-inflammatory cytokines (e.g. IL-6 and IL-10)
and potentiating DC-antigen presentation in MM and CLL (12,
192, 238, 239). The degradation of Ikaros and Aiolos by IMiDs
relieves the transcriptional repression of II2 promoter, thus
promoting IL-2 production (175). Moreover, IMiDs can
reduce immune tolerance of myeloma cells by binding to B7
co-stimulation molecular and activating B7-CD28 pathway
(240). IMiDs can also upregulate transcriptional activity of
DNA-binding protein AP-1 to increase T-cell cytokine
production (212, 240, 241). These mechanisms collectively
contribute to a primed T-cell activation (212, 242).

Due to the influence of malignant B cells, tumor-infiltrating
CD4" and CD8" T cells usually display decreased IS formation
and effector function (11). Ex vivo lenalidomide treatment of T
cells co-cultured with CLL or FL cells repairs IS formation defect
by restoring T-cell actin cytoskeletal signaling and enhancing
actin polymerization (184, 198, 202). In addition, lenalidomide
was shown to induce actin reorganization and ydT-MCL IS
formation, as well as expansion and cytotoxicity of y0T cells
against MCL (11). Another study reported that lenalidomide can
repair defected T-cell adhesion and migration in CLL by
restoring normal levels of Rho-GTPase family (Rho, Racl and
Cdc42) and rescuing LFA-1 function (243).

Clinical investigations also provided evidence for the
positive regulation of IMiDs on T-cell functions. Lenalidomide

TABLE 2 Modulatory effects of IMiDs on immune cells and implications for improving immunotherapies.

Cell types Effects of IMiDs

T cells . Promoting co-stimulation and proliferation (175, 201)
. Enhancing T-cell effector functions (153, 202)

. Increasing pro-inflammatory cytokine levels (192)

A U e W N =

NK cells . Increasing NK-cell number (212)

. Stimulating NK-cell activation (216-218)

. Enhancing NK-cell cytotoxicity (217, 218, 221, 222)
. Restoring IS formation (217)

. Promoting ADCC (62)

. Switching M2 to M1 type (35, 223)
. Enhancing phagocytosis (35)
. Promoting ADCP (213, 225)

[ I N S

TAMs

(SN

DCs

. Enhancing T-cell priming by DCs (229)
. Potentiating DC-mediated T-cell responses (229)

IR S

Frontiers in Immunology

12

Promoting antigen uptake antigen and presentation (229)
. Increasing expression of MHC class I and II molecules (229)

Rational combinations with immunotherapies

—

Anti-PD-1/PD-L1 therapy (59, 206)
. CAR-T cell therapies (73, 207, 208)
Bi-specific T-cell engager (209-211)

SN

. Improving IS formation between T cells and tumor cells (65)
. Inhibiting T-cell exhaustion and senescence (192, 203)
. Modulating Th1/Th2 subsets and Treg function (201, 204, 205)

—_

. Monoclonal antibodies (25, 26, 213-215)
Bispecific antibodies (219, 220)

»

—

. Monoclonal antibodies (25, 215, 224-227)
Bispecific antibodies (227, 228)

N

—

DC vaccination (230-233)
. Anti-PD-1/PD-L1 therapy (234)

[
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associated macrophages (TAMs), dendritic cells and stromal cells are depicted.

maintenance therapy after autologous stem-cell transplantation
(ASCT) increases CD8" T-cell numbers, upregulates co-
stimulatory molecules and reduce inhibitory checkpoint
molecules in MM patients (244). Similarly, Danhof et al.
showed that lenalidomide maintenance post ASCT preserves
CD8" T cells and reduces expression of PD-1, enabling
synergetic efficacies with ICIs (203). These findings were
further validated in patient-derived xenograft (PDX) models
showing an enhanced anti-CLL activity by combining
avadomide and anti-PD-1 or anti-PD-1 ligand (PD-L1) (245).
Moreover, the tumor-promoting Th17/Thl and Th22 cells and
related cytokines (IL-17, IL-6, IL-1P etc.) were decreased in MM
patients treated with IMiDs during induction chemotherapy
compared to untreated patients, which was associated with a
favorable clinical outcome (246). As a result, lenalidomide and
obinutuzumab combination was shown to induce an activated
T-cell phenotype and reshape gene signatures into effector
memory T cell features in FL patients (202). While in vitro
studies showed that lenalidomide and pomalidomide strongly
inhibit generation, proliferation and function of Tregs possibly
due to decreased FOXP3 expression, the impact of IMiDs on the
cellularity of Tregs in patients with B-cell neoplasms remains
controversial (11, 192). In a post-transplant MM setting,
treatment with IMiDs during induction therapy pre-ASCT
resulted in decreased Tregs while increased CD8" T cells in
peripheral blood (247). In contrast, another study showed that
lenalidomide maintenance after ASCT increased Treg numbers
in relapsed MM patients (204). A similar pattern was observed in
MCL patients treated with lenalidomide (248).

3.2.2 Effects on NK cells
NK cells are predominant innate lymphocytes that reject
types of tumors and clear microbial infections (249), and more
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importantly, mediate antibody-dependent cell-mediated
cytotoxicity (ADCC) against BCLs, which serves as the one of
the major cytotoxic mechanisms for anti-CD20 mAb Rituximab
(250). Numerous studies have demonstrated that the activity and
function of NK cells can be potentiated by IMiDs in B-cell
malignancies (212, 251). Lenalidomide treatment can increase
NK-cell number, stimulate NK-cell activation, restore IS
formation, and enhance direct NK-cell cytotoxicity as well as
NK-dependent ADCC (212, 217, 221, 222, 234, 252).
Mechanistically, the effect of lenalidomide on NK cells may be
mediated indirectly via IL-2 produced by T cells. Either T-cell
depletion or IL-2 blockade can completely abrogate NK-cell
proliferation and cytotoxicity (212). The increased IL-2 and
activation of NK cells correlate to increased IFN-y synthesis
and upregulation of CD69 (253). A recent study by Hideshima
et al. demonstrated that pomalidomide directly binds to zeta-
chain-associated protein kinase-70 (Zap-70) and triggers its
phosphorylation to activate NK cells in a CRBN-independent
manner. In addition, they also demonstrated a second
mechanism whereby pomalidomide directly triggers granzyme-
B and NK cytotoxicity which is mediated by CRBN-IKZF3 axis
(218). Consistently, avadomide has shown to promote NK-cell
proliferation and cytotoxicity by inducing IL-2 secretion and
upregulating granzyme B and NKG2D receptor (254-256).
Lenalidomide was shown to enhance NK-dependent ADCC
in BCL cell lines treated with rituximab (62). In this context, the
increased expression of granzyme B and Fas ligand (FasL) may
account for enhanced ADCC, which could be inhibited by a
granzyme B inhibitor or FasL antibody (62). Moreover,
lenalidomide lowers NK-cell activation thresholds by
rituximab, thus augmenting NK-cell responses (217). On the
other hand, lenalidomide synergistically enhances rituximab-
induced phosphorylation of JNK and activates the
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mitochondrial apoptotic pathway in MCL cells (63). In vivo
studies using immunodeficient mice inoculated with MCL cells
demonstrated that lenalidomide and rituximab combination
decreased tumor burden and prolonged animal survival along
with the increased number of splenic NK cells (63). These data
provide compelling proof-of-concept for the clinical translation
of lenalidomide combination with rituximab into B-cell
lymphoma treatment.

3.2.3 Effects on TAMs

TAMs are the key cellular components of TME, which can
produce chemokines, cytokines and growth factors to recruit
immunosuppressive cells and support tumor progression (257-
259). TAMs are typically classified into M1-like (anti-
tumorigenesis) and M2-like (pro-tumorigenesis) types based
on their different surface markers, gene expression signatures
and metabolic traits. The conversion between M1 and M2 is a
dynamic process named “macrophage polarization” which
occurs in response to TME signals (257, 260). Repolarization
of M2-like macrophages to M1 phenotype represents a novel
promising therapeutic strategy (261).

A recent study showed that lenalidomide altered the M1/M2
polarization in myeloma-associated macrophages (MAMs) from
MM patients. Mechanistically, lenalidomide interferes
epigenetically with IRF4 and IRF5 via degradation of IKZF1
and shifts M2-like MAMs to a pro-inflammatory and
tumoricidal phenotype that resemble M1 cells (223). Similarly,
pomalidomide has shown to repolarize macrophages from M2 to
MI and increase their phagocytic activity in mouse models of
PCNSL, which is probably mediated by the potentiated STAT1
signaling while inhibited STAT6 signaling (35).

Therapeutically, macrophages possess immense potential of
eliciting antibody-dependent cellular phagocytosis (ADCP) to
destroy tumor cells (224). Of note, ADCP was demonstrated as
one of the driving cytotoxic mechanism for anti-CD20 and anti-
CD38 therapeutic antibodies against B-cell neoplasms (224, 262,
263). Thus, harnessing and enhancing macrophage-mediated
ADCP through repolarization of M1/M2 macrophages is poised
to become a novel and effective strategy for immunotherapy.
Lenalidomide was shown to improved MOR202 (an anti-CD38
mAb)-mediated tumoricidal activity of MAMs against primary
MM cells by restoring the defective vitamin D pathway in these
MAMs with reduced CYP27B1 level (225). In addition,
lenalidomide and pomalidomide mediated a substantial CD38
upregulation on MM cell lines, which also contributes to a
synergistic enhancement of cytotoxic activity by combining
MOR202 with IMiDs (213). Despite the enhanced ADCP of
anti-CD20 mAbs by IMiDs has not been fully studied, it deserves
further investigation for clinical application especially
considering that obinutuzumab, the third-generation type II
humanized anti-CD20 mADb (264), has shown to induce
stronger ADCP as compared to rituximab, which may be due
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to the increased activation of FcyRI (CD64) expressed on
primary macrophages (226).

3.2.4 Effects on DCs

As the most powerful antigen presenting cells (APCs), DCs
are key messengers and link between the innate and adaptive
immune systems by capturing and presenting tumor antigens for
T-cell recognition (265, 266). Evidence of immunomodulatory
activity of IMiDs on DCs was first revealed in mouse, showing
that lenalidomide and pomalidomide upregulated MHC class I
molecules and CD86 on DCs derived from bone marrow,
promoted antigen uptake antigen and presentation of DCs for
naive CD8" T cells (229). Pomalidomide can also increase the
expression of MHC class II molecules on DCs, resulting in
increasing CD4" T cell priming (229). Recently, Phan et al.
showed that IMiDs have the potential to shift the DC-mediated
response from Th1 to Th2 humoral immunity in human. IMiDs
potentially enhanced DC-mediated allergic Th2 responses
(CCL17 secretion and memory Th2 response) through
upregulated STAT6 and IRF4 (267). Interestingly, high CCL17
levels in serum at the onset of rash as a side effect correlate with
clinical outcome of lenalidomide treatment, which suggests that
DCs immunostimulation inextricably linked side effect and
activity of IMiDs (267). These findings also provide evidence
for the additional use of IMiDs in dendritic cell-based anti-
tumor vaccines (230, 231).

3.2.5 Effects on stromal cells and angiogenesis

In pathological conditions, malignant B cells rely on
interactions with nonmalignant stromal cells within bone
marrow and secondary lymphoid organs for their survival and
proliferation (237). In MM, cytokines derived from bone
marrow-derived mesenchymal stromal cells (BMSCs), an
integral part of the non-hematopoietic BM microenvironment,
are considered important drivers of myeloma pathobiology
(268). Treatment with IMiDs significantly abrogates the
interaction between MM cells and BMSCs by decreasing the
production of IL-6 by stromal cells and downregulating
adhesion molecules including LFA-1/ICAM-1 and VLA-4/
VCAM-1 (269). In addition, lenalidomide potentially inhibits
the pro-survival activity of BMSCs in MCL by inhibiting IL-6-
mediated STAT-3 signaling (270). Lenalidomide may also target
CXCL12/CXCR4 axis by inhibiting production of CXCL12 by
MSCs in NHL (271). To date, the exact impacts of IMiDs on
other nonimmune components of TME in B-cell neoplasms
such as cancer-associated fibroblasts (CAFs), extracellular
matrix (ECM) and pericytes, are still unknown.

Angiogenesis is a constant hallmark from initiation to
progression for both MM and BCLs (272, 273). The
antiangiogenic activity of IMiDs have been well characterized
in MM, which was initially thought as the major MOA of
thalidomide analogs against myeloma progression (274).
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Thalidomide impairs angiogenesis via suppression of vascular
endothelial growth factor (VEGF) signaling (275). Similarly,
lenalidomide exerts anti-angiogenic activity by downregulating
basic fibroblast growth factor (bFGF) and VEGF due at least in
part to inhibition of Akt phosphorylation (276). In CLL,
lenalidomide was shown to inhibit CLL-mediated pro-
angiogenic effect in vitro and modulates angiogenesis-related
factors in patients with R/R CLL (277). Moreover, lenalidomide
also exhibits inhibitory effects on VEGF-mediated angiogenesis
and lymphangiogenesis in mouse models of B-cell
lymphoma (64).

4 |MiDs in the era of
immunotherapy

4.1 Antibody-based therapies

Due to extensive capacity of antibodies for targeting tumor-
specific antigens, antibody-based therapies have become the
most frequently used immunotherapeutic method for cancer
treatment. The potent anti-tumor activity of rituximab in
patients with various lymphoid malignancies has led to its
widespread use in most indolent and aggressive CD20" BCLs
(278). As shown in preclinical studies exhibiting synergistic anti-
tumor activity, the chemotherapy-free combination of rituximab
plus lenalidomide (R* regimen) proved to be effective in
previously untreated indolent lymphoma (FL and MZL) and
induced high molecular response (25, 279, 280). Similarly,
obinutuzumab plus lenalidomide (GALEN regimen) has also
been demonstrated as an active immunomodulatory
combination with a manageable safety profile in both front-
line and R/R FL (133, 281). Although the MOA of
obinutuzumab favors it as a more effective anti-CD20 mAb
(264), it remains uncertain whether rituximab or obinutuzumab
is the better one when combined with lenalidomide in indolent
lymphoma. In CLL, the combination of lenalidomide and
ofatumumab was well-tolerated and induced durable responses
in the majority of R/R patients with 71% ORR and a long
progression-free survival (PFS) of 16 months (282). The ability
to augment ADCC and ADCP suggests that lenalidomide should
also cooperate with other therapeutic antibodies beyond anti-
CD20 mAbs. Daratumumab (an anti-CD38 mAb) is approved as
monotherapy or in combination with standard regimens for
treatment of newly diagnosed (ND) or R/R MM (214). In
RRMM, daratumumab in combination with dexamethasone
and lenalidomide led to a significant PFS benefit over
dexamethasone and lenalidomide alone (215, 283). The phase
3 MAIA study further demonstrated that daratumumab plus
dexamethasone and lenalidomide increased OS and PFS of
NDMM patients ineligible for transplantation (120). In
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addition, the anti-CD19 mAb MOR-28 (Tafasitamab) plus
lenalidomide has shown outstanding clinical benefits with
durable response rates in a phase 2 trial for R/R DLBCL (28).

Bi-specific T-cell engagers (BiTEs) are a new category of
artificial bispecific antibodies (BsAbs) engineered to recognize
specific tumor-associated antigen and CD3 at the same time
(284, 285). Given the promising clinical efficacy of BiTEs in R/R
BCLs (286), the combinations of lenalidomide with BsAbs such
as Blinatumomab (a CD19/CD3 BiTE)and Mosunetuzumab (a
CD20/CD3 BiTE) are currently being investigated in early-phase
1 clinical trials (209-211).

4.2 ICls

The use of ICIs targeting PD-1 signaling pathway has
ushered in a paradigm shift in cancer due to success in various
high-risk solid tumors (287). However, the activity of ICIs in
hematologic malignancies is currently restricted to certain
subtypes of lymphoma, such as Hodgkin lymphoma (HL) and
primary mediastinal B-cell lymphoma (PMBCL) (288). The
severe T-cell tolerance and exhaustion within the TME is
considered as the major contributor to disappointing clinical
results for anti-PD-1 monotherapy in NHLs and CLL (289, 290).
A recent study by Geng et al. showed that lenalidomide bypasses
the requirement of CD28 for tumor-infiltrating CD8" T-cell
activation and antitumor activity of PD-1 blockade, which
suggests that lenalidomide combination is beneficial to
overcome PD-1 resistant tumors infiltrated with CD28"
exhausted T cells (206). In addition, another preclinical study
demonstrated avadomide combination enhanced anti-CLL
activity of anti-PD-1/PD-L1 therapy (245). Mechanistically,
avadomide stimulated T-cell activation, motility, cytokine
production, IS formation, and IFN-y-inducible expression of
PD-LI1, thus reshaping a non-T cell-inflamed into a T cell-
inflamed TME (245). Moreover, single blockade of PD-1 or dual
blockade using anti-PD-1/PD-L1 antibodies plus lenalidomide
blocked the cross-talk between myeloma cells and BMSC, thus
inducing an anti-myeloma immune response to inhibit cell
growth (291). Despite some early-phase 1/2 trials of
pembrolizumab (an anti-PD-1 mAb) plus IMiDs and
dexamethasone reported a ~50% ORR in patients with RRMM
(292-294), however, phase 3 trials (KEYNOTE-183 and
KEYNOTE-185) evaluating the combination of
pembrolizumab with dexamethasone and an IMiD in RRMM
(with pomalidomide) and NDMM (with lenalidomide) was
eventually discontinued due to higher risk of death (295, 296).
Further studies are needed to determine the mechanism
underlying the unexpected toxicity, which will contribute to
realize the therapeutic potential of ICIs and IMiDs combination
in the clinic.
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4.3 CAR-T cell therapy

CAR-T cell therapies have been approved for treatment of R/
R B-ALL and aggressive B-NHLs. There are intensive bench-to-
bedside studies underway to further improve the efficacy of
CAR-T cells, focusing on recently described resistance
mechanisms, such as T-cell exhaustion, immunosuppressive
TME, defective IS, downregulation of target antigens, among
others (297, 298). A strong rationale supports the combination
of IMiDs and CAR-T therapy according to the enhanced activity
of effector T cells and other cellular components in the TME re-
educated by IMiDs. In vivo models have demonstrated that
lenalidomide significantly enhances anti-lymphoma functions of
CD19 and CD20 CAR-T cells, with decreased tumor burden and
increased intratumoral CD8" T cells (207). Another study
showed that lenalidomide improved the efficacy of CS1-
directed CAR-T cells against MM by enhancing expansion,
cytotoxicity, memory maintenance, Thl cytokine production,
and IS formation of CAR-T cells (208). In addition, lenalidomide
has shown to maintain the in vitro activity of CD23 CAR-T cells,
preserve functional CAR T-CLL cell immune synapses, and
improve the therapeutic efficacy of CD23 CAR-T cells in vivo
(73). Despite the evidence of synergistic efficacy, it should be
noted that the specific toxicities associated with CAR-T cells plus
IMiDs, such as severe cytopenias and cytokine release syndrome
(299, 300), will need to be carefully examined. Current ongoing
trials have included the combing IMiDs with CD19 or B cell
maturation antigen (BCMA) CAR-T cell therapy in DLBCL and
MM (301-304).

4.4 Conventional chemotherapy

Despite advances in treatment, conventional chemotherapy
is still the mainstay to induce a fast clinical remission of most
hematologic cancers in the age of targeted and immune
therapies. The introduce of IMiDs to chemotherapy regimen
for decades has dramatically increased CR ratio and improved
prognosis of NDMM (121, 274). Currently, induction
treatments for MM have traditionally relied on a backbone of
a combinations of IMiDs (thalidomide, lenalidomide and
pomalidomide), proteasome inhibitors, alkylators (or
anthracyclines), and/or steroids (274). In this scenario, IMiDs
are believed to improve the immune environment beyond direct
anti-tumor activity, which ensures persistent minimal residual
disease (MRD) negativity through enhanced immunological
surveillance against myeloma cells (305). In addition, the
recently approved anti-CD38 antibodies have also shown to
reshape the MM immune environment via activation of T and
NK cells and suppression of Tregs (305). These combined
immunogenic chemotherapies are paving a promising way to
“cure MM”. Similarly, adding lenalidomide to R-CHOP
(rituximab plus cyclophosphamide, doxorubicin, vincristine,
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and prednisone) (R*>-CHOP regimen) has recently shown
improved outcomes in ABC-type DLBCL (306). As such, a
deeper understating of immune dysfunction in B-cell
malignancies has already led to the development of a more
effective and less toxic immunotherapy-chemotherapy
combinations to be given to cancer patients.

5 Conclusions and perspectives

Compelling evidence over last decades has shown the potent
immunomodulatory effects of IMiDs on diverse cellular components
(T cells, NK cells, TAMs, DCs, etc.) that reside within TMEs of B-cell
neoplasms, which repurposes these agents to play a role in the era of
immunotherapy (Table 2). The promising outcomes of
chemotherapy-free regimen combining IMiDs with mAbs (e.g.
rituximab or obinutuzumab) in treatment of both indolent and
aggressive NHL types exemplify a shift of paradigm from the
standard chemotherapy to a safer and more effective IMiD-
intensified immunotherapy. Based on these findings in
hematologic cancers, a number of studies have explored the
potential applications of IMiDs in solid tumors. For instance, CC-
885, a novel CRBN modulator, has shown to induce CRBN- and
p97-dependent PLK1 degradation and synergizes with volasertib
(PLK1 inhibitor) to suppress lung cancer (307). Moreover,
pomalidomide can generate an immune-responsive and anti-
tumorigenic environment and provide an ideal combination
treatment with chemotherapeutic drugs or other immunotherapies
in pancreatic cancer (308). Other studies also reported activities of
lenalidomide in breast cancer (309), prostate cancer (310) and colon
adenocarcinoma (206). Although IMiDs by themselves exhibit very
limited anti-tumor activity against solid tumors in the clinic (311),
their broad immunobiological properties revert the immune
regulatory milieu of TME and create opportunities for other
therapeutics to achieve better responses (206).

Of note, despite a series of preclinical studies have shed novel
light on the synergistic effects and MOA, the clinical safety and
efficacy of the combination of IMiDs with other novel
immunotherapies such as BiTEs, ICIs and CAR-T cell therapy
are not yet fully determined. In addition, since all MM patients
inevitably develops resistance to IMiDs over time, it is a significant
limitation and challenge for clinicians to make decisions about
RRMM treatment. From a molecular point of view, IMiD
resistance involves downregulation of CRBN expression, IKZF1/
3 and CRBN mutations, deregulation of IRF4 expression,
abnormal epigenetic mechanisms (CBP/EP300, BRD4 and
HDAC) and aberrant signaling pathways (Wnt, STAT3 and
MAPK/ERK) (312, 313). Fortunately, recent studies have
discovered that some potential novel agents and PROTACs,
which target the resistance mechanisms, can increase the
sensitivity of MM cells to IMiDs or synergistically enhance the
anti-myeloma activity of IMiDs (313). Further studies to verify
the safety and efficacy of these strategies in clinic are urgently
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needed to pave the way for the treatment of R/R settings.
Moreover, although the E3 ubiquitin ligase CRBN is now
considered as the major target that likely underlies the effects of
IMiDs in tumor cells as well as immunomodulation, there are a
range of key issues be addressed including: 1) the functions of
CRBN in the absence of IMiDs and its physiological significance is
still unknown; 2) the common and distinct neosubstrates of CRBN
in tumor cells and immune cells are not fully identified; 3) the
CRBN-independent mechanisms underlying the anti-tumor and
immunomodulatory activities of IMiDs are reported and merit in-
depth investigation. Further elucidation of these issues will
contribute to optimize IMiDs-based immunotherapeutic
combinations and overcome intractable drug resistance.
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Lung adenocarcinoma (LUAD) is the most common type of lung cancer and the
leading cause of cancer incidence and mortality worldwide. Despite the
improvement of traditional and immunological therapies, the clinical
outcome of LUAD is still far from satisfactory. Patients given the same
treatment regimen had different responses and clinical outcomes due to the
heterogeneity of LUAD. How to identify the targets based on heterogeneity
analysis is crucial for treatment strategies. Recently, the single-cell RNA-
sequencing (scRNA-seq) technology has been used to investigate the tumor
microenvironment (TME) based on cell-specific changes and shows
prominently valuable for biomarker prediction. In this study, we
systematically analyzed a meta-dataset from the multiple LUAD scRNA-seq
datasets in LUAD, identified 15 main types of cells and 57 cell subgroups, and
revealed a series of potential biomarkers in M2b, exhausted CD8*T, endothelial
cells, fibroblast, and metabolic patterns in TME, which further validated with
immunofluorescence in clinical cohorts of LUAD. In the prognosis analysis, MO
macrophage and T cell activation were shown correlated to a better prognosis
(p<0.05). Briefly, our study provided insights into the heterogeneity of LUAD
and assisted in novel therapeutic strategies for clinical outcome improvement.
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Introduction

Lung cancer is the leading cause of cancer death globally,
and the most prevalent subtype of lung cancer is lung
adenocarcinoma (LUAD) (1). Despite the great endeavors in
traditional and complementary treatments, the clinical
outcomes are still not satisfactory (2, 3). The process of
oncogenesis and cancer development is influenced by the
tumor microenvironment (TME) and the tumor cells through
mutual and dynamic crosstalk. The TME is consisted of immune
cells (like lymphocytes, macrophages, and microglia), tumor
stromal cells (including stromal fibroblasts and endothelial
cells), the non-cellular components of the extracellular matrix,
and the tumor cells (4, 5). And a growing number of therapeutic
strategies were focused on TME, such as cancer-associated
fibroblasts (CAFs), tumor-associated macrophages (TAMs),
and CTLA-4/PD-1/PD-L1 immune checkpoints (6-8). Due to
the heterogeneity of LUAD, patients given the same treatment
regimen had different responses and clinical outcomes.
Therefore, the identification of targets based on intratumoral
heterogenicity analysis is extremely crucial for novel and precise
therapeutic strategies in LUAD.

The TME was so complex that essential to study further for
clinical outcome improvement in LUAD (5, 9). RNA sequencing
(RNA-seq) had already been independently made to predict the
prognosis-related genes and assessment their correlation with
clinical outcomes in TME. Reports showed immune subtypes in
LUAD TME with prognostic and therapeutic implications (10).
Currently, single-cell RNA sequencing (scRNA-seq) is widely
used to identify biomarkers in diagnosing, treating patients, and
studying the heterogeneity in TME. Intratumoral heterogeneity
could be analyzed by scRNA-seq at the cell-type level; in
contrast, the conventional bulk RNA-seq obtained the average
expression of genes, and difficult to study the heterogeneity in
TME. And due to the cancer heterogeneity, patients’ response is
different significantly to certain treatment. Recently the
heterogeneity of stromal cells and tumor-infiltrating immune
cells associated with immunotherapy responses had been widely
reported (11). The knowledge about the mechanism responsible
for the LUAD heterogeneity was still poor, even if many
scientists were devoted to elucidating these issues. To date,
although numerous scRNA-seq studies on LUAD had been
reported, most of these studies were limited by small sample
sizes and imperfect controls. In this study, we constructed a
meta-dataset from multiple scRNA-seq datasets (GSE131907,
GSE134355, and GSE148071) and analyzed the immune and
non-immune diversity clusters in TME, dug out targets for
treatment, and assessed their prognostic value in LUAD.
Briefly, our study systemically provided insights into the
heterogeneity of LUAD and assisted in precise and novel
strategies for prognosis and target treatments.
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Materials and methods
Acquisition of data

The expression matrix and patients’ clinical information from
three datasets (GSE134355, GSE131907, and GSE148071), which
contained 19 normal and 53 LUAD samples, were downloaded
from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The
GSE134355 dataset was generated from Illumina HiSeq X Ten and
GPL20795 platform. The GSE131907 dataset was generated from
MMumina HiSeq 2500 and GPL16791 platform. The GSE148071
dataset was generated from Illumina HiSeq X Ten and
GPL20795 platform.

QC and cell type recognition

Using Seurat (version 4.2.0) performed the QC process (12).
We excluded cells with a mitochondrion-derived UMI count of
more than 10% or less than 200 UMIs as low-quality cells.
ScaleData was used to remove the influence of UMI counts and
mitochondrion-derived UMI counts. The quality control (QC)
process used the Seurat R package. The QC parameter setup and
candidate cells filter by the following criteria: nFeatue_ RNA>200
& <7000 percent.mt<25. We also used the VInPlot function of
the Seurat package to generate the QC figure (Figure S1A) and
show the value (nFeaure_ RNA, nCount_RNA, mito_RNA, and
ribo_RNA) after QC. The Harmony R package was used to
correct batch effects (Figure STA down). The next step was using
Seurat’s FindClusters function (resolution = 1.1) to identify the
main cell clusters and utilizing 2D tSNE or UMAP to visualize
(13). Currently, for data dimension reduction, these algorithms
were most commonly used. The downstream analysis did not
perform on the primary cell cluster due to the difference in the
cell cycle. Each cell cluster’s markers were listed using the
FindAllMarkers function. Based on the CellMarker database,
the major cell types were identified and annotated (14).

Immune checkpoint gene analysis

To represent the gene expression levels in different cell
clusters, we calculated the mean normalized immune
checkpoint gene expression levels from cell clusters and then
normalized them into row Z scores. The immune checkpoint
gene heatmap analyses were performed using the
ComplexHeatmap R package. We used the ComplexHeatmap::
pheatmap function and set-up parameters: scale = “row” to
calculate the Z-score of genes mRNA expression level, then the
heatmap was colored according to this Z-score.
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Core transcription factors regulatory
network analysis

The core regulatory transcription factors and their
regulatory network were predicted using the R package
SCENIC. The R software (version 4.0.2) was used to
reconstruct the regulatory networks and display the
transcriptional characterization (15). The value of the area
under the curve (AUC) was estimated by SCENIC, then the
Limma was used to identify differences in AUC among cell
clusters or between normal and tumor-derived cells of each
module. Regulators were investigated further through the adj.
p val< 0.01.

Pseudotime trajectory analysis

We used Monocle 2 for single-cell trajectories analysis, an R
package developed by Qiu et al. (16). We revealed the alteration
of the CD8" T cell during tumor-educating. We optimized the
input parameters as following: mean expression > 0.125,
num_cells_expressed =10, and in the differentialGeneTest
function gval < 0.01 was considered as significant. 2D tSNE
plots were used to visualize the trajectories and
plot_pseudotime_heatmap was used for constructing the
dynamic expression heatmaps.

InferCNV

The InferCNV R package was used for CNV analysis.
Through InferCNV, you could visualize CNV in cells
according to RNA-Seq expression data. Genes were analyzed,
including their relative expression levels and chromosomal
locations to estimate CNVs (17, 18). Cell types were initially
classified by using the Seurat package. CNV was calculated for all
euchromosome types using InferCNV. For 10x Genomics
single-cell data, the cut-off value was 0.1.

Functional enrichment analysis

The FindMarkers function of Seurat was used to identify
DEGs. The cut-off thresholds were adj. p value <0.01 and fold
change (FC) >1.5. Then, GO enrichment analysis was carried out
using clusterProfiler (19) on these DEGs. An enrichment adj. p
val <0.05 was considered statistically significant.

Gene set was enrichment in each specific cell cluster and was
performed by GSEA analysis. Only gene sets were significantly
enriched with false discovery rate (FDR) p values <0.05 and
nominal p values <0.05.
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The GSVA package was adopted for performing gene set
variation analysis (GSVA) and using default configuration
parameters. The cytokine pathway gene sets or 50 hallmark
gene sets were downloaded from the GSEA molecular
signature database.

Cell-cell communication analysis

The CellChat R package provided a means for analyzing cell-
to-cell communication at the molecular level through R
software. First, 16 types were clustered from 24,550 single cells
as described above. Analysis of 16 subclusters and major cell
types was carried out using CellChat to examine molecular
interaction networks. The CellChat estimated the ligand-
receptor pairs. And the result with p values <0.05 would be
retained for evaluating the cluster-by-cluster analysis.

Correlation to public datasets

The deconvolution analysis was performed on the integrated
bulk RNA-seq data (TCGA-LUAD) against our scRNA-seq
dataset, which was conducted using the BisqueRNA package
with default settings (20). We labeled our cells into 15 categories,
including macrophages, B cells, NK cells, DC cells, fibroblasts,
CD8* T cells, CD4" T cells, epithelial cells, endothelial cells,
Mast cells, smooth muscle cells, neutrophils, plasma cells, and
myeloid. The group comparisons were then made using the
composition of deconvolution cell types in each bulk sample.
The Cox regression analysis to assess the prognostic value of
different cell clusters. Visualization of Cox regression results was
achieved using Z scores. To determine if the relative abundance
of cell clusters’ dynamical alteration was associated with the
LUAD progression (WHO clinical stage).

Immunofluorescence assay on human
LUAD tissue

Sections of tissue containing 25 pairs of para-tumors and
tumors were obtained from the Affiliated Hospital of Qingdao
University (NO: QDU-HEC-2022227). Patient information was
listed in Figure S2. The immunofluorescence was performed on
the same type of tissue sections for the analysis to be consistent.

The antibodies were applied to validate the specific markers
were identified in this study as follows: anti-FGFBP2 (R&D
system, catalog. AF9349-SP), anti-PRFI(abclone, catalog.
A0093; RRID: AB-2749981), anti-CD163 (abclone, catalog.
A8383; RRID: AB-10687227), anti-ATP5F1E (abclone, catalog.
A7645; RRID: AB-2768505), RRID: AB-853002), anti-LAG3
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(Abcam, catalog. 209236; RRID: AB-2162568), anti-CLDN4
(Abcam, catalog. ab53156), anti-CLDN1 (Abcam, catalog.
ab211737), anti-ACTA2 (Abcam, catalog. ab264014), anti-
RALA (Abcam, catalog. ab236314). Data analysis was
performed with GraphPad Prism (version 9) software.

Flow cytometry

We mechanically separated and enzymatically digested the
collected tumor tissue to prepare a single-cell suspension
(collagenase (Solarbio), DNase I (Solarbio), and Dispase I
(Solarbio); prepared in DMEM) at 37°C for 1 h. Filter with a
40 um cell strainer. The lymphocytes are then isolated with a
tumor-infiltrating lymphocyte isolation solution kit. The isolated
cells are washed once with PBS at 4°C and stained with
antibodies from 3 different channels for 1 h. The antibodies
were applied as follows: anti-CD8 (Abcam, catalog. 233300; anti-
TIM3(Abcam, catalog. ab28522), anti-PD 1 (Abcam, catalog.
ab52587). Data analysis was performed with FlowJo (version
10) software.

Statistical analysis

Our analysis was conducted using the R software and
package, Spearman correlation analysis was performed, and
heatmaps and scatterplots were generated as a result. We also
used the online tool GEPIA, which analyzes pan-cancer tissue-
specific expression. The immunofluorescence results were
statistically analyzed by Image] software and the flow
cytometry results were statistically analyzed by CytExpert
software. It was considered statistically significant if p < 0.05.

Results

The LUAD cell types and normal
lung tissues

Three GEO datasets (GSE134355, GSE131907, GSE148071)
were involved in this study. Of these, the dataset (GSE134355)
originated from normal lung tissues, the dataset (GSE148071)
was tumor-derived cells, and the dataset (GSE131907) originated
from both normal and tumor-derived cells (Figure 1A). A total
of 15 main cell types were identified in these cells (Figure 1B).
Eleven major immune cell types (CD45") were identified,
containing CD4" T cell, CD8" T cell, natural killer (NK) cell,
B cell, regulatory T cell (Tregs), dendritic cell (DCs), plasma,
myeloid, macrophages mast cell, and neutrophil, as well as the
four non-immune cell types (CD45’), including epithelial,
smooth muscle cells, fibroblasts, and endothelial cells
(Figures 1B, C). Furthermore, the known markers mentioned
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in the CellMarker database were also investigated (Figure S1B).
The differences in the cell cycle stages at the level of the single
cells were not analyzed in the downstream analysis (Figure S2A).
A bubble chart was created to visualize the top five cell-type
markers (Figure 1D). We performed an irGSEA analysis in
Figure S2F, in this figure, we demonstrated the situation of the
top 50 signaling pathways in different cell clusters.

These major cell types were divided into two subclusters
(immune and non-immune cells) to further identify their cell
subclusters (Figures S2B, C). In total, 57 different cell clusters
were identified, including 41 clusters of immune cells and 16
clusters of non-immune cells in the TME of LUAD. Several
points were worth noting in Figure 1D. First, tumor tissues had
high levels of CD4"FOXP3" Treg cells. Second, CD8" T (C3)
cells were tumor-specific. Additionally, epithelial enriched in
several different cell clusters and mainly existed in LUAD tissues
(Figures 1A, B, E).

In the comparison of differentially expressed genes (DEGs)
between LUAD and normal tissues, three genes (FGFBP2,
CRIPI, and PRF1) were mainly expressed in normal tissues
but not in tumor-derived cells (Figure 1F). For verification, we
conducted immunofluorescence at the protein level (Figure 1F).
The results highlighted the upregulation of FGFBP2, CRIP1, and
PRF1 for potential clinical application in LUAD.

M2b polarization in the TME of LUAD

We investigated the interaction network among the 214799
cells in the TME of LUAD. To estimate potential ligand-receptor
pairs, we adopted the CellChat R package to analyze and
visualize cell-cell communication molecules in normal or
tumor-derived tissues. Notably, the interaction pairs between
macrophages and other cells were significant revealing the
macrophages with critical regulatory function in the
TME (Figure 2A).

To investigate the heterogeneity of macrophages, we divided
45760 macrophages into four subclusters (Figure 2B). The cluster
1 (C1) and cluster 4 (C4) cells were mainly derived from normal
tissue, while cluster 2 (C2) and cluster 3 (C3) were mainly derived
from tumor tissue (Figure S3A). TMEs in LUAD were examined
for immune checkpoint distribution. Figure 2C showed that the
C1 cells expressed a relatively higher CD274 (PD-L1) and
PDCDILG2 (PD-L2) than other clusters. These molecules
might bind to PD-1 and inhibit CD8" T cell activity. Moreover,
a major LAG3 ligand, FGL1 (21), was major expressed in C2
macrophages. Since Cl1 and C2 macrophages were more
immunosuppressive than others, the cytotoxic T lymphocyte
(CTL) function could be suppressed. Next, we found that cells
from C1 (CD68"CD163"FABP4") enriched in the TGF-B
pathway from Figure S3D, which was characteristic of the M2a
cluster. To determine whether FABP4 was associated with M2-like
TAMs, we performed the spearman correlation analysis between
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FIGURE 1

Comprehensive scRNA-seq analyses of cells derived from LUAD or normal tissues. (A—C) UMAP plot of single-cell transcriptome data with cells
colored based on (A) tissue type origin (normal or tumor), (B) 15 major cell types, and (C) the immune cells or the non-immune cells. (D) The
dot plot showed the top five markers of 15 major cell types. (E) The 57 subsets were identified in this study: the relative proportion of cells
derived from the normal or tumor specimens (left); and the relative proportion of cells derived from each of the three different datasets (right).
(F) The expression status of three normal-specific proteins, immunofluorescence and statistical analysis of RPF1, CRIP1, and FGFBP2 in tissue

sections. The scale bar represented 20 pm, **p<0.01, ***p<0.001

FABP4 and other identified markers; all spearman correlation
coefficients were higher than 0.3 (Figure S3C). In Figure 2D, the
cells from C2 exhibited the CD68"CD163"ATP5F1E" MMP12"
phenotype and demonstrated a high IL-10 pathway and low IL-12
pathway. The gene set variation analysis (GSVA) exhibited that
the Th2-related inflammation pathways were enriched from C2
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(Figure 2E), which were the M2b-like TAMs hallmarks, as
depicted according to an earlier study (22). These results
indicated that the C2 cells have an M2b-like TAMs phenotype
(Figure S3D). In recent studies, a high level of expression of TAM
markers was also observed in C2 cells (Figure 2F). To determine
the presence of C2 cells, we did immunofluorescence and the
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of the famous M2-like TAM markers. The expression level of the cell cluster was represented by a row Z score. (F) Immunofluorescence staining
analyzed the expression of CD163 and ATP5F1E in LUAD or normal specimens. The CD163+ ATP5F1E+ macrophages exclusively appeared in tumor
specimens. The scale bar represented 20pum. (G) The heatmap showed the differences in the activities of 50 hallmark pathways using GSVA. (H) The
heatmap showed the differences in expression regulation by transcription factors, and the AUC scores were estimated by SCENIC.

result showed that the CD163"TATP5FIE" macrophages were
mainly enriched in LUAD tissue (Figure 2G). The ATP5F1E and
MMP12 genes involved in the energy metabolism pathway were
specifically expressed in the C3 cells (Figure 2D). The GSVA
showed that the C3 cells could play a pro-inflammatory and
antitumor role in LUAD (Figure 2H). This result revealed that the
C3 cells tend to have an Ml1-like phenotype. The macrophages
from C4 showed that KIAA0101 and FABP4 were preferentially
upregulated (Figure 2D and Figure S3B). Combining the GSVA
analysis and the above results, we inferred that C4 tended to have
an MO-like TAMs phenotype. We also performed Psuedotime
analysis of the macrophage cluster, and the results showed a
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population of M2b cells enrichment at a terminal branch of tumor
tissue. Taken together, M2b (C2) and M1 (C3) were the main
subgroups of macrophages in the TME in LUAD.

The SCENIC analysis demonstrated that the activity of
transcription factors including STAT1, NFEIL1, MAF, MAFB,
JUN, BHLHE41, EGR2, MITE, USF2, and NR1H3 was
upregulated in C2 cells, while the JUND, FOSL1, FOSL2, FOS,
and STAT4 transcription factors activity were downregulated
(Figure 2H). It was reported that NFE2L1 played a vital role in
the carcinogenic process (23), and EGR2 was M2-exclusive (24).
Furthermore, a study on murine sarcoma also demonstrated that
tumorigenesis and progression were associated with STAT1
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pathway activation (22). The results supported the M2b
polarization in LUAD, and also shed light on the candidate
transcription factors and potential mechanisms.

Exhausted CD8™ T cells enriched in the
TME of LUAD

A total of 13670 CD8" T cells were analyzed in this study.
And the CD8" T cells were the predominant cell type in the
LUAD compared with the normal tissue-derived cells. And the
CD8" T cells were then segregated into four subgroups. The cells
from C2 (MALAT1™), C3 (HBB"™), and C4 (IGKCM) almost
specially originated from tumor tissues, while C1 (TMSB4X™)
was almost entirely derived from normal tissue (Figures 3A, B,
and Figure S4A). Furthermore, unlike the above groups, we
simultaneously divided the T cells into four groups (Tn, Naive T
cell; Tem, Central Memory T cell; Tem, Effective Memory T Cell;
Te, Effector T cell) and visualized them. The biomarkers
expression by FeaturePlot function (Figure S3D) to represent
these four subtype groups CD8+ T situation.

Subsequently, the immune checkpoints were examined in all
the cell clusters (Figure 3C). The expressions of checkpoints,
CTLA-4, CD27, TIGIT, PDCD1 (PD-1), LAG3, TNFRSF9, and
HAVCR2 (TIM3), were upregulated in cells from C2. Based on
the knowledge of their role as exhaustion markers of T cells,
these data implied that C2 cells tended to be exhausted in the
TME of LUAD. We then verified this phenomenon through flow
cytometry. As exhibited in Figure 3D, the exhausted molecules
were highly enriched in the tumor tissues. Currently, the
treatment targets CTLA-4, PD-1, and PD-L1 as the most
popular immunotherapy were wildly used in the clinic. Since
the expression of CTLA-4 and PD-1 were the highest in the
exhausted T cell subgroup (C2) and the C2 cells were mainly of
tumor origin. Hence our data further confirmed that CTLA-4
and PD-1/PD-L1 might be significant targets for immune
therapies in LUAD.

We inferred cell differentiation trajectory using Monocle 2
pseudotime analysis. And t-Distributed Stochastic Neighbor
Embedding (tSNE) plot was utilized to visualize the trajectory
(Figure 3F). Interestingly, a subgroup of CD8" T cells from Cl1
was obtained from normal tissue and transformed into tumor-
infiltrating T cells. At the terminal of the differentiation
trajectory was the exhausted T cell cluster (C2) (Figure 3E). In
this process, the immune checkpoints of promoting immune cell
activation and antitumor immune responses (CD160,
TNFRSF14) tended to be downregulated, while the immune
checkpoints (TIGIT, TNFRSF9, CTLA-4, LAG3, PD-1)
associated with exhausted T cell tended to be upregulated
(Figure 3F). A total of three modules of DEGs were identified,
and the CD8" T cells were sorted into three subgroups based on
their expression profile (Figure S4B). In exhausted CD8" T cells,
the cell adhesion, the ubiquitin-mediated proteolysis, and the
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histone modification gene set were highly enriched according to
a Metascape enrichment analysis. In addition, we noted that T
cell activation and cytokine production existed at the earlier
stage of CD8" T differentiation. These results suggested that the
CD8" T cells were activated in the early stages and then
exhausted after continuous antigen stimulation. The TOX was
the critical regulator of the differentiation of tumor-specific T
cells, which also showed a constant upregulation during this
process (Figure S4C) (25).

The SCENIC analysis was conducted to determine
transcriptional activity in LUAD-specific T cells (Figures 3G,
H). Four members (FLI1, TBX21, XBP1, and MAFF) involved in
the inflammatory response, cell proliferation, and activation
function were significantly activated in Cl1 (Figure 3G, H).
Furthermore, the CTL pathway also was enriched in Cl
(Figure 3I). In contrast, these transcription factors” activity was
significantly suppressed in C2, such as TGF- B (Figures 3G-I).
Additionally, the STAT3 pathway associated with
immunosuppression was upregulated in C2 cells (Figure 3I).
These results suggested that the exhausted CD8" T (C2) was
intimately related to an immunosuppressive microenvironment
(26). Additionally, these data provided clues for identifying new
candidate transcription factors involved in dysfunctional T cells
in LUAD patients.

Extremely abnormality in the metabolism
of LUAD

The malignant epithelial cells and non-malignant normal
epithelial cells were evaluated from scRNA-seq data using the
InferCNV algorithm. The DEGs between malignant epithelial
cells and non-malignant epithelial cells were identified. There
were 89 DEGs, including 29 up-regulated and 60 down-
regulated genes (Table S1). Astoundingly, the DEGs were
significantly associated with energy metabolic processes,
including upregulated and downregulated DEGs (Figure 4A).
Therefore, we analyzed the upregulated and downregulated
DEGs by Gene Ontology (GO) enrichment. As shown in
Figure 4B, catabolism was enriched in malignant cells, while
ATP and protein anabolism were suppressed. This result may
explain the immunosuppressive properties of LUAD TME.

As we had described in Figure 4C, the GSEA demonstrated
that the cell adhesion molecules pathway was enriched in
malignant cells. Figures S5A and B showed that three
members (CLND1, SDC1, and ALCAM) were upregulated in
malignant epithelial cells. At the same time, nearly all CLDN
family genes were involved in the cell adhesion molecules
pathway and expression in LUAD-derived cells (Figures S5A,
B). Notably, malignant cells especially expressed both CLDN1
and CLDN4, while CLDN18 was mainly expressed in the non-
malignant epithelial cells (Figures S5A, B). Additionally, samples
from the TCGA database showed CLND1 expression relatively
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The CD8+ T cells in tumor TME preferred to be exhausted state. (A) The CD8+ T cells were subdivided into 4 clusters and represented on the tSNE
plot. (B) The top five markers of the four major cell clusters were shown on the dot plot; the color represented expression level, while the sizes of
dots represented abundance. (C) The heatmap demonstrated the downregulated or upregulated immune checkpoints in exhausted T cells. The
expression level was represented by a row Z score. (D) The exhausted T cells in LUAD were analyzed by flow cytometry. The PD1+CD8+ and TIM3

+CD8+ T cells demonstrated specifically enrichment in LUAD specimens. Gate from CD8+T cell, ****p<0.0001.. (E) The CD8+ T cells’

differentiation trajectory in LUAD and normal tissue and the color represented for clusters (up) or pseudotime (down). (F) The pseudo-heatmap
showed the variation of immune checkpoint genes expression with the CD8+ T cells differentiation in LUAD, which could be subgrouped into three
subcategories. (G) The tSNE plot represented the expression level of the indicated transcription factors (left) and the estimated AUC for these
transcription factors’ activity (right). (H) The heatmap showed the transcription factors’ activity through SCENIC estimated AUC scores. (I) Heatmap

of differences in activities of immune-related signaling pathways scored by GSVA.
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FIGURE 4
The metabolic abnormality was a specific characteristic of LUAD. (A) Volcano plot showed DEGs between malignant and non-malignant
epithelium. Upregulated and downregulated genes (FC >2 and FDR <0.01) were colored in red. (B) Analyzed upregulated and downregulated
DEGs using Gene Ontology. The brighter red color was considered a smaller FDR value (FDR <0.01). (C) The malignant epithelium was
significantly enriched in the ADHESION pathway by GSEA. (D) Immunofluorescence staining of CLDN1 and CLDN4 in LUAD or normal tissue.
CLDN1 and CLDN4 only emerged in LUAD tissues. The scale bar represented 20 ym. (E) The heatmap showed the transcription factors’ activity
through SCENIC estimated AUC scores. The value was implicated into a row Z score. (F) The bubble plot showed selected ligand-receptor pairs.
The CellChat R package investigated ligand-receptor interactions between malignant cells and other TME-infiltrated cell clusters
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specific to cancer types (Figure S5C). The results indicated that
LUAD was characterized by a unique role in the cell adhesion
molecules pathway. To confirm their expression of CLDN4 and
CLDNI1, immunofluorescence was performed using the laser
scanning confocal microscope (Figure 4D). As shown in Figures
S5B, CLDN1 and CLDN4 as conventional tumor markers were
expressed in malignant epithelial cells, while they were nearly
absent in non-malignant epithelial cells. Thus, we recognized
that CLDN1 or CLDN4 could be the potential therapeutic
targets for LUAD. Malignant LUAD cells were found to have
abnormal transcriptional regulatory networks using SCENIC
analysis. Notably, some transcriptional factors closely related
to LUAD tumorigenesis, such as HDAC2, were upregulated in
malignant cells. In comparison, the transcriptional activation
factors, such as FOXA2 (inhibiting tumor growth), were
downregulated in malignant epithelial cells (Figure 4E). These
data revealed the new regulatory networks controlled by
transcriptional activation factors and provided novel insights
into the mechanism of LUAD.

Finally, we investigated the interaction between cell subgroups
in the TME and the cancer cells using CellChat. The LUAD cells
demonstrated higher levels of midkine (MDK) interacting with
receptors expressed on the other TME cells (Figure 4F). The MDK
encoded protein promoted cancer cell growth, metastasis, and
angiogenesis. And the MDK interaction with the LRP1 receptor
was associated with immunosuppressive macrophage (M2)
differentiation (27). These ligand-receptor pairs (including
MIF — (CD74 or CXCR4), MIF — (CD74 or CD44), MDK-NCL,
and MDK-LRP1) were more frequently occurring in tumors (28).
And they served to regulate tumor growth and immunomodulatory
processes. These data were similar to previous studies and indicated
that abnormal energy metabolism was an important pathway for
LUAD progression (29).

Enrichment and heterogeneous
expression profile of fibroblasts in LUAD

As demonstrated in Figure 5A, fibroblasts were clustered
into four subclusters, and most C1 and half of the C3 fibroblasts
originated from tumor tissues. As shown in Figure 5B, the
majority of fibroblasts expressed o-SMA (ACTA2), a
conventional marker of fibroblasts. Bubble charts were used to
visualize the top five markers of the different clusters
(Figure 5C). We saw that ACTA2 was highly expressed mainly
in C1 and C3. To confirm the phenotype, we stained ACTA2
with immunofluorescence (Figure 5D). In addition, RGS5 was
known to promote cancer differentiation and metastasis in
NSCLC (30), which was also enhanced in C3.

The SCENIC analysis revealed that the transcriptional
activity of TCF12, CREB3L1, and STATI1, which were
associated with malignant progression, proliferation, and
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migration, were upregulated in cells from C1 (Figure 5E).
According to our data, tumor-associated fibroblasts exhibited
the promoting tumor growth phenotype.

Endothelial cells derived from tumors
contributed to the progression of LUAD

According to the present study, 8430 endothelial cells were
detected from the tumor or normal tissues. Six clusters were
identified among these cells (Figure 5F). Our subsequent analysis
identified each cluster’s markers and showed that most endothelial
cells in LUAD (C2) were blood endothelial cells (FLT1+,
Figures 5F, S6A). Four clusters, including C1, C5 (CCL5"), C4
(CCL21%), and C6 (COX4I2"), were enriched in normal tissues,
respectively. While C2 (VWA1") and C3 (IL13RA2") were nearly
derived from tumor tissues (Figures 5F, G). Numerous reports
had shown that the IL13RA2" endothelial subgroup played
important roles in immunosuppression in the LUAD TME (31).
No marker was detected in C1 cells, which were mainly derived
from normal tissues. Nevertheless, their role in the biological
process couldn’t ignore.

To further identify biomarkers associated with tumors, the
endothelial cells’ marker genes and the upregulated genes in tumor-
derived endothelial cells were overlapped. Then we obtained one
gene, RALA (Figure 5H; Figures S6B, C). Almost all cancer types
showed an increase in RALA, which was well-known as an
endothelial activation marker (32) (Figure 5I). However, the
TCGA bulk RNA-seq data showed the expression of RALA to be
downregulated in LUAD (Figure S6D). Despite this, our single-cell
RNA sequencing analysis further revealed that the RALA was the
tumor-derived endothelial cell marker in LUAD. It could serve as a
potential therapeutic target for LUAD.

Based on the result of the GSVA pathway analysis on
Hallmarker sets, it was found that two endothelial cell clusters
(C1 and C3) appeared prominent and significant differences
from each other (Figure 5]). Remarkably, C1 cells exhibited an
enriched inflammatory response. Instead, C3 exhibited an
enriched immune inhibitory pathway, which indicated that a
high suppression phenotype was derived from the cells from C3.
Furthermore, an increased proliferation phenotype (MYC
pathway) was strongly enriched in C3. The above observations
confirmed that tumor-derived endothelial cells contributed to
the progression of LUAD.

Antitumor immune cells were associated
with advanced prognosis in LUAD

As shown in Figure 6A, the two clusters (macrophage C4

and CD8" T cell C1) were associated with better overall survival
(OS), disease-specific survival (DSS), or disease-free interval
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Study of the prognostic effect in the TCGA cohort. (A) The lollipop plot showed the correlation between the different cell clusters and disease-
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clusters with better outcomes (p < 0.05). (B, C) Line charts showed TAM C4 and CD8 C1 enriched in early-stage LUAD tissues, but showed
opposite properties in the late-stage. Measured with the one-way ANOVA test.

(DFI) (p < 0.05). The proportion of these cells in the LUAD was
significantly lower compared with that of the normal tissue
(Figure 1E). Based on these results, we deduced the MO-like
macrophages and CD8" Cl cells with normal functions may be
involved in the antitumor function of the TME in LUAD. NK
cells C1 and C3 had a better DSS (p = 0.006, p = 0.011), implying
that unidentified mechanisms may contribute to the antitumor
process in LUAD via NK cells.

Notably, a significant reduction in the proportion of the
macrophage C4 and CD8" T cells was significantly decreased in
advanced tumor stage samples (Figures 6B, C). To determine the
independent prognosis of macrophage Cluster 4 or CD8+T
Cluster 1, we performed multivariate Cox regression analysis
for OS, including clinical features (Stage, T, M, N) and the
estimated proportion of cell-types (Figure S7). We found only
the macrophage Cluster 4 was an independent predictor for
better OS. Our research demonstrated that macrophage C4 and
CD8+ T cell C1 exerted antitumor activities in LUAD. The
number of these two clusters decreased as the LUAD progressed,

confirming their antitumor function.

Discussion

Nowadays, the treatment of LUAD is still a challenge to
clinicians. Although immunotherapy is considered a first-line
treatment for patients with LUAD, the effectiveness and drug
resistance of anti-PD-1 treatment remain notable problems
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despite the possibility of benefit to a few patients. According
to a recent study, both the tumor-infiltrating cells and the cancer
cells contribute to therapeutic non-response or drug resistance
(33), and the underlying mechanisms need to be closely
investigated. In the present study, our analysis of multiple
LUAD scRNA-seq datasets unveiled an in-depth analysis of
immune and unimmune cells, and we also utilized the
immunofluorescence technique to identify the markers of the
crucial cell subgroups in clinical cohorts. In the present work, the
tumor-specific altered pathways, a series of novel cell subgroups,
and novel transcriptional activation factors-driven regulatory
networks were identified in LUAD. The results would provide
novel targets for prognosis and treatment and contribute to
better understanding of intratumoral heterogeneity in LUAD.
Although several observations had been reported for
intratumoral heterogeneity, much work still needed to be done
due to the highly intricated TME in LUAD. Several findings need to
note. First, MO-like macrophages (C4) exhibited
KIAAO0101"FABP4™ phenotype, M2a-like macrophages (Cl)
exhibited KIAAO10'FABP4" phenotype and M2b-like
macrophages (C2) exhibited the ATPS5FIE'MMP12" phenotype,
while another ATPSFIE" MMP12" (C3) subgroup similar to M1
macrophages exhibited pro-inflammatory properties. Notably, in
the TCGA cohort, patients in the MO subgroup had advanced
outcomes, while the ATP5F1E" subgroup (C2 and C3) showed the
opposite. In the analysis of immune checkpoints and pathways,
results indicated that the M2b-like TAMs had immunosuppressive
properties in the TME via downregulation of Thl cytokines and
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upregulation of Th2 cytokines, which could induce a shift from Th1
to Th2 dominance. Through SCENIC analysis, we identified several
transcriptional factors (such as JUN) related to the
immunosuppressive properties of LUAD, and we firstly found
that JUN could be a novel immunotherapy target in LUAD.

Second, we found that the exhausted CD8" T cells were highly
enriched in LUAD (C2, C3, and C4), whereas the C1, mainly
derived from normal tissue, showed a better prognosis in the TCGA
cohort. This result was consistent with the study that the infiltration
of exhausted CD8" T cells contributed to a worse prognosis in
recent studies (34). Pseudotime and differentiation trajectory
analysis revealed the T cell exhausted in LUAD and showed the
signaling pathways involved in this process. We deduced that it may
be possible to reverse T cell dysfunction by intervention in these
pathways to revive CD8" T cells against tumor activity (such as
TIGIT, TNFRSF9, CTLA-4, LAG3, PD-1), and this approach
maybe represented new strategies for immunotherapy against
LUAD. Previous studies had demonstrated that TGF- 3 was
highly expressed in LUAD, which could block the efficacy of PD-
1 and promote tumor growth and metastasis, which was associated
with poor prognosis (35-37). This was consistent with the high
expression of TGF- 3 in exhausted CD8+ T cells (C2) in our study.
Therefore, it was suggested that simultaneous blockade of TGF- 3
and PD-1 signaling pathways would obtain a better antitumor
effect. Furthermore, we discovered novel transcriptional factors
alterations FLI1, TBX21, XBP1, and MAFF that may contribute to
the exhaustion of T cells. These findings would further enhance our
understanding of the LUAD pathological condition Based on our
deconvolution results, we found that the patients with a high
proportion of macrophage C4 exhibited better clinical outcomes.
Meanwhile, CD8" C1 with the activated T cells enriched was related
to a better prognosis. In contrast, the M2b polarization and T cell
exhaustion may gradually increase from low to high grades of
LUAD, which implied that M2b polarization and T cell exhaustion
played a critical role in LUAD progression. Because immune
checkpoints mediated M2b polarization and T cell exhaustion, it
was confirmed that blocking immune checkpoints provided a
credible approach to LUAD intervention. Consequently, we
further confirmed the important role of exhausted T cells in
LUAD in this study.

Third, we demonstrated abnormal energy metabolism in
LUAD malignant cells. We found LUAD tumorigenesis was
significantly correlated with the adhesion molecule pathway and
abnormal energy metabolism, which had been rarely mentioned
before. Notably, the abnormal adhesion molecule pathway was
found in malignant epithelial cells, which was poorly reported up to
date and worthy of further in-depth study. Therefore, our study
proposes a family of adhesion molecules, i.g. CLND1 and CLND4
as novel therapeutic targets in LUAD treatment. Then, we
demonstrated the majority of fibroblasts expressed a-SMA
(ACTA?2) driven from tumor tissues. And, we further found the
expression of RALA was specifically upregulated in endothelial cells
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driven from tumor tissues. It is worth noting that RALA was shown
downregulated in LUAD based on the TCGA bulk RNA-seq data,
while almost all other cancer types showed an increase in RALA.
Hence, it was for the first time revealed that targeting the RALA in
tumor endothelial cells maybe a potential therapeutic target
for LUAD.

Conclusion

Our study revealed immune and non-immune cell subtypes
and type-specific gene expression in TME, and shed light on
novel therapeutic strategies via multicenter scRNA-seq datasets
analysis and verification in our clinical cohorts.
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Introduction: Multiple myeloma (MM) is still an incurable plasma cell
malignancy. The efficacy of immunotherapy on MM remains unsatisfactory,
and the underlying molecular mechanisms still are not fully understood.

Methods: In this study, we delineated the dynamic features of immune cell in
MM bone marrow (BM) along with elevated tumor cell infiltration by single-cell
RNA sequencing (scRNA-seq), and investigated the underlying mechanisms on
dysfunction of immune cells associated with myelomagenesis.

Results: We found that immune cells were activated in those patients with low
infiltration of tumor cells, meanwhile suppressed with elevated infiltration of
MM cells, which facilitated MM escaping from immune surveillance. Besides
PD-1, abnormal expression of PIM kinases, KLRB1 and KLRC1 were involved in
the defect of immune cells in MM patients. Importantly, we found aberrant
metabolic processes were associated with the immunosuppressive
microenvironment in MM patients. Disordered amino acid metabolism
promoted the dysfunction of cytotoxicity CD8 T cells as well as lipid
metabolism disorder was associated with the dysregulation of NK and DCs in
MM. As metabolic checkpoints, PIM kinases would be potential effective
strategies for MM immunotherapy.

Discussion: In summary, redressing the disordered metabolism should be the
key points to get promising effects in immune-based therapies.

KEYWORDS

multiple myeloma, immune cells, tumor microenvironment, metabolism, PIM kinases
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Introduction

Multiple Myeloma (MM) remains an incurable plasma cell
malignancy (1-3). The development of MM has been classically
viewed as a multistage process (4). However, the common
initiating events, including multiple cytogenetic aberrant, with
immunoglobulin heavy chain translocation and hyperdiploidy
are insufficient to cause MM occurrence, as MGUS/SMM
patients commonly harbor these abnormalities and show no
clinical symptoms of MM (5, 6). Intra-clonal heterogeneity has
been observed at all stages of MM. Mounting evidences suggest
that disease occurrence and progression may be induced by
inter-subclone competition and external microenvironment of
the fittest of these subclones (7).

Avoiding immune destruction is a hallmark of cancer (8).
Immunotherapy has proven to be very encouraging in the
therapy of cancers especially in hematological malignancy,
including MM (9). However, the efficacy of immunotherapy
on MM remains far from satisfactory. The immunosuppressive
microenvironment interferes the efficacy of immunotherapies,
but the underlying molecular mechanisms remain largely
unknown. The complicated cell-cell interaction between tumor
and immune cells (10-15), as well as cytokines and chemokines
by autocrine or paracrine by tumor cells, promotes the
immunosuppressive tumor microenvironment (iTME) (16,
17). Recent researches elucidated that the impaired metabolic
flexibility associated with tumor cells could result in an
ineffective anti-tumor immune response and involved in
tumor progression (18-20). The abnormal energy metabolism
was also associated with the pathogenesis and outcomes of MM
patients (21). However, few study delineated the immune
responses, interactions and metabolic states of immune cells at
the same space-time dimension in myeloma microenvironment.
Further understanding the landscape of the dysfunction of
immune cells as well as the underlying molecular mechanisms
are necessary for us to identify more efficient therapeutic targets
for future clinical intervention. Recently, there were several
studies investigated the iTME in MM via scRNA-seq (22-25).
Most of the reports analyzed the iTME of MM patients based on
risk stratification of patients, such as the Revised International

Abbreviations: MM, Multiple myeloma; BM, bone marrow; scRNA-seq,
single-cell RNA sequencing; BMNCs, bone marrow mononuclear cells;
HD, healthy donors; NDMM, newly diagnosed MM; SR, standard risk;
HR, high risk; UMI, unique molecular identifier; GO, Gene ontology;
DCs, dendritic cells; ISS, International Staging System; R-ISS, the Revised
International Staging System; PIs, proteasome inhibitor; EDTA,
ethylenediaminetetraacetic acid; HSPC, hematopoietic stem and
progenitor cells; del, deletion; MHC, major histocompatibility complex;
APCs, Professional antigen-presenting cells; ¢cDCs, conventional DCs;
pDCs, plasmacytoid DCs; DEGs, differentially expressed genes; mTOR,

mammalian target of rapamycin.
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Staging System (R-ISS) and the mSMART 3.0 classification.
Those data help us to comprehend the effect of genotypic
milieu on immune response in MM patients. However, the
metabolic restriction in immune cells caused by tumor cells is
more relevant to the accumulation of tumor cells but not the
genotypic milieu. To investigate the effect of metabolism on
immune response in MM patients, we segregated the MM
patients enrolled in our study according to the infiltration of
MM cells in the bone marrow.

In this study, we utilized single-cell RNA sequencing
(scRNA-seq), an unbiased technology to comprehensively
categorize cell types for a deeper dissection of immune cell
features in newly diagnosed MM (NDMM) patients compared
with healthy donors (HDs). The pathophysiology features of
immune cell populations in myeloma microenvironment were
dissected, and the impact of tumor cells on immunosuppressive
microenvironment was investigated as well. Our study proved
that the state of immune response was dynamic along with the
elevated tumor cells. Such ecosystems were orchestrated by MMs
through disordered metabolism induced program.

Methods
Clinical samples

Bone marrow mononuclear cells (BMNCs) were obtained
from 7 HDs and 12 NDMM patients (Figure 1A). The clinical
and biological characteristics of 12 NDMM patients are listed in
Figure 1B. BMNCs were isolated by Ficoll density-gradient
centrifugation. This study was approved by the Institutional
Ethics Review Boards from the Institute of Hematology and
Blood Diseases Hospital, Chinese Academy of Medical Sciences.
Written informed consents were obtained from patients and
healthy donors before sample collection.

Single-cell RNA library preparation and
sequencing

3’-biased 10x Genomics Chromium was applied (26). The
libraries were sequenced on an MGISEQ-2000 sequencer as 150
bp paired-end reads by Novogene Co., Ltd (Novogene,
Beijing, China).

scRNA-seq data processing

The Seurat was used for dimension reduction, clustering,
and differential gene expression (27). Cell Ranger Software Suite
was applied to perform genome alignment, barcode processing,
and unique molecular identifier (UMI) counting. The
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Cell identification in myeloma microenvironment at single cell resolution (A). Flow chat of the study. BMNCs from 7 HDs and 12 NDMM patients were
subjected to single-cell RNA sequencing on 10x Genomics platform. A total of 42,936 cells were analyzed after quality control. (B). Form shows the
detailed characteristics and clinical information of MM patients. (C). Seventeen cell clusters were identified by t-SNE analysis of BMNCs from HD and MM
patients. Each dot represents a single cell; colors indicate cell clusters with numbered labels. (D). Bubble chart shows the expression of marker genes of
distinctive cell type. The cluster number are presented in the bottom of the figure. (E).t-SNE plot shows the distribution pattern of the BMNCs cell types.
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20 signature genes for T/NK clusters from HD and different MM groups. The top bars label the HD and MM groups. tSNE, T-distributed stochastic
neighbor embedding; BMNCs, Bone marrow mononuclear cells; MM, multiple myeloma; NDMM, newly diagnosed MM; HD, healthy donors; T/NK,

T cells and NK cells; B, B cells; PC/MM, plasma cells and multiple myeloma cells; Ery, erythroidblast; HSPC, hematopoietic stem and progenitor cells.
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identification of cell clusters was defined based on marker genes,
as described in previous reports (28-31).

Functional enrichment analysis

The metabolic pathways among HD and MM patients were
calculated for each cell using the GSVA software package (32).
Differential pathway analysis between clusters was done with the
limma R software package (33). Gene Ontology (GO) analysis
was performed with cluster Profiler4 (34).

Cell function analysis based on
scRNA-seq

The cytotoxic score and exhausted score for T cells and
active score for dendritic cells (DCs) were defined by
AddModuleScore (27). The signature genes for the estimation
of cytotoxic/exhausted score and active score were respectively
listed in Supplementary Tables 1 and 2. CellPhoneDB was used
to estimate cell-cell interactions as described in the previous
report (35).

Mouse model and flow cytometry
analysis

C57BL/KaLwRij 5TGM1 murine myeloma model
(purchased from Harlan Laboratories Inc., Netherlands) were
utilized according to the protocol reported (36, 37). BMNCs
were collected 5 weeks after 5TGM1 mouse MM cell injection,
and flow cytometry was performed to analyze the composition in
bone marrow cells. Flow cytometry for BMNCs was performed
on Canto flow cytometer, and the data were analyzed by Flowjo
V10 software. The detailed information with the antibodies

utilized is listed in Supplementary Table 3.

Evaluation to the function of CD8 T cells
in MM patients and mouse in vitro

BMNCs from MM patients were isolated by Ficoll density-
gradient centrifugation. BMNCs were treated with Cell
Activation Cocktail (with Brefeldin A) (Biolegend, USA) for 5
hours. Flow cytometry was performed to analyze expression of
surface markers and cytokines in T cells.

C57BL/6] mouse (purchased from Vital River Laboratories,
Beijing, China) were utilized according to the protocol as
follows: Spleens were collected and homogenized using a steel
mesh. Red blood cells were lysed using Red Blood Cell Lysis
Buffer (Solarbio Science & Technology Co.,Ltd., Beijing, China)
for 4 min at room temperature. Washing the splenocytes with
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PBS for 3 times. Splenocytes were activated by anti-mouse CD3/
CD28 (2ug/ml) combined with PIM kinase inhibitor AZD1208
(lug/ml) or DMSO for 72 hours. Flow cytometry (Canto flow
cytometer, BD) was performed to analyze expression of surface
markers and cytokines in T cells, and the data were analyzed by
Flowjo V10 software. The detailed information with the
antibodies utilized was listed in Supplementary Table 3.

Statistical analysis

Data are shown as either mean or median + SEM or SD. The
statistical significance was determined by two-tailed Student’s -test,
one-way or two-way ANOVA tests. Data analyses were performed
with R language and SPSS 18.0. In all instances, p< 0.05 was
considered significant, * p < 0.05, ** p < 0.01 and *** p < 0.001.

Results

Cell identification in myeloma
microenvironment at single cell
resolution

Here we utilized scRNA-seq to integrate and delineate the
cellular components of BM microenvironment in MM patients
compared with HDs. The flowchart of the study was presented in
Figure 1A. Twelve NDMM patients and seven 7 HDs were
included in this study. Detailed clinical and pathological
information, including stage of diseases, cytogenetic aberrant
and tumor infiltration, were summarized in Figure 1B. The 9/12
patients were International Staging System (ISS) stage III, and 6/
12 patients were Revised ISS (R-ISS) stage III. According to
mSMART3.0 (2, 38), 4/12 patients were identified as cytogenetic
standard risk, and 8/12 were high risk. 4/12 patients exhibited t
(4, 14), and one patient was 17p deletion. Genetic features of five
patients (MM4, MM5, MM15, MM24, and MM25) were
considered double-hit myeloma. The treatment of the patients
grouped: 1) proteasome inhibitor (PIs) based or 2) PIs in
combination with immunomodulatory drugs (IMiDs) for those
with high-risk MM. Of note, among the eight patients with high-
risk genetic features, the overall survival of four cases (MMS,
MM12, MM15 and MM24) was inferior with less than 2 years,
while other HR patients could benefit from the therapy with
favorable outcome.

A total of 42,936 single cells from MM and HDs were
included in this analysis after quality control, and an average
of 7,939 UMI and 1,243 genes were generated per single cell
(Supplementary Figure 1A). t-SNE analysis identified and
visualized 17 distinct cellular clusters (Clusters 0-16) according
to their transcriptome profile (Figure 1C and Supplementary
Figure 1B). Compared to HD, Cluster 0, Cluster 1 and Cluster 12
mainly appear in MM patients, especially Cluster 0 and Cluster 1
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(Figure 1C).We annotated seven cell types based on the
expression of characteristic genes of these clusters:
hematopoietic stem and progenitor cells (HSPC) (CD34 and
AVP), T/NK cells (CD3E and KLRFI), myeloid (LYZ and CST3),
neutrophils (LYZ, CTS3, CSF3R, AZUI and MPO), plasma/MM
cells (SDCI, TNFRSF17 and CD38), B cells (MA4A1, CD79A and
CD79B), Erythroidblast (ALAS2, AHSP and GYPA) (Figures 1D,
E). The characteristic genes for each cluster were referred to
previous reports (39-41). In particular, based on high level of
SDC1, TNFRSF17, MZBI1, CD38 and low level of CDI9 and
MS4A1, Cluster 0, Cluster 1 and Cluster 12 were defined as
SDCI™ cells, namely plasma cell in HD controls and tumor cells
in MM patient (Figure 1E and Supplementary Figure 1B). The
BM cellular composition in each MM patients was highly
heterogeneous (Supplementary Figure 1C). According to the
proportion of MM cells in BM aspiration defined by scRNA-seq
(Cluster 0, Clusterl and Cluster 12), the MM patients could be
segregated into two groups, low infiltration group with less MM
cells (%MM cells<40%, mean value= 26%, n=6) and high
infiltration group (%MM cells>40%, mean value= 56%, n=6)
(Figure 1B). Interestingly, we noted that all six patients in high-
infiltration group corresponded to the cytogenetic high-risk
group according to the criteria of mSMART3.0, whilst two
patients with cytogenetic high-risk, MM1 and MMS5, belonged
to low-infiltration group (Figure 1B). This finding suggests us
that except for cytogenetic aberrant of MM cells, tumor-extrinsic
local microenvironment was also involved in the determination
the tumor cell proliferation and survive. Therefore, it is essential
to dig out the underlying mechanisms of the biological
heterogeneity resulting in the extremely malignant clinical
features of MM.

To further investigate the association between tumor cell
infiltration and microenvironment non-malignant cells, the
proportion of each type of cells in patients with diverse clinical
characteristics were analyzed. As Figure 1F showed, the twelve
MM patients were discriminated into four groups with extent of
tumor cell infiltration, risk stratification (mSMART3.0) and
survival state, as following: High-HR-0 (high tumor
infiltration, high risk and survival, including patients MM4
and MM25), High-HR-1 (high tumor infiltration, high risk
and death, including patients MM8, MM12, MM15 and
MM24), Low-HR-0 (low tumor infiltration, high risk and
survival, including patients MM2, MM3, MM16 and MM27),
and Low-SR-0 (low tumor infiltration, standard risk and
survival, including patients MM1 and MMS5). Of note,
immune cells, including T and NK cells were decreased in
patients with high level tumor cells, including High-HR-0 and
High-HR-1, compared with low level ones (Low-SR-0 and Low-
HR-0). Among patients with low level infiltration of tumor cells,
MM cells with high-risk cytogenetic features (Low-HR-0) did
not present superiority in proliferation compared with low-risk
ones (Low-SR-0). Moreover, in high level infiltration patients,
the immune cells remarkably reduced compared with low level
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tumor cell infiltration patients. The proportion of T/NK cell was
negatively correlated with the proportion of MM cells in BM
milieu (R=-0.69, p=0.013, Figure 1G). These findings supported
that the proliferation of tumor cells was not only dependent on
the characteristics of MM cells, but tumor microenvironment,
especially immune microenvironment, which played pivotal
roles in the process. Our further analysis confirmed the
heterogeneity of T/NK cells among diverse tumor cell
infiltration groups of patients. The transcription of T/NK cells
was similar in normal BM and Low-SR-0 group patients, and
high-HR-0 was similar with high-HR-1. The low-HR-0 fell in
between (Figure 1H).

The fluctuation of CD8 T sub-clusters in
MM patients with different infiltration of
tumor cells

T cells are the major players in anti-tumor immune
response. Here we further analyzed the T cells subpopulations
in BM of MM patients based on single-cell transcriptome data.
tSNE clustering analysis showed that twelve subpopulations of T
cells could be further discriminated based on the expression of
classical markers (sub-clusters 0 to 11, Figure 2A) including
seven sub-clusters of CD8" T cells and five sub-clusters of CD4"
T cells. All of the T cell subpopulations could be found both in
HD and MM patients in different proportions. They were CD8-
Naive (sub-cluster 2), CD8-GNLY (sub-cluster 0), CD8-XCL2
(sub-cluster 6), CD8-S100A8 (sub-cluster 8), CD8-mucosal-
associated invariant T cells (CD8-MAIT, sub-cluster 9), CDS8-
COTLI(sub-cluster10), CD8-MZB1 (sub-cluster 11), CD4-
Naive (sub-cluster 1), CD4-NR4A2 (sub-cluster 3), CD4-
GPR183- FOXP1 (sub-cluster 4), CD4-AQP3 (sub-cluster 5)
and CD4-Treg (sub-cluster 7) (Figures 2B, C). Based on the
description of previous reports (29-31), we further defined the
sub-clusters. In detail, sub-cluster 2 was defined as CD8-Naive T
cells with high levels of CCR7, SELL, LEFI and low levels of
effector genes. CD8-XCL2 was memory CD8" T cells that
characterized by expression STMNI and CD69 (Supplementary
Figure 2A). CD8-COTL1 was defined as exhausted CD8 T cell
due to the higher level of immune checkpoint TIGIT than other
T cell subpopulations (Supplementary Figure 2A). CD8-GNLY
T cells were characterized as effector T cells with high expression
of cytotoxic genes, including GNLY, GZMB, TNF and IFNG
(Figure 2C and Supplementary Figure 2A). CD8-S100A8 were
transitional CD8 effector T cells with expression of GZMK
(Supplementary Figure 2A). Sub-cluster 9 was defined as CD8-
MAIT with the expression of SLC4A10. Within the CD4" T cell
compartment, CD4-Naive (sub-cluster 1) expressed SELL, CCR7
and LEFI, the common naive cells marker genes. CD4-NR4A2
(sub-cluster 3) was identified as effector CD4 T cells by
expressing genes which were induced early after activation,
such as JUNB, FOS, ATF3 and DNAJBI (Figure 2C and
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FIGURE 2

The fluctuation of CD8 effector T cells and accumulation of CD8 memory T cells in MM patients with different tumor burden (A). t-SNE shows
the T cell sub-clusters in HD and MM patients. Cells with a high level of CD3 (CD3E, CD3G and CD3D) expression were T cells. Each dot
represents a single cell; colors indicate cell clusters with numbered labels. (B).t-SNE plot show the expression and distribution of classical cell
markers of T cell sub-clusters. Color intensity indicates expression level of selected genes. (C).Violin charts show the expression of classical cell
markers of T cell sub-clusters. The sub-cluster numbers in (c) bottom correspond to the ones in (A). Sub-C0: CD8-GNLY (effector T cells); sub-
C1: CD4-Naive; sub-C2: CD8-Naive; sub-C3: CD4-NR4A2; sub-C4: CD4-GPR183_FOXP1; sub-C5: CD4-AQP3; sub-C6: CD8-XCL2 (memory T
cells); sub-C7: CD4-Treg; sub-C8: CD8-S100A8; sub-C9: CD8-MALT; sub-C10: CD8-COTLI; sub-C11: CD8-MZB1; (D). Bar charts show the
proportions of T cell sub-clusters from HD and different infiltration groups of MM patients. (HD: n=7; Low: n=6; High: n=6) (E). Flow cytometry
analysis shows the proportions of CD8+ T cell sub-populations in HD and MM patients. (HD: n=23; Low: n=15; High: n=3) CD8-Naive:
CD3"CD8*CD45RA*CD62L"; CD8-Effector: CD3*CD8"CD45RA"CD62L"; CD8-Central memory: CD3"CD8*CD45RA"CD62L"; CD8-Effector
memory: CD3*CD8*CD45RACD62L"; (F). Flow cytometry analysis and bar charts show the proportion of CD8 T and CD4 T cells in Control and
5TGM1 MM mouse model (Control: n=7; MM: n=8). In all instances, p < 0.05 was considered significant, * p < 0.05 and *** p < 0.001.

ns, no significance.
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Supplementary Figure 2A). Sub-Cluster 7 was identified as CD4-
Treg by co-expressing Foxp3 and CTLA4.

Notably, the composition of T cell sub-clusters was
heterogeneous across the patients with MM (Supplementary
Figure 2B). The proportion of effector CD8" T cells (CD8-
GNLY) significantly increased in BM of patients with low
MM cell infiltration compared to HD controls and patients
with high infiltration ones (Figure 2D). Meanwhile, the
fraction of CD8-Naive cells decreased along with the
infiltration extent of MM cells (Figure 2D). CD8-XCL2
cells, as memory CD8 T cells, were increased in BM of all
patients whether tumor cell infiltration extent compared with
that in HD BM (Figure 2D). In particular, we found a slightly
increase of the exhausted T cell cluster (CD8-COTL1) and
CD4-Treg in BM of patients with high MM cell infiltration
although there was no statistic difference (Figure 2D). We
further confirmed the variations in T cell proportions induced
by MM cells in BM by flow cytometry using another panel of
primary MM patient samples and 5TGM1 murine MM
model. Our findings supported that CD8-effector cells
increased and CD8-naive cells decreased in patients with
low tumor infiltration (MM %<40%, Figure 2E). In MM
mouse model with high tumor infiltration (MM %> 40%),
we consistently found that the proportion of CD8" T cells
significantly decreased in their BM, whereas CD4" T cells
remained stable (Figure 2F). These finding indicated that the
differentiation of cytotoxicity CD8 T cells from naive CD8 T
cells were interfered by MM cell infiltration, which caused the
immunosuppressive microenvironment.

Dysfunction of CD8 T cells associated
with aberrant PIM kinases and KLRB1
expression as well as the abnormal
metabolism mediated by MM

Except for the amount of immune cell, the dysregulation of
immune cells is more important in tumorigenesis. To further
investigate the dysfunction of CD8" T cells in myeloma
microenvironment, the cytotoxicity and exhaustion score in
each CD8 T cell sub-cluster were evaluated. The cytotoxicity
associated genes (GZMA, GZMB, GZMH, GZMK, GNLY,
TYROBP, IFNG, TNF, PRFI, KLRD1, NKG7, and FCGR3A)
and classical exhausted marker genes (PDCDI1, CTLA4, VSIR,
SLAMF6, CD160, LAG3, TIGIT, HAVCR2, and BTLA) were
involved in the calculation. CD8-GNLY, as effector CD8 T
cells, exhibited the highest cytotoxicity score among CD8 T cell
sub-clusters (Figure 3A). Of note, the cytotoxicity of CD8-
GNLY effector T cells in MM patients was lower than that in
HD meanwhile it significantly decreased in MM patients in a
tumor cell dependent manner (Figure 3A). The differentially
expressed genes (DEGs) analysis showed that the cytotoxicity
associated genes of CD8-GNLY effector T cells displayed
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different expression patterns in HD, low infiltration group
and high infiltration group. Consistently, CD8-GNLY effector
T cells in high infiltration patients expressed low level of IFNG,
GMZB, KLRF1, GZMK, GZMH, GZMM and KLRDI compared
to HD and low infiltration group (Figure 3B). Meanwhile this
CD8 T cell sub-clusters in low infiltration group expressed
high level of GZMK, GZMH and GZMM and low level of IFNG,
GMZB, KLRFI and KLRDI. However, we did not find variation
of exhaustion scores of CD8" T cell sub-clusters across the
groups except to exhaust CD8-COTLI (Figure 3A). The levels
of classical immune checkpoint genes in CD8-GNLY effector T
cells were comparable among groups (Figure 3C). The flow
cytometry results from MM patients confirmed these findings
(Figure 3D and Supplementary Figure 2C). In line with this, we
didn’t observe the difference on the expression of PDI1 and
LAG3 in CD8 T cells and CD4 T cells from MM mouse model
(Supplementary Figure 2D). CD8-COTL1 exhausted T cell
expressed higher immune checkpoint PDCDI, especially in
myeloma microenvironment with high tumor infiltration
(Supplementary Figures 2E, F). These results indicate
that the dysfunction of CD8-GNLY effector T cells is
associated with tumor infiltration but not classical T cell
exhaustion genes.

To clarify the underlying molecular mechanisms of dysfunction
of CD8-GNLY effector T cells in myeloma microenvironment, the
transcript profile of CD8-GNLY effector T cells was further
analyzed. We found that CD8-GNLY effector T cells in high
tumor infiltration group displayed increasing level of the serine/
threonine kinase PIM family (PIM2 and PIM3), NR4A2/3, KLF4/6,
BCL2, GPR183 and COTLI compared to the ones from HD and low
tumor infiltration group (Figure 3B). KLRBI was notably increased
in CD8-GNLY effector T cells both in MM patients with high and
low tumor infiltration, which was confirmed by flow cytometry in
primary MM patient samples (Figure 3E). We further confirmed
that KLRBI"®" CD8 T cells from MM patients displayed lower
IFN-y abundance than KLRB1Y CD8 T cells when they were
activated in vitro, which supported the weakened cytotoxicity of
CD8 T cells high tumor infiltration group (Figure 3F). Moreover,
inhibiting PIM kinases by AZD1208, a pan-inhibitor of PIM
kinases, could promote the cytotoxicity of CD8 T cells in vitro
(Supplementary Figure 2G). Of note, GO analysis showed that
dysfunction of CD8-GNLY effector T cells in MM accompanied by
the cellular response to changes of external environment, evidenced
by disturbed biological processes including “response to hydrogen
peroxide’, “mitochondrial translational termination”, “cellular
response to hypoxia” and “response to reactive oxygen species”
(Figure 3G). Hypoxia and reactive oxygen species are the hallmarks
of tumor microenvironment. “Mitochondrial translational
termination” indicated the metabolism process of CD8-GNLY
effector T cells in MM patients was interfered. PIM kinases
PIM2/3 and KLRBI overexpression as well as abnormal
metabolism process in BM microenvironment were involved in
the dysfunction of CD8-GNLY effector T cells in MM.
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Fold Enrichment

Dysfunction of CD8 T cells in high tumor burden group was associated with PIM kinases and KLRB1 as well as the abnormal metabolism
mediated by MM (A). Bar charts shows the cytotoxicity scores and exhaustion scores of CD8" T cells from HD and MM patients in different
infiltration groups (HD: n=6; Low: n=6; High: n=6). (B). Heatmap shows the DEGs in CD8-GNLY among HD and MM patients in different
infiltration groups (HD: n=6; Low: n=6; High: n=6). (C).Violin plots display gene expression of classical immune checkpoints in CD8-GNLY
cell clusters from HD and different MM conditions (HD: n=6; Low: n=6; High: n=6). (D). Flow cytometry analysis shows the expression of
PD1 on bone marrow CD8T cells and CD4™T cells from HD and MM patients (HD: n=18; Low: n=8; High: n=2). (E). Flow cytometry plots
and bar chart show the proportion of KLRB1*CD8™"-Effector T cells in CD8-Effector cells from HD and MM patients (HD: n=6; Low: n=6).
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CD8-Effector: CD3*CD8*CD45RA*CD62L"; (F). Flow cytometry plots and dot plot show the correlation between KLRB1 expression and IFN-
yexpression in CD8 T cells from MM patients activated by Cell Activation Cocktail (with Brefeldin A) in vitro. (n=6) (G). Scatter plot of Gene
Ontology (GO) Enrichment statistics shows the enriched GO terms in DEGs of CD8-GNLY among HD and MM groups. The y-axis indicates
different GO terms and the x-axis indicates the Fold Enrichment. The color and size of the dots represent the range of the —log10 (p value)
and the number of DEGs mapped to the indicated pathways, respectively. DEGs, Differentially expressed genes. In all instances, p < 0.05 was
considered significant, * p < 0.05 and *** p < 0.001. ns, no significance.
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PIM1, KLRC1 and abnormal metabolic
processes were involved in defective NK
cells induced by high tumor infiltration

NK cell is another critical cytotoxicity immune cell
population. Here we investigated NK sub-populations in MM
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patients (except to MM25BM, in which no NK was detected).
The PTPRC* KLRFI" NK cells from HD controls and 11 MM
patients were analyzed, and they were divided into six sub-
populations by tSNE analysis (Figure 4A and Supplementary
Figure 3A). According to the marker gene signature as described
in previous reports (29, 42), they were identified as NK-
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PIM1, KLRC1 and abnormal metabolism processes were involved in defective NK cells induced by high tumor burden (A). t-SNE shows the
NK cell sub-clusters from HD and MM patients. Cells with high expression of PTPRC and KLRF1 were selected as NK/NKT cells. Each dot
represents a single cell; colors indicate cell clusters with numbered labels. (B).Violin plots show the expression and distribution of classical
cell markers of NK sub-clusters. The sub-cluster numbers in the graph bottom correspond to the ones in (A). Sub-C0: NK-FCGR3A-CCL3;
sub-C1: NK-FCGR3A-S100A8; sub-C2; NK-GZMK; sub-C3: NKT-S100A8; sub-C4: NK-NAIVE; sub-C5; NKT-IFNG-CX3CR1 (C). Bar charts
show the proportion of NK cell sub-clusters from HD and MM patients in different infiltration groups (HD: n=7; Low: n=6; High: n=6). (D).
Bar charts show the cytotoxicity scores and exhaustion scores of NK cell sub-clusters from HD and MM patients in different infiltration
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*p<0.05 * p<0.01and *** p < 0.001. ns, no significance.
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FCGR3A-CCL3 (sub-cluster 0), NK-FCGR3A-S100A8 (sub-
cluster 1), NK-GZMK (sub-cluster 2), NKT-S100A8
(sub-cluster 3), NK-Naive (sub-cluster 4) and NKT-IFNG
(sub-cluster 5) (Figure 4B). Of note, the sub-population
composition of NK cell displayed biological heterogeneity
among MM patients (Supplementary Figure 3B). The
proportion of NK-FCGR3A-CCL3 cells in MM patients was
negatively correlation with tumor infiltration, which was similar
to that observed in effector CD8-GNLY T cells as described
above. It was the higher extent of tumor infiltration in MM
patients, the lower proportion of NK-FCGR3A-CCL3 cells
(Figure 4C). The proportion of NK-FCGR3A-S100A8
decreased along with tumor infiltration increase in myeloma
microenvironment (Figure 4C). Furthermore, cytotoxicity scores
analysis showed that NK-FCGR3A-CCL3 and NK-FCGR3A-
S100A8 presented higher cytotoxicity scores (Figure 4D), which
could be defined as cytotoxicity NK cells. In patients with high
tumor infiltration, the cytotoxicity of NK-FCGR3A-CCL3 and
NK-FCGR3A-S100A8 cells significantly decreased. Consistent
with cytotoxicity CD8 T cells, we did not observe the significant
increase of NK cell exhaustion as well (Figure 4D).

In addition, the transcriptomic profiles showed that both the
NK-FCGR3A-CCL3 and NK-FCGR3A-S100A8 in BM with low
tumor infiltration expressed high level of CXCR4 compared to
the corresponding sub-clusters in HD and high infiltration
group (Figure 4E). This data hints us that up-regulation of
CXCR4 should be associated with the higher proportion of NK-
FCGR3A-CCL3 and NK-FCGR3A-S100A8 in MM patients with
low tumor infiltration. Of note, both of the NK sub-clusters from
the high tumor infiltration group expressed high levels of
KLRCI, a key inhibitory receptor for NK cells (Figure 4E),
which suggested that KLRCI up-regulation may be a critical
factor in the dysfunction of NK cells. Interestingly, the level of
PIM1 significantly increased in NK-FCGR3A-CCL3 from both
high infiltration group and low infiltration group compared to
HD. These findings further supported that PIM family members
play key roles in immunosuppression induced by MM cells. GO
analysis based on DEGs of NK-FCGR3A-CCL3 across MM
patients indicated that NK-FCGR3A-CCL3 from high tumor
infiltration group displayed impaired “interferon-gamma
mediated signaling pathway”, “cellular response to decreased
oxygen levels” and “positive regulation of mitochondrion
organization” (Figure 4F). Meanwhile, NK-S100A8 from high
tumor infiltration group displayed enhanced “hydrogen
peroxide metabolic process”, “hydrogen peroxide catabolic
process” and “reactive oxygen species metabolic process” as
well as impaired “response to interferon-gamma” and
“regulation of superoxide anion generation” (Supplementary
Figure 3C). These results demonstrated that the defective NK
sub-clusters in myeloma microenvironment presented aberrant
metabolism patterns compared to the corresponding sub-
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clusters in HD, which should be the results of NK responding
to the extracellular environment.

Impaired antigen presentation of DCs
contributed to T cell dysfunction in MM

Professional antigen-presenting cells (APCs), including DCs
and macrophages, play critical roles in triggering anti-tumor
immunity by regulating the activity of T cells. Dysfunction of
APCs could result in the reduced anti-tumor activity of T cells.
To further clarify the role of APCs in the immunosuppression of
MM patients, LYZ" myeloid cells were analyzed based on the
description of previous reports (28, 42). Sixteen sub-populations
were clustered according to the marker genes expression
(Figure 5A and Supplementary Figure 4A). There were four
DC sub-clusters with expression of CDIC, CLEC9A or LILRA4,
five monocytes sub-clusters with expression of LYZ and CST3,
and five macrophages sub-clusters with co-expression of LYZ,
CST3, CD68, and CDI163 (Figure 5B). Interesting, we found that
sub-cluster 12 with co-expression of MM marker gene SDCI was
uniquely found in MM patient samples.

Conventional DC (cDC) plays central roles in the initiation
and maintenance of anti-tumor T cell immunity. Firstly, our
data showed that cDC-CD1C-AREG (sub-cluster 4) with high
level of CD1C was identified as type I ¢cDC (¢cDC1) and cDC-
CD14 (sub-cluster 11) was identified as type II cDC (cDC2) with
expression of CLEC9A (Figure 5B), which was referred to
previous reports (40, 43). Compared to HD samples, the
proportions of ¢cDC-CD14 were reduced in MM patients,
meanwhile there was no difference for cDC-AREG across HD
and patient groups (Figure 5C). To evaluate the function of DC,
the active scores of cDC sub-clusters (44) were calculated. The
activity of cDC-CDI1C-AREG in low tumor infiltration group
was higher than that in HD and high tumor infiltration group
(Figure 5D). This was further supported by the high levels of
MHC I/II molecules (HLA-B, HLA-C, HLA-DRBI and HLA-
DQAI) expressed in ¢cDC-CDIC-AREG from low tumor
infiltration group as well as inflammatory cytokines and
chemokines (IL1B, VEGF and CCL4, etc.) (Figure 5E). And
c¢DC-CDI1C-AREG sub-cluster in high tumor infiltration group
expressed low level of genes mentioned above, including HLA-B,
HLA-C, HLA-DRBI, HLA-DQA1, IL1B, VEGF and CCL4, which
like the unstimulated ¢cDC-CD1C-AREG in HD (Figure 5E).
These findings suggest that antigen presentation of cDC-CD1C-
CD1C-AREG was still efficiently triggered in low tumor
infiltration microenvironment, but suppressed along with the
increased tumor cells. Notably, the variation pattern of activity
of cDC-CD1C-AREG across HD and patient groups was
consistent with that in CD8-GNLY cells as we described
above. GO analysis revealed the significant variation of
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FIGURE 5

Impaired antigen presentation of DCs contributed to T cell dysfunction in MM (A). t-SNE plot shows the sub-clusters of myeloid cells derived
from HD and MM cells. Myelocyte (Cluster 4, 13 and 16 identified above) were selected for this analysis. Each dot represents a single cell; colors
indicate cell clusters with numbered labels. (B). Violin plots show the expression and distribution of classical cell markers in sub-clusters of
myeloid cells from HD and MM patients. The sub-cluster numbers in the graph bottom correspond to the ones in (A). sub-CO: Macro-IL1B; sub-
C1: Macro-WDR74; sub-C2: Mono-CD14; sub-C3: Macro-CD14; sub-C4: cDC-CD1C-AREG; sub-C5: Mono-FCGR3A; sub-C6: pDC-LILRA4-
GPR83; sub-C7: Macro-THBS1; sub-C8: Mono-GNLY; sub-C9: Mono-FCERIA; sub-C10: Macro-C1QC; sub-C11: cDC-CD1C-CD14; sub-C12:
Mono-SDC1; sub-C13: Mono-HBB; sub-C14: pDC-LILRA4-COTLL; sub-C15: Mono-MS4AL; (C). Bar charts show the proportion of myeloid sub-
clusters among HD and different groups of MM patients. The sub-cluster numbers in right correspond to the ones in (A). (HD: n=7; Low: n=6;
High: n=6). (D). Bar charts show the active scores of cDC among HD and different groups of MM patients (HD: n=7; Low: n=6; High: n=6). (E).
Heatmap shows the DEGs in cDC-CD1C-AREG among HD and different infiltration groups of MM patients. (F). GO Enrichment of DEGs in cDC-
CD1C-AREG between high-infiltration and low-infiltration groups of MM patients. Each dot in the graphs represents a single gene from DEGs.
Upregulated genes are indicated as red dots and downregulated genes are indicated as blue dots. The color bar indicates the z-score of each
pathway. (G). Heatmap shows the interaction strength among immune cells across HD and MM groups. The color showed the interaction
strength that was calculated by CellPhoneDB. Black box: the interaction among myeloid cells; Yellow box: the interaction among myeloid cells

and T/NK cells; Red box: interaction among T cells. In all instances, p < 0.05 was considered significant, * p < 0.05 and *** p < 0.001.

ns, no significance.
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biological processes in ¢cDC-AREG in high tumor infiltration

» o«

group, including “response to interferon-gamma”, “response to
reactive oxygen species” and “reactive oxygen species metabolic
process” (Figure 5F). These results demonstrated that the
metabolism pattern of cDC-CD1C-AREG was influenced by
high level of tumor cells. Moreover, we also found up-regulation
of PIM family members (PIM1/PIM3) in ¢cDC-CD1C-AREG
from MM patients compared to HDs (Figure 5E). By contrast,
the activity of cDC-CD14 remained stable across HD and patient
groups (Figure 5D), though the proportion of the sub-cluster
was significantly reduced in MM patients.
Monocytes/Macrophages are another major component of
the innate immune system and involved in anti-tumor activity of
T cells as APCs. Next, our data showed that macrophage-IL1B
(sub-cluster 0) in tumor cell high tumor infiltration group not
only displayed a lower proportion (Figure 5C), but also
strikingly lacked the expression of MHC molecules,
inflammatory cytokines and chemokines compared to the
corresponding sub-cluster in low tumor infiltration group
(Supplementary Figure 4B). The results demonstrated that
macrophage-IL1B and macro-WDR74 were activated in low
tumor cell microenvironment, which promoted the anti-MM
immunity. However, macrophages became to be in a resting
state when MM cells infiltration increased (Supplementary
Figure 4B). Conversely, there was a higher proportion of
Mono-FCGR3A (sub-cluster 5) in high tumor cell
microenvironment compared to low tumor cell group and
HDs (Figure 5C). However, Mono-FCGR3A in high tumor
infiltration group expressed lower levels of MHC molecules,
inflammatory cytokines and chemokines (HLA-DRBI/HLA-
DPBI, TNF, ILIB, CCL3 and CCL4), which meant the sub-
cluster was less involved in immune responses (Supplementary
Figure 4C). Meanwhile, Mono-FCGR3A both in high and low
tumor infiltration group expressed high level of PIM2/PIM3
compared to HDs (Figure 5G). Therefore, the activities of cDC-
CD1C-AREG, macrophage-IL1B and Mono-FCGR3A in low
tumor infiltration group were elevated as innate immune cells
and APCs, but suppressed in high tumor infiltration group.

Repressed crosstalk among immune cells
was involved in immunosuppressive
microenvironment

Crosstalk among immune cells is necessary in regulating the
immune response to tumor or infection. So far, immune cell
crosstalk in MM microenvironment has not been fully
understood. Here, we investigated the dynamic immune cell
crosstalk along with tumor cell infiltration. Our data showed that
the interaction among myeloid cells was strongest in each group,
including DC, macrophages and monocytes (Figure 5G, black
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box). Whereas, the interaction among myeloid cells in low
tumor infiltration group was significantly strengthened, but
weakened in high tumor infiltration group. In addition,
myeloid cells kept active communications with T and NK cells
(Figure 5G, yellow box). The interaction between T cells and
myeloid cells was compromised in high tumor infiltration group
(Figure 5G), and the weakest interaction existed among T cells
across HD and MM patients (Figure 5G, red box). These results
suggest that myeloid cells are the core player in immune cells
crosstalk, and the interactions among immune cells in MM were
active in low tumor infiltration group, but suppressed in high
tumor infiltration group.

Aberrant metabolism of immune cells
identified in MM microenvironment with
high tumor cell infiltration

Mounting evidence indicates that the aberrant metabolism of
immune cells is involved in tumorgenesis (45-47). Here, our
analysis showed that effector CD8 T cells and NK cells in high
tumor infiltration group displayed unique metabolic features
compared to the corresponding sub-clusters in low tumor
infiltration group and HDs (Figures 6A, B). Further analysis
showed that the immune cell sub-clusters from high tumor
infiltration group shared common metabolic pathways. As the
key players in anti-tumor immunity, the impaired amino acid
metabolism in CD8-GNLY effector T cells and CD8-XCL2
memory T cells was found in high tumor cell microenvironment,
including Arginine, Proline, Glycine, Serine, Threonine, Valine,
Leucine, Isoleucine and Histidine metabolism shown in Figure 6A.
Meanwhile, they displayed enhanced glycolysis/gluconeogenesis,
oxidative phosphorylation and lipid metabolism. Besides, CD8-
GNLY effector T cells in high tumor infiltration group presented
enhanced citrate cycle (TCA cycle), which was different from CD8-
XCL2 memory T cells in high tumor infiltration group. Similar to
effector CD8 T cells, NK-FCGR3A-CCL3 and NK-FCGR3A-
S100A8 in high tumor cell infiltration displayed part of impaired
amino acid metabolism as well as enhanced oxidative
phosphorylation and lipid metabolism (Figure 6B). Glycolysis/
Gluconeogenesis and citrate cycle (TCA cycle) in NK-FCGR3A-
CCL3 were enhanced in high tumor cell infiltration group but
weakened in NK-FCGR3A-S100A8. Unlike CD8 T and NK cells,
the metabolic pattern on myeloid cells in high tumor cell infiltration
group was similar to the corresponding one in HD (Figure 6C). This
is consistent with the active status of myeloid cells as mentioned
above. Further analysis showed that cDC-CD1C-AREG in high
tumor cell infiltration group displayed enhanced lipid metabolism,
oxidative phosphorylation, glycolysis/gluconeogenesis and citrate
cycle (TCA cycle) compared to the one in low tumor cell infiltration
group. Macrophages-IL1B in high tumor cell infiltration group
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Aberrant metabolism of immune cells in MM patients with high tumor burden (A—C): Heatmap charts show the different metabolic pathways in

each sub-clusters across HD and MM groups.

exhibited enhanced lipid metabolism and weakened oxidative
phosphorylation, glycolysis/gluconeogenesis, citrate cycle (TCA
cycle) and amino acid metabolism compared to the
corresponding sub-clusters in low tumor cell infiltration group
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(Figure 6C). The variation of metabolic pathways in immune cells
according to diverse tumor cell infiltration suggested that the
disordered metabolism also induced the dysfunction of immune
cells in MM microenvironment.
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Discussion

In this study, we pay close attention to the immune response
in MM, and investigated the underlying mechanisms on
dysfunction of immune cells associated with tumor infiltration
using the unbiased single cell RNA sequencing. Of note, the anti-
tumor immune response is active in patients with low tumor
cells, but it was notably suppressed with the elevation of tumor
cells. The proportion of cytotoxic immune cells (CD8-GNLY
effector T cells and NK-FCGR3A-CCL3 cells) increased in
myeloma microenvironment when tumor cell infiltration was
low, then the activated immune cells were depressed with the
growth of tumor cells. This finding is partially supported by the
previous reports (22) (48), and indicated the efficient anti-tumor
immunity is an external critical factor for tumor cells behavior
beside the internal cytogenetic characteristics of MM cells.
Intriguingly, we observed a significantly elevation of CD8-
XCL2 memory T cells in MM patients compared to HDs. In
consideration of the decreased CD8 effector T cells in high
tumor infiltration group, we have reason to believe that the
differentiation of memory CD8 T cells to effector CD8 T cells
was obviously interfered by MM cell. More important, our study
demonstrated that the interactions among immune cells were
remarkably strengthened at the beginning of disease occurrence
with low tumor cells infiltration, but suppressed with the
elevation of tumor cell infiltration in BM microenvironment.

Prior studies already demonstrated the immunosuppressive
state of BM microenvironment in MM patients, including
exhaustion (49, 50) and senescence (10) of T cells and increased
Treg (13). However, we did not find significant difference on the
proportion of CD8-COTLI exhaustion T cell among MM groups
and HDs, which is in line with the reports by Oksana Zavidij (22)
and Carolina (51). Moreover, we did not observe the significant
increase of PD1, LAG3, TIGIT, the classic immune checkpoints, on
immune cells, which could help us to explain the reason of the
unfavorable treatment efficacy of immune checkpoint inhibitors in
MM clinic practices. Strikingly, our study identified that serine/
threonine kinases PIM family (PIM1/2/3) would play a pivotal role
in myeloma immunosuppression. The up-regulation of PIM family
member, PIM1/2/3, was observed in CD8-GNLY effector T cells,
NK-FCGR3A-CCL3, cDC-CD1C-AREG and monocyte-FCGR3A.
More and more studies demonstrated PIM kinases are
constitutively active serine/threonine kinases that play important
roles in hematological malignancies (52), including MM (53).
Inhibition of PIM kinase displayed significant anti-tumor efficacy
in MM (54). Recently, the role of PIM family on immune regulation
was reported as well. PIM kinases were involved in the
immunotherapeutic antitumor T-cell response (55, 56). In
addition to T and NK cells, the function of DC and MDSC were
also regulated by PIM kinases (57, 58). Our data also showed that
inhibiting PIM kinases could promote the cytotoxicity of CD8" T
cells in vitro. These findings by us and other research groups
strongly support that PIM kinases are more critical in immune
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suppression mediated by MM cells. Therefore, PIM kinases targeted
therapy would be an attractive strategy in MM treatment by both
inhibiting MM proliferation and activating anti-tumor immunity.
In addition, we noted that the overexpression of KLRBI (CD161) in
CD8-GNLY effector T cells and KLRCI (NKG2A) overexpression in
NK-FCGR3A-CCL3 cells. We confirmed the association of KLRB1
with the cytotoxicity of CD8 T from MM patients. Sun et al.
reported that CD8'KLRB1" T cells displayed weaker cytotoxicity
than CD8'KLRB1™ T cells in hepatocellular carcinoma-infiltrated
CD8 T cells (28). Mathewson and colleagues further identified
KLRBI as an inhibitory receptor for tumor-specific T cells (59).
KLRCI is an inhibitory receptor for NK cells, which forms a
heterodimer with CD94. Preclinical and clinical investigations
have provided evidence that CD94/KLRC1 inhibition is a viable
therapeutic option for numerous tumors, including chronic
lymphoid leukemia and lymphoma (60, 61). All of these findings
support that overexpression of KLRBI and KLRCI in CD8 effector
cells and NK cells would be pay more attention in immune cell
dysfunction in MM.

Recently, more and more studies elucidate that metabolic
plasticity and its ability to adapt to stress conditions play
important roles in cancer immunology. The production of
immunosuppressive metabolites and the imbalance of nutrient
caused by chaotic proliferation of tumor cells could induce
dysfunction of immune cells in tumor microenvironment (19,
62-67). PIM kinases are also involved in numerous intercellular
metabolic processes of immune cells (56-58). Xin et al. uncovered a
previously underappreciated role of PIMI in regulating lipid
oxidative metabolism via PPARy-mediated activities, and
sufficiently rescued metabolic and functional defects of Pim1”"
MDSCs (58). In the present study, the impaired amino acid
metabolism was observed in CD8-GNLY effector T cell and CD8-
XCL2 memory T cells, especially in high tumor cell
microenvironment. ntracellular arginine in T cells is important
for the promotion of oxidative metabolism, increasing cell viability,
persistence, and in vivo antitumor response (68, 69). Eric et al.
showed that intracellular serine directly modulates adaptive
immunity by regulating T cell proliferation and cell viability (70).
Consistently, these reports support our results that the impaired
amino acid metabolism was involved in the dysfunction of CD8-
GNLY effector T cells in MM immune microenvironment. Huang
and colleagues reported that amino acid transporter controlled the
magnitude of memory T cell generation and persistence by
stimulating mTORCI signaling, which indicates that amino acid
is important for memory T cells differentiation (71). Hereby, we
speculated the impaired amino acid metabolism resulted in the
elevation of CD8 memory T cells in MM microenvironment by
hindering differentiation of memory T to effector T cells.

Additionally, our data demonstrated that the notably enhanced
lipid metabolism in cytotoxicity NK sub-clusters in high level tumor
cell infiltration was involved in the NK cell impairment, which in
line with the phenotype in aggressive B-cell lymphoma (72).
Accumulation of lipids caused by abnormal fatty acid synthesis is
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associated with dendritic cell dysfunction (73). Enhanced
biosynthesis of glycosphingolipid, fatty acid and unsaturated fatty
acids were observed in our study, which would be associated with
the dysfunction of cDC-CD1C-AREG in MM patients with high
tumor cell infiltration. Of note, PIM kinases up-regulated in
immune cells, including effector CD8 T cell, NK cells and DC
from MM patients, were also associated with the activity of
mammalian target of rapamycin (mTOR) signaling. As metabolic
checkpoints, mTOR signaling integrate signals from oxygen, energy
and nutrients to regulate protein synthesis and anabolic
metabolism. Therefore, our results support that targeting PIM
kinases would be a rational strategy to rescue the function of
immune cells via metabolism regulation. However, more direct
evidence is needed to uncover the role of PIM kinases in immune
response via regulating metabolism and the underlying
mechanisms. We will pay more attention to those in the future.
In summary, our present study elucidates the biological
heterogeneity of immune microenvironment in MM BM with
diverse tumor cell infiltration at single cell resolution.
Disordered amino acids and lipid metabolism in immune cells
under the microenvironment of MM promote the dysfunction of
immune cells and defective immune response in myeloma.
Targeting PIM kinases could be a promising strategy for MM
immunotherapy, and redressing the disordered metabolism
would be the key points to get effects in immune-based therapies.
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Background: Previous studies have revealed the role of dysregulated urokinase
plasminogen activator (encoded by PLAU) expression and activity in several
pathways associated with cancer progression. However, systematic
investigation into the association of PLAU expression with factors that
modulate PDAC (pancreatic ductal adenocarcinoma) progression is lacking,
such as those affecting stromal (pancreatic stellate cell, PSC)-cancer cell
interactions, tumour immunity, PDAC subtypes and clinical outcomes from
potential PLAU inhibition.

Methods: This study used an integrated bioinformatics approach to identify
prognostic markers correlated with PLAU expression using different
transcriptomics, proteomics, and clinical data sets. We then determined the
association of dysregulated PLAU and correlated signatures with oncogenic
pathways, metastatic phenotypes, stroma, immunosuppressive tumour
microenvironment (TME) and clinical outcome. Finally, using an in vivo
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orthotopic model of pancreatic cancer, we confirmed the predicted effect of
inhibiting PLAU on tumour growth and metastasis.

Results: Our analyses revealed that PLAU upregulation is not only associated
with numerous other prognostic markers but also associated with the
activation of various oncogenic signalling pathways, aggressive phenotypes
relevant to PDAC growth and metastasis, such as proliferation, epithelial-
mesenchymal transition (EMT), stemness, hypoxia, extracellular cell matrix
(ECM) degradation, upregulation of stromal signatures, and immune
suppression in the tumour microenvironment (TME). Moreover, the
upregulation of PLAU was directly connected with signalling pathways
known to mediate PSC-cancer cell interactions. Furthermore, PLAU
upregulation was associated with the aggressive basal/squamous phenotype
of PDAC and significantly reduced overall survival, indicating that this subset of
patients may benefit from therapeutic interventions to inhibit PLAU activity. Our
studies with a clinically relevant orthotopic pancreatic model showed that even
short-term PLAU inhibition is sufficient to significantly halt tumour growth and,
importantly, eliminate visible metastasis.

Conclusion: Elevated PLAU correlates with increased aggressive phenotypes,
stromal score, and immune suppression in PDAC. PLAU upregulation is also
closely associated with the basal subtype type of PDAC; patients with this
subtype are at high risk of mortality from the disease and may benefit from

therapeutic targeting of PLAU.

KEYWORDS

PLAU, pancreatic stellate cells, proliferation, EMT, stemness, ECM degradation,
immune suppression and basal subtype type of PDAC

1 Introduction

Pancreatic ductal adenocarcinoma (PDAC), the most
common subtype of pancreatic cancer (PC), is currently the
seventh leading cause of cancer-associated death (1) and has a
notoriously dismal prognosis. The incidence of PDAC continues
to increase, and it is projected to become the second most
common cause of cancer-linked death by 2030 (2). Current
treatments have limited impact. The mean overall survival of the
current standard treatment of FOLFIRINOX is 12.5 months, and
that of Gemcitabine plus Abraxane, 10.3 months, P =0.05 (3).
Immunotherapies, individually or in combination with
chemoradiotherapy or targeted therapy, have not made much
progress in PDAC (4-7), reflecting an urgent need to identify
new biologically driven targets to limit PDAC progression,
particularly metastasis, the primary driver of mortality in
this disease.

PDAC is no longer considered one disease at the molecular
level, with many different molecular subtypes and subtype-
specific treatment responses in PDAC (4-6). The two major
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transcriptomic-based subtypes, which have been confirmed
across multiple investigations, are the classical/pancreatic
progenitor subtype and the quasi-mesenchymal/basal-like/
squamous subtype (4, 5, 8). The basal subtype is over-
represented amongst metastatic PDAC tumours, and it is
distinguished by ECM-rich activated stroma, the upregulation
of expression of laminins and keratins and enriched for genes
associated with epithelial-mesenchymal transition (EMT) and
TGEF-B signalling (9). On the other hand, the classical PDAC
signature is characterised by upregulation of a wide range of
transcription factors, GATA4, GATA6, NKX2-2 and HNFIA,
associated with pancreatic lineage differentiation (4-8).
Clinicopathologically, basal-type tumours are poorly
differentiated and correlate with a worse prognosis (median
OS 10-19.2 months and DFS 4.6-10.9); these tumours are
chemoresistant but may have a better response to adjuvant
therapy (4-6, 9-13). In contrast, classical type tumours are
well-differentiated and are correlated with an overall better
prognosis (median OS 19-43.1 months and DFS 13.5-20.6) (4,
6, 8, 10, 14-17).
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Histologically, PDAC is well known to be characterised by a
prominent stromal reaction comprising non-cellular elements
like collagen, fibronectin, glycoproteins, proteoglycans,
hyaluronic acid, cytokines, growth factors, and serine protein
acidic and rich in cysteine (SPARC), as well as a wide range of
cell types including neural, endothelial, immune & pancreatic
stellate cells (PSCs). Pancreatic stellate cells (PSCs) are
responsible for producing this excessive collagenous stroma in
PDAC (18-20). Reciprocal interactions between activated
pancreatic stellate and PDAC cells facilitate PDAC
development and progression. One of the key pathways that
may mediate cancer-stromal interactions is the hepatocyte
growth factor (HGF) and its receptor ¢-MET pathway.
Hyperactivity of HGF/c-MET signalling is considered a
hallmark of cancer. Further, the serine protease urokinase
plasminogen activator (uPA, encoded by PLAU) activates pro-
HGEF (secreted by pancreatic stellate cells) to active HGF, which
binds to the c-MET receptor on cancer cells, activating several
downstream signalling molecules. In addition, HGF binding to
the c-MET receptor induces PLAU production by pancreatic and
other cancer cells. The increased uPA level further activates pro-
HGEF, resulting in a feed-forward activation loop to promote
cancer progression (21-23).

In normal cells (24-27), PLAU expression is very low and
tightly controlled (7, 23, 28). However, PLAU and subsequently
uPA expression is increased several-fold in tumour cells (23, 29-
31), which results in catalytic conversion of inactive
plasminogen to plasmin. Plasmin degrades extracellular matrix
directly or indirectly via activation of precursor forms of matrix-
degrading enzymes (matrix metalloproteinases) (32).
Furthermore, in cancer cells, direct interaction of uPA with its
receptor uPAR (encoded by PLAUR) facilitates the activation of
multiple intracellular cell-signalling pathways, which regulate
proliferation, migration, invasion, epithelial-mesenchymal
transition, stem cell-like properties, release from states of
dormancy, cell survival, chemoresistance, angiogenesis and
vasculogenic mimicry (7, 24-27, 33-41) in cancer. All of
which suggests a role as a master regulator in cancer
development and progression. Indeed, upregulation of PLAU
is associated with poor prognosis in several different cancers (33,
42). One study analysed 8 PDAC versus normal tissue gene
expression profiles retrieved from the GEO database and found
PLAU and PLAUR to be one of 10 hub genes significantly
associated with PDAC pathogenesis (43).

This is the first study to delineate the role of the PLAU by
integrated publically available transcriptomic, proteomics, and
clinical data to 1) further elucidate the mechanisms underlying
PLAU-related PDAC growth and progression, 2) use this data to
undertake analyses of prognostic outcomes (overall survival) and
assessment of relationship with clinical attributes, 3) identify the
most ‘at risk’ group based on PLAU expression and4)
preclinically assess selective uPA inhibition on pancreatic
cancer growth and metastasis. To the best of our knowledge,
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this is the first integrated—omics analysis of the expression of
these key components of the uPA system in PDAC.

2 Materials and methods

This study was implemented according to the analytical
approach shown in Figure 1. The main steps involved in this
task were step 1) identification of differentially expressed PLAU
mRNA in i) 33 different cancer cohorts in the TCGA database,
ii) different cancer cell lines from CCLE and iii) different GEO
datasets. Step 2) Kaplan-Meier survival analyses of PLAU in
PDAC-specific TCGA, ICGC and OICR patient cohorts. Step 3)
Identifying other gene signatures correlated with PLAU from
TCGA, ICGC and OICR patients cohorts. These gene signatures
were mainly related to cancer cell functions, immunity and
prognosis. A PPI network was constructed based on the gene
signatures, and relevant subcellular pathways were identified.
Step 4) Assessing the correlation of PLAU expression with
pathways responsible for PSC-PDAC cell interactions. Step 5)
Validation of transcriptome-based prognostic signatures using
CPTAC proteomics data and assessing the relationship with
clinical attributes. Step 6) Stratifying patient groups according to
PLAU protein expression and survival and identifying the most
‘at risk’ group. Step 7) Further validation of the effect of PLAU
inhibition on PDAC tumour growth and metastasis using in vivo
pancreatic orthotopic model.

2.1 Datasets

We used the GEPIA (Gene Expression Profiling Interactive
Analysis) TCGA dataset (http://gepia.cancer-pku.cn/) for
comparing the differential mRNA expression of PLAU between
cancer and normal samples. The Cancer Cell Line Encyclopedia
(CCLE) (https://www.broadinstitute.org/ccle) mRNA expression
data was used to identify distinctively upregulated PLAU in
pancreatic cancer cell lines (44, 45). Next, we used different
microarray data sets, including GSE16515 (46), GSE58561 (47),
GSE71989 (48), GSE62165 (12), GSE71729 (6), and RNAseq
GSE119794 (49) from the NCBI-GEO database.

Messenger RNA expression data and associated
clinicopathological data were used from The Cancer Genome
Atlas (TCGA, http://cancergenome.nih.gov/) and the
International Cancer Genome Consortium (ICGC, https://icgc.
org/). In particular, normalised gene expression of NGS was
downloaded from the cBioPortal, (TCGA, Firehose https://www.
cbioportal.org/) (50) on 1** July 2021. For the ICGC-Pancreatic
Cancer - Australia (ICGC-PACA-AU) cohort, data were obtained
from the Supplementary Material of the corresponding
publication (4). In addition, we also used the Ontario Institute
for Cancer Research (OICR) PDAC cohort (EGAS00001002543)
for gene expression and clinical data through a data access
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FIGURE 1
An integrative clinical bioinformatics workflow to decipher the role of PLAU in PDAC growth and progression, clinical outcome prediction and in
vivo preclinical method-based validation of PLAU inhibition effects in tumour growth and metastasis.

agreement. Likewise, the proteomic and accompanying 2.2 Differential expression ana[ysis
clinicopathological data from the proteogenomic

characterisation of the PDAC study (6) was acquired via the Differential expression analysis was performed using
Clinical Proteomic Tumor Analysis Consortium (CPTAG, https:// GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r) and R
cptac-data-portal.georgetown.edu/). Only PDAC cases with packages limma from the Bioconductor project (http://www.
matched RNAseq/protein expression and clinical data were bioconductor.org/). The thresholds of P-value <0.05 and |FC]|
included in the analysis for all the cohorts. (fold change) > one was set to determine the significant level.
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2.3 ldentification of correlated
gene signature

We used Pearson’s correlation test to identify gene-gene
correlation because the expression data is normally distributed.
However, we employed Spearman’s correlation test between the
mRNA expression level of PLAU and the ssGSEA score of
selected pathways because the data is not normally distributed.
The threshold of our correlation analysis was set at greater than
0.30, and FDR <0.05. A false discovery rate (FDR) calculated by
the Benjamini and Hochberg method (51) was used to adjust for
multiple tests.

By comparing annotated gene sets from the Molecular
Signatures Database (MSigDB) (52), and using the online tool
“Calculate and draw custom Venn diagrams” (http://
bioinformatics.psb.ugent.be/webtools/Venn/) we identified
common tumour suppressors, oncogenes, translocated cancer
genes, transcription factors, cytokines and growth factors, protein
kinases, homeodomain proteins, and cell differentiation markers
among positive and negatively correlated gene signatures of PLAU
identified from three PDAC cohorts.

2.4 Gene-set enrichment analysis

We performed gene-set enrichment analysis of the PLAU-
correlated genes using GSEA (53) with a false discovery rate
threshold, FDR < 0.05. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways that were significantly associated with
the positive and the negatively PLAU-correlated genes were also
identified (FDR < 0.05).

2.5 Functional analysis

We constructed protein-protein interaction (PPI) networks of
the PLAU-correlated genes using the STRING (version v11 (54))
and visualised the PPI networks by utilising the Cytoscape 3.9.1
software (55). The rank of genes was identified by the Cytoscape
plugin cytoHubba (56). Hub nodes were identified using a
threshold of medium interaction score >0.40, and we selected the
degree of interaction >25 for identifying the most closely interacting
genes in the PPL

2.6 Survival analysis
We used the clinical data of TCGA, ICGC, OICR and
CPTAC PDAC cohorts for survival analysis. We compared the

overall survival (OS) between PDAC patients classified based on
gene expression levels (high expression levels >mean > low
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expression levels). Kaplan-Meier survival curves were used to
show the survival time differences, and the log-rank test was
utilised to evaluate the significance of survival time differences
between both groups. We used the R package “survival” to
perform survival analysis (57), and the function “coxph” in the
R package “survival” was used for the univariate and
multivariable Cox regression analyses (57).

2.7 Evaluation of immune scores, stromal
scores, and tumour purity in
stromal content

We utilised the “ESTIMATE” R package to calculate an
immune score representing the enrichment levels of immune
cells and a stromal score representing the content of stromal cells
(58) in the TCGA-PDAC cohort. We compared immune and
stromal scores between the patients with high expression of
PLAU and low expression of the PLAU group in PDAC (high
expression levels >mean > low expression levels). We considered
the Wilcoxon sum rank test (P-value <0.05) to identify
significant differences between both groups.

2.8 Associations of the expression levels
of PLAU with immune signature, pathway
activity, and tumour phenotypes in PDAC

We first identified the PLAU correlated cell function and
immune gene signatures. Then we used the single-sample gene-
set enrichment analysis (ssGSEA) to quantify the enrichment
scores of immune and stromal signatures in tumours based on
the expression levels of their marker genes (53). We defined the
ratio of immune signatures in a tumour sample as the ratio of the
average expression levels of their marker genes. The immune
and stromal signatures analysed included B cells, CD8+ T cells,
CD4+ regulatory T cells, macrophages, neutrophils, natural
killer (NK) cells, tumour-infiltrating-lymphocytes (TILs),
regulatory T cells (Tregs), cytolytic activity, T cell activation, T
cell exhaustion, T follicular helper cells (Tfh), M2 macrophages,
tumour-associated macrophage (TAM), T helper 17 cells,
myeloid-derived suppressor cell (MDSC), endothelial cell, and
cancer-associated fibroblasts (CAFs). Their marker genes are
shown in Supplementary Table (ST) B. Moreover, we identified
the ssGSEA score of all enriched pathways that directly correlate
with PLAU and tumour phenotypes (proliferation, EMT,
stemness, ECM degradation, and hypoxia). The genes
associated with the specific pathways and phenotypes are listed
in STB, ST12. Finally, we compared immune signatures and
phenotypes of PDAC patients with high expression of PLAU
with those with low expression of the PLAU.
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2.9 In vitro and in vivo study

2.9.1 Isolation and characterisation of cancer-
associated hPSCs

Using the outgrowth method (59), CAhPSCs were isolated
from surgically removed pancreatic tissue obtained from cancer
patients. The characterisation of CAhPSC yield was then
assessed by morphology and immunostaining for the selective
GFAP and the activation marker aSMA (60).

2.9.2 Cell culture

AsPC-1 cells (American Type Culture Collection, Manassas, VA)
and CAhPSCs were cultured according to the supplier’s instructions
and following previously published protocols by our group (61).

2.9.3 In vivo orthotopic model of
pancreatic cancer

To validate the outcome of PLAU (uPA) inhibition on tumour
growth and metastasis in vivo, we conducted a pilot study using an
orthotopic model of pancreatic cancer as previously established in
our laboratory (21, 62, 63). Briefly, 6-8 weeks old female athymic
nude mice (BALBc nu/nu) were anaesthetised, and an opening was
made in the left flank, followed by exteriorisation of the spleen and
tail of the pancreas. Then 1 x 10° human PC cells (AsPC-1) plus 1 x
10° cancer-associated human PSCs (CAhPSCs) in 50uL of PBS
were implanted into the tail of the pancreas to replicate early cancer
development and progression. Mass Spectrophotometry-Based
proteome profiling (ST19) confirmed PLAU protein expression in
both AsPC1 and CAhPSCs. Seven days after cell implantation, mice
were randomised (n=5/group) to receive vehicle control (Ctrl),
Gemcitabine (G) 75 mg/kg IP biweekly, uPA small molecule
enzymatic inhibitor [5,6-disubstituted amiloride analogue,
compound BB2-30F (A26) (64)] 3mg/kg (U3) or 10mg/kg (U10)
IP daily. BB230F compounds were formulated for IP injection in 50
mM acetate buffer (pH5.5) + 10% DMSO + 1% Kolliphor HS-15
buffer and filtered through 0.22 pum PVDF syringe-driven filters
under sterile conditions (64) The total number of vehicle injections
was 28 (daily IP injections), allowing us to control maximally for
any effects of IP injections per se in our model. Pancreatic tumour
growth was monitored by palpation. At the end of 28 days of
treatment, tumours were resected, and tumour volume was
determined according to the formula (1/2(length x breadth x
width) using digital Vernier callipers (Intech Tools, Thomas
Town, VIC, Australia). The abdominal cavity, mesentery, spleen,
liver, and lungs were examined, and a metastasis score was
calculated based on the presence or absence of visible
macrometastatic nodules. Haematoxylin and eosin staining was
performed to confirm the presence of such nodules. Primary
tumour sections were immunostained for E-cadherin, vimentin
and ALDH1Al. Tumour volume data are expressed as
mean + SEM. One-way analysis of variance with Tukey’s post hoc
test was applied. Analyses were performed using GraphPad Prism 9
for Windows 64-bit (GraphPad Software, San Diego, CA, USA).
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The animal studies were approved by the University of New
South Wales Animal Care and Ethics Committee (Approval
Number 18/125B) and accomplished under ARRIVE guidelines.

3 Results

3.1 PLAU is significantly differentially
expressed in various cancers

Using the GEPIA dataset, it was found that PLAU mRNA
levels are significantly differentially expressed (compared to
relevant normal tissue) in 23 of the 33 different types of
cancers assessed (Figure 2A; Red =tumour and Green=
normal). In BLCA, BRCA, CESC, COAD, DLBC, ESCA, GBM,
HNSC, KICH, KIRC, LGG, LIHC, LUAD, LUSC, OV, PAAD,
PRAD, READ, STAD, TGCT, THCA, THYM, and UCEC PLAU
is significantly upregulated while in KICH, KIRC and PRAD it is
downregulated (Figure 2A). In particular, in the PAAD cohort of
pancreatic cancer, PLAU transcripts were 4.876 (p=1.6e-103)
fold elevated compared with normal tissue. In support of the
above observations, the Cancer Cell Line Encyclopedia (CCLE)
dataset revealed that (https://www.broadinstitute.org/ccle)
PLAU was also differentially expressed in different cancer cell
lines (Figure 2B), including 44 pancreatic cancer cell lines (from
primary and metastatic PDAC tumours (ST2 A). Upregulated
mRNA and protein expression levels for PLAU (relative to
normal controls) in 17 PDAC cell lines are depicted
in Figure 2C.

The above observations related to PDAC were further
confirmed by analysis of several GSE microarrays which
showed significant fold increases in PLAU mRNA in PDAC vs
normal controls as detailed in the following: GSE16515 (logFC
2.73, P=2.32E-07); GSE58561 (logFC 4.94, P = 5.35E-06);
GSE71989 (logFC 3.29, P =2.56E-06); GSE62165 (logFC 3.31,
P = 1.91E-27); GSE71729 (logFC 1.56, P = 1.98E-09), and
RNAseq GSE119794 (logFC 1.256, P= 0.003), ST3. Taken
together, the above findings indicate that PLAU is significantly
upregulated in different tumours and cancer cell lines. Of
particular relevance to this study, pancreatic cancer and cell
lines, consistently demonstrate upregulation of PLAU gene
expression, suggesting that PLAU may play driver roles in the
development and progression of PDAC.

3.2 Upregulated mRNA expression of
PLAU is associated with poor survival in
PDAC patients

Given the significant upregulation of PLAU in PDAC
patients from distinct datasets, we further investigated the
association of PLAU with clinical outcomes. TCGA data of
147 PDAC patients from 179 PAAD-TCGA cohorts were
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FIGURE 2

PLAU expression in cancers. (A) Dot plot depicting PLAU gene expression profile across 33 cancer types and paired normal samples (TCGA
normal plus GTEx), with each dot representing a distinct tumour or normal sample. The bar height represents the median expression of a
certain tumour type or normal tissue. The comparison was performed using GEPIA (Gene Expression Profiling Interactive Analysis). For each
TCGA tumour (red), its matched normal and GTEx data (green) are given; T: tumour; N: normal; n: number. Y-axis: transcripts per million log2
(TPM + 1). X-axis: number of tumours and normal samples. (B) PLAU expression across 1111 human cancer cell lines from the Cancer Cell Line
Encyclopedia (CCLE). Box plots showing RNA-seq mRNA expression data from CCLE, with the dashed lines within a box representing the mean.
Cell lines derived from the same organ/organ system were grouped, and lineages are indicated at the bottom of the graph, with the number of
cell lines per organ/organ system in parenthesis. The “pancreas” group includes the 44 pancreatic cancer cell lines listed in (ST2A). (C) Relative
expression level of PLAU at mRNA and protein level in 17 PDAC cell lines using the depmap portal.
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analysed to reveal that patients in the high PLAU mRNA
expression group had the poorest outcome (high expression
group of PLAU > mean expression level of PLAU > low
expression of PLAU) (Figure 3A), P=0.042. Similar results
were obtained on analysis of the ICGC patient cohort
(GSE36924) (Figure 3B), P=0.04 (4). With the third patient
cohort in our study (OICR; EGAS00001002543) (65), there was
a trend for poorer survival in patients with high PLAU mRNA
expression, but the difference did not achieve statistical
significance P= 0.28 (Figure 3C). Altogether, these data
demonstrate that the upregulation of PLAU mRNA expression
is an adverse prognostic factor in PDAC.

3.3 PLAU is significantly correlated with
key signal regulatory and tumour
immune genes in PDAC

In view of our finding of an association between high PLAU
gene expression and poor prognosis in PDAC patients, we were
interested in analysing other genes that may be correlated with
PLAU and might influence patient outcomes. Pearson’s
correlation coefficient test was used to identify gene-gene
correlations for all genes in the expression tables of the TCGA,
ICGC, and OICR datasets. A Venn diagram was applied to
identify PLAU-correlated genes common to all three PDAC
datasets (ST4, ST5 and Supplementary Figures (SF) 1A, B). The
gene signatures were then categorised into different gene families
based on annotated gene sets from Molecular Signatures
Database (MSigDB). There were 676 genes positively
correlated with the PLAU that were common to all three
datasets. (ST 6A, SF 1A). These included 42 transcription
factors (e.g. FOXCl, HMGA2, RUNX2, SNAII, SNAI2,
TWISTI, and WTI), 16 protein kinases (e.g. MET, MAPKI2,
and AKT3), 8 homodomain proteins (including SIX4, NKX3-2,
and HLX);, 27 cell differentiation markers (including PDLI,
CD44, CD70, CDH2, and ITGA3), 18 oncogenes (e.g. CDHI1,

@ oon

B ICGC

10.3389/fimmu.2022.1060957

COLIAI and PDGFB), 16 translocated cancer genes (CDH11,
CLTCLI, COLIAI, MAF, and MAFB), one tumour suppressor
gene WTI, and 38 cytokines and growth factors (including
TGFB2, FGF1, VEGFC, PDGFB, EREG, TGFB1, CCLI1,
TGFB3, BMPI, IL1,1 and CCL13) [Pearson correlation, r>0.3,
P> 0.05].

There were 428 genes negatively correlated with the elevated
expression levels of PLAU that were common to all three
datasets (SF 1B). These comprised 31 transcription factors
(including CDX2, FOXA2, GATA6, HNFIA, HNF4A, PDXI,
PPARGCIA, and TOX3), two cell differentiation markers
(FUT4 and TNFRSFI11A), 11 protein kinases (e.g. ACVRIB,
ERBB3, FGFR4, HIPK2, KALRN, PKDCC, SCYL3), four
translocated cancer genes (including PRDM16 and TMPRSS2),
six oncogenes (including MYCN, CEBPA, and MECOM), one
tumour suppressor gene (HNFIA) and four cytokines and
growth factors (including FAM3B, EDN3, SEMA4G, and
FAM3D, ST 6A). Several immune-related gene signatures that
are positive and negatively associated with PLAU were also
identified (such as PDCDILG2, HAVCR2, ANXAI,
TNFRSFI12A, PLAT, CD276, PTGES, CD44, MMP9, CT45A3,
PIWIL2, METTL7A, IL23R, IL17RB, IL22RA1, TNFRSF11A,
BLNK, and F5, ST7).

Further analysis shows that most of the positively correlated
gene signatures of PLAU in PDAC regulate cancer cell functions
such as cell proliferation, stemness and epithelial-mesenchymal
transition, and other factors of importance to cancer biologies
such as extracellular matrix degradation, hypoxia,
endothelialisation, and metastasis promotion. In contrast,
negatively correlated gene signatures were largely uninvolved
in cancer cell functions (ST 6C, SF 1E and F).

A subanalysis of TCGA transcriptomic and clinical data of
PDAC patients revealed specific gene signatures (positively and
negatively correlated with PLAU) associated with poor survival
(ST8, SF 1C and D). Among these prognostic genes, we further
identified the following positively correlated MET, ITGA3,
EREG, PLOD2, EMPI1, CD44 HMGA2, TGM2, GAPDH,

C OICR
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Correlation of PLAU gene expression with survival in PDAC. (A, B) Kaplan-Meier survival curves show that high PLAU expression correlated with
significantly poorer overall survival (OS) in the TCGA and ICGC PDAC cohorts (log-rank test, P < 0.05), (C) but this was not evident with the

OICR-PDAC cohort (log-rank test, P = 0.28)
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IL31RA, CGB7, CDH3, and negatively correlated PRDM]IG,
PPARGCIA, CAPNG6, SPIB, TOX3, and FGFR4 associated with
the different cancer cell functions listed in Table 1, while Kaplan
Meier curves signifying their prognostic association are
presented in Figures 4 and SF 2.

3.4 PLAU correlated gene signatures and
protein-protein interaction
network analysis

The gene analysis described above indicates that upregulated
PLAU expression is correlated with several key gene signatures
that have the potential to influence cancer cell functions and
PDAC progression/outcomes. The daunting task is to
understand how these positively and negatively PLAU
correlated genes modulate the PPI network, which can result
in dysregulated oncogenic pathways with functional and
therapeutic significance. To address this, the 676 positively
correlated genes and the 428 negatively correlated genes
(common to all three data sets) were entered into the STRING
v11 program. 610 of the 676 positively correlated genes and 317
of the 428 negatively correlated genes were involved in the PPI
network with PPI enrichment p-value < 1.0e-16 and 3930 edges,
and p-value < 1.0e-16 577 edges, respectively. Based on the
degree of interactions, some of the top genes within the PPI
network were FN1, GAPDH, COL1A1, CD44, MMP2, COLIA2,
MMP9 POSTN, COL5A1, BGN, LOX, COL4A1, MMPI14,

10.3389/fimmu.2022.1060957

THBSI, and TGFBI1 (ST9A). Extracting the PLAU-centric PPI
network from the original extensive network revealed that PLAU
interacts with 31 of the positively correlated genes (FN1, MMP2,
GAPDH, CD44, MMP9, MMPI14, SERPINEI, TIMP2, TGFBI,
THBS1, CAV1, MET, MMP13, TIMP3, VEGFC, IGFBP3, CTSB,
ITGAS5, SNAII, PLAT, CTSL, CTSD, MMP11, ITGA3, PDGFC,
MRC2, PRSS23, SRPX2, KAL1, MFI2, and LYPD3, SF3 and ST
9C), and interestingly, only one negatively correlated gene ANG
(ST 9B, D).

3.5 PLAU regulates cancer-associated
and metabolic pathways in PDAC

To delineate the specific cancer-associated pathways that
may be modulated by PLAU and its positive/negatively
correlated gene signatures, the Functional Class Scoring (FCS)
method based on GSEA tool (53) was used (FDR<0.05). Genes
that are positively correlated with PLAU upregulation were
found to be associated with the enrichment of several cancer-
associated KEGG pathways (ST 10A). In order to assess whether
the expression of PLAU was directly associated with the activity
of these pathways, correlations between the expression levels of
PLAU (Log2 normalised) and the specific pathway activity
(ssGSEA score of the pathway) were analysed for the TCGA-
PDAC cohort (Spearman’s correlation test P<0.05).
Interestingly, it was found that PLAU expression correlated
directly with the activity of 11 KEGG pathways, including

TABLE 1 PLAU correlated genes and their association with cellular functions in PDAC.

Prognostic genes positively correlated with PLAU

HMGA2
TGM2
CD44
ITGA3
MET

EREG
GAPDH
PLOD2
EMPI
IL31RA
CGB7
CDH3
Prognostic genes negatively correlated with PLAU
PRDM1I16
PPARGCIA
CAPN6
SPIB

TOX3
FGFR4

ECM, Extracellular matrix; EMT, Epithelial-mesenchymal transitions.
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Factors influencing cancer biology

Stemness, oncogene, Transcription Factor and Translocating cancer gene
Endothelialization, Hypoxia and EMT

ECM degradation, EMT and Cell differential marker

ECM degradation and cell differential marker and Metastasis
Oncogenes and Protein Kinase

Cell Proliferation, Cytokines and Growth Factor

Hypoxia

ECM degradation and EMT

Cell Proliferation

Cell Proliferation

Cytokines and Growth factor

Metastasis promotion

Factors influencing cancer biology

Oncogenes, Transcription Factors, Translocating cancer genes
Hypoxia, Transcription Factor

ECM degradation

Transcription Factor

Transcription Factor

Cytokines and Growth factor and Protein Kinase
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FIGURE 4

Correlation of PLAU-associated genes with survival in PDAC. Kaplan-Meier survival curves show that significantly worse overall survival of PDAC
patients in the TCGA cohort is correlated with (A) increased expression of ITGA3 (log-rank test, P=0.0035), MET (log-rank test, P = 0.006),
CD44 (log-rank test, P= 0.01), PLOD2 (log-rank test, P = 0.018), EMP1 (log-rank test, P = 0.017), EREG (log-rank test, P = 0.013) and (B)
decreased expression of PPARGCI1A (log-rank test, P = 0.0086), FGFR4 (log-rank test, P = 0.049), and PRDM16 (log-rank test, P = 0.036).

glycosaminoglycan biosynthesis - chondroitin sulfate, basal cell
carcinoma, Hedgehog signalling pathway, axon guidance,
pathways in cancer, pancreatic cancer, TGF-beta signalling
pathway, arrhythmogenic right ventricular cardiomyopathy
(ARVC), wnt signalling pathway, and renal cell carcinoma,
FDR<0.01 (Figure 5A and ST 11A).

Genes that were negatively correlated with PLAU
upregulation were found to be primarily associated with the
enrichment of 31 metabolic pathways, covering the metabolism
of specific amino acids, carbohydrates, fatty acids and
xenobiotics listed in (ST 10B). Interestingly, we discovered that
the expression of PLAU itself was directly correlated with 25
KEGG pathways (Figure 5B and ST 11B).

A similar observation of PLAU association with cancer-
associated and metabolic pathways in various cancers,
including COAD, HNSC, KIRC, LIHC, BRCA, and LUAD,
was revealed in our further analysis ( SF 4A, B ).
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3.6 PLAU expression is correlated with
pancreatic stellate cell -selective markers
& pathways in TME of PDAC

As noted earlier, PSCs facilitate the survival and growth of
PDAC cells via factors that modulate cancer cell proliferation,
invasion, migration, metastasis and chemoresistance. In turn,
cancer cells activate PSCs via the secretion of growth factors and
cytokines (PDGF, VEGE, bFGF, TGF-f3), resulting in increased PSC
proliferation, migration and production of extracellular matrix
proteins (66-69). Given this bidirectional interaction between
PSCs and cancer cells, we investigated the association of PLAU
expression with the abundance of activated PSCs. PLAU expression
was significantly positively correlated (R= 0.41, P=2.754e-07) with
the ssGSEA score of PSC-specific markers in the TCGA-PDAC
data set (Figure 6A). Moreover, a significant moderate correlation
was found between PLAU and all other secreted markers of
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activated PSCs (ST13), most of which have been shown to play key
roles in cancer progression (please see discussion). PLAU expression
was also correlated with critical pathways known to mediate PSCs-
PC interactions (69), including Hedgehog, TGF beta, WNT
(Figure 5A), WNT beta-Catenin and hypoxia-inducible factor-1
(Figures 6B, C) signalling pathways.

3.7 ldentification of prognostically
important PLAU correlated matrisome
gene in human PDAC

In the tumour microenvironment, PLAU is involved in ECM
breakdown through activation of plasminogen to plasmin which
activates certain pro-matrix metalloproteinases, facilitating local
tumour invasion. Dysregulated ECM proteins also influence
tumour progress and patient survival by supporting tumour cell
proliferation, angiogenesis, inflammation (22, 28), and metastasis
(29, 30). However, the association of PLAU with the PDAC-specific
matrisome gene (produced by tumour cells and stromal pancreatic
stellate cells) has not been assessed in the context of PDAC
development and progression. In order to systematically examine
the correlations of PLAU expression with PDAC-specific ECM gene
signatures (from TCGA, ICGC and OICR cohorts), 155 PDAC
matrisome gene signatures (ST14) were selected (32 secreted by
cancer cells, 87 by stromal cells and 36 from both cancer and
stromal cells) (70). 49 ECM gene signatures were found to be
correlated with PLAU, either positively (33) or negatively (3)
(Pearson correlation, r>0.3; p< 0.05). Of the 49 genes, 22 coded
for ECM glycoproteins (EFEMP1, EMILIN1, FBLN2, FBNI, FN1,
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HMCNI, IGFBP3, LAMA4, LAMC2, LTBP1, LTBP2, MATN2,
MFAP2, PCOLCE, POSTN, PXDN, SRPX2, TGFBI, TGM2,
THBSI, THBS2 and TNC), 12 for ECM regulators (ADAMTS4,
ADAMTSLI, BMP1, CTSB, CTSD, LOX, LOXL1, MMP2, PLODI,
PLOD2, SERPINHI and TGM2), six for collagens (COLIIAI,
COL6A1, COL6A2, COL6A3, COL8AI, and COL8A2), four for
ECM-affiliated proteins (ANXA1, ANXA4, LGALSI and LGALS4),
three for secreted factors (S100A16, S100A9, and TGFBI), and two
for proteoglycans BGN and VCAN (ST14, 15A and Figure 7A).

Survival analysis of the TCGA-PDAC cohort revealed that
secreted factor SI00AI6 (cancer-cell-derived), ECM regulator
PLOD2 (stromal cell-derived) and ECM regulator TGM2 (derived
from both cancer cells and stromal cells) genes were overexpressed
in human PDAC and correlated with short patient survival (log-
rank test, P < 0.05), Figures 7B-D. In contrast, none of the
negatively correlated matrisome gene signatures was associated
with patient survival. However, at the protein level (using the
CPTAC-PDAC cohort), while PLOD2, S100A16 and TGM2 were
all significantly differentially overexpressed in tumours compared to
the normal adjacent pancreas (ST 15B), only upregulation of
PLOD2 (log-rank test, P= 0.05) protein was found to be
associated with poor survival (refer to PLOD?2).

3.8 Upregulation of the PLAU gene is
correlated with aggressive phenotypes
of PDAC

Aggressive PDAC is characterised by increased cancer cell
proliferation, EMT, stemness, active ECM and hypoxia. Using
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the TCGA-PDAC cohort to compare the PLAU high expressing
group (HEG) vs the PLAU low expressing group (LEG), scores
for each of the above parameters were found to be elevated
(Figures 8A-E), and the associated markers significantly
correlated (SF 5A-D) with high PLAU gene expression.

3.9 Expression of the PLAU gene is
associated with an immunosuppressive
tumour microenvironment in PDAC

Since the infiltration levels of immune cells are an
independent predictor of survival in cancers (58), the
differences in various immune and stromal signatures between
PLAU-high and PLAU-low patients in the TCGA-PDAC cohort
were examined. Stromal and immune scores were calculated (the
content of cells) by applying the ESTIMATE (58) algorithm. The
stromal score was significantly higher in the HEG of PLAU than
in the LEG of PLAU (Figure 9A, Wilcoxon rank-sum test,
p<0.05). In contrast, there was no significant difference in the
immune score between the groups. However, the PLAU-high

group was associated with inhibition of immune stimulatory
signatures that included CD8+ T cells, NK cells, and type 2 IFN
(Figure 9B) and upregulation of immunosuppressive signatures
that included CAFs, macrophages, cancer-testis antigens, PI
genes, PD-LI, PDL-2, and TGFBI (Wilcoxon rank-sum test,
p<0.05) (Figure 9C). The ratios of CD8+ T cells/CD4+ T cells
and pro-/anti-inflammatory cytokines (as assessed by the ratio
of average expression levels (log2-transformed) of their marker
genes) were significantly lower in the PLAU high group
(expression levels > average) (Figure 10A, P < 0.05). The pro-
inflammatory cytokine genes are immune-stimulatory and
include IFNG, IL-1A, IL-1B, and IL-2, while the anti-
inflammatory cytokine genes IL-4, IL-10, IL-11, and TGFBI
represent an immune-inhibitory signature. The expression
levels of PLAU were negatively correlated with CD8A/PD-L1
and CD8A/PD-L2 ratios (Pearson’s correlation test, P < 0.05,
Figure 10B). Taken together, the above findings indicate that
elevated PLAU expression has a stronger association with
immunosuppressive TME signatures (PD-LI and PD-L2) than
with the anti-tumour immune signature (CD8+ T cells) in the
TCGA-PDAC cohort.
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3.10 PLAU-correlated prognostic gene
markers are also differentially expressed
and associated with poor outcomes in
PDAC at the protein level

In order to determine whether the identified prognostic gene
signatures (PLAU correlated 41 positively and 34 negatively in
the TCGA-PDAC cohort) translated to protein or not in the
PDAC tumour, we performed a differential expression analysis
based on the CPTAC-PDAC cohort. 135 patients’ tumours
proteome profile compared with proteins expression data from
67 normal adjacent and nine normal ducts tissues. The results
showed that 23 out of 41 positively correlated prognostics
markers were differentially upregulated; out of 34 negatively
correlated prognostics markers, 16 were differentially
downregulated (ST17).

The correlation of the differentially expressed protein
signatures noted above with overall patient survival was also
assessed in the CPTAC-PDAC cohort. Upregulated expression
of CD44, CDH3, FNDC3B, HMGA?2, ITGA3, MET, PPP1R14B,
and PLOD2 and downregulation of KIAA0513, OTC, and LYZ
were associated with poor survival (Figures 11A, B).
Representative immunohistochemistry images from the human
proteome atlas further confirmed the level of expression of the
above proteins in PDAC tissues (71) (SF6).

3.11 Univariate and multivariate cox
regression analysis of PLAU correlated
(survival-related) proteins and different
clinicopathological factors

To rule out the bias caused by the survival-related clinical

parameters in the following analysis, we obtained the clinical
dataset from CPTAC-PDAC and screened for the survival-related
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clinical index by univariate and multivariate cox regression
analysis. Univariate Cox regression analyses of the CPTAC-
PDAC clinical dataset identified eight proteins (out of the 12)
and weight, histological grade, distant metastasis, tumour stage,
residual tumour, and tobacco smoking history as individual
prognostic factors (Figure 12A). Multivariate Cox regression
analysis demonstrated that three prognostic proteins (PLAU,
ITGA3, and PPP1R14B expression) and two clinicopathological
factors (tumour stage and tobacco smoking history) were
significantly associated with poor survival (Figure 12B).

3.12 PLAU and correlated signatures are
associated with the basal subtype
of PDAC

Identifying the subtypes of pancreatic cancer could assist
with providing the patient with a more accurate prognosis
prediction and may also allow precise and effective therapy.
Therefore, the association of upregulated PLAU protein with
survival in patients bearing tumours of PDAC basal and classical
subtypes was explored (6). The basal/squamous subtype is
characterised by mainly low expression of GATA6 with gene
signatures enriched for the inflammation, hypoxia response,
metabolic reprogramming and TGF-B signalling, and is also
characterised by resistance to chemotherapy and poor outcomes.
On the other hand, the classical subtype is characterised by high
expression of GATA6, KRAS dependency, chemoresponsiveness
and a better clinical outcome (4, 72). Using the CPTAC-PDAC
cohort, we found that upregulation of PLAU protein was
associated with poor survival (Figure 13A, P=0.0044). Further,
a comparison of the survival outcome in basal vs classical clearly
shows that the basal group of patients is more at risk of poor
prognosis than the classical type (Figure 13B). Assessment of
PLAU protein expression in basal and classical types
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TGFB1 (Wilcoxon rank-sum test, P=0.001).

demonstrated that PLAU was significantly more expressed in the
basal group than in the classical type (log2FC=0.80, p<0.001,
Figure 13C). Furthermore, in all three PDAC cohorts (TCGA,
ICGC and OICR PDAC cohorts), high PLAU gene expression
was positively correlated with basal markers including SI00A2
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(R=0.48, p=4.57E-10), FAM83A (R=0.55, p= 4.38E-13), IGTA3
(R=0.45, p= 1.14E-08), KRT5 (R=0.45, p= 6.81E-09), and
Cléorf74 (R=0.64, p= 2.48E-18) and negatively correlated with
classical molecular subtype markers including GATA6 (R=-0.57,
p= 2.93E-14) TFF2 (R=-0.42, p= 1.20E-07), REG4 (R=-0.40, p=
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5.98E-07), LGALS4 (R=-0.39, p= 7.45E-07), and DDC (R=-0.44,
p= 2.22E-08) (4, 6, 73, 74) (ST 18). Of note, survival analysis in
the basal group patients demonstrated poor survival outcomes
when stratified into the PLAU high group compared to the
PLAU low group (Figure 13D, P=0.018). Further survival
analysis between PLAU high basal versus PLAU high classical
shows that even though upregulation of PLAU is found in both
basal and classical group patients, PLAU high basal is worse than
PLAU high classical (SF7B, P<0.0001). Consequently, the high
and the low in the classical group patients demonstrated no
significant association with poor survival (SF7A, P=0.9). These
results support the concept that upregulation of PLAU protein is
clinically associated with the poorest survival outcomes in the
basal subtype of PDAC.

3.13 Effect of uPA - inhibition and
Gemcitabine on tumour volume and
metastasis in vivo

Finally, we assessed the effects of uPA inhibition on tumour
growth and metastasis using the uPA inhibitor BB230F at 3mg
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(U3) and 10mg (U10)/kg body weight alongside the standard of
care drug gemcitabine in an early intervention orthotopic
xenograft mouse model of pancreatic cancer (Figure 14A). In
this model, we observed that uPA inhibition (with U10) was
comparable to Gemcitabine in reducing primary tumour volume
at the endpoint. Importantly, uPA inhibition was significantly
superior to Gemcitabine in reducing liver metastasis (key site in
this model), with Ul0-treated mice showing no evidence of
metastasis (Figures 14B, C, SF9A-B and ST20) in the liver. The
absence of liver metastases in all animals treated with U10 was
confirmed by histology. Since one of the main mechanisms
underlying metastasis is increased EMT of cancer cells, we
measured EMT in the model by assessing the ratio of
expression of the mesenchymal marker vimentin to the
epithelial marker E-Cadherin. An increase in the vimentin: E-
cadherin ratio is an indicator of increased EMT. In the
orthotopic tumours in this model, we found that while
vimentin expression was unchanged, E-cadherin expression
was significantly elevated in U10-treated mice compared to the
other groups in Figures 14D-F, suggesting inhibition of cancer
cell EMT by PLAU inhibition. We support these observations
using the CPTAC-PDAC cohort, whereby patients in the upper
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Association of differentially expressed proteins and survival in PDAC. In the CPTAC-PDAC cohort, Kaplan-Meier analysis shows that poor overall
survival (OS) was correlated (A) high expression of MET (log-rank test, P= 0.0061), CDH3 (log-rank test, P= 0.0013), ITGA3 (log-rank test, P=
0.031), FNDC3B (log-rank test, P= 0.036), HMGA2 (log-rank test, P= 0.031), PPP1R14B (log-rank test, P= 0.04), and PLOD2 (log-rank test, P=
0.05) CD44 (log-rank test, P= 0.05), and (B) low expression of LYZ (log-rank test, P= 0.029), KIAAO513 (log-rank test, P= 0.037), and OTC (log-

rank test, P= 0.05).

quartile of the PLAU expression group exhibited a significant
decrease in E-cadherin and an increase of vimentin compared to
patients in the lower quartile of the PLAU expression group
(Figures 14G, H). Furthermore, immunostaining for the stem
cell marker ALDHIA1, which plays a role in recurrence,
metastasis, and treatment resistance, demonstrated that U10
significantly decreased ALDH1A1 expression compared to the
mice treated with control and Gemcitabine alone (SF8A, B),
suggesting that the uPA inhibition may inhibit cancer stemness.

4 Discussion

Pancreatic ductal adenocarcinoma (PDAC) is an overly
aggressive cancer with very high recurrence rates and the
poorest prognosis of all solid malignancies. The early and rapid
development of metastasis (often seen before the detection of a
sizeable pancreatic mass) is the primary driver of the poor clinical
outcome of this cancer (75-78).

uPA and its cell surface receptor uPAR play a role in multiple
stages of tumorigenesis, especially cancer progression (e.g., ECM
degradation and EMT) (7, 24-27, 33-41). Moreover, clinical
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evidence demonstrates that high PLAU mRNA expression is
associated with significantly worse clinicopathological
characteristics and poor prognosis in PC patients (79, 80). In
this study, we have elucidated the key molecular pathways
modulated by or associated with PLAU upregulation. This will
not only enable better prediction of clinical outcomes but
importantly may help stratify and identify patients who may
best benefit from therapeutic targeting of the uPA.

Using TCGA, CCLE and GEO databases, we have
convincingly demonstrated that PLAU mRNA levels were
significantly upregulated in 44 PDAC cell lines derived from
primary or metastatic tumours compared to normal tissues.
Importantly, analysis of the TCGA and ICGC PDAC cohorts
confirmed the prognostic value of PLAU in pancreatic cancer.
Validation of this finding at the protein level was obtained by
analysis of the CPTAC-PDAC cohort, which demonstrated that
high PLAU protein expression was significantly correlated with
poor survival in PDAC patients.

To help understand the mechanisms mediating PLAU-
associated poor survival, gene signatures that were commonly
positively or negatively correlated with PLAU upregulation were
identified in the TCGA, ICGC and OICR PDAC-specific
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Identification of prognostic factors by univariate and multivariate analyses (A) Univariate Cox regression analysis of the following as individual
prognostic factors: eight proteins (PLAU, MET, ITGA3, CDH3, FNDC3B, HMGA2, KIAA0513, OTC), weight, histological grade, distant metastasis,
tumour stage, residual tumour, and tobacco smoking history. (B) Multivariate analysis identified three proteins (PLAU, ITGA3, and PPP1R14B),
tumour stage and tobacco smoking history as significant prognostic factors.

cohorts. Analysis of these correlated genes revealed that PLAU
upregulation was associated with gene signatures mainly
encoding transcription factors, cytokines, growth factors,
protein kinases and oncogene, which are involved with
epithelial-mesenchymal transition, ECM degradation, cell
proliferation, hypoxia, angiogenesis, stemness and metastasis.
Survival analysis revealed that in the TCGA-PDAC cohort, 6%
of positive and 7% of negatively correlated gene signatures were
associated with poor survival. The key genes and their functions
are summarised in Table 1. Of the downregulated genes in colon
(81) and ovarian (82) cancer, PPARGCIA was reported as a
tumour suppressor, and downregulation is associated with poor
survival in colon cancer (83). However, the significance of the
remaining downregulated genes in PDAC prognosis needs to
be explored.

Examination of the protein-protein interaction network
revealed that PLAU interacted directly with 31 positively
correlated signatures that are active in oncogenesis hypoxia,
proliferation, ECM degradation and EMT. On the other hand,
PLAU interacted directly with one negatively correlated gene,
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ANG (angiogenin), the high expression of which is reported to
be favourable in pancreatic cancer (84).

Gene set enrichment analysis confirmed that PLAU and its
positively correlated signatures were involved with pathways
that play a role in cancers. In contrast, PLAU and its negatively
correlated signatures were predominantly related to the
downregulation of metabolic pathways. With respect to the
former group, 11 main pathways were identified, as depicted
in Figure 5. Of particular interest are the following: i) the
Hedgehog signalling pathway - known to be involved in early
pancreatic cancer tumorigenesis (85). A component of this
pathway Sonic HH (SHH), is increased more than 40-fold in
pancreatic cancer stem cells responsible for tumour recurrence
(86, 87). Li et al. showed that hypoxia-induced ROS production
increases the expression of PLAU and MMP2 in pancreatic
cancer cells through the Hh signalling pathway to facilitate
invasion and metastasis (88). ii) the metabolic pathway
glycosaminoglycan biosynthesis - chondroitin sulfate that
facilitates invasiveness of cancer cells by supporting the
adhesion of various cells such as fibroblasts or leukocytes in
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PLAU upregulation is associated with the basal type of PDAC. (A) In the CPTAC-PDAC cohort, (A, B) Kaplan-Meier survival curves show that
increased PLAU protein expression is associated with poor prognosis (log-rank test, P=0044), and the basal subtype of PDAC is associated with
worse survival than the classical subtype. (C) PLAU protein is significantly upregulated in the basal group than classical subtype (Log2FC=0.80,
P<0.001); and (D) within the basal subtype, the clinical outcome in the high PLAU expression group is significantly worse than the low PLAU

expression group (log-rank test, P=0.018).

the TME which are the source of growth factors and ECM-
degrading enzymes that enable local migration and
dissemination of cancer cells (89, 90). Interestingly,
upregulation of components of this pathway, chondroitin and
dermatan sulfate, has been reported in pancreatic tumours (91).
ili) the Wnt signalling pathway, one of the critical cascades
regulating development and stemness in cancer (92). This
pathway is known to be critical to the initiation and
progression of PDAC (93). iv) the TGF-beta signalling
pathway which is most significantly involved in EMT
induction in pancreatic cancer cells through activation of
ERK/MAPK, PI3K, p38, NK, RhoA, and other signalling
pathways (36-38).

Intriguingly, PLAU upregulation and its negatively
correlated gene signatures were found to be associated with
the downregulation of a large number of metabolic pathways.
Such downregulation could be attributed to a severely hypoxic
environment in the tumour as a result of pronounced
desmoplasia that limits oxygen diffusion (94, 95). Indeed, we
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found a significant increase in hypoxia in the high expression
group of PLAU (Figures 6A, C and 8E). Given the central role of
PSCs in the production of desmoplasia, it was also of interest
that a significant correlation was identified between PLAU
upregulation and activated PSC abundance (R= 0.41,
P=2.754e-07) as well as between PLAU upregulation and
Hypoxia-inducible factor-1a. expression (R= 0.53, P<2.2e-16),
a known PSC activation factor.

Moreover, PLAU upregulation is negatively associated with
these pathways, suggesting that downregulation of critical
metabolic pathways in pancreatic cancer patients may result in
worse outcomes. Evidence suggests that metabolic disorders and
failure of immunosurveillance to prevent malignancies are key
drivers of cancer progression. The tumour immune escape
phenomenon can be induced by several factors, including the
loss of antigenicity, the loss of immunogenicity, and the
immunosuppressive tumour microenvironment (TME), which
are orchestrated by nutrient limitation and the build-up of
specific metabolites and signalling molecules (96, 97).
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In vivo study to assess the effects of PLAU/UPA inhibition and Gemcitabine on tumour progression in an orthotopic model of pancreatic cancer
(A) Flowchart depicting study design for the orthotopic model. (B) Effects of Gemcitabine (G), uPA inhibitor BB230F 3 and 10 mg/kg body
weight (U3) (U10), respectively, on endpoint primary tumour volume. Mice bearing orthotopic pancreatic tumours received G, 75 mg/kg body
weight twice weekly or U3 or U10 by daily intraperitoneal injections for 28 days. Both gemcitabine and uPA inhibitors significantly reduced
tumour volume (n = 5 mice/group). (C) uPA inhibition significantly reduced (U3) or completely abolished (U10) liver metastases in mice, while
Gemcitabine did not have any effect on metastasis compared to untreated controls. (n = 5 mice/group). (D, E) Immunostaining for the
mesenchymal marker vimentin and epithelial marker E-Cadherin. Representative photomicrographs depicting staining for E-cadherin and
vimentin in mouse pancreas. (F) Morphometric analysis shows that while vimentin expression was unchanged by the treatments, E-cadherin
expression was significantly increased in U10 compared to controls (n = 5 mice/group). E-cadherin and vimentin (EMT markers), scale bars =
100 um. (G, H) In the CPTAC-PDAC cohort, protein expression analysis of EMT markers indicates that patients in the upper quartile of PLAU
expression exhibit low E-cadherin (T-test, LogFC=-0.22 P=0.018) and high vimentin levels (T-test, LogFC=0.27 P<0.01) compared to lower
quartile group, suggesting increased EMT in the tumours with upregulated PLAU expression.
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The activation of the uPA/uPAR system has been reported to
drives aerobic glycolysis (Warburg effect) in melanoma cell lines
even in normoxic conditions, and this activation depends on the
05B1-integrin-mediated uPAR connection with EGFR with the
engagement of the PI3K-mTOR-HIFa. pathway (98). It has been
established that the transcription factor HIF-lo. promotes
aerobic glycolysis and regulates tumour invasion and
metabolism (99). Moreover, in this energy-deprived milieu,
PLAU upregulation was also found to induce more hypoxia
and activate the TGF beta pathway, thereby further increasing
tumour immune suppression. Based on the above, it would be

Frontiers in Immunology

76

reasonable to speculate that uPA may participate in altering and/
or downregulating metabolic pathways and in facilitating an
immunosuppressive environment, thereby ultimately enhancing
tumour progression.

PLAU upregulation was also associated with other PSC-
derived factors and pathways that are thought to mediate the
well-established bidirectional interaction between PSCs and
PDAC cells. Activated PSCs markers that were positively
correlated with PLAU (Pearson correlation test R>0.30,
P<0.05), including CDHI1 [Cadherin-11 is elevated in PSCs
and is related to PC cells migration (100)), MME (or CD10+
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PSCs augment the aggressiveness of PDAC (101)], LGALSI
[Galectin-1 plays role in the development and maintenance of
an immunosuppressive microenvironment and promotes PDAC
cells metastasis (102-104)], FERMT2 [progression of pancreatic
cancer (105)), SI00A4 (mesenchymal markers increased in
activated PSCs (106)], TGFb1 [TGF-beta signalling in activated
PSCs promote ECM accumulation, induced EMT etc. (107,
108)], POSTN [promote cancer cell survival, EMT, invasion,
and metastasis (109, 110)], Runx2 [regulate the transcription of
extracellular matrix modulators SPARC and MMP]I and impact
the tumour microenvironment (111)], IL-I[immune
suppression (112, 113)], IL8 (crosstalk with endothelial cells
(20)), PGDF (proliferation and angiogenesis (20, 114)) and
PLOD?2 (creates a permissive microenvironment for migration
of cancer cells (115)).

The prominent ECM in PDAC not only supports cancer
progression by directly promoting cellular transformation and
metastasis but also affects the function of stromal cells to induce
angiogenesis and inflammation, thereby resulting in a pro-
tumorigenic microenvironment (116, 117). ECM proteins have
also been recognised as essential components of the metastatic
niche to maintain cancer stem cell properties and enable the
outgrowth of metastasis-initiating cells (118-120). Therefore, an
analysis of the association of PLAU and specific ECM markers
and their prognostic significance was also undertaken in this
study. 49 ECM gene signatures were found to be correlated with
PLAU, of which three, namely, secreted factors SI00A16 (cancer-
cell-derived), ECM regulator PLOD2 (PSC-derived) and ECM
regulator TGM2 (cancer and stromal cell-derived) were
significantly associated with poor survival in the TCGA-PDAC
cohort. However, survival analysis using the CPTAC cohort
revealed that only PLOD2 protein upregulation was significantly
associated with poor survival (Figure 11A, PLOD2).

The immune system is now recognised to play a central role
in cancer biology. There have been no studies to date assessing
the association between PLAU expression and immune
signatures in PDAC. This study has shown for the first time
that PLAU expression correlates closely with immune gene
signatures in three PDAC cohorts. In fact, upregulation of
PLAU was associated with immune inhibitory rather than
immune-stimulatory signatures. This concurs with the
observed association of PLAU with growth factors and
cytokines known to promote an immunosuppressive
tumour microenvironment.

In view of the positive association discussed above between
PLAU and its correlated signatures and factors that signify
tumour aggressiveness, high and low PLAU groups in the
TCGA-PDAC cohort were analysed. The results confirmed
that tumours of patients with high PLAU gene expression also
exhibited significantly increased proliferation, EMT, stemness,
ECM degradation, hypoxia and immunosuppressive TME.
These results suggest that PLAU and its correlated signatures
induce an aggressive cancer phenotype leading to poor survival.
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As outlined above, this study has clearly established that
dysregulated PLAU and its correlated gene signatures have the
potential to confer a poor prognosis for PDAC. However,
without knowledge of related changes in the proteome, the
usefulness of prognosis prediction based on only gene
expression remains a challenge. Proteins are the key functional
drivers of cancer biology, providing a link between genotype and
phenotype and are common targets of anticancer drugs. Thus it
is important to note that, using the CPTAC-PDAC cohort, most
of the PLAU correlated prognostic gene markers identified in the
TCGA-PDAC cohort were also found to be differentially
expressed at the protein level. Eleven proteins were associated
with poor survival, including upregulated CD44, CDH3,
FNDC3B, HMGA2, ITGA3, MET, PPP1R14B, and PLOD2
and downregulated KIAA0513, OTC, and LYZ. We further
confirmed their expression level in HPA. Out of 11 ITGA3,
MET, FNDC3B, PPP1R14B and KIAA0513, including PLAU,
were previously reported as individual prognostic markers in the
pancreatic cancer TCGA-PAAD cohort (84). However, we have
shown these for the first time in PDAC as prognostic markers in
our analysis at the transcriptome and proteome levels.

Univariate analysis showed that PLAU, CDH3, FNDC3B,
HMGA?2, ITGA3, MET, KIAA0513, OTC, weight, histological
grade, distant metastasis, tumour stage, residual tumour, and
smoking are individual prognostic factors for PDAC. Notably,
multivariate analysis revealed that PLAU protein upregulation in
association with ITGA3, and PPP1R14B expression, tumour
stage, and smoking history could predict poor overall survival
in PDAC. Overexpression of ITGA3 was confirmed in PDAC
clinical specimens and associated with poor prognosis (121).
Pan-cancer analysis revealed that increased PPP1R14B
expression correlated with poor prognosis and increased
immune infiltration levels in myeloid-derived suppressor cells
(MDSCs), and PPP1R14B could be used as a prognostic
biomarker for pan-cancer (122).

The systematic approach used in this study, based on
integrated proteotranscriptomics data, supports a major role
for the PLAU gene and its corresponding protein (uPA) in
driving an aggressive metastatic phenotype of PDAC associated
with an immunosuppressed TME. The challenge in using this
knowledge to develop PLAU-targeted treatment is the well-
known heterogeneity of this disease. Therefore, accurate
patient stratification is essential to ensure optimal outcomes of
targeted therapies. To this end, this study also sought to identify
whether specific subtypes of PDAC were associated with PLAU
upregulation. As noted earlier, the commonest classification of
PDAC is based on the morphological features of the tumour,
with patients being classified as having classical or basal-like
subtypes of PDAC (123). Interestingly, this study found a strong
correlation between PLAU upregulation and basal type of PDAC
while negatively correlated with classical type gene signatures.
Pathway analysis further revealed that PLAU upregulation was
directly associated with vital oncogenic pathways (WNT, WNT
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beta-Catenin (93, 124, 125) and EMT (TGF beta (126) pathways
as well as with hypoxia and ECM-rich stroma, all characteristic
of basal PDAC (127-129). Finally, the acquisition of all the
malignant phenotypes in the high PLAU group supports the
basal type PDAC association with PLAU. The association of high
PLAU with the basal PDAC subtype was also validated at the
protein level using the CPTAC-PDAC cohort, as was the
correlation of the basal subtype with poor survival
(Figures 13B-D and SF7).

Importantly, we have validated the concept of a key role for
PLAU/uPA in cancer progression and its potential as a
therapeutic target by performing studies in an orthotopic
pancreatic tumour model. Our underlying initial strategy for
this study was also to compare a non-chemotherapy targeted
approach (uPA inhibitor) with a single agent well-tolerated
chemotherapy so as to minimise toxic effects while, at the
same time, potentially increasing treatment efficacy. This
approach has resulted in very encouraging results where uPA
inhibition alone significantly reduced tumour growth to a degree
similar to Gemcitabine. Crucially, uPA inhibition was
significantly superior to Gemcitabine in reducing metastasis,
with Ul0-treated mice showing no evidence of metastasis. The
inhibition of metastasis by uPA inhibition is likely mediated by
the decrease in EMT and stemness evident in U10-treated mice.
Using uPA knock-out cells Fang et al. has convincingly
demonstrated that the knockdown PLAU in KYSE-30 cells
exhibited significantly reduced tumour growth and weight
than the control (normal uPA expression) group, while the
PLAU overexpression group exhibited increased tumour
growth and weight compared with the control group (27). In
vitro studies using pancreatic cancer cell lines have shown that
the knockdown of uPA reduces cancer cell migration, invasion
and viability (130).Multiple in vivo studies have shown that
inhibiting uPA with antibodies, uPA-directed prodrugs or
radioisotopes and small molecule inhibitors alone or in
combination with other drugs can block cancer growth,
invasion and metastasis in prostate and breast cancer (131-
135). In addition, uPA inhibitors have also demonstrated very
encouraging outcomes in clinical trials for the treatment of
different types of solid tumours (136, 137), including using
Upamostat (WX-671, Mesupron) in advanced pancreatic
cancer patients (138, 139).

This study has yielded novel findings regarding PLAU and its
role in PDAC tumour progression using comprehensive and
integrated transcriptomic/proteomic bioinformatic analyses.
Moreover, since upregulation of PLAU levels is also frequently
observed in a number of malignancies and upregulation of PLAU
is a prognostic marker not only in pancreatic cancer but also in
head and neck, endometrial cancer, renal and lung (42), breast
(140) and oesophageal cancer (27). In light of the above, it is
highly likely that the approach used in our study for pancreatic
cancer could be a promising approach for several other cancers.
However, the study does have limitations. All clinical cohorts in
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this study (with small sample size) primarily comprised
Caucasians or Africans; therefore, caution must be exercised to
extrapolate the findings to patients of other ethnicities. The
orthotopic xenograft model of pancreatic cancer used in this
study involved using a mixture of human cancer cells and
human pancreatic stellate cells that provided strong support for
our concept that uPA drives pancreatic cancer progression.
However, the mice were necessarily immunodeficient, and as
such, the model did not lend itself to characterise any immune
infiltration into the tumours accurately. The findings derived from
our in silico and in vivo analyses need to be validated
experimentally in more depth, a step currently being pursued in
our laboratory. In this regard, we are evaluating the effects of
inhibiting uPA in a clinically representative orthotopic mouse
model (early and advanced) of PDAC in both immune-deficient
and immune-competent (syngeneic KPC model, where a mixture
of mouse cancer cells and mouse pancreatic stellate cells is
implanted into the KPC mouse pancreas) settings with more
numbers of mice. The immune cell landscape in this model closely
resembles that of human pancreatic cancer with infiltration of
myeloid-derived suppressor cells (MDSC), Treg cells and a few
CD8+ cytotoxic T cells (141-143). Future work will also combine
inhibition with multiagent chemotherapy to further optimise
outcomes or to demonstrate that single-agent chemotherapy +
targeted therapy may be preferred to current multiagent strategies
in selected patients. In search of treatment alternatives, we also
hypothesise that in basal-like tumours, since upregulation of the
PLAU group has higher hypoxia scores and higher
immunosuppressive tumour signatures (PD-L1 and PD-L2)
than the anti-tumour immune signature (CD8+ T cells), which
may be predictive of immunotherapy (in combination with uPA
and plus-minus chemotherapy) in this chemo resistant.

5 Conclusion

For the first time, this study has comprehensively revealed
the significance of PLAU in PDAC development, metastasis, and
immune suppression and has demonstrated the potential
translational importance of inhibiting master regulator PLAU
protein in basal type PDAC patients. Thus, it would not be
unreasonable to hypothesise that selectively inhibiting PLAU
(with and without chemo/immune therapy) in patients with
basal PDAC may represent a novel and effective therapeutic
approach to improve patient outcomes.
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Lulu Ni*, Ping Sun?, Sujuan Zhang?, Bin Qian®, Xu Chen",
Mengrui Xiong* and Bing Li**

‘Department of Basic Medicine, Jiangnan University, Wuxi, China, 2Department of Pathology, The
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Background and objectives: GBM patients frequently exhibit severe local and
systemic immunosuppression, limiting the possible efficacy of immunotherapy
strategies. The mechanism through which immunosuppression is established
in GBM tumors is the key to successful personalized immunotherapies.

Methods: We divided GBM patients into subtypes according to the expression
characteristics of the TME typing-related signature matrix. WGCNA analysis
was used to get co-expressed gene modules. The expression activity of hub
genes retrieved from co-expressed modules was validated in two single-cell
datasets. Then, cell-cell interaction was calculated.

Results: Four subtypes were identified in the TCGA and CGGA RNA-seq
datasets simultaneously, one of which was an immunosuppressive subtype
rich in immunosuppressive factors with low lymphocyte infiltration and an
IDH1 mutation. Three co-expressed gene modules related to the
immunosuppressive subtype were identified. These three modules are
associated with the inflammatory response, angiogenesis, hypoxia, and
carbon metabolism, respectively. The genes of the inflammatory response
were mainly related to myeloid cells, especially TAM, angiogenesis was related
to blood vessels; hypoxia and glucose metabolism were related to tumors,
TAM, and blood vessels. Moreover, there was enhanced interaction between
tumor cells and TAM.

Discussion: This research successfully found the immunosuppressive subtype
and the major cell types, signal pathways, and molecules involved in the
formation of the immunosuppressive subtype and will provide new clues for
the improvement of GBM personalized immunotherapy in the future.
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immunosuppression, GBM, WGCNA, TAM, single-cell, immunotherapy
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Overview of the study design. (A) We firstly identified five GBM progression related pathways. By performing functional enrichment analysis on
gene sets obtained from three perspectives, such as genes co-survival in TCGA-GBM and CGGA cohort, DEGs of high and low risk groups,
and DEGs of IDH1 mutation compared with wild type, we identified five pathways significantly associated with poor prognosis in GBM patients.
(B) Secondly, GBM TME-associated functional gene signatures were constructed. Based on the activity profile of these signatures, GBM patients
were classified into four distinct subtypes and immunosuppressive subtypes were found. (C) the expression of hub genes from immunosup-
pressive subtypes were validated in three single-cell RNA-seq datasets, and cell types significantly associated with TME subtypes were identi-

Introduction

GBM is the most common primary tumor of the central
nervous system (CNS) in adults and is notoriously difficult to treat
because of its diffuse nature. The median survival time of GBM
patients remains approximately 14-15 months after diagnosis (1,
2). Passage of systemically delivered pharmacological agents into
the brain is largely blocked by the blood-brain barrier (BBB) (3).
Although recent advances, including the addition of tumor-
treating fields (TTF), have shown some modest benefits, the
overall survival rate remains effectively unchanged (4). Effective
new therapies are urgently required.

Immunotherapy has emerged as a promising treatment for
some of the hardest-to-treat tumors, including metastatic
melanoma. The general principle of immunotherapy is to fight
immune suppression in the tumor microenvironment and activate
the patient’s own immune system to kill the tumor. Successful
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cancer immunotherapy depends on the existence of an intact and
functional immune system. However, GBM patients frequently
exhibit severe local and systemic immunosuppression, which
limits the possible efficacy of these therapeutic strategies (5).
This apparent immunosuppression is a critical barrier to
improving patient survival. Understanding the mechanism of
establishing immunosuppression in GBM tumors is the key to
successful personalized immunotherapy soon. However, the
nature of these mechanisms remains surprisingly elusive.

The implications of specific immune cell types on GBM disease
status were unknown. In most cancers, the presence of tumor-
infiltrating lymphocytes (TILs) is positively correlated with the
improvement of overall survival in patients, but the correlation
between the presence of TILs and the improvement of overall
survival in GBM patients has not been clearly established (6, 7).
Myeloid cells, especially microglia and macrophages, in the tumor
microenvironment regulate GBM progression and influence
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therapeutic outcomes (8). Besides, resident fibroblasts, endothelial
cells, pericytes, and the extracellular matrix also contribute to cancer
progression (9). Abnormal cytokine expression was found to be
associated with glioma progression. Within the heterogeneous
GBM microenvironment, tumor cells, normal brain cells,
immune cells, and stem cells interact with each other through the
complex cytokine network (10, 11). The formation of the GBM
tumor microenvironment has been associated with specific
mutations. For example, the IDH mutation has recently been
found to be associated with decreased immune cell infiltration
(12), whereas inactivated NF1 has been associated with increased
macrophage infiltration (13). In addition, several major signaling
pathways like NFkB, Wnt, and PI3K-AKT-mTOR are reported to
be involved in the pathogenesis of GBM and have been used as
therapeutic targets for GBM (14-16).

Based on the above knowledge, we constructed gene signatures
that can be used to distinguish GBM samples, including tumor-
promoting signaling pathways, angiogenesis-related genes, and
various cell-characteristic gene signatures. GBM patients were
classified into subtypes by clustering the expression characteristics
of these gene signatures in each patient. Also, we found hub genes in
each module through WGCNA analysis. Combined with published
single-cell data, we identified cell types responsible for the abnormal
expression of these hub genes and the pathways involved in this
process. At the same time, the interactions between cell types and
related ligand-receptor pairs were also studied. These analyses
systematically analyzed the formation mechanism of the GBM
microenvironment, especially the immunosuppressive
microenvironment, and helped to find targets for immunotherapy.

Methods

Publicly available GBM were obtained from The Cancer
Genome Atlas (TCGA), and level 3 RNA-seq data for 167 GBM
samples were downloaded from the UCSC Xena browser
(https://xena.ucsc.edu/) (17). Corresponding clinical
characteristics were obtained. Another 345 GBM samples with
clinical information were provided by the Chinese Glioma
Genome Atlas (CGGA). The detailed clinical and pathological
characteristics of the TCGA-GBM and CGGA cohorts were
summarized in Supplementary Table 1. Data on RNA-seq
were transcripts-per-million (TPM) normalized and log2-
transformed. Then, low expressed genes were eliminated.

Three GBM-related scRNA-seq datasets were retrieved from
the GEO database (GSE117891 (n = 8), GSE84465 (n = 2), and
GSE163120 (n = 12)) (18-20). After removing low-quality cells,
followed by normalization and dimension reduction, Louvain
clustering was used to group cells. GSE117891 and GSE84465
were integrated. Cell types were annotated using canonical
marker genes. Additionally, malignant cells were defined by
“InferCNV” (https://github.com/broadinstitute/InferCNV). All
these were performed by Seurat (4.0) in the R package (21).
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Functional characterization of differential
expression analysis (DEGs)

For the RNA-seq data, the DEseq2 R package was used.
Genes with an FDR <0.05 and absolute fold change >1.5 were
considered as differential expressed.

Functional enrichment analysis

Functional annotation of DEGs was performed on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) classification databases. Enrichment analysis of
GO categories was performed by the R clusterProfiler (v3.14.3)
package, and pathway enrichment analysis was tested upon
hypergeometric distribution by the R “phyper” function. GO
categories with a false detection rate (FDR) of <0.05 were
significantly enriched. The pathway with P <0.05 was
enriched. Only those go categories or pathways containing >5
DEGs were retained.

Weighted gene co-expression network
analysis (WGCNA)

WGCNA was performed by the R package WGCNA (V1.69)
(22). We use the log2-transformed TPM value as the normalized
expression and filter out abnormal samples. According to the
principle of scale-free network, coefficient 3 was set as 14. The
parameter of network type was used with “signed” and “bicor”
(double weighted correlation) to calculate the correlation
adjacency matrix. Co-expression gene modules were identified
by using dynamic tree cutting with the following major
parameters: The main parameters minModuleSize and
deepSplit were 30 and 1, respectively. The highly similar
modules with the height of the module eigengene in the
clustering lower than 0.2 were merged. A univariate Cox
proportional hazard regression was performed on each gene
module. Genes in each module with a p-value <0.05 were kept as
modules’ survival-related genes. Those genes, both survival-
related and with kME >0.8 and GeneSignificance >0.2 were
regarded as hub genes in this study (22). The coexpression of
hub genes was plotted by Cytoscape 3.6.0.

Transcriptome deconvolution of the
gene signatures

The abundance of infiltrating immune cell populations was
estimated by deconvolution methods integrated in the R package
“immunedeconv.” Other immune- or tumor-associated
signatures in each sample were quantified by ssGSEA with the
R package “GSVA.”
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Risk score model

We used univariate Cox regression, LASSO, and stepwise
regression successively to screen out candidate mRNAs for
construction. In the univariate Cox proportional risk regression
analysis, mRNAs with p <0.05 was associated with survival. The
criteria for LASSO regression remained in the model more than 900
times out of all 1,000 repetitions. Then step wise were used. The risk
scoring model was constructed based on Cox coefficients and
mRNAS" expression. Risk score YI = 1 = (Coefi x Expri). The
Expri represented the expression levels of mRNAs in the gene risk
model, K-M survival analyses and ROC curves were performed to
evaluate the predictive accuracy of models.

Gene signature activity scores on cells

Specific gene sets’ activity scores for each cell type were
calculated by AUCell (23). The gene set is the survival-related
gene set of modules discussed in the WGCNA section. The
scores were plotted as a heatmap and a violinplot.

Cell-cell communication

CellPhoneDB (https://www.cellphonedb.org/) was used to
infer the ligand-receptor crosstalk between single cells (24),
which interpreted interactions in single cells based on known
protein-protein interaction annotations. The number of ligand-
receptors at intercellular junctions was calculated. As for the
differential cell crosstalk analysis in each group, it was computed
separately. The differential crosstalk between cells was visualized.
Ligand activity was predicted by NicheNet (V1.1.0) (25).

Statistical analysis

Hierarchical clustering analysis was performed on the R
“hclust” function using the “ward.D” method to identify the
number of subtypes in TCGA-GBM based on the pattern of
signature scores. Univariate and multivariate Cox proportional
hazards regression models were used to assess the association
between the risk model and overall survival with and without
clinical variables. The hazard ratio (HR) and 95% confidence
interval (CI) were calculated. Wilcoxon rank sum, or Student
tests, were used to compare two groups. For comparisons of
more than two groups, one-way ANOVA tests and Kruskal-
Wallis tests were utilized as parametric and nonparametric
methods, respectively. The Kaplan-Meier method and log-
rank test were conducted to compare survival differences
between two groups. All statistical analysis was performed
using R (version 4.0).
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Results

Cytokine—cytokine receptor interaction
tops the GBM risk factors

A univariate Cox hazard regression analysis was performed
for all expressed genes in the TCGA-GBM cohort. We found
1264 genes as survival related in the TCGA-GBM cohort genes
and 2,681 genes in the CGGA cohort (<0.01). There were 86
genes associated with survival in the two datasets (Figure 1A).
The enriched KEGG pathways of these 86 genes were shown
(Figure 1B). The relationship between these enriched pathways
and GBM has been reported in several publications (11, 26, 27).

To further verify the predictive role of these genes in GBM
progression, a risk model was constructed. Eight genes met the
requirement through the least absolute shrinkage and selector
operation (LASSO) regression. After stepwise regression, a model
based on the expression of eight genes in the TCGA-GBM cohort was
established. Patients in the high-risk group had a worse prognosis
than those in the low-risk group (lop-rank test, p <0.001, Figure 1C).
The area under the curve (AUC) was higher than 0.75 according to
the ROC curves of the 1-, 3-, and 5-year OS predictions (Figure 1D),
which means that the risk model has high predictive power. The risk
model was validated in the CGGA cohort (Figures SI1A, B). Then, the
differentially expressed genes (DEGs) between the high- and low-risk
groups were calculated in the TCGA-GBM cohort. These DEGs were
also enriched in the pathways discussed above, among which
cytokine—cytokine receptor interaction was the top one (Figure 1E).

The isocitrate dehydrogenase (IDH1) gene represents a
recurrent mutation in GBM patients, which was associated
with good prognostic outcomes compared to wild-type
counterparts (TCGA-GBM cohort, log-rank p <0.0001,
Figure S1C) (12). The enriched, upregulated pathways in the
above high-risk patients were downregulated in IDHI
mutation samples, which further validated their pro-tumor
characteristics in GBM (Figure 1F). Interestingly, cytokine-
cytokine receptor interaction, again, was at the top of enriched
pathways between IDH1 mutation and wild-type patients. As
reported, within the heterogeneous GBM microenvironment,
tumor cells, normal brain cells, immune cells, and stem cells
interact with each other through the complex cytokine network
(12). Therefore, we included these cell types into consideration
next to complicatedly delineate the microenvironment
of GBM.

Heterogeneous TME components
were associated with
tumor-promoting pathways

The tumor microenvironment (TME) is composed of
resident fibroblasts, endothelial cells, pericytes, leukocytes,
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FIGURE 1

Analysis of GBM progression-related pathways (A) The Venn diagram of survival-related genes in the TCGA-GBM and CGGA cohorts. A total of 86
genes were found to coexist with diversity, of which 81 genes were associated with a poor prognosis. (B) Bar-plot of KEGG enrichment analysis of 86
survival-related genes with x-axis as —logl10 transformed P-value. Bars were colored by the ratio of poor and good prognosis-related genes. (C) The
Kaplan—Meier curves comparing patients with a low- or high-risk score in the TCGA-GBM cohort. Patients were divided into two groups according to
the median value of their risk scores. Higher risk scores were correlated with a poorer prognosis. (D) ROC curve for the risk model in the TCGA-GBM
cohort. (E) Bar-plot of KEGG enrichment analysis of DEGs between high- and low-risk groups. Bars were colored by the ratio of up and downregulated
genes. Upregulated genes were those with elevated expression in the high-risk group. (F) Bar-plot of KEGG enrichment analysis of DEGs between
mutant and wild-type patients. Bars were colored by the ratio of up and downregulated genes.

and the extracellular matrix (9). To classify TMEs using a
transcriptomic-based analytical platform, gene expression
signatures (GES) representing the major functional components
and immune, stromal, and other cellular populations of the tumor
were constructed (Figure S2A). We selected five tumor-promoting
pathways from the above upregulated pathways in high-risk
patients according to biological background knowledge. Then
we analyzed their correlation with other TME signatures, such
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as MDSC and monocytes. The five tumor-promoting pathways
were significantly positively correlated with other pro-tumor or
angiogenesis-related signatures and negatively correlated with
anti-tumor-related signatures (Figure S2B). Then, we examined
their characteristics in GBM progression by univariate Cox
regression analysis on these TME-related characteristics, and we
found most signatures were in high HR (Figure S2C). In
summary, we comprehensively analyzed TME gene signatures
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Immunosuppressive subtype identification in the TCGA-GBM cohort. (A) A heatmap of row-scaled gene signature scores from the cell
deconvolution algorithm, with the color ranging from green to red, represents the activity score from low to high. The samples in this column
were grouped into four TME subtypes. (B) Overall survival of patients stratified by TME subtype classification. The log-rank p-value between
subtypes IE and P was 0.0061, and the annova log-rank p-value for four subtypes was 0.059. (C) The expression profile of immune
suppression-related genes across four TME subtypes, with the color ranging from green to purple, represents the expression value from low to
high. (D) Mutation frequency of five high-frequency mutant genes across four TME subtypes. Samples were shown in the column. Samples with
mutations were color red. (E) The expression profile of inhibitory immune checkpoints across four TME subtypes. (F) Differential immune cell
infiltration level across immunosuppressive subtypes and others. Statistical significance between groups was tested by Wilcox. *P < 0.05, **P <

0.01, ***P < 0.001, ****P < 0.0001, ns > = 0.05

of GBM and found heterogeneous TME components were
associated with tumor-promoting pathways.

Identification of the immunosuppressive
subtype of GBM through GES classifier

According to the expression activity of the selected GES in the
TCGA-GBM dataset, patients were classified into four subtypes by
the hierarchical clustering method. Based on the infiltrating
situation of tumor killing cells and tumor progression
characteristics, these subtypes were defined as tumor progression
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(P), immune infiltrating (IE), and expressing both simultaneously
(P/IE) (Figure 2A). It was evident that the P subtype had higher
tumor progression signatures and lower lymphocyte infiltration.
These patients had the worst survival (Figure 2B, log-rank p =
0.0061). Then, we evaluated the differences between IE and P
subtypes from several perspectives, such as immunosuppression,
ICB, high-frequency mutation distribution, and cell infiltration. The
expressions of immunosuppressive factors were plotted as a heat
map (28), and it could be seen that subtype P represented higher
expression of these genes (Figure 2C). For gene mutations, we
plotted the distribution of five high-frequency mutations across the
four subtypes (Figure 2D). IDH1 mutations were all of the IE type,
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which was consistent with their better outcomes. Tumor cells We validated these findings with the CGGA dataset. Four
usually upregulate ICB gene expression to evade the immune types were also found (Figure S3A). The log-rank p-value
system. We evaluated the expression of inhibitory ICBs in P-type between IE and P subtypes was 0.00051 (Figure S3B). The P
cells (Figure 2E). In terms of cell infiltration, the P subtype showed subtype also showed high expression of immunosuppressive

high levels of myeloid cell infiltration and other subtypes showed factors and inhibitory ICBs (Figures S3C, E). Myeloid cells

high levels of lymphocyte infiltration (Figure 2F).

were infiltrated in subtype P, and lymphocytes were infiltrated
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FIGURE 3

Co-expressed gene module detection by WGCNA. (A) Correlation between module eigengenes (1st principal component of modules) and TME
subtypes in the TCGA-BGM cohort. The correlations were shown as a heatmap, gradually colored lower in blue and higher in red according to
the Pearson correlation coefficient. The first line of the value in the heatmap represents the correlation coefficient, and the second line is the p-
value from the correlation test. (B) Dotplot of the top enriched pathways of each module. Dots were colored gradually by —log10 (p-value), and
the size of the dots gradually changed according to the number of genes contained, with the larger the value, the larger the dots. (C) Barplot
shows the number of molecules that met the requirements of univariate Cox regression p-value <0.05 in each module. Bars were colored with
an HR ratio >1 (orange) or <1 (purple). (D) The distribution of expression levels of each module’s survival-related hub genes across different cell
types. The larger the size, the larger the percent of expression. (E) Co-expression network between the top 50 hub genes selected according to
the kKME score. The larger in node size the higher in node degree. The top 15 genes in degree were more important and were defined as
Topl5_hub. (F) Relationship between Topl5_hub gene expression and prognosis of immunotherapy samples. The Kaplan—Meier curves
comparing Topl5_hub gene low and high expressed patients in an immunotherapy dataset (GSE78220).
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in subtype IE (Figure S3F). Inconsistent with TCGA-GBM, IDH
mutations were not predominantly distributed in the IE type but
also in the IE/P type (Figure S3D). In conclusion, we identified
immunosuppressive and lymphocyte subtypes both in the
TCGA-GBM and CGGA cohorts and found their opposite
biological characteristics.

GBM subtypes represented
heterogeneous functional
gene modules

The WGCNA algorithm was used to construct co-expressed
gene modules (22). Twenty co-expressed modules were identified
using the “cutreeHybrid” function (Figure S4). To find subtype-
specific modules, we calculated the correlation between module
genes and subtypes (Figure 3A). Genes in modules 7, 5, and 18
were highly expressed in the P subtype, while modules 1 and 13
were in the IE/P2 subtype, module 10 in the IE/P1 subtype, and
modules 15, 8, and 11 were in the IE subtype. Functional
enrichment analysis was performed on these subtype-specific
modules, and the top 5 pathways with p-values ranking from
small to large in each module were plotted (Figure 3B). M5 was
enriched with genes participating in inflammatory responses,
including cytokine interactions, chemokine signaling, and Th17
cell differentiation (Figure S4C). M7 was enriched with genes
related to angiogenesis, including focal adhesion and PI3K/Akt
signaling (Figure S4D). M18 was enriched with genes involved in
the cellular response to hypoxia and carbon metabolism, including
the HIF-1 signaling pathway and glycolysis/gluconeogenesis
(Figure S4E). This suggested that these three different
functionally related genes were involved in the formation of an
immunosuppressive microenvironment. Both the IE/P2 and IE/
P1 subtypes were related to metabolism. The IE subtype was
mainly enriched in synapse and singling transduction-related
pathways (Figure S4F). This indicated that the activity of the
nervous system in the IE subtype was high.

The relationship between gene expression and patient survival
in each module was analyzed by univariate Cox regression analysis.
Genes with P <0.05 and HR >1 were considered pro-tumor-related
genes, and genes with HR <1 were considered anti-tumor-related
genes. The proportion of pro-tumor genes greater than 0.5 was
considered a poor prognosis-related module. Similarly, the
proportion of anti-tumor-related genes greater than 0.5 was
considered to be prognosis-related. Finally, nine subtype-specific
modules were divided into seven poor prognosis and two good
prognosis-related modules (Figure 3C), and the survival-related
genes of each subtype-specific module were abbreviated as ssMSGs
(Supplementary Table 2, hubgene.survival.relatedxlsx). A total of
24 hub genes (Supplementary Table 3, module cox logtpm.sel xlsx)
were obtained, which were mainly located in M5 and M7 (P
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subtype). These genes were mainly located in M5 and M7 (P
subtype). Through co-expression analysis of top hub genes in
different gene modules, we identified the top 15 hub genes in M5,
which represented the top connections with each other (Figure 3E).
The top 15 hub genes included LAPTM5, NCKAPIL, PTPN5, SYX,
and SIGLECY, which is consistent with the top risk pathways we
concluded above. Further, the signatures of the top 15 hub genes
signature were associated with poorer outcomes in immunotherapy
cohorts, which is also consistent with the tumor-promoting
function of M5 (Figure 3F).

Notably, compared with single-cell datasets, we confirmed that
hub genes in M5, M7, and M15 were also marker genes for specific
cell types. CSTs (CSTA, CSTB, and CSTZ), CD68, and NOD2 in
M5 were markers of macrophages; COL6A2 and ITGAS5 in M7
were related to vascular cells; and Oligo2 in M15 was a marker of
oligodendrocytes (Figure 3D). This result indicated that specific cell
types should represent different functional modules during GBM
progression.Therefore, we turned to single-cell datasets in the next
part to delineate GBM TME at the single-cell scale.

Macrophages and microglia manipulate
tumor-promoting gene modules of GBM

Next, we analyzed the expression activity of ssMSGs from nine
subtype-specific modules in two published GBM single-cell datasets
(GSE117891, GSE84465, and GSE163120) (18-20). GSE117891 and
GSEB4465 sequenced 10 patients’ single cells from both the tumor
core and the peritumoral brain, including tumor cells, vessels,
microglia, neurons, and glia. GSE163120 only detected immune
cells; myeloid cells accounted for the majority. TAMs, blood vessels,
and tumor cells were in the tumor core, while neurons and glial cells
were mainly located in peripheral tissues. More immune cells were
detected in recurrent samples (Figure S5B).

The “AUCcell” method was used to calculate the expression
activity of ssMSGs in single cells (Figures 4A, B). As for the P
subtype-related genes, M5 was highly expressed in myeloid cells,
including TAMs, microglia, monocytes, and DCs; M7 was
mainly expressed in blood vessels; and M18 in blood vessels,
myeloid cells, and tumor cells. The IE subtype-related genes
were in OPCs and neurons. The expression distribution of 24
hub genes across cells was shown (Figures 4C, D, Figures S5C,
D). These genes were expressed in myeloid cells, blood vessels,
and OPCs. Combined with these results, we concluded that
macrophages manipulated M5, vascular-related cells contributed
to M7, and OPC cells regulated M15.

Cell—cell interaction

Considering the significant role of cell-cell interaction
during GBM progression, we used cellphoneDB to figure out
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FIGURE 4

Gene sets expression activity and cell-cell interaction in sing-cell RNA-Seq datasets. (A, B) Row scaled gene expression activity of ssMSG across
cell types in the GSE117891 and GSE163120 datasets, with the color from blue to red representing the activity score from low to high. Cells
were clustered by the activity of these gene sets. (C, D) The expression level of Top15_hub genes across different cell types in two datasets. The
larger the size, the larger the percent of expression. The darker the color, the higher the expression. (E) The differential cell-cell interaction
weight between the tumor core and peripheral region of GSE117891.Upregulated interactions in tumor core were colored in red, down-
regulated in blue. (F) The differential cell-cell interaction weight between recurrent and newly diagnosed samples of GSE163120. Upregulated

interactions in recurrent samples were colored in red.

the interaction network of GBM (Figures 4E, F). We compared
interaction strength in tumor samples with those of normal
samples and found that macrophages exhibited high
interaction with tumor cells among all cell types. This result
was consistent with the characteristics of GBM tumor cells
reported by others that they could interact with macrophages
and induce their malignant transformation. Then we checked
the interaction network among immune cells (Figure 4F).
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Interestingly, when we divided cells by expression of
cytokine-related pathways, we found macrophages expressing
higher cytokine pathways represented stronger interaction
with DC and T cells, which may underline their pro-tumor
mechanism. Similarly, we found microglia cells with higher
cytokine pathway expression tend to interact with DC,
macrophages, monocytes, and T cells. Specifically, Tregs
showed stronger interaction with cytokine-high subtypes
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than their counterparts, which could reshape the
immunosuppressive microenvironment (Figure S5E).

In summary, we identified specific cell types that manipulate
different gene modules in GBM. We then focused on the
interactions related to macrophages and microglia with other
cell types in the microenvironment.

Macrophage and microglia cells shape an
immunosuppressive microenvironment
through interaction with Tregs

To further identify the key mediators of macrophage and
microglia interaction in GBM patients, we use the R package
“NicheNet” based on the expression and downstream targets of
ligand-receptor pairs. Based on the above results, we chose Tregs

10.3389/fimmu.2022.1051701

for the following analysis (Figures 5A, B; Figure S6). We found that
macrophages and microglia cells could directly contact Tregs
through the adhesive ligand-receptor pairs ICAMI-IL2RG and
ITGAM-ICAM2. In addition, macrophages and microglia cells
enhanced the activation cytokine activity of tregs via the expression
of EBI3, CD86, and TNF, inducing the expression of IL27RA,
CD28, TNFRSF1B, FAS, ICOS, and the immune checkpoint
CTLA4 on tregs. Additionally, macrophages and microglia cells
enhanced the recruitment of tregs through CXCL16-CXCR6,
CCL3-CCR5, CCL2-CCR5 pairs.

Then, we evaluated which ligands on macrophages or
microglia cells could most likely regulate Tregs. We merged
the GSE163120 and GSE117891 datasets and identified seven
ligand genes (Figure 5C). The regulatory network between the
top 15 hub genes and these ligands is shown in Figure 5D. SPI1
could be the upstream regulator of TNF, and GPSM3 may
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Macrophage and microglia cells shape an immunosuppressive microenvironment through interaction with Tregs in GSE163120. (A) A heatmap
showing the predicted ligand activity by NicheNet on genes highly expressed in Treg. Pearson correlation indicates the ability of each ligand to
predict the target genes, and better predictive ligands are thus ranked higher. (B) A dot heatmap showing the selected ligand-receptor pairs
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arrows. Some Topl15_hub genes were involved in the regulation of ligands.
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regulate the expression of a series of cytokines and chemokines
such as C3, CXCL3, CXCL16, and CXCL2.

In conclusion, we find out how upstream regulators
regulate ligand expression on macrophages and microglia
cells, how ligands interact with their receptors on tregs, and
how these interactions thus shape the immunosuppressive
microenvironment of GBM.

Discussion

The characteristics and mechanisms of the tumor
microenvironment, especially the immunosuppressive
microenvironment, in patients with GBM are still unclear. In
addition to immunosuppressive microenvironment, in patients
with GBM are still unclear. In addition to various immune cells’
infiltration, the tumor microenvironment also contains glial
cells, vascular-related cells, fibroblasts, immunosuppressive
factors, etc. The major signaling pathways also play a key role
in the formation of GBM. On the research of tumor immune
microenvironment, previous studies mainly focused on
estimating the composition of immune cells or including some
immune system-related signatures, while ignoring the role of
non-immune factors. In addition, the cell type infiltration and
signaling pathways involved were rarely the subjects of deeper
discussions in previous studies. In this study, we first collected
various functional signatures related to the GBM tumor
microenvironment and divided GBM patients into four groups
according to the expression profiles of these signatures. The
immunosuppressive subtypes were successfully defined and
which had elevated expression of immunosuppressive
molecules such as IDO1, II-6, etc. Then we conducted an in-
depth study of the cellular composition and interaction of the
immunosuppressive subtypes.

As reported, some major pathways played a key role in the
tumor progression or influenced the formation of an
immunosuppressive microenvironment in GBM (14-16, 29).
For example, GBM cancer-related cytokine deregulation might
be responsible for the failure of the immune system to recognize
malignant tumor cells (11). The increase of pro-angiogenic
growth factors, including VEGF, led to a high degree of tumor
vascularization (30). In this study, five pathways that were
significantly related with the GBM progression were found by
analysis from three different perspectives. These three
perspectives differed in methodology, but the results were
indeed very consistent. This indicated that these pathways
were very important in the progression of GBM. They were
mainly involved in two directions: inflammatory response
related, including TNF-ou signaling and cytokine-cytokine
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interactions and angiogenesis related to ECM, focal adhesion
and the PI3K/Akt signaling pathway. The activity of these five
signaling pathways was positively correlated with the infiltration
of myeloid suppressor cells (MDSCs), which were reported to
participate in the immunosuppression of GBM (31). Therefore,
we used the genes from these five pathways for further
GBM subtyping.

Among the four GBM subtypes we found, these were
immune-infiltrating (IE) and immunosuppressive (P).
Statistical differences in survival were identified among the
types of patients (long-rank p-value <0.01). As expected, the P
subtype had high expression of ICB and immunosuppressive
factors and no IDH mutation, while the IE subtype had high
lymphocyte infiltration. Unexpectedly, in the IE subtype, we did
not find the high expression of genes related to lymphocytes
activation, but only synapse related genes were detected. It was
reported that lymphocytes infiltrated in GBM were rarely
activated, which might explain our findings. This suggested
that immunotherapy targeting T cells in GBM might not
be meaningful.

In addition, we were surprised to find that the three co-
expressed gene modules associated with the P subtype differ
greatly in enriched pathways according to the following
WGCNA analysis. These three gene modules had the
functions of inflammatory response (cytokine interaction),
angiogenesis, hypoxia, and carbon metabolism, respectively.
This indicated that three different functional genes worked
together to influence the formation of the P subtype. By
verifying the expression of ssMSGs in two publicly available
single-cell datasets, we found that three modules corresponded
to different types of cells (TAM, blood vessels, tumors).
Therefore, we inferred that these types of cells worked
together to form the immunosuppressive microenvironment.
Also, we found that TAM and tumor had significant interactions
in the tumor core through cell interaction analysis.
More interestingly, we found novel hub genes from
immunosuppressive modules could be the upstream regulators
of a series of cytokines and chemokines such as C3, CXCL3,
CXCL16, and CXCL2 in macrophages and microglia cell, which
further interact with Treg and shape the immunosuppressive
microenvironment of GBM.

In conclusion, we combined bulk- and single-cell RNA-seq data
to profile the GBM tumor microenvironment using bioinformatics
tools, and discovered important cells and pathways involved in the
formation of the tumor immunosuppressive microenvironment
(Graphic abstract). Future research needs to focus on inhibiting
the interference signaling pathways in myeloid cells, especially
TAM cells and the interaction between Tregs, which may be a
beneficial therapeutic direction for GBM tumors.
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SUPPLEMENTARY TABLE 1
The detail clinic pathological characteristics for TCGA-GBM
CGGA cohort.

and

SUPPLEMENTARY TABLE 2
The survival related genes of each subtype specific module; which were
mainly located in M5 and M7 (P subtype).

SUPPLEMENTARY FIGURE 1

Risk model in CGGA-cohort (A) The Kaplan—Meier curves comparing
patients with low or high risk score in CGGA cohort. Patients were divided
into two groups according to the median value of risk scores. Higher risk
score were correlated to poorer prognosis. (B) ROC curve for risk-model
in CGGA cohort. (C) The Kaplan—Meier curves comparing IDH1 mutation
and wild-type patients in TCGA-GBM cohort.

SUPPLEMENTARY FIGURE 2

Generation of the Ges utilized for transcriptomic-based TME classification
(A) The 13 Gges included in each functional group. (B) Correlation analysis
between signatures in TCGA-GBM cohort. Positive correlation coefficient
was shown in orange and negative correlation coefficient was shown in
blue, darker color indicates bigger value. (C) Result of univariate Cox
regression analysis in TCGA-GBM cohort. HR and p values were displayed.

SUPPLEMENTARY FIGURE 3

Immunosuppressive subtype validation in CGGA cohort (A) Heatmap of
row scaled gene signature scores from cell deconvolution algorithm
with the color from green to red represents the activity score from low
to high. Samples in column were grouped into four TME subtypes. (B)
Overall survival of patients stratified by TME subtype classification. The
log-rank p-value between subtype IE and P was 0.0051 and the annova
log-rank p-value for four subtypes was 0.0001. (C) The expression
profile of immune suppression related genes checkpoints across
TCGA-GBM four TME subtypes with the color from green to purple
represents the expression value from low to high. (D) Mutation
frequency of five high frequency mutant gene across four TME
subtypes. Samples were shown in column. Samples with mutation
were colored in red. (E) The expression profile of inhibitory immune
checkpoints across four TME subtypes. (F) Differential immune cell
infiltration level across Immunosuppressive subtype and other’s.
Statistical significance between groups was tested by Wilcox.

SUPPLEMENTARY FIGURE 4

WGCNA construction (A) Determine soft-thresholding power in WGCNA.
The scale-free fit index for various soft-thresholding powers (B) (Left). The
mean connectivity for various softthresholding powers (Right). (B)
WGCNA cluster dendrogram on TCGA-GBM patients, genes were
grouped into several distinct modules. (C, D, E, F) ToplO enriched
pathways of 4 selected modules, M5 (C), M7 (D), M18 (E), M15 (F).

SUPPLEMENTARY FIGURE 5

Gene expression validation in 2 sing-cell RNA-Seq datasets (A) The ratio
of cell types between tumor core (T) and peripheral region (N) of
GSE117891. (B) The ratio of cell types between recurrent (R) and newly
diagnosed (ND) samples of GSE163120. (C, D) Violin plots of selected
pathways’ expression activity across cell-types with y-axis as expression
activity in two datasets. (E) The interaction weight between Treg and other
immune cells in recurrent samples of GSE163120. The thick in line the
bigger in weight.

SUPPLEMENTARY FIGURE 6

Cell interaction between macrophage/microglia and T cell in GSE117891
Heatmap showing the predicted ligand activity by NicheNet on genes
highly expressed in Treg. Pearson correlation indicates the ability of each
ligand to predict the target genes, and better predictive ligands are thus
ranked higher.
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Cannabinoid receptor 2 plays a
pro-tumorigenic role in non-
small cell lung cancer by
limiting anti-tumor activity of
CD8" T and NK cells
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Dusica Ristic ®*, Kathrin Maitz*, Paulina Valadez-Cosmes ®*,

Ana Santiso ®*, Carina Hasenoehrl*, Luka Brcic ®?2,

Jorg Lindenmann @°, Julia Kargl ®* and Rudolf Schicho ®**

*Division of Pharmacology, Otto Loewi Research Center, Medical University of Graz, Graz, Austria,
2Diagnostic and Research Institute of Pathology, Medical University of Graz, Graz, Austria, *Division
of Thoracic and Hyperbaric Surgery, Department of Surgery, Medical University of Graz, Graz, Austria,
“BioTechMed, Graz, Austria

Cannabinoid (CB) receptors (CB; and CB,) are expressed on cancer cells and
their expression influences carcinogenesis in various tumor entities. Cells of the
tumor microenvironment (TME) also express CB receptors, however, their role
in tumor development is still unclear. We, therefore, investigated the role of
TME-derived CB; and CB; receptors in a model of non-small cell lung cancer
(NSCLQC). Leukocytes in the TME of mouse and human NSCLC express CB
receptors, with CB, showing higher expression than CB;. In the tumor model,
using CB;- (CB;™") and CB,-knockout (CB,™") mice, only deficiency of CB,, but
not of CBy, resulted in reduction of tumor burden vs. wild type (WT) littermates.
This was accompanied by increased accumulation and tumoricidal activity of
CD8* T and natural killer cells, as well as increased expression of programmed
death-1 (PD-1) and its ligand on lymphoid and myeloid cells, respectively.
CB, " mice responded significantly better to anti-PD-1 therapy than WT mice.
The treatment further increased infiltration of cytotoxic lymphocytes into the
TME of CB,”" mice. Our findings demonstrate that TME-derived CB; dictates
the immune cell recruitment into tumors and the responsiveness to anti-PD-1
therapy in a model of NSCLC. CB, could serve as an adjuvant target
for immunotherapy.

KEYWORDS

CB;, CB,, cannabinoid receptors, non-small cell lung cancer, tumor microenvironment,
CD8+ T cells, NK cells, immunotherapy
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Introduction

Cannabinoid (CB) receptors CB; and CB, are widely found in
human tumor tissue and are well-known to influence the growth
of tumor cells (1). However, whether they act as tumor promotors
or suppressors, and whether CB receptors located in cancer cells
or/and in immune cells of the tumor microenvironment (TME)
are involved in tumor progression, is less clear. In particular, CB
receptors could significantly influence the development of lung
cancer, as suggested by previous studies of non-small cell lung
cancer (NSCLC) (2, 3). Some studies show that agonists of CB,
and/or CB, attenuate the carcinogenic potential in lung cancer
cells (2, 4-6), and reduce tumor growth in immunodeficient (7)
and FVB/N mice (8), however, other studies report the opposite.
For instance, CB;/CB, agonist tetrahydrocannabinol (THC) may
promote proliferation of lung cancer cells (9) and the growth of
breast cancer in vivo (10). In addition, silencing of CB, in lung
cancer cells reportedly decreases their proliferation, migration,
and invasion (3). A number of studies on the prognostic value of
CB expression revealed discrepant findings based on the cancer
type (reviewed in (11)). While some articles described high
expression of CB;/CB, receptors in human samples of NSCLC
correlating with prolonged survival (2), others described a positive
correlation of CB, expression with increased tumor size and
pathological grading of NSCLC (3), indicating a complex and
still unclear role of CB receptors in NSCLC.

CB; and CB, receptors are part of the endocannabinoid
system (ECS), acting in concert with their endogenous ligands
(endocannabinoids) and enzymes for synthesis and degradation
of these ligands (12, 13). CB; is abundantly expressed in the
central nervous system (14), but is also detectable in peripheral
tissues including the immune system (15, 16). The majority of
immune cells express CB; at low levels, and its expression is
generally affected by the activation status and cell type, as well as
the presence of immune stimuli and endocannabinoids (17). In
contrast, CB, is highly expressed in immune cells, and controls
functions such as proliferation, migration, activity, cytokine
release, antigen presentation, and antibody production (15,
18). The receptor has previously been described for its
immunosuppressive behavior (15, 19). For instance, in plaque-
forming cell assays in mouse splenocytes (which measure the
capacity of the spleen cells to mount a primary antibody
response to sheep red blood cells), THC could directly inhibit
the cells via CB, (20).
anandamide suppresses release of pro-inflammatory cytokines
like IL-2, TNF-o and IFN-y from activated human peripheral T-
lymphocytes, acting primarily through CB, (21). These effects
can be mimicked by the CB, agonist JWH-015, and blocked by
the CB, antagonist SR144528 (22). Cannabinoids have been
reported to reduce natural killer cell (NK) activity, thus, in vivo

In addition, the endocannabinoid

administration of THC in male Swiss mice results in inhibition
of splenic NK cytolytic activity without altering proliferation of
splenocytes (23). Also, in human NK cells, THC has been
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demonstrated to reduce cytolytic activity (reviewed in Braile
et al. (24)). CB, has previously been suggested to play a key role
in suppressing immune activity in cancer, a concept supported
by Zhu et al., who showed that CB, controls tumor immunity of
lung cancer by increasing the levels of Th, cytokines like IL-10
and TGF, and by downregulating the Th,; cytokine IFN-y (10).
Based on their well-described impact on immune cells, CB
receptors could significantly influence immune cell behavior and
regulatory components of immune activity, including inhibitory
checkpoint proteins like programmed death-1 (PD-1) and its
ligand PD-L1, within the TME. PD-1 is an inhibitory receptor
expressed on T cells after antigen stimulation, while PD-L1 is
found on tumor cells and antigen presenting cells (25). Particularly,
in NSCLC, the PD-1/PD-L1 axis has emerged as a successful target
for the use of immune checkpoint inhibitors (ICI). However,
limited response rates and resistance have hampered their
success (26), warranting the discovery of new targets to boost
ICI therapy. In this regard, clinical trials using combination
therapies of ICIs with anti-angiogenic agents, chemotherapy,
ataxia telangiectasia and Rad3-related (ATR) kinase and
mitogen-activated protein kinase kinase (MEK) inhibitors, have
been conducted or are still ongoing (reviewed in Blach et al. (26)).
In the present study, we investigated whether CB receptors
located in the TME control tumor growth and influence
susceptibility to ICI treatment. To investigate our hypothesis, we
used a mouse model of NSCLC, in which immunocompetent wild
type (WT) and CB,-knockout (CB,”") or CB,-knockout (CB,”")
mice received a subcutaneous (s.c.) injection of syngeneic lung
adenocarcinoma cells (KP cells (27)), thus creating a tumor model
with TME cells that either express or lack CB receptor. We report
that tumors in CB,”” mice are smaller than in their WT
littermates, and that CBZ'/' mice respond better to anti-PD-1
therapy, indicating that CB, expression in the TME is a critical
determinant of immune suppression in this NSCLC model.

Results

Tumor and TME cells express CB
receptors in situ, and blockade of CB,,
and not CBy, inhibits tumor growth in a
murine NSCLC model

As the role of TME-derived CB receptors in lung cancer has
not yet been investigated, we aimed to identify whether TME
host cells lacking CB; or CB, would influence primary tumor
growth. After injecting KP cells s.c. into the flanks of CB,”,
CBZ’/’, and WT mice, ex vivo measurement of tumor weight and
volume demonstrated that tumor burden of CB,”" mice did not
differ from WTs in our mouse model (Figure 1A). In contrast,
mice devoid of CB, showed more than 50% reduction in both
tumor weight and volume, as compared to WT littermates
(Figure 1B). We then investigated whether pharmacological
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Blockade of CB,, but not CB, inhibits tumor growth in a mouse model of NSCLC. (A) Experimental design: CB;”~ mice and wild type (WT)
littermates were subcutaneously (s.c.) injected with 5x10° KP (Kras mutant, Trp53-null) lung adenocarcinoma cells on day 0. On day 15, tumors
were measured ex vivo and harvested for analysis. Data indicate mean values + SD from three pooled independent experiments. n= 23-25.

(B) Experimental design: CB,”~ mice and WT littermates were s.c. injected with 5x10° KP lung adenocarcinoma cells on day 0. On day 15,
tumors were measured ex vivo and collected for analysis. Data indicate mean values + SD from two pooled independent experiments. n= 18-
20. (C, D) Experimental design: C57BL/6J WT mice were s.c. injected with 5x10° KP lung adenocarcinoma cells on day 0. Five-days post-
inoculation, KP cell tumor-bearing mice started receiving intraperitoneal (i.p.) injections of either (C) 1 mg/kg/d of CB; antagonist SR141716 or
(D) 10 mg/kg/d of CB, antagonist SR144528 (or vehicle). On day 15, tumor weight and volume were measured ex vivo. One representative
experiment is shown. Data indicate mean values + SD, n= 9-10. All statistical differences were evaluated by using unpaired student s t-test
(A-D). *p < .05; **p < .01; ***p < .001. NSCLC, non-small cell lung cancer

blockade of CB receptors in tumor-bearing C57BL/6] mice could
replicate findings obtained in knockout mice using previously
tested doses of CB; antagonist SR141716 (28, 29) and CB,
antagonist SR144528 (29, 30). As a result, treatment with CB,;
antagonist SR141716 had no effect on both tumor weight and
volume (Figure 1C), whereas tumor-bearing C57BL/6] mice
treated with CB, antagonist SR144528 showed a significant
reduction in tumor weight and volume as compared to
vehicle-treated animals (Figure 1D).

To further investigate the role of CB receptors in the TME,
we identified mRNA expression of these receptors in tumor cells
and infiltrating immune cells in situ. We used in situ
hybridization (ISH) technique with specific probes against CB;
and CB, mRNA in combination with immunofluorescence (IF).
Dual ISH-IF analysis displayed CB; expression in cancer cells as
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well as immune cells of the TME, but to a far lesser extent than
expression of CB, (Figure 2A). Around 25% of tumor cells
(which positively stained for cytokeratin) co-localized with CB,
mRNA (Figure 2B). Within the TME, we detected CB, mRNA
expression in CD3" T cells, CD8" T cells, NKp46/NCR1™ cells,
CD163" or F4/80" macrophages, and CD11b" cells. Co-
localizations ranged between ~20-40% (Figure 2B).

Since several studies described CB receptor expression in
tumors of NSCLC patients (2, 3, 7), we stained sections of
human lung cancer tissues to assess the distribution of CB; and
CB, receptors in tumor cells and infiltrating immune cells, and
also applied flow cytometry in freshly resected NSCLC tissues. In
line with our mouse data, CB; and CB, expression were not only
seen in lung cancer cells, but also in infiltrated immune cells,
such as CD3" T and CD8" T cells, NKp46/NCR1*or CD56" NK
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FIGURE 2

CB; and CB, mRNA in tumor cells and immune cells of the TME. (A, B) In situ hybridization (ISH)/immunofluorescence (IF) of tumor/immune
cells in KP cell tumor sections from wild type mice. (A) The graph demonstrates the percentages of co-localization of CB; mRNA positive
signals with tumor cells (cytokeratin-stained, CK* cells; ~ 5%) and leukocytes of the TME, such as CD3" T cells (~ 4%), CD8" T cells (~ 3%),
NKp46/NCR1" cells (natural killer, NK cells; ~ 14%), CD163* M2 macrophages (~ 7%), F4/80" M1 and M2 macrophages (~ 11%), and CD11b*
myeloid cells (~ 14%). (B) The graph shows the percentages of co-localization of CB, mRNA signals with tumor cells (~ 25%) and tumor-
infiltrating immune cells, including CD3* T cells (~ 39%), CD8" T cells (~ 24%), NKp46/NCR1" NK cells (~ 43%), CD163* M2 macrophages (~
43%), F4/80" M1 and M2 macrophages (~ 29%), and CD11b" myeloid cells (~ 29%). Arrows denote CB; or CB, ISH mRNA signals within tumor
and immune cells. Calibration bars=20 pm. Data indicate mean values +SD; n=3 (sections from three different tumors, 30-150 cells counted per

section). TME, tumor microenvironment

cells, and CD163" macrophages. Expression of CB, was
generally higher than that of CB; (Figures 3A, B, S2A).

These results indicate that CB; and CB, is expressed in both
tumor and tumor-infiltrated immune cells, however, only
deletion of CB, on host cells or systemic blockade of CB,, but
not of CBy, results in a reduction of tumor burden. To validate
our results from the KP cell tumor model, we used Lewis lung
carcinoma (LLC1) cells in CB, " vs. WT mice and identified that
tumor burden was significantly reduced in CB,”" mice when
compared to WT mice (Figure S2C).

Tumor reduction exclusively relies on
deletion of CB, in TME host cells

According to dual ISH-IF, we found that besides immune
cells, around 20-25% of tumor cells in human NSCLC
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(Figures 3B, S2A) and mouse tumor (Figures 4A, S2D) tissue
co-localized with CB, mRNA. According to RT-qPCR, tumors
of WT mice showed higher levels of CB, mRNA than those from
CBZ’/’ mice, because host cells, such as immune cells infiltrating
the TME in CB,”” mice, are devoid of CB, expression
(Figure 4B). KP cells in culture cells expressed minimal levels
of CB, (Figures 4B, S2D). We confirmed the specificity of our
CB, PCR primers by absence of CB, mRNA expression in spleen
tissue of CB,”" mice in comparison to WT mice (Figure S2E).
To address the role of CB,-expressing KP cells on tumor
growth in situ, we pharmacologically activated or blocked CB, in
tumor-bearing CB,”" mice using a CB, agonist (JWH133)
(Figure 4C) or CB, antagonist (SR144528) (Figure 4E) at
previously published doses (29, 31). The results revealed that
activation or inhibition of CB, in tumor cells of tumor-bearing
CB,”" mice had no effect on tumor weight and volume
(Figures 4D, F), indicating that the tumor reduction we
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FIGURE 3

In situ hybridization (ISH)/immunofluorescence (IF) of human NSCLC tissue sections (A, B) Representative fluorescence microscopy images of
human NSCLC tissue sections. The graphs show the percentages of co-localization of CB; and CB, mRNA signals with tumor cells (cytokeratin-
stained, CK* cells) as well as tumor-infiltrating immune cells (CD3* T cells, CD8" T cells, NKp46/NCR1* NK cells, and CD163" M2
macrophages). Arrows indicate CB; and CB, ISH signals within tumor and immune cells of the TME. Calibration bars = 20 um. Data indicate
mean values +SD. n=3 (tumor sections from three different patients with NSCLC were used for quantification, 30-150 cells counted per
section). NSCLC, non-small cell lung cancer; NK, natural killer cells; TME, tumor microenvironment.

observed in the CB,”~ mice solely depended on CB,, expressed in
cells of the TME.

Knockout of CB; in cells of the TME
favors an anti-carcinogenic immune cell
profile and enhances CD8* T and NK
cell activity

To determine the immune cell profile in tumors of CB,”"
and WT mice, we used flow cytometry and identified changes in
infiltration of immune cells and their subtypes, observing a
significant shift of lymphoid cell populations in CB,”" as
compared to WT mice (gating strategies shown in Figures
S1IA-C). There were no significant differences in the
infiltration of CD45" leukocytes and myeloid cells between
tumors of CBZ’/’ and WT mice (Figures 5A, B, S3A). We,
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however, observed an increased infiltration of T cells (CD3"),
NK cells (NKp46™), and CD8" T cells (Figures 5C, D, S3B-D),
but no differences in infiltration of CD4" T and regulatory T cells
(Tregs) into tumors of CB,”" mice vs. WTs (Figure 5D). Within
the CD8" T cell population, the number of effector CD8" T cells
increased while naive CD8" T cells decreased (Figures 5E, S3E),
indicating that CD8" T cells from CB, ™", but not from WT mice,
were primed to become effector cells. Percentages of infiltrating
CD8" T (Figure 5F) as well as NK cells (Figure 5G) negatively
correlated with tumor weight in CB,”" mice. Furthermore, no
significant changes in lymphoid immune cell composition,
including T, B, NK, and NKT cells were seen in the spleens
and lungs of healthy CB,”" and WT mice (Figures S3F, G).

To identify underlying mechanisms of the tumor reduction
in CB,”" mice, we checked for apoptosis and proliferation rates
of tumor cells (CD457) and infiltrating immune cells (CD45").
Flow cytometric analysis and cleaved-caspase-3/caspase-3
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Tumor reduction exclusively relies on deletion of CB, in TME host cells. (A) The graph depicts the percentage of CB, mRNA positive cells co-

localizing with cytokeratin-stained (CK*) tumor cells in mouse KP cell
group (sections from three different tumors, 75-150 cells counted per

tumors, as evaluated by ISH-IF. Data indicate mean values + SD. n=3/
section). (B) Relative CB, mRNA expression as measured by qPCR in

lysates from KP cell tumors from WT and CB, ’~ mice, as well as KP cells in culture. Data indicate mean values + SD. n>8/group; n=3
(consecutive passages of KP cells). (C—F) Experimental design: CB,”'~ mice were subcutaneously (s.c.) injected with 5x10° KP (Kras mutant,
Trp53-null) lung adenocarcinoma cells on day 0. For ten days, CB» " mice were treated intraperitoneally (i.p.) with either (C) 20 mg/kg/d of CB;
agonist JWH133 or (E) 10mg/kg/d of CB, antagonist SR144528 (or vehicle). Tumor weight and volume were measured at the end of the
experiment ex vivo on day 15. One representative experiment is shown. Data indicate mean values + SD. n>9. Statistical differences were
evaluated by using unpaired student s t-test (A, D, F) or one-way ANOVA with Tukey’'s multiple comparison test (B). ***p<.001. TME, tumor
microenvironment; ISH/IF, in situ hybridization and immunofluorescence; WT, wild type.

immunoblotting of tumors from CB,”” and WT mice showed
no significant differences in apoptosis rates (Figures S4B-D).
Similarly, in vivo and in vitro cell proliferation in tumor cells and
infiltrating immune cells from CB, " mice using
bromodeoxyuridine (BrdU) incorporation assay and Ki-67
immunofluorescence did not differ from WT mice (Figures S5B,
C). To test whether cytotoxic immune cells were more activated in
the CBZ’/ " mice, we stimulated tumor-infiltrating CD8" T and NK
cells from CB,”" and WT mice ex vivo with PMA/Iono and assessed
the activity of these cells using flow cytometry. In comparison to
WT mice, tumors of CB,”~ mice showed increased expression levels
of IFN-y on CD8" T cells (Figure 6A), and CD107a on NK cells
(Figures 6B, C), signifying a local activation and enhanced
tumoricidal activity of CD8" T and NK cells. Therefore, a
deficiency of CB, in the TME leads to a higher number as well as
to an increased activity of cytotoxic lymphocytes in the tumor.

Frontiers in Immunology

A CB, deficient TME leads to a higher
expression of immune checkpoint
proteins and an enhanced
responsiveness to PD-1

blocking antibodies

We next aimed to identify possible immune-based
therapeutic strategies that could augment tumor reduction and
hypothesized that a CB, deficiency in the TME would have a
favorable effect on immune checkpoint blockade. Thus, we first
measured surface expression of different immune checkpoint
proteins on immune cells. Results show that PD-1 expression
was increased on tumor-infiltrating CD8" T cells, but not on NK
cells in CB,” vs. WT mice. On NK cells, only TIGIT (T cell
immunoglobulin and ITIM domain) showed higher expression
(Figures 6D, E, S6A). We also detected enhanced expression of
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FIGURE 5

Knockout of CB; in cells of the TME favors an anti-carcinogenic immune cell profile. (A—E) Flow cytometric analysis of single cell suspensions
from KP cell tumors. Data indicate mean values + SD from two pooled independent experiments. n>10. Detailed information on immune cell
markers is provided in Figure S1. Statistical differences were evaluated by using unpaired student s t-test (A), multiple t-tests (B—E). (F, G) The
percentages of tumor-infiltrating CD8" T (CD45"/CD3*/CD8") and NK (CD45*/CD3 /CD19 /NKp46™) cells (out of CD45" cells) were plotted
against tumor weights from CB,™”" mice. Data were pooled from four independent experiments. n=31-34. Correlation of samples was assessed
using Spearman (rs) and Pearson (r,) correlation coefficients after testing for normality. *p < .05; **p < .01. NK, natural killer cells, NKT, natural
Killer T cells; TME, tumor microenvironment; Tregs, regulatory T cells; WT, wild type.

PD-L1 on myeloid cells (macrophages and DCs) of CB,” vs.
WT mice (Figure 6F). Regarding the other immune checkpoint
proteins, no significant differences were detected for CTLA-4
(cytotoxic T-lymphocyte antigen-4), TIM-3 (T cell
immunoglobulin and mucin domain-containing protein-3),
and LAG-3 (lymphocyte activation gene-3) on NK and CD8"
T cells (Figures S6B-H). Dual ISH-IF revealed that
approximately 40% of PD-1" and PD-L1" cells co-localized
with CB, mRNA in the KP cell tumors (Figure 6G). In human
lung cancer, about 20% of PD-1" and PD-L1" cells co-localized
with CB, mRNA (Figure 6H).
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Based on these findings, we treated CBZ’/ " mice with anti-
PD-1 to boost immune cell activity (Figure 7A). Deficiency of
CB, on host cells augmented the responsiveness to PD-1
antibody treatment, resulting in an enhanced reduction of
tumor growth in the CB,”" mice (Figures 7B, C).

Flow cytometric analysis showed that PD-1 antibody
therapy potentiated an increase in the number of CD8" T and
NK cells in tumors of CB,”" mice (Figures 7H-K), but not in
WT (Figures 7D-G), indicating that the deletion of CB, in the
TME favors an enhanced responsiveness to PD-1 therapy and
causes a reduction in tumor burden.
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FIGURE 6

A CB; deficient TME stimulates activity of CD8" T and NK cells and alters expression of immune checkpoint proteins. (A) IFN-y production of
intratumoral CD8" T (CD45"/CD3"/CD8") cells prior to (non-stimulated, NS) and after ex vivo stimulation with phorbol myristate acetate/
ionomycin (PMA/lono). Data indicate mean values + SD from two pooled independent experiments. n=4 (for NS); n>11 (for PMA/lono)

(B, C) Degranulation capacity of tumor-infiltrated NK (CD45%/CD3 /NKp46™) cells before (NS) and after ex vivo stimulation with PMA/lono. The
graph depicts MFI of CD107a on NK cells. One representative experiment is shown. Data indicate mean values + SD. n>4. (D) MFI of PD-1 on
tumor-infiltrated CD8* T cells is shown. Data indicate mean values + SD from two pooled independent experiments. n=13-14. (E) MFI of TIGIT
on tumor-infiltrated NK cells. Data indicate mean values + SD from two pooled independent experiments. n=13-14. (F) MF| of PD-L1 on tumor-
infiltrated myeloid cells. Data indicate mean values + SD from two pooled independent experiments. n=10-13. Detailed information on immune
cell markers is provided in Figure S1. (G) ISH-IF analysis of KP cell tumors. Co-localization of PD-1/PD-L1 positively stained cells with CB, mRNA
is shown. Data indicate mean values +SD. n=3 (sections from three different tumors, 30-150 cells counted per section). (H) ISH-IF staining of
human NSCLC tissue sections. The graph depicts co-localization of PD-1*/PD-L1" stained cells with CB, mRNA. Data indicate mean values
+SD. n=3 (tumor sections from three different patients with NSCLC were used for quantification, 30-150 cells counted per section). Arrows
indicate co-localization of CB, mRNA with cells positive for PD-1/PD-L1. Calibration bars=20 pm. Statistical differences were evaluated by using
unpaired student s t-test (D, E), multiple t-tests (A, C, F). *p<.05; **p<.01. IFN-7, interferon-gamma; NK, natural killer cells; MFI, median
fluorescence intensity; PD-1, programmed death-1; TIGIT, T cell immunoglobulin and ITIM domain; PD-L1, programmed death-ligand 1; M1, M1
macrophages; M2, M2 macrophages, pDCs, plasmacytoid dendritic cells; cDCI, type 1 conventional dendritic cells, ISH-IF, in situ hybridization
and immunofluorescence; WT, wild type; NSCLC, non-small cell lung cancer.
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FIGURE 7

CB., ™" mice are more responsive to anti-PD-1 antibody treatment than their wild type littermates. (A) Experimental design: CB,”" mice and WT
littermates were subcutaneously (s.c.) injected with 5x10° KP (Kras mutant, Trp53-null) lung adenocarcinoma cells on day 0. On days 6, 9, and
12, mice were treated with 250 pg of anti-PD-1 (a-PD-1) antibodies (or isotype control). (B, C) Tumor weight and volume were measured at the
end of the experiment on day 15 ex vivo. Data indicate mean values + SD from two pooled independent experiments. n=19-21. (D-K) Flow
cytometric analysis was performed on single cell suspensions from KP cell tumors of CB,”" and WT a-PD-1 (or isotype control) treated mice.
Detailed information on immune cell markers is provided in Figure S1. Data indicate mean values + SD. One representative experiment is shown.
n>8. Statistical differences were evaluated by using one-way ANOVA, Tukey's multiple comparison test (B, C), unpaired student s t-test (D—K).

*p < .05; **p < .01; ***p < .001; WT, wild type; NK, natural killer cells.

Discussion

For many decades, the concept that cancer development is
mainly driven by genetic mutations within tumor cells, has been
studied in detail. However, cancer progression is additionally
regulated by the surrounding niche, called the TME, which may
deliver vital factors that promote cancer development or escape
from host immune surveillance (32). A number of studies have
identified the significance of immune cells of the TME in tumor
development and as targets in immunotherapy. As such,
cytotoxic lymphocytes like CD8" T and NK cells are
important prerequisites for successful immunotherapy (33-37).

Frontiers in Immunology

106

CB, and CB; are over-expressed in various types of cancer,
such as skin (38), breast (39) and NSCLC (4), and they have long
been implicated in cancer progression (2, 3, 11, 38, 39).
However, in addition to tumor cells, CB;, and CB, are
expressed in immune cells that can potentially populate the
TME, where they could play a pro- or anti-tumorigenic role (27).
A number of studies have focused on CB receptor/ligand
interactions in tumor cells and how this axis influences tumor
growth in vitro and in vivo (40), including studies in lung cancer
cells and models of lung cancer (3, 4, 8). In contrast, little has
been described on CB receptors in immune cells of the TME and
how TME-derived CB receptors shape the immune cell profile
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and the response to immunotherapy. In our current study, we
demonstrated that deficiency of CB, in the TME host cells
contributes to a reduction in tumor burden in a mouse model
of NSCLC (summarized in Figure 8).

CB receptors are present in tumor cells
and immune cells in situ

Using dual ISH-IF analysis of mouse and human lung cancer
sections, we revealed that tumor cells as well as tumor-
infiltrating immune cells, such as CD8* T, NK cells, and
macrophages express CB, at much higher levels than CB,.
ISH-IF showed co-localization of CB, mRNA in around 20-
40% of immune cells, and 25% in KP tumor cells, suggesting
TME cell-mediated and/or possible direct effects on tumor cells
by CB,. Pharmacological activation or inhibition of CB, in CB,”"
mice (i.e., targeting only CB,-expressing KP tumor cells)
revealed no influence of tumor cell-derived CB, on tumor
growth, indicating that only CB, expressed in TME cells was
responsible for the diminished tumor growth. The conflicting
findings of CB, in lung cancer (2-4), therefore, suggest a

CB,’” TME
—_—
CB, knockout
on host cells
+a-PD-1 +a-PD-1

r

No significant response Significant response

|' Tumor cell . CD8" T cell . NKcell ¢ CB, mRNA

FIGURE 8

CB, expressed on tumor microenvironment (TME) cells creates a
pro-tumorigenic microenvironment by limiting the activity of
cytotoxic lymphocytes in a mouse model of NSCLC. Deletion of
the gene encoding CB; on host cells results in a reduction of
tumor growth as well as increased infiltration and local
tumoricidal activity of CD8" T and natural killer (NK) cells. CB»
knockout (CB, ") mice responded significantly better to anti-
PD-1 (a-PD-1) therapy than wild type (WT) mice. a-PD-1 therapy
further increased accumulation of CD8" T and NK cells in the
TME of CB, ™~ mice. NSCLC, non-small cell lung cancer
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heterogeneous role for CB, in lung carcinogenesis, which most
likely depends not only on CB, expressing tumor cells, but also
on the type of TME-infiltrating immune cells expressing CB,.

TME-derived CB, controls immune cell
infiltrates to the tumor

Cannabinoid ligands are known to suppress phagocytosis,
antigen presentation, and other features of immune cells that are
essential for regulation of immune activity in the TME (16). As
we detected widespread CB, expression in immune cells of the
TME, we assessed the immune cell profile of the tumors.

Our flow cytometric analyses demonstrated that the immune
cell landscape was altered in the absence of CB, in the TME.
Although there was no shift in the myeloid cell profile, we
observed a significant infiltration of cytotoxic lymphocytes,
mainly of cytotoxic CD8" T and NK cells into the TME of
CB,” as compared to WT mice. We also found a negative
correlation between the percentages of infiltrated CD8" T and
NK cells into the TME and the tumor weights in CB, deficient
mice, suggesting an involvement of CD8" T and NK cells in the
reduction of tumor growth. A more detailed investigation of
these cells revealed that tumor-infiltrating CD8" T and NK cells
of CB,”" mice possessed higher cytotoxic activity (higher levels
of IFN-y and CD107a). These data are fully consistent with
studies describing that an increased infiltration of the cytotoxic
lymphocytes into the TME is associated with a good prognosis
(41-43). Particularly in NSCLC, activity of CD8" T and NK cells
may be hampered: NK cells can overexpress inhibitory receptors
(44), additionally they have been shown to poorly infiltrate
NSCLC tumors, and are found more frequently in normal
lung than neoplastic tissues (45). Moreover, a reduced number
of cytotoxic T cells along with a reduction in IFN-y expression
was observed in NSCLC patients (46, 47). Hence, CB, deficiency
reversed the low infiltration of NK and CD8" T cells in our
model and boosted their activity, likely contributing to a
reduction in tumor size.

CB,”’" mice are highly susceptible to
PD-1 checkpoint inhibitor treatment

Immunotherapies using checkpoint inhibitors have been
demonstrated to increase survival of patients in a number of
cancer types, including melanoma and lung cancer (48, 49).
Among all known checkpoints, the most prominent target for
treatment is the PD-1/PD-L1 axis, owing to its proven efficacy in
several types of cancers (48-50). Previous studies found that one
of the critical requirements for ICIs to work is a sufficient
infiltration of lymphocytes, including CD8" T cells, at tumor
sites (33, 51). A major finding of our study is that tumor-bearing

CB,”" mice responded significantly better to anti-PD-1
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treatment than the WT mice (as demonstrated by the significant
reduction in tumor burden). In addition, we noticed increased
PD-1 expression on CD8" T cells in tumors of CBZ'/ " mice, an
indication of high T cell activity against tumor antigens as well as
a possible prediction of anti-PD-1 therapy response (25, 34, 52).
Our data also revealed increased PD-L1 expression on tumor-
infiltrating myeloid cells in CB,”" mice, another important
finding that the tumor might respond favorably to anti-PD-1
therapy (53-55). Cytotoxic CD8" T cells are often the main focus
of interest in terms of improving immune checkpoint blockade
therapies, but other immune cells, such as NK cells may provide
an important contribution to the efficacy of checkpoint
inhibitors (reviewed in (56)). Thus, the presence of
intratumoral cytotoxic NK cells promotes a positive response
to immunotherapies, by also targeting the PD-1/PD-L1 axis (35,
36). Recent studies found that the number of NK cells correlated
with the responsiveness to anti-PD-1 treatment, and improved
overall survival in melanoma and metastatic melanoma patients
(37, 43). Zhang et al. identified that the presence of NK cells
provided an enhanced clinical benefit of PD-L1 as well as TIGIT-
based immunotherapies, as NK cells improved the functional
role of CD8" T cells and/or inhibited their exhaustion (57). The
TME of CB,”" mice had a significantly higher number of NK
cells than WTs, and their presence, therefore, may enhance the
susceptibility to immunotherapy with anti-PD-1.

To further assess susceptibility to checkpoint blockade, we
determined other proteins that inhibit T and NK cells activity/
proliferation, such as CTLA-4, TIM-3, TIGIT, and LAG-3 (58-
62). Except for increased expression of TIGIT on NK cells, there
were no significant differences between CB,”" and WT mice
littermates as to the expression rates of these proteins on CD8" T
and NK cells. Collectively, our data suggest that CD8" T and NK
cells in CB,”" mice were in an active, non-exhausted state (high
levels of IFN-y and PD-1 on CD8" T cells, and of CD107a on
NK cells).

Deficiency of CB, in the TME increases
the PD-1 antibody-induced effect on
CD8" T and NK cells

The effect of an anti-PD-1/PD-L1 therapy on the immune cell
composition has often been associated with the restoration of
effector CD8" T cell activity to kill tumor cells (63). Other cytotoxic
lymphocytes, including NK cells, also contribute to the response to
immunotherapy (reviewed in (64)): Lee et al. demonstrated
increased frequency of intratumoral and peritumoral NK cells in
melanoma patients who responded well to PD-1 blockade (37).
Hsu et al. also identified that, in addition to T cells, NK cells can
mediate the effect of anti-PD-1/PD-L1 therapy (35). In our study,
the anti-PD-1 therapy further increased the number of CD8" T
and NK cells at the tumor site of CB,”" as compared to WT mice.
This supports the concept that a successful anti-PD-1 therapy is
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inherently linked to the presence of CD8" T and NK cells in the
TME. It should be mentioned that PD-1 expression in tumor-
infiltrating NK cells of CB,”" mice was not different from WT
mice, and that PD-1 expression was lower on NK than CD8* T
cells. This calls into question whether there is a direct effect of anti-
PD-1 antibodies on NK cells, as the checkpoint blockade may have
indirectly modulated anti-cancer NK cell functions via the
crosstalk with other immune cell populations, as previously
described (65, 66). While this manuscript was in preparation, a
study was published, describing that THC and exogenous
cannabinoids (approved for the treatment of chemotherapy-
induced nausea) reduced the effect of anti-PD-1 therapy (67),
reconfirming our own observations. Cannabis is well-known for its
immunosuppressive effects (68), which is also supported by a
recent observation that the use of cannabis during treatment
with PD-1 checkpoint inhibitor nivolumab in cancer patients
lowered their response rate (69). With our study, we highlight a
possible mechanism for a lower response, which includes CB,,
CD8" T and NK cells.

Conclusion

Our results demonstrate that the CB, receptor in the TME of
NSCLC tumors may act as an immunosuppressor that impedes
CD8" T and NK cell activity, thereby promoting tumor growth.
Deletion of CB, in the TME releases the immunosuppressive
break rendering tumors to be more susceptible to PD-1 inhibitor
treatment. The findings also suggest that the use of cannabis or
cannabinoid-based medicine during immunotherapy may lead
to a low treatment response. Altogether, the CB, receptor maybe
an interesting adjuvant target for ICI therapy.

Materials and methods
Cancer cell lines and mice

The mouse KP cell line (a generous gift by Dr. McGarry
Houghton from the Fred Hutchinson Cancer Center, Seattle,
USA) was isolated from a lung adenocarcinoma, grown in a Kras

mutant/Trp53-null (Kras"$-912P/p531/1)

mouse following
intratracheal administration of adenoviral Cre recombinase, as
described before (70). Briefly, pieces of mechanically
disintegrated lung tumor were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with FBS (10%),
penicillin (100units/mL) and streptomycin (100pg/mL). Clonal
cells were derived by single-cell dilution into 96 well plates (70).
Lewis lung carcinoma (LLC1) cell line was purchased from
ATCC (Rockville, Maryland, USA). Both cell lines were
maintained in DMEM media containing 10% fetal bovine
serum (FBS, Life Technologies) and 1% penicillin/
streptomycin (P/S, PAA Laboratories) and kept in a
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humidified incubator (5% CO,) at 37°C and passaged every 48
hrs. The cell lines were mycoplasma free.

All animals were bred and maintained in the animal facilities
of the Medical University of Graz. Wild type C57BL/6] (B6)
mice were purchased from Charles River, Germany. CB,”" mice
on B6 background were obtained from Dr. Andreas Zimmer,
University of Bonn, Germany. CB,”” mice (B6.129P2-
Cnr2"™Pee7 on B6 background) were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). Experiments were
performed on 6-14-week-old mice. All procedures were
granted by the Austrian Federal Ministry of Science and
Research (protocol number: BMBWE-66.010/0041-V/3b/2018).
Subcutaneous (s.c.) injections of KP or LLCl cells were
performed under inhaled isoflurane anaesthesia. To generate
s.c. tumors, KP or LLCI cells (5x10°) suspended in 450 pL
Dulbecco’s Phosphate Buffered Saline (PBS, Gibco) were
injected s.c. into the lower flanks of mice on day 0. Tumors
were harvested at the experimental endpoint (day 15 for KP cell
tumor model; day 21 for LLCI lung tumor model) and were
subsequently weighed, measured with a digital caliper ex vivo,
and collected for analysis. Tumor volume was calculated based
on the following formula: v = length x width x height x /6 (71).

Pharmacology

To pharmacologically block CB; receptors, tumor-bearing
C57BL/6] WT mice were intraperitoneally (i.p.) treated with 1
mg/kg/d SR141716 (28, 29) (CB, antagonist, Cayman Chemical,
Ann Arbor, MI). For pharmacological activation of CB,
receptors, tumor-bearing CB,”" mice were i.p. treated with 20
mg/kg/d JWH-133 (31) (CB, agonist, Axon Medchem,
Groningen, NL). To pharmacologically block CB, receptors,
tumor-bearing CB,” mice and C57BL/6] WT mice were i.p.
treated with 10 mg/kg/d SR144528 (29, 30) (CB, antagonist,
Cayman Chemical, Ann Arbor, MI) or vehicle (ethanol). The
treatment period for all mentioned interventions was ten days,
starting from day 5 when the s.c. tumors were palpable, until day
14. For inhibition of PD-1, tumor-bearing CB,”” mice and WT
littermates were injected i.p. with 250 pig of rat monoclonal anti-
mouse PD-1 antibody (72) (clone 29F.1A12, BioXCell, Lebanon,
NH) or rat IgG2a isotype control (clone 2A3, BioXCell,
Lebanon, NH) on days 6, 9, and 12.

Single-cell suspensions

Single cell suspensions of dissected mouse KP cell tumors
were prepared as previously described (71). Briefly, using
surgical scissors, tumors were cut into small pieces, and
afterwards digested with DNase I (160 U/ml; Worthington)
and collagenase (4.5 U/ml; Worthington) for 20 min at 37°C,
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while rotating at 800-1000 rpm. The tissue was then passed
through a 40 um cell strainer, washed in staining buffer (SB, PBS
+2% FBS), suspended in PBS, counted, and used for surface,
intracellular and nuclear antigen staining.

Flow cytometry of dissected KP
cell tumors

To exclude dead cells, single cell suspensions were initially
incubated for 20 min in Fixable Viability Dye (FVD) eFluor ™ 780
(eBioscience) at 4°C in the dark. Prior to staining with surface,
intracellular and nuclear antibodies, single cell suspensions were
incubated in 1 ug TruStain FeX'™ (BioLegend, # 101320) for 10
min at 4°C. Immunostaining was performed for 30 min at 4°C
(protected from light) using the pre-mixed antibody panels (Table
S1). To detect FoxP3 nuclear antigen within the cells, surface
stained cells were permeabilized and fixed with Transcription
Factor Buffer Set (BD Biosciences, # 562574) before staining with
FoxP3 antibody (Table S1). To detect expression of IFN-y and
CD107a, single-cell suspensions of the tumors (2x10° cells per
well) were suspended in RPMI media supplemented with 10% FBS,
1% P/S, and GolgiStop (1.5 ul/ml, BD Biosciences), seeded into 96-
well U-bottomed plates, and incubated for 4 hrs at 37°C (5% CO,).
During incubation time, CD107a was added, and cells were
stimulated with phorbol myristate acetate (PMA) (100 ng/ml,
Sigma Aldrich) and ionomycin (Iono) (1 pug/ml, Sigma Aldrich),
or used unstimulated (73, 74). Afterwards, surface and intracellular
stainings (BD Cytoﬁx/CytopermTM Kit) were performed with the
pre-mixed antibody panel (Table S1). Cells were then washed and
fixed in eBioscience " IC Fixation Buffer (ThermokFisher Scientific,
# 00-8222-49) for 10 min at 4°C. Fixed cells were either acquired on
a BD LSR Fortessa — or a BD Canto' " flow cytometer connected
to FACSDiva software (BD Biosciences). FlowJo software
(Treestar) was used for analysis and compensation. Fluorescence
minus-one-samples were used to define gates (Figures S1A-D).

RNA extraction and RT-qPCR

RNA was extracted from tissue and KP cells using Trizol
(Life Technologies) and RNeasy Kit (Qiagen), respectively.
Samples were treated either with a DNA—freeTM DNA Removal
Kit (Invitrogen) or RNase-Free DNase set (Qiagen). The quality
and concentration of RNA were determined using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific).
Reverse transcription of purified RNA (1 pg) was performed
by High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Gene expression was assessed by reverse
transcription-quantitative polymerase chain reaction (RT-
qPCR) using SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad). Primers were acquired from Eurofins (Table S2) and
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Bio-Rad (Table S3). Relative gene expression was calculated
using 2724CT methods (75).

In situ hybridization and
immunofluorescence

Mouse and human NSCLC tissue samples

Tumors from mice were fixed in acid-free phosphate-
buffered 10% formaldehyde solution (Roti®- Histofix 10%, pH
7) for 24-48 hrs at room temperature with gentle shaking. Tissue
was further processed for paraffin embedding based on standard
procedures. Human NSCLC tissue samples (formalin-fixed and
paraffin-embedded) were acquired from the Biobank of the
Medical University of Graz. Ethical approval was obtained
from the Institutional Review Board of the Medical University
of Graz (EK-numbers: 30-105 ex 17/18). All procedures
involving clinical samples followed the ethical standards of the
institutional and/or national research committee and the 1964
Helsinki Declaration and its later amendments or comparable
ethical standards. All patients participated in the study gave
informed consent.

ISH probes used to detect CB; and CB, mRNAs in mouse
tumor and human NSCLC tissue were purchased from
Advanced Cell Diagnostics (ACD, Newark, USA) (Table S4).
ISH was performed using RNAscope® 2.5 HD red kit according
to manufacturer’s instructions. Briefly, tumor tissue sections
were first treated with H,O, at room temperature for 10 min
and target retrieval was performed using the Brown FS3000 food
steamer at 95°C for 15 min. Then, the sections were digested
with protease IV in HybEZTM II oven (ACD, Newark, USA) at
40°C for 20 min, washed in distilled water, followed by
incubation with the corresponding probes at 40°C for 2 hrs
and stained with Fast Red. To compare tissue samples from
CB,” or CB,” and WT mice, sections were placed on a single
slide. The specificity of the mouse CB; and CB, probes was
previously verified in CB,”’ and CB,”’" mice (76).
Immunofluorescence of tumor cells and infiltrated immune
cells of the TME was conducted using primary antibodies
listed in Table S5. Alexa Fluor® 488-labeled goat anti-rabbit
IgG (1:500, Jackson Immuno Research, #111-546-144) and
Alexa Fluor® 488-labelled bovine anti-goat IgG (H+L) (1:500,
Jackson Immuno Research, # 805-545-180) were used as
secondary antibodies. In parallel, sections were processed in
the absence of primary antibody as a negative control. Then,
sections were mounted with Vectashield® (containing DAPI)
(Vector Laboratories) and images were taken using an Olympus
IX73 fluorescence microscope (Olympus) connected with a
Hamamatsu ORCA-ER digital camera (Hamamatsu Photonics
K.K., Japan). Images were processed with an Olympus CellSens®
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1.17 imaging software containing a deconvolution program
(Olympus). Image] software was used to quantify expression
and co-localization with the corresponding probes.

Statistical analysis

Data are presented as means + standard deviation (SD) or
standard error of means (SEM) and analyzed using Prism v.9.3.1
(GraphPad Software, La Jolla, CA, USA). Differences between
experimental groups were assessed by unpaired student’s t-tests,
multiple t-tests or two-way analysis of variance (ANOVA) with
the indicated post hoc test for corrections of multiple
comparisons, whereas for multiple comparisons with three or
more experimental groups, a one-way ANOVA was applied with
the indicated post hoc test for corrections of multiple
comparisons. Shapiro-Wilk and Kolmogorov-Smirnov tests
were used to test a normal distribution. Correlations between
tumor weight and infiltration of CD8" T and NK cells in the
TME was determined using Pearson’s correlation coefficient (r;,)
and Spearman’s correlation coefficient rho (ry).

In all cases, a p-value <0.05 was considered significant and
represented with one, two or three asterisks when lower than
0.05, 0.01, or 0.001, respectively.
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Glossary
ANOVA Analysis of variance
ATR Ataxia telangiectasia and Rad3-related
BrdU Bromodeoxyuridine
CB Cannabinoid
CB,”" CB, knockout
CB,” CB, knockout
cDC1 Type 1 conventional dendritic cells
CK Cytokeratin
CTLA-4 Cytotoxic T-lymphocyte antigen-4
DC Dendritic cell
DMEM Dulbecco’s Modified Eagle Medium
ECS Endocannabinoid system
EGF Epidermal growth factor
EPCAM Epithelial cell adhesion molecule
FBS Fetal bovine serum
FVD Fixable Viability Dye
ip. Intraperitoneal
ICI Immune checkpoint inhibitor
IFN-y Interferon-gamma
IL-10 Interleukin-10
IL-2 Interleukin-2
ISH-IF In situ hybridization and immunofluorescence
LAG-3 Lymphocyte activation gene-3
LLC1 Lewis lung carcinoma
Ml M1 macrophages
M2 M2 macrophages
MEK Mitogen-activated protein kinase kinase
MFI Median fluorescence intensity
NK Natural killer cells
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CONTINUED
NKT Natural killer T cells
NS Non-stimulated
NSCLC Non-small cell lung cancer
P/S Penicillin/streptomycin
PBS Phosphate Buffered Saline
PD-1 Programmed death-1
pDC Plasmacytoid dendritic cells
PD-L1 Programmed death-ligand 1
PMA/ Phorbol myristate acetate/Tonomycin
ITono
PVDF Polyvinylidene difluoride
RBC Red blood cell
RT-qPCR Reverse transcription-quantitative polymerase chain reaction
s.C. Subcutaneous
SB Staining buffer
SD Standard deviation
SEM Standard error of mean
TBST Tris-buffered saline with 0.1% Tween® 20 Detergent
TGF Transforming growth factor
Th, T helper 1
Th, T helper 2
THC Tetrahydrocannabinol
TIGIT T cell immunoglobulin and ITIM domain
TIM-3 T cell immunoglobulin and mucin domain-containing protein-
3
TME Tumor microenvironment
TNF-o Tumor necrosis factor-alpha
Tregs Regulatory T
WB Western blotting
WT Wild type
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Background and aims: Tumor-associated macrophage (TAM) is a highly abundant
immune population in tumor microenvironment, which plays an important role in
tumor growth and progression. The aim of our study was to explore the
development trends and research hotspots of TAM by bibliometric method.

Methods: The publications related to TAM were obtained from the Web of Science
Core Collection database. Bibliometric analysis and visualization were conducted
using VOSviewer, CiteSpace and R software.

Results: A total of 6,405 articles published between 2001 and 2021 were included.
The United States and China received the most citations, whereas the University of
Milan, the university of California San Francisco and Sun Yat-sen University were
the main research institutions. Mantovani, Alberto from Humanitas University was
the most productive authors with the most citations. Cancer Research published
the most articles and received the most co-citations. Activation, angiogenesis,
breast cancer, NF-kB and endothelial growth factor were important keywords in
TAM research. Among them, PD-1/L1, nanoparticle, PI3Ky, resistance and immune
microenvironment have become the focus of attention in more recent research.

Conclusions: The research on TAM is rapidly evolving with active cooperation
worldwide. Anticancer therapy targeting TAM is emerging and promising area of
future research, especially in translational application. This may provide guidance
and new insights for further research in the field of TAM.
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Introduction

Macrophages has long been considered to be an evolutionarily
ancient cell type involved in tissue homeostasis and immune defense.
Recently, macrophages were discovered to regulate a variety of
diseases depending on the surrounding tissue microenvironment,
especially for cancer (1-3). Tumor-associated macrophage
(TAM) is a highly abundant immune population in tumors, which
plays an important role in cancer progression, metastasis and
treatment resistance.

The ability of macrophages to adapt to subtle changes in external
stimuli results in the diversity of TAM between different types of
cancer or within the same tumor. Macrophages are generally divided
into classically activated M1 phenotypes and alternately activated M2
phenotypes to reflect the Th1/Th2 immune response. Although TAM
often shows more similar patterns to M2- polarized macrophages that
suppresses immune responses and promotes tumor progression, the
simplified M1/M2 definition might not be sufficient to cover the full
complexity of TAMs (4). In fact, TAM rarely completely follow the
true M1 and M2 phenotypes, and even some macrophages can share
both M1 and M2 signatures (5-7). In addition, the cell subsets do not
exist at a steady stage and changes as the tumor progresses. Each
population has a unique landscape based on the type, stage and
immune composition of the infiltrated tumors. The plasticity and
heterogeneity allow TAM to promote or suppress tumor growth and
progression through multiple pathways. Therefore, there is great
significance to quantitatively evaluate the research status, focus area
and development trend of TAM.

Bibliometrics is an interdisciplinary science that provides a
comprehensive and objective assessment of knowledge carriers
by mathematics and statistics (8-10). The bibliographic analysis
helps scholars understand the development of specific topic
and reveals the evolution trend of this field. This study aimed
to explore the landscape of tumor-associated macrophages,
hoping to provide new clues and ideas for future research in the
field of TAM.

Methods
Search strategies

Scientific output data was extracted from the Web of Science Core
Collection (WoSCC) database, which is one of the most widely used
source for academic and bibliometric analysis. The search formula
was presented as follows: TS = (“tumor associated macrophage*”) OR
(“tumor-associated macrophage*”) OR (“tumour associated
macrophage*”) OR (“tumour-associated macrophage*”) OR
(“cancer associated macrophage*”) OR (“cancer-associated
macrophage*”). The publication period was limited to between
2001 and 2021, and the publication type was limited to original
articles written in English. Moreover, we also used broader terms as a
benchmark dataset to better evaluate the overall trend of immune cell
research in cancer such as “tumor OR tumour OR cancer” and “T cell
OR macrophage OR neutrophil*”. The literature search and data
collection were performed independently by two researchers to
ensure the reliability of the results.
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Data collection

Original data was extracted from selected publications, including
titles, abstracts, authors, affiliations, countries/regions, journals,
publication years, references and keywords. The H-index of scholars,
impact factor (IF) and Journal citation reports (JCR) division of
journals were obtained from the Web of Science. Productivity of
activities is measured by the number of citations. Overlapping items
were merged into a single element and misspelled words were corrected
artificially. The cleaned data were exported for further analysis.

Bibliometric analysis

Bibliometric indicators are used to quantitatively describe and
evaluate the characteristics of literature and its trends. We used R
software to conduct Lotka’s Law analysis (11). VOSviewer is a
bibliometric tool for developing scientometric network and
knowledge visualization (12). The network graph generated by
VOSviewer displays the size of nodes according to the number of
publications, where closely related nodes are grouped into the same
cluster. The connection indicates the association of different nodes,
and the thickness of the connection depends on the strength of the
association. Centrality is used to measure the importance of a node’s
location in the network, and nodes with centrality greater than 0.1 are
generally considered as critical nodes. CiteSapce software provides
new angle for the bursts of research hotspots in the field of TAM (13).

Results

A total of 9,694 literatures were published in the field between
2001 and 2021. According to the exclusion criteria, we finally
included 6,405 eligible original articles in our study. The specific
flow diagram was illustrated in Figure 1.

Growth trend of publication

The overall growth trend of immune cell research in cancer were
showed in Figure 2A. Although T cell is the most heavily studied
immune population, the field of macrophage showed similar increase
rate of up to three times. For tumor-associated macrophage research,
the number of articles published exhibited a steady increase from
2001 to 2021 (Figure 2B). The output of publications from 2001 to
2008 was low, with less than 100 articles per year. With the fast
increase in the number of annual publications, there were 6,028
articles on TAM published between 2009 and 2021, accounting for
94.1% in the past two decades. These findings indicated that TAM has
gained great interest and entered the phase of rapid development.

Distribution of countries/regions
and institutions

The publications on TAM were conducted by 5,294 institutions in 99
countries/regions (Table 1). The United States received the highest

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1078705
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

Web of Science Core Collection Database
(N=9694)

Excluded 3266 studies, including
Review articles, meeting abstracts, editorial material,
book chapters, proceeding papers, letters,
corrections, retracted publication, news items, early
access, data papers, expressions of concerns

( 6428 studies identified D

Excluded 23 non-English studies, incluing
German, French, Polish, Chinese

| VOSviewer 1.6.18 |

( 6405 studies included for analysis )—P

I CiteSpace 6.1.R3 |

I R software 4.1.3 I

FIGURE 1
Flowchart of literature screening.

citations (N=123799), followed by China (N=71126) and Italy
(N=28368). Annual citations per publication peaked in the middle of
the study period in most countries/regions, especially for Italy
(Figure 3A). Although China carried out the most publications, the
average number of citations is lower than other countries/regions. The
bibliometric map revealed the tight communications between countries/
regions (Figure 3B). Intense collaborations between countries/regions
resulted in thicker connecting lines between nodes. Of them, the
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FIGURE 2

(A) The overall growth trend of annual immune cell research in cancer. (B) Annual and cumulative growth trend of TAM publications.

10.3389/fimmu.2023.1078705

centrality of the United States is as high as 0.37, suggesting that it
plays a strong bridge role between the cooperations. In addition, China,
Italy, Germany, Japan and United Kingdom are also important nodes
among clusters, with centrality greater than 0.1.

The 5,294 institutions constituted seven main clusters (Figure 3C).
The University of Milan, the university of California San Francisco and
Sun Yat-sen University were the most productive institutions, with
centrality ranged from 0.02 to 0.12. The University of Texas MD
Anderson Cancer Center and Memorial Sloan-Kettering Cancer Center
also had a centrality of more than 0.1 and belonged to a key node of
the network.

Author and co-author analysis

There were 41,399 authors involved in the study of tumor-
associated macrophages. Scientific productivity based on Lotka’s
law shows that 73.1% of authors contributed only one publication
(Figure 4A). Mantovani, Alberto from Humanitas University received
the most citations (N=10675) with the most publications (Table 2).
The next productive authors were Sica, Antonio from University of
Eastern Piedmont Amedeo Avogadro (N=9344) and Coussens, Lisa
M from University of California San Francisco (N=5745). There were
active collaborations among the author clusters of seven different
colors (Figure 4B). A certain degree of collaborations existed between
two linked nodes in different clusters, such as Pollard, Jeffrey W and
De Palma, Michele.

2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021

TABLE 1 The top 10 countries/regions and institutions that have contributed to publications on tumor-associated macrophage research.

Centrality Count Citation Institution Centrality Count Citation
United States 0.37 1947 123799 Univ Milan 0.12 67 12892
China 0.13 2157 71126 Univ Calif San Francisco 0.02 55 8971
Ttaly 0.14 369 28368 Sun Yat Sen Univ 0.05 165 7727
Germany 0.20 469 25772 Univ Texas Md Anderson Canc Ctr 0.12 107 6741
Japan 0.17 599 22314 Harvard Univ 0.08 55 6529
United Kingdom 0.15 253 15545 Mem Sloan Kettering Canc Ctr 0.11 73 6436
France 0.05 199 13833 Fudan Univ 0.01 152 6425
Switzerland 0.06 135 11200 Shanghai Jiao Tong Univ 0.07 149 6397
Netherlands 0.06 170 10305 Stanford Univ 0.04 74 6335
Spain 0.04 157 9849 Massachusetts Gen Hosp 0.04 55 5708
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Journals and cited academic journals

A total of 1,201 journals were identified in this research field. The
journal with the most publications was Cancer Research (N=173),

The cited journals network indicated the association between two
journals. Journals are divided into four clusters, and the size of nodes
represented the number of co-citations (Figure 5B). There was similar
theme between journals of the same color, especially for red cluster.

followed by Plos One (N=152) and Oncotarget (N=148). Among the
top ten journals related to TAM, 7 journals have an impact factor

greater than 5, and 5 journals were at the Q1 JCR division (Table 3).
At the same time, Cancer Research generated the most co-citations

Keywords co-occurrence, clusters
and bursts

(N=18479). Figure 5A showed Scientific Reports, Cancers and

Frontiers in Oncology were relatively new to this field,

but

Keywords were extracted from the 6,405 published articles. As

developed rapidly. shown in Table 4, NF-kB (N=336), endothelial growth factor (N=204)
A
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FIGURE 4
(A) Annual citations per publication for the top 10 countries. The network map of countries/regions (B) and institutions (C) on tumor-associated
macrophage research.
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TABLE 2 The top 10 productive authors and cited authors in the field of tumor-associated macrophages.

Authors Cited author

Mantovani, Alberto 39 182 Mantovani, Alberto 10675 182
Komohara, Yoshihiro 36 45 Sica, Antonio 9344 72
Fujiwara, Yukio 33 32 Coussens, Lisa M 5745 81
Bruene, Bernhard 30 73 DeNardo, David G 4519 40
Weigert, Andreas 27 40 Lawrence, Toby 3909 40
Sica, Antonio 26 72 Ruffell, brian 3848 29
Aiba, Setsuya 24 40 Van Ginderachter, Jo A 3702 62
Takeya, Motohiro 23 62 Weissleder, Ralph 3337 168
Van Ginderachter, Jo A 22 45 Pollard, Jeffrey W 3246 30
Van Ginderachter, Jo A 22 62 Pittet, Mikael 3187 72

and PD-L1 (N=170) were the most commonly involved molecules.
Activation (N=1002), polarization (N=903) and angiogenesis
(N=806) appeared more frequently for pathological processes. As
for specific diseases, breast cancer (N=840), colorectal cancer
(N=287) and lung cancer (N=251) received the most attention.

Clustering keywords help to identify the distribution of research
content on a specific topic (Figure 6). The largest blue cluster consisted
of keywords was associated with the pathological processes and
molecules of macrophages, including angiogenesis, NF-Kappa B and
oxidative stress. Red cluster involved the cancer treatment, including
immunotherapy, resistance and nanoparticle. Yellow cluster mainly
explored the factors associated with tumor prognosis.

A visual map was constructed to show the trend of keywords
bursts, where the red part represented the duration of citation burst
(Figure 7). The early burst keywords included angiogenesis, epithelial
growth factor, and colony stimulating factor. Citation bursts in the
middle period (2011-2016) were significantly attenuated with a
decrease in hotspot keywords such as NF-xB, Hodgkin lymphoma

and scavenger receptor. In recent years (2018-2020), the treatment of
cancer received increasing attention from researchers. PD-1/L1,
PI3Ky, resistance, nanoparticle and immune microenvironment has
become the focus of attention of current research.

Discussion

Tumor-associated macrophage is an important part of the tumor
microenvironment and interacts with cancer cells to maintain the
most of characteristics of tumors. The diversity of TAM forms a
complex communication network between cancer and immune cells
(14). In this study, we extracted TAM studies from public databases
for bibliometric analysis to identify its hotspots and development
trends. The increasing trend in annual publication volume
demonstrated the significant potential of TAM in cancers.

The United States and China were the countries with the most
citations. The distribution of institutions is consistent with countries/

TABLE 3 The top 10 journals and cited journals related to tumor associated macrophages.

Journal Count IF JCR Cited journal Citation IF JCR
(2021) (2021) (2021) (2021)
Cancer Research 173 13.312 Q1 Cancer Research 18479 13312 Q1
Plos One 152 3.752 Q2 Cancer Cell 9039 38.585 Q1
Oncotarget 148 - - Clinical Cancer Research 8991 13.801 Q1
Oncoimmunology 110 7.723 Q1 Proceedings of the National Academy of Sciences of the United 8035 12.779 Q1
States of America
Scientific Reports 104 4.996 Q2 Plos One 7910 3.752 Q2
Clinical Cancer 95 13.801 Q1 Journal of Experimental Medicine 7358 17.579 Q1
Research
Cancers 90 6.575 Q1 Journal of Immunology 8030 5.426 Q2
Cancer Letters 86 9.756 Q1 Journal of Clinical Investigation 6982 19.456 Q1
Journal of 85 5.426 Q2 Blood 6437 25.476 Q1
Immunology
Frontiers in 83 5.738 Q2 Nature Communication 3943 17.694 Q1
Oncology
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(A) Annual number of publications for the top 10 journals. (B) The network map of journals on tumor-associated macrophage research.

TABLE 4 The top 10 molecules, pathological process and disease related to tumor associated macrophages research.

Molecules Pathological processes Diseases

NF-Kappa B 336 Activation 1002 Breast cancer 840
Endothelial growth factor 204 Polarization 903 Colorectal cancer 287
PD-L1 170 Angiogenesis 806 Lung cancer 251
CD163 149 Infiltration 341 Hepatocellular carcinoma 240
Colony stimulating factor 146 Differentiation 291 Glioblastoma 164
INF-gamma 141 Proliferation 255 Gastric cancer 164
TGEF-B 118 Epithelial mesenchymal transition 219 Ovarian cancer 148
STAT3 116 Apoptosis 206 Pancreatic cancer 141
Nitric Oxide 107 Metabolism 99 Melanoma 137
CD68 93 Recruitment 97 Prostate cancer 136
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FIGURE 6
The network map of keywords on tumor-associated
macrophage research.

Top 50 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End 2001 - 2021

Angiogenesis 2001 31.36 2001 2012

Endothelial Growth Factor 2001 23.6 2001 2014

Colony-Stimulating Factor 2001 1645 2001 2013 e—
Infiltration 2001 128 2001 2013 —
Breast Carcinoma 2001 12.54 2001 2011  eom———
Endothelial Cell 2001 12.57 2002 2012 s——
Microvessel Density 2001 9.67 2002 2012 e—
Nitric Oxide Synthase 2001 946 2002 2010 —
Messenger RNA 2001 7.38 2002 2010 e—
Cytokine 2001 5.85 2002 201 e—
In Vivo 2001 2391 2003 2013 —
Necrosis Factor Alpha 2001 17.74 2003 2014 e——
Nitric Oxide 2001 1178 2003 2012 e
Monocyte Chemoattractant Protein 1 2001 9.34 2003 2012 s
Gene Expression 2001 20.58 2004 2012 s—
Dendritic Cell 2001 1644 2004 2013  s—
Immune Reponse 2001 5.72 0 2004 201 e —
Human Monocyte 2001 979 2005 2013 se—
Mast Cell 2001 724 2005 201 ] o —
IFN Gamma 2001 9.61 2006 2015 ——
Population 2001 536 2007 2012 s——
VEGF 2001 526 2007 2013  ——
Mammary Tumor 2001 12.99 2008 2014  se———
Lymphangiogenesis 2001 838 2008 2015 se——
Innate Immunity 2001 7.08 2008 201]  s———
Epithelial Cell 2001 559 2008 2012 s——
Tumor Growth 2001 509 2008 2015 ————
NF-Kappa B 2001 2152 2009 2014  ——
Alternative Activation 2001 13.68 2009 2015  se—
Follicular Lymphoma 2001 649 2009 2015  s———
Angiogenic Switch 2001 629 2009 2013  s——
IL-10 2001 5.05 2009 2013  se————
Suppressor Cell 2001 7.32 0 2010 201 ] co—————————
Scavenger receptor 2001 542 2011 2016 se————
Hodgkin Lymphoma 2001 691 2012 2014  se——
Epstein Barr Virus 2001 772 2013 2015 e——
Tumorigenesis 2001 6.74 2013 2017 s————
Inflammatory Response 2001 4.84 2015 2018 s———
Anticancer Therapy 2001 594 2016 2018 se——
Nivolumab 2001 6.58 2017 202]  se—
Solid Tumor 2001 554 2017 2018 s——
PD-L1 2001 6.53 2018 202] s—
PD-1 2001 574 2018 202] se—
Transcription 2001 508 2018 202] s—
Blockade 2001 17.45 2019 202]  se—
Resistance 2001 1267 2019 202]  s—
Nanoparticle 2001 10.08 2019 202] s—
PI3K-Gamma 2001 6.58 2019 202]  se—
Immune microenvironment 2001 544 2019 202] s—
Efficacy 2001 502 2019 202]  se—

FIGURE 7

The top 50 keywords with the strongest citation bursts on tumor-
associated macrophage research.
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regions based on geographical location. However, the average citations
for most countries/regions and institutions did not correspond well to
the number of publications in this field. More robust efforts may be
required to deeply clarify the role and mechanism of TAM in tumor.
Meanwhile, the United States achieves a maximum level of
cooperation in TAM research with a centrality of 0.37. Compared
with other countries, it constitutes several cooperative subnetworks to
better promote the development of the field, such as the University of
Texas MD Anderson Cancer Center, Memorial Sloan-Kettering
Cancer Center and University of Chicago.

Regarding the productivity of authors, Alberto Mantovani received
the most citations in the TAM field. Mantovani mainly focused on the
regulatory effect of chemokines on TAM (15-17) and some related
anticancer drugs such as trabectedin (18, 19). Given the limitation of
the binary M1-M2 classification of macrophage, Mantovani also
attempted to divide macrophages into additional subsets (M2a, M2b
and M2c¢) (20) or used looser terms (M1-like and M2-like) (21). Besides
the collaborations with Mantovani, Antonio Sica made efforts to link
inflammatory reaction to cancer through NF-kB (22-24). Coussens’s
group from University of California San Francisco focused more on the
immune cell crosstalk in breast cancer (25-27).

Cancer research published the most articles and received the
highest number of co-citations. Scientific Reports, Cancers and
Frontiers in Oncology were emerging journals spreading
macrophage research. Papers published in highly cited journals
such as Nature, Blood and Cell were more likely to be reviewed by
scholars and have more access to citations.

The clustering analysis of keywords indicated that TAM research
ranged from the biological properties of macrophages to the targeted
therapy of cancer. TAM is highly related to specific pathological context,
and its complex mechanism in tumors has attracted extensive attention.
Angiogenesis is the initial research focus, which provides basic
condition for tumor growth and dissemination. Angiogenesis is the
initial research focus, which provides basic condition for tumor
progression. Studies have shown that TAM can promote angiogenesis
through the release of cytokines, growth factors and matrix
metalloproteinases or the expression of TIE2 receptors (28-32). NF-
KB is considered to be a molecular link between the inflammation and
cancer. In the middle period, it gradually presented the highest citation
burst strength. NF-kB activation in macrophages is essential for tumor
growth. Inhibition of IKK[ leads to a significant reduction in tumor
onset and load of several inflammation-induced cancer models (33-35).
However, TAM often shows alternative immunosuppressive M2-like
phenotype, which is not easily reconciled with the proinflammatory
function of NF-xB in TAM. The scavenger receptor MARCO expressed
on the surface of macrophages is able to regulate macrophage
polarization and enhance tumor killing (36, 37).

Recently, anticancer therapy targeting TAM has generated the most
research enthusiasm. Immunosuppression microenvironment limits the
efficacy of checkpoint block and adoptive cell therapy, particularly in
solid tumors (38). TAMs can suppress immunotherapy efficacy by
inhibiting T-cell activity and enhancing the expression of PD-L1 in the
TME. In addition to inhibiting T cell activation, a study from Sydney
et al. showed that immune checkpoint inhibitor PD-1/L1 also inhibited
TAM phagocytosis, which may be associated with M2 polarization (39).
In-depth inquiry of PD-1/L1 expanded the knowledge of PD-1/L1 from
its role in T cells to many other cell types, including macrophages.
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PI3K/Akt is also an important signaling pathway participating in
macrophages survival, proliferation and cytoskeleton rearrangement.
PI3K induces TAMs into M2-like phenotype and is closely correlated
with poor clinical outcomes of cancers (40). Inhibition of PI3Ky make
tumors sensitive to immune checkpoint inhibitors by reprogramming
TAM, demonstrating the importance of macrophage-mediated immune
microenvironment for optimal immunotherapy efficacy (41-43). CSF-1R
expressed on TAMs is involved in the activation of PI3K signaling
pathway, and regulate the immune inhibition in macrophages. Blockade
of CSF1 has been shown to deplete TAM and prevent TAM recruitment
to the tumor (44, 45). Targeting TAM can play its unique regulatory
function in promoting the antitumor effects of current immunotherapy.

Due to the unique biophysical properties, nanoparticles show
greater advantages and potentials in cancer treatment. Compared
with traditional drugs, nanoparticles can extend retention time and
achieve targeted delivery with a decreased toxicity. Some studies have
reported that nanoparticles specifically enhance anticancer immune
responses by targeting TAM (46-50). The rich blood circulation and
strong phagocytosis ability also make macrophages themselves
become the optimal carrier of drug delivery. TAM allows the
delivery of nanotherapeutic drugs to tumor cells and alters the
spatial diffusion of drugs within the tumor (51, 52). Imaging the
response between tumors and nanomaterials provide a reliable basis
for the development of highly effective targeted therapies.

The bibliometric study reflected the development trend and
research hotspots in this field to a certain extent. At the same time,
this study has several limitations. The included literatures were
collected from WOSCC database, which caused the omission of some
information. Furthermore, there were potential biases in bibliometric
method based on natural language processing. Excessive adjustments
for inaccurate elements may reduce the credibility of the results.

In conclusion, the research on TAM is rapidly evolving with
active cooperation worldwide. And anticancer therapy targeting TAM
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Background: Immunological phenotypes and differentiation statuses commonly
decide the T cell function and anti-tumor ability. However, little is known about
these alterations in CML patients.

Method: Here, we investigated the immunologic phenotypes (CD38/CD69/HLA-
DR/CD28/CD57/BTLA/TIGIT/PD-1) of T subsets (TN, TCM, TEM, and TEMRA) in
peripheral blood (PB) and bone marrow (BM) from de novo CML patients (DN-
CML), patients who achieved a molecular response (MR) and those who failed to
achieve an MR (TKI-F) after tyrosine kinase inhibitor (TKI) treatment using
multicolor flow cytometry.

Results: CD38 or HLA-DR positive PB CD8+TN and TCM cells decreased in the
DN-CML patients and this was further decreased in TKI-F patients. Meanwhile, the
level of PD-1 elevated in CD8+ TEM and TEMRA cells from PB in all groups. Among
BM sample, the level of HLA-DR+CD8+TCM cells significantly decreased in all
groups and CD8+TEMRA cells from TKI-F patients exhibited increased level of
TIGIT and CD8+ tissue-residual T cells (TRM) from DN-CML patients expressed a
higher level of PD-1 and TIGIT. Lastly, we found a significantly decreased
proportion of CD86+ dendritic cells (DCs) and an imbalanced CD80/CD86 in
the PB and BM of DN-CML patients, which may impair the activation of T cells.

Conclusion: In summary, early differentiated TN and TCM cells from CML patients
may remain in an inadequate activation state, particularly for TKI-F patients. And
effector T cells (TEM, TEMRA and TRM) may be dysfunctional due to the expression
of PD-1and TIGIT in CML patients. Meanwhile, DCs cells exhibited the impairment
of costimulatory molecule expression in DN-CML patients. Those factors may
jointly contribute to the immune escape in CML patients.

KEYWORDS

T cell subsets, CML, bone marrow microenvironment, immunological phenotypes,
tyrosine kinase inhibitor
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Introduction

Chronic myeloid leukemia (CML) is a hematological tumor driven
by the BCR-ABLI fusion protein, which constitutively activates tyrosine
kinases. This activation leads to the accumulation of immature
granulocytes and their progenitors in peripheral blood (PB) and bone
marrow (BM). The advent of tyrosine kinase inhibitors (TKIs) has
transformed CML into a chronic disease. Most patients achieve a life
expectancy close to that of the general population (1-5). However, some
patients do not have an optimal response in the initial stage of TKI
treatment or lose a previously achieved hematological, cytogenetic, or
molecular response during TKI treatment. These patients are identified as
failing response to TKIs (TKI-F) and frequently develop into the
accelerated phase (AP) or blast crisis (BC) phase, leading to poor
prognosis (6-8). Additionally, due to the side effects and costs of TKIs,
many CML patients who achieve major molecular remission (MMR) are
eager to withdraw from the drug. Currently, studying the immune system
changes in those patients before and after TKI treatment may provide
more information for solving their problems.

T cells play an integral role against pathogens and clear tumor
cells. During the immune process, naive T (Ty) cells recognize
pathogens presented by dendritic cells (DCs) and accept activation
signals by binding the costimulatory ligand CD80 or CD86 on DCs.
Ty cells further differentiate into effector memory T cells (Tgpp)/
CD45RA™ effector memory T cells (Tgyra) to clear antigens. Once
pathogens were cleared, most activated T cells experienced apoptosis
and a minority of survival effector T cells becomes central memory T
cells (Tem) cells. Afterward, Ty cells provide immediate protection
when re-infected and ultimately persist for a lifetime (9-13). Thus, the
different differentiated status of the T cell subsets partially indicates
the function of T cells. Recently, increasing evidence has indicated
that the immunological status of T cell subsets provides better
prognostication than CD4" or CD8" T cells in cancer patients, e.g.,
AML patients who express a higher percentage of PD-1"Tim3"CD8"
Tcm cells are prone to relapse, and the prognosis of breast cancer
patient with a higher number of CD8" tissue residual memory T
(Trm) cells was better (14, 15).

Indeed, accumulating evidence has proven that CML patients
undergo several phenotypic and functional aberrations in the
immune system, and this phenomenon is applicable to CML
patients who at diagnosis, achieve MMR on TKI therapy and even
at treatment-free remission (16-20). It’s well known that the
activation and proliferation of T cells are impaired due to the lower
expression of CD3( and higher expression of immune checkpoints
(ICs) (18, 21, 22). However, most studies only focused on total CD8"
or CD4" T cells, and exploration of the immunophenotypes of T cell
subsets remains limited for CML patients, particularly TKI-F patients.
Additionally, BM is the origin and natural shelter for leukemia cells.
Moreover, the BM accumulates immunosuppressive cells, including
regulatory T (Treg) cells, myeloid-derived suppressor cells (MDSCs),
and plasmacytoid DC that inhibit the anti-tumor response of T cells
(23-27). These characteristics make the BM microenvironment
(BMM) similar to the immunologic microenvironment of solid
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tumors. Hence, intensive study of the immunophenotypic
characteristics of the T cell subsets driven by the leukemia BMM is
critical for providing effective immunotherapy for CML patients.

Here, we used flow cytometry to assay the expression of the
activation markers CD38, CD69, and human leukocyte antigen - DR
isotype (HLA-DR), the IC molecules programmed death-1 (PD-1), B,
and T lymphocyte attenuator (BTLA), and T cell immunoglobulin
and ITIM domain (TIGIT), the co-stimulation marker CD28, and the
immune senescence marker CD57 on different T cell subsets in PB
and BM from CML patients. We categorized CML patients into
different statuses according to the level of BCR-ABL1 and TKI-
treatment response: de novo CML (DN-CML: BCR-ABL1 > 10%),
molecular remission (MR: BCR-ABL1 < 10%), and TKI-F. The TKI-F
patients were identified as CML patients who failed to achieve a
molecular response (TKI-F, BCR-ABLI > 10%) with regular oral
administration of first or second-generation TKIs after 3 months.
Finally, we describe the T cell costimulatory molecules CD80 and
CD86 on DCs in the CML groups.

Materials and methods
Patient samples

PB samples were obtained from DN-CML (n = 16), TKI-F (n =9),
and MR (n = 20) patients. BM aspirate samples were extracted from
23 cases, including 11 newly diagnosed patients, 6 at MR, and 6 at
TKI-F. PB samples were obtained from healthy individuals (HIs; n
=12), BM aspirate samples from hematopoietic stem cell
transplantation (HSCT) donors (n = 6) and patients with iron-
deficiency anemia (n = 3) were collected as control. All MR
patients achieved complete hematologic response (CHR) with BCR/
ABL < 10% after TKI treatment. In addition, previous studies have
found that the immunologic characteristics of T cells in CML patients
varied with different molecular remission levels (18). The MR patients
were further divided into 2 groups according to the BCR/ABLI level.
MMR patients (n = 10) with a level < 0.1% and pre-MMR (n = 10)
representing the period before MMR was achieved with a BCR-ABL1
transcript level > 0.1% and < 10%. The TKI-F were patients with BCR/
ABL1 > 10% consistently after regular 12-month TKI treatment.
Sample data are shown in Tables 1, 2. Detailed sample information of
TKI-F patients are shown in Table 3.

Flow cytometry analysis

PB and BM samples were collected in EDTA tubes. First, 150 ul of
PB or BM aspirate was incubated with CCR7-BV421 for 15 min in the
dark at 37°C. Then, the samples were incubated with multiple
premixed fluorescence antibodies for 20 min in the dark at room
temperature. The final volume was 200 pl. T cells subsets and surface
antibodies staining were performed in two 11-color panels including
the following antibodies. CD45-BUV395 (clone HI30, BD) was used
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TABLE 1 Peripheral blood sample characteristics.

10.3389/fimmu.2023.1078118

DN-CML TKI-F Pre-MMR MMR HI
Cases 16 9 10 10 12
Status CP/BC(14/2) CP/AP/BC (4/3/2) CHR CHR _
Age 45.5 48 39.5 40.5 42.5
(median; range) (32-74) (35-68) (28-79) (21-79) (21-74)
Gender (male/female) 9/7 712 6/3 3/6 6/6

Diagnosis data (median, range)

BCR-ABLI (IS)% 95.6 (13.4-240.0)

32 (11.8-194.4)

2.35 (0.005-9.1) 0.029 (0.028-0.09)

TKI duration
(median, range) months

(14-120)

28 7

(1-83)

47
(5-108)

DN, de novo; CP, chronic phase; AP, acceleration phase; BC, blast crisis; CHR, clinical hematologic remission; IS, international standard.

to identify CD45™€" cells which can rule out tumor cells. CD3-AF700
(clone UCHT1, BD), CD4-APC-H7 (clone RPA-T4, BD), CD8-APC-
H7 (clone SK1, BD), CD45RA-Percp-cy5 (clone HI100, Biolegend),
CCR7-BV605 (clone 3D12, BD) and CD69-PE-cy7 (clone FN50, BD)
were used to identify CD4" or CD8" T subsets. CD38-APC (clone
HIT2, BD), BTLA-PE-CF594 (clone J168-540, BD), TIGIT-BV421
(clone A15153G, Biolegend) and CD28-BB515 (clone CD28.2, BD)
were used in Tube 1, CD57-APC (clone NK-1, BD), PD-1-BV421
(clone EH12.2H7, Biolegend), and HLA-DR-PE-CF594 (clone G46-6,
BD) were used in Tube 2. DCs cells and surface antibodies staining
were performed in 5-color panels including the following antibodies.
CD45-BUV395 (clone HI30, BD), HLA-DR-PE-CF594 (clone G46-6,
BD), Lin-FITC (CD3, CD14, CD16, CD20, CD56, cat:340546, BD),
CD80-PE (clone L307.4, BD), CD86-PE-cy7 (clone FUN-1, BD). The
samples were lysed using lysis buffer (BD; Cat: 555899) for 15-20 min
and washed and suspended in phosphate buffer saline (PBS). Finally,
20 ul of absolute count microsphere (Thermos; Cat: C36950) were
added to the samples to calculate the absolute number of cells. A
minimum of 20,000 CD3" T cells and 2000 DC cells were acquired by
flow cytometry (FACS Fortessa, BD Bioscience) and analyzed using
Flowjo 10.6. FCS.

Statistical analysis

All data were represented as medians, and differences between
every two groups were analyzed by the Mann-Whitney U test. The
statistical analysis and figure generation were performed using
GraphPad Prism version 8.02 software. Significance is indicated as
P < 0.05.

TABLE 2 Bone marrow sample characteristics.

Results

A higher percentage of PD-1"CD8*
T cells in the PB of CML patients of
different statuses

The gating strategy for identifying the CD4+ and CD8+ T cells
and their phenotypic characteristics was shown in Figure 1A. We first
identified the absolute number of CD3*, CD4", and CD8" T cells in
PB and BM in each CML group and found that there was a slightly
increased trend for CD3™ T cells (1,133 cells/ul vs 2,064 cells/ul, P =
0.0883) and a significant increase in CD8" T cells in the PB of DN-
CML patients compared with HIs (368 cells/ul vs 1,581 cells/ul, P =
0.0178) (Figure 1B). In the BM, CD3" (616 cells/ul vs 1320 cells/ul P =
0.0015), CD4" (301 cells/ul vs 671 cells/ul, P = 0.0117), and CD8"
(210 cells/ul vs 507 cells/ul, P = 0.0005) T cells were all significantly
increased in DN-CML patients compared with HIs (Figure 1C). No
significant differences were observed between other CML groups
and Hls.

Next, we compared the expression of CD38, CD69, HLA-DR,
CD28, CD57, BTLA, TIGIT, and PD-1 on the CD4" and CD8" T
subsets in PB for each CML group. The results demonstrated that the
expression of the activation marker CD38 on the CD4" T subset was
significantly decreased in TKI-F patients compared with HIs (19.6%
vs 10.5%, P = 0.0020) (Figures 1D and F), while the level of CD69 and
HLA-DR also showed a decreasing trend on the CD4* and CD8" T
subset respectively (Figure 1F). These alterations suggest that the
activation capacity of CD4" and CD8" T cells from TKI-F patients
may be impaired. In addition, a lower level of CD69"CD4" T cells
(5.46% vs 1.89%, P < 0.0001) was found in MR patients compared to

Cases 11 6 6 9
Status CP/AP (10/1) CP/AP/CHR (1/2/3) CHR CHR
Age (median; range) 45 (32-74) 42.5 (35-68) 43 (25-79) 35.5 (19-62)
Gender (male/female) 7/4 4/2 3/3 4/5

DN, de novo; CP, chronic phase; AP, acceleration phase; BC, blast crisis; CHR, clinical hematologic remission; IS, international standard.
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TABLE 3 TKI-F PB sample characteristics.

10.3389/fimmu.2023.1078118

Age/ Status BCR-ABL Mutation in ABL1 kinase region TKI-
Gender 1 (IS) % Duration(months)
P1 46/M BC 89.723 N 14 Imatinib
P2 50/M AP 124.154 T3151 50 Nilotinib
P3 48/M AP 118.073 N 26 Dasatinib
P4 35/M BC 45931 N 20 Dasatinib
P5 51/M AP 49.931 F3171 96 Imatinib
P6 56/F Cp 13.732 c.1423_1424ins35 (p.Cys475fs*11) 28 Nilotinib
P7 35/M cp 194.110 N 17 Imatinib
P8 39/F cp 58.121 T3151 40 Imatinib
P9 68/M cp 11.843 N 120 Imatinib

CP, chronic phase; AP, acceleration phase; BC, blast crisis; IS, international standard.

HIs (Figures 1D, F). For the exhausted and senescent molecular
expression pattern, we found that the level of PD-1"CD8" T cells was
significantly increased in DN-CML (25.3% vs 16.5%, P = 0.0231),
TKI-F (24.6% vs 16.5%, P = 0.0076), and MR (23.8% vs 16.5%, P =
0.0016) patients when compared with HIs (Figure 1F).

An increased PD-1 level in the CD8" Tgm
and Tgmpra subsets in PB from CML patients

To further understand the immunophenotypic alterations in each
T cell subset. We divided the CD4" and CD8" T cells into Ty
(CD45RA™CCR7"), Tey (CD45RACCR7Y), Ty (CD45RATCCR7
)> and Tgyvra (CD45RA'CCR7') subsets based on CD45RA and CCR7
expression. We compared activated/inhibitory/senescent phenotypic
characteristics of each subset in the PB of the patient groups and HIs.
The gating strategy is shown in Figure 2A. To exhibit the differences
of a single marker in the T cell subsets, the fold change (FC) of the
mean value between each CML group and HIs was shown in volcano
figures (Figures 2B-E). We found that the expression of the activation
markers CD38, CD69, and HLA-DR decreased on Ty and Ty
subsets in DN-CML patients and further decreased in TKI-F
patients. Moreover, these abnormalities gradually restored to
normal levels at the time of remission. The detailed expression
characteristics of each group were shown in Supplementary
Figure 1. Unlike Ty and Tcy, which exhibit a lower level of
activation markers, the Tgy and Tgryra subsets mainly demonstrate
increased expression of PD-1 in the PB of the CML patient groups.
(Figures 2B-E). We further compared PD-1 expression on Tgy and
Trmra cells between the CML patients and HIs. The percentage of
PD-1"CD4" Ty cells significantly increased in DN-CML (31.54%, P
= 0.0032), TKI-F (35.47%, P = 0.0026), and Pre-MMR (31.7%, P =
0.0044) patients compared to HIs (21.2%). No significant difference
was observed in the CD4" Tgyra subset between CML patients and
HIs. Similarly, the proportion of PD17CD8" Tgy cells increased in
DN-CML (41.90%, P = 0.0006), TKI-F (33.28%, P = 0.0101), Pre-
MMR (33.75%, P = 0.0039), and even MMR (29.56%, P = 0.0101)
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patients compared with HIs (20.08%). In addition, the level of PD-
1"CD8" Tgpmgra significantly increased in DN-CML (16.57%, P =
0.0083), TKI-F (18.73%, P = 0.0019), and Pre-MMR (17.32%, P =
0.0052) patients but returned to a normal level in some MMR patients
(15.27%, P = 0.3686) when compared with HIs (7.94%) (Figure 2F).

Increased PD-1*/TIGIT*CD8" Tgm cells in
BM of DN-CML patients

The immunosuppressive BMM protects malignant hematopoietic
stem cells from immunological surveillance, which may contribute to
leukemia relapse (23). We examined the expression of each marker on
BM CD8" T cells and subsets. The results revealed no significant
difference in the expression of each of the above markers on total
CD8" T cells between each CML group and HIs. However, when
looking at the subset level, we found a significantly decreased level of
HLA-DR*CD8*Tcy; in DN-CML (36.75% vs 12.40%, P = 0.0462) and
a further decrease in TKI-F (36.75% vs 6.71%, P = 0.0087) and MR
(37.75% vs 5.20%, P = 0.0082) patients compared to the control
group. For other markers, only an increased percentage of
TIGIT'CD8" Tryra (42.60% vs 75.45%, P = 0.0256) was observed
in TKI-F patients (Supplementary Figure 2).

With the exception of the classic memory T cell subsets, we also
examined the expression of the above markers on Try cells, which are
abundant in non-lymphoid tissues, such as skin, lung, and BM (28).
Tru cells express a low level of CD45RA and lack CCR7, and CD69 is
a key marker to identify Tgy (CD45RA"CCR7 CD69") from Tgy
cells (29). Detailed gating strategies are shown in Figure 3A and the
expression of PD-1 and TIGIT in the BM of HI and CML patients
were shown in Figure 3C. These results demonstrated that the
number of CD8" Tgy; cells increased in DN-CML patients but
there was no difference in the TKI-F and MR groups compared to
HIs (Figure 3B). Further, we also found a significantly increased
percentage of PD-1"CD8" Tgy; cells (53.50% vs 73.30%, P = 0.0409)
and TIGIT*CD8" Try (61.40% vs 77.00%, P = 0.0465) cells in DN-
CML patients compared with HIs (Figure 3D).
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FIGURE 1

TKI-F patients exhibit a lower level of the activation markers CD38 and CD69 on CD4" T cells and HLA-DR on CD8" T cells, and the exhaustion marker
PD-1 increased on PB-CD8" T cells in all CML groups. (A) The top figure shows the gating strategy for CD38, CD69, HLA-DR, CD28, CD57 BTLA, TIGIT,
and PD-1in the CD4* and CD8" populations by flow cytometry. The absolute number of CD3", CD4*, and CD8" T cells in the PB and BM (B, C) The
darkness of the color represents the mean frequency of a single immune marker on CD4* (D) and CD8™ (E) T cells in PB from Hls and DN-CML, TKI-F,
and MR patients. The asterisk (*) represents a significant alteration in CML patients compared with Hlis. (F) The proportion of CD38"CD4*, CD69*CD4",
HLA-DR*CD8", and PD-1"CD8" in PB from HIs and DN-CML, TKI-F, and MR patients. HIs-PB (CD4, n = 12, CD8, n = 12), DN-CML-PB (CD4, n = 12,
CD8, n = 16), TKI-F-PB (CD4, n = 7, CD8, n = 9), and MR-PB (CD4, n = 17, CD8, n = 20). The P values shown are from the Mann-Whitney U test

between groups.
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FIGURE 2
The abnormal immunophenotype of PB T cell subsets distributed in DN-CML and TKI-F patients gradually returning to normal in pre-MMR and MMR
groups. (A) Gating strategy for the CD4"* and CD8" T cells subsets in one HI. CD45RA and CCR7 were used to divide the T cells into Ty
(CD45RA*CCR7"), Tem (CD45RA'CCR7*), Tem (CD45RA™CCR77), and Tempa (CD45RATCCRY7) cells. The proportion of the T cell subset single-marker
immunophenotypes in His and DN-CML (B), TKI-F (C), pre-MMR (D), and MMR (E) patients were compared (Mann-Whitney U test). The P-value plotted
on the vertical axis of volcano figure. Immunologic characteristics with the mean percentage of fold change (FC) > 1 are enriched in CML patients, and
FC < 1 was more frequent in Hls. The blue and red points respectively represent CD4* and CD8" T cells. (F) The frequency of PD-1 on CD4" Tgy, CD4"
Temra, CD8* Tepm, and CD8™ Temra cells in PB from His and DN-CML, TKI-F, pre-MMR, and MMR patients. Hls-PB (CD4, n = 10, CD8, n = 10), DN-CML-
PB (CD4, n = 13, CD8, n = 16), TKI-F-PB (CD4, n = 7, CD8, n = 9) and MR-PB (CD4, n = 18, CD8, n = 20). The P values shown are from the Mann-
Whitney U test between groups.

Decreased expression of CD86 on DC cells differentiation. Here, we identified DCs (HLA-DR'Lin’) from the

in PB and BM from DN-CML patients CD45"¢" population aiming to eliminate the interference from
leukemia cells. Next, we analyzed the expression of CD80 and

DCs can provide costimulatory signals driven by the molecules  CD86 on DCs, and detailed gating strategies are presented in
CD80 and CD86 to induce T cell activation and functional  Figure 4A. The results show that the percentage of CD86" DCs
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FIGURE 3
The absolute numbers of CD8*Tgpy cells increased in the BM of DN-CML patients while accompanied by an elevated expression of PD-1 and TIGIT.
(A) Gating strategies to indicate the Trym cells. CD45RA™ and CCR7™ were used to identify the Tgm subsets and then Try cells were further gated by CD69
expression. (B) The percentage and absolute number of CD8"Tgy cells in His, DN-CML, TKI-F, and MR patients. (C) Flow-cytometry analysis detected
the frequency of PD-1*CD8™ Tgy (left) and TIGIT*CD8* Tgp (right) in Hls (top: n = 4) and DN-CML (below: n = 4). (D) Increased proportion of PD-1 (left)
and TIGIT (right) on CD8" Tgwm cells in BM from Hls (n = 10) and DN-CML (n = 10), TKI-F (n = 6), and MR (n = 6) patients. The P values shown are from
the Mann-Whitney U test between groups.

decreased in PB (41.2% vs 21.5%, P = 0.0011) and BM (30.9% vs
12.45%, P = 0.0207) of DN-CML patients compared to controls.
Previous studies have reported that DCs expressing a normal level of
CD80 and lower CD86 act as immature DCs. We further assayed
CD80 and CD86 on T cells in the CML groups and HIs. The result
demonstrated a significantly decreased ratio of CD80/CD86 both in
the PB (0.42 vs 0.90, P = 0.0173) and BM (0.19 vs 0.36, P = 0.0650) of
DN-CML patients, and 5 patients had an inverse ratio. Additionally,
the CD86 expression and CD80/CD86 ratio could return to a normal
level after TKI treatment (Figures 4B, C).

Discussion

Our previous study found that memory T cell subset distribution
skewed toward a terminally differentiated status in DN-CML patients
and restore in MR-CML patients, suggesting that the T cell subset
distribution might be important for inducing and maintaining
remission in CML patients (30). In this study, we further found
that the immunophenotype of the T cell subsets (T, Tcm, Tems
Temra> Trv) Was associated with the disease status and location. On
the level of the total CD4" and CD8" population, we only found a few
function markers or even no markers were changed in the PB and BM
of patients respectively, however, further analysis of the T cell subsets
revealed that the markers representing the activation and
proliferation (CD38, HLA-DR, and CD69) (31, 32) were decreased
in the less differentiated Ty and T¢y subsets in the DN-CML and
TKI-F patients, while gradually recovered in the pre-MMR and MMR
patients. In addition, the higher expression of PD-1 on peripheral
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CD8" T cells detected in all the patients treated with TKI, especially
for TKI-F patients, this consistent with recent research that a higher
percentage of PD-1 detected on CD4", CD8" and Treg cells in CML
patients resistant to TKI (33), however, on the level of T cell subsets,
we can see that the percentage of PD-1 high expression T cell subsets
mainly decreased in the patients who achieved MMR but not in TKI-F
and Pre-MMR patients. Those results indicated that dynamic
monitoring of the changes of these immune phenotypes in the level
of T cell subsets may help to predict the effects and outcomes after
TKI treatment.

PD-1 and TIGIT are two classic IC receptors that negatively
modulate T-cell responsiveness and limit T-cell activation during
antigen exposure (34-36). Consistent with previous studies, our
results also demonstrated that the level of PD-1"CD8" T cells
increased in the PB but not BM of DN-CML patients (18, 37), but
taking a close look at the subsets, we found that CD8" Tgy and Tgyra
subsets were mainly impaired, while the CD4" Tgy; also affected. In
the BM T cell subsets, the higher TIGIT expression was only found in
the CD8" Tgyra subset in the TKI-F group but not in the total CD8"
level. Tgy and Teyra are the main effector subsets contributing to
quickly clearing pathogens. The increased expression of PD-1 and
TIGIT on these two subsets may attenuate their anti-leukemia
function. A clinical trial aiming to improve the MMR ratio for
TKI-F patients by adding anti-PD-1 nivolumab/pembrolizumab to
TKI inhibitors has been completed, however, approximately 40% of
the patients still were TKI treatment failed (NCT#02011945). Our
data may help to discover more precise anti-leukemia immune
therapy by focusing on studying the pathologic mechanism of the
dysfunction of Tgy and Tgymra Subsets in the future.
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FIGURE 4

PB and BM DCs cells from DN-CML patients express a lower percentage of CD86 and with an unbalance CD80/CD86 ratio. (A) Gating strategy to
identify DCs cells and the expression of CD80/CD86 on DCs cells. The CD45M9" population was used to eliminate immature cells, and then HLA-DR*
and Lin™ (CD3, CD19, CD56, CD14 and CD16) was used to identify that DCs. CD80" and CD86" were further used to gate CD80" DCs and CD86" DCs
cells. (B) The frequency of CD80" DC, CD86" DC, and CD80/CD86 ratio in PB (B) and BM (C) of His (PB, n = 12, BM, n = 8) and DN-CML (PB, n = 12,
BM, n = 8), TKI-F (PB, n = 9, BM, n = 6), and MR (PB, n = 17, BM, n = 5) patients. The P values shown are from the Mann-Whitney U test between groups.

Except for the classical memory T cell subsets, Try is a specific
memory T cell located in unique tissue and organs, which provides a
lifelong immune protective effect to the regional tissue (28, 38, 39).
Increasingly studies have found that the quantity and quality of Try
cells are critical targets for immunotherapeutic modulation and
prognostic outcomes in tumor (14). However, there are still no
reports that describe CD8" Tgy alterations in the BM of CML
patients. Here, we first time found that the number of CD8" Try
cells is significantly increased in the BM of DN-CML patients
accompanied by a higher expression of TIGIT and PD-1, however,
patients who received TKI treatment not shown the same pattern.
This result indicates that BM Tgy cells from DN-CML patients may
be impaired by the leukemia cell. Further study of the function of
CD8" Tgry cells from the BM of DN-CML patients and looking for
the BM microenvironment mechanisms which lead to this result may
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help to understand more immune dysfunction mechanisms during
the development of CML.

For the proper functioning of T cells, the co-stimulatory signal
provided by DCs is an essential determinant. Through interaction
with CD80 and CD86 on the DC surface, CD28 modulates T cell
proliferation, differentiation, survival, and cytokine secretion (40, 41).
Indeed, previous studies have found that CD80 may prefer to
combine with PD-L1 and CTLA-4 if CD80 had an advantage in
expression (42). Several studies have found that CTLA4 expression
regulatory T cells accumulated in the leukemia environment of DN-
CML patients, while CML cells increased the expression of PD-L1 (18,
33, 43). Therefore, though the expression of CD28" T cells remains at
a normal level, the decreased level of CD86" DCs and the unbalanced
ratio of CD80/CD86 may also prevent the activation of T cells in DN-
CML patients. Further explore the mechanism of the downregulation
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Model illustrating the immunophenotypic differences of the T cells subsets in PB and BM in HIs and CML groups. The left and right of the figure
respectively show the alterations of PB and BM, and the center represents the common change in PB and BM. Blue, red, and black respectively represent

alterations in DN-CML, TKI-F, and MR

of CD86 on DCs cells using RNA sequencing and other methods is
necessary for developing DCs related immune treatment strategies.

Here, we further observed that the early differentiated T cell
subsets (T, Tcm) were inadequate activation and effector T cell
subsets (Tenm, Tevra> Trv) exhibited diverse exhausted phenotypes in
the PB and BM of CML patients with different disease statuses, which
may impair T cells’ long-term immunological surveillance and
simultaneously attenuate their ability to remove leukemia cells.
Meanwhile, the DCs cells may be unable to valid stimulate T
activation due to the decreased expression of CD86 and unbalanced
CD80/CD86 ratio in DN-CML patients (Figure 5). These complex
immune defects are worth further immune therapy strategy
development. For example, immunotherapeutic methods not only
need to inhibit PD-1 expression on effector T cells but also need to
enhance the activation Ty and T¢y cells, as well as increase the co-
stimulate function of DCs cells synergistically.
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decreased in TKI-F patients. The frequency of CD38, CD69, and HLA-DR on
CD4* Ty (A), CD4* Tepm (B), CD8* Ty (C) and CD8* T (D) in the PB of His (PB, n
=12,BM, n = 8)and DN-CML (PB, n = 12, BM, n = 8), TKI-F (PB,n =9, BM, n = 6)
pre-MMR (CD4, n =9, CD8, n = 9), and MMR (CD4, n = 8, CD8, n = 8) patients
The P values shown are from the Mann-Whitney U test between groups.
Significance is indicated as *, P < 0.05 in red.

SUPPLEMENTARY FIGURE 2

A decreased level of HLA-DR*CD8™ Ty cells exists in all CML groups, and TKI-F
patients have increased expression of the exhaustion marker TIGIT on BM CD8*
Temra cells. The frequency of CD38, CD69, HLA-DR, CD57, CD28, BTLA, TIGIT,
and PD-1 in CD8* T cells (A), CD8*Ty (B), CD8%Tcpm (C), CD8"Tem and
CD8"Tgmpa @among His (n = 8) and DN-CML (n = 11), TKI-F (n = 6) and MR (n
= 6) patients. The P values shown are derived from the Mann-Whitney U test
between groups.
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Acute myeloid leukemia (AML) arises from the cells of myeloid lineage and is the
most frequent leukemia type in adulthood accounting for about 80% of all cases.
The most common treatment strategy for the treatment of AML includes
chemotherapy, in rare cases radiotherapy and stem cell and bone marrow
transplantation are considered. Immune checkpoint proteins involve in the
negative regulation of immune cells, leading to an escape from immune
surveillance, in turn, causing failure of tumor cell elimination. Immune
checkpoint inhibitors (ICls) target the negative regulation of the immune cells
and support the immune system in terms of anti-tumor immunity. Bone marrow
microenvironment (BMM) bears various blood cell lineages and the interactions
between these lineages and the noncellular components of BMM are considered
important for AML development and progression. Administration of ICls for the
AML treatment may be a promising option by regulating BMM. In this review, we
summarize the current treatment options in AML treatment and discuss the
possible application of ICls in AML treatment from the perspective of the
regulation of BMM.

KEYWORDS

bone marrow microenvironment, immune checkpoint inhibitors (ICl), immune
checkpoint proteins (ICP), acute myeloid leukemia, tumor microenvironment

1 Acute myeloid leukemia

Acute myeloid leukemia (AML) stems from the myeloid cell lineage and is defined as the
presence of immature myeloid precursors (blast cells) in bone marrow or peripheral blood
(1). Although it mostly affects adults, its clinical presentation and features vary among
individuals. The latest WHO classification considers AML in 25 subtypes. Even though AML

135 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1108200/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1108200/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1108200/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1108200/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1108200/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1108200&domain=pdf&date_stamp=2023-01-20
mailto:gulderen.ydemirel@yeditepe.edu.tr
https://doi.org/10.3389/fimmu.2023.1108200
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1108200
https://www.frontiersin.org/journals/immunology

Aru et al.

is mostly seen in blood and bone marrow, extramedullary
manifestations can also be seen with certain types. AML manifests
with aggressive progression, with an overall 5-year survival rate of
approximately 25% (2, 3).

In AML, nonfunctional abnormally proliferated blast cells
dominate the bone marrow and thus impair normal hematopoiesis
that may result in pancytopenia which will further demonstrate itself
with manifestations such as anemia, clotting disorders, and
immunosuppression, where the latter increases vulnerability to
infections (4-6). In some cases, exceedingly high leukocyte count
can increase the risk of disseminated intravascular coagulation and
leukostasis of which the latter leads to lethal manifestations related to
the central nervous system (CNS) and lungs (7, 8). Patients may
experience weakness, fatigue, pulmonary leukostasis and some
abnormal bleeding, along with bruising resulting from minor
traumas (9-11). Coagulation disorders are considered the most
severe presentations of AML and they account for death in 7% of
all cases (12).

Diagnosis of AML is made by the presence of 20% blast count in
peripheral blood or bone marrow aspirate. Subtypes of the disease is
assessed by flow cytometry to define the subtype of the disease, while
chromosomal alterations are investigated using cytogenetic
approaches, morphological changes in cells can be observed by
bone marrow smears, and oncogenic mutations can be detected by
genomic sequencing (1, 13).

2 Current treatment strategies in acute
myeloid leukemia

Treatment strategies in AML depend on prior toxic exposure,
precursor myelodysplasia, karyotypic and molecular abnormalities
and patient-specific factors, including assessment of comorbid
conditions, age, risk status, or disease situation such as relapsed or
refractory. National Comprehensive Cancer Network (NCCN)
Clinical Practice Guidelines in Oncology offer annually updated
recommendations for the diagnosis and treatment of AML in
adults, based on the reviews of recently published clinical trials
which have led to significant improvements in treatment. Although
details of treatment strategies are not a focus of this review, we will
summarize the current therapeutic opportunities to provide a general
perspective based on the NHHC 2022 guidelines (14, 15).

The European LeukemiaNet (ELN) risk stratification and the
National Comprehensive Cancer Network (NCCN) guidelines
classify AML patients into three groups that are associated with
specific prognoses and may guide medical decision-making:
favorable, intermediate, and poor (16). The classification is based
on chromosomal and genetic abnormalities that certainly may have
therapeutic significance, and likely to be changed as newer strategies
become available. These markers include nucleophosmin 1 (NPM1),
FLT3, CCAAT/enhancer-binding protein alpha (CEBPA), IDH1/2,
DNA (cytosine-5)-methyltransferase 3A (DNMT3A), KIT, tumor
suppressor protein 53 (TP53), Runt-related transcription factor 1
(RUNXI1), and additional sex combs like-1 (ASXL1) gene mutations.
FLT3 inhibitors (midostaurin, gilteritinib, quizartinib) are effective
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against FLT3-mutated AML, while IDH inhibitors (ivosidenib,
enasidenib) are active against IDH1 or IDH2 mutated AML,
respectively, and TP53 inhibitors (eprenetapopt) are effective
against secondary AML and therapy-related leukemia. Other
targeted therapy options include B-cell lymphoma 2 (Bcl2)
inhibitors such as venetoclax; Hedgehog signaling pathway
inhibitors such as glasdegib and hypomethylating agents (HMAs:
azacytidine, decitabine) (17). Some patients admitted with isolated
extramedullary disease may be eligible for systemic radiation therapy.
In rare cases, local radiotherapy or surgery may be used for residual
disease (18).

Currently, the main treatment for most types of AML is cytotoxic
chemotherapy that consists of two phases: remission induction and
post-remission consolidation treatments. Although patients are
managed according to the same general therapeutic principles,
chemotherapy regimens may vary depending on whether the
patient is a candidate for intensive or non-intensive therapeutic
regimens. In patients eligible for high intensity induction
chemotherapy, the “7+3 regimen” of cytarabine plus anthracycline
is commonly used (19). Other alternatives include fludarabine +
cytarabine + granulocyte colony-stimulating factor + andidarubicin
regimens (FLAG-IDA) and mitoxantrone-based cytarabine regimens
(20). In addition to these regimens, addition of the kinase inhibitor
midostaurin to induction therapy for FLT3-mutant AML patients has
become standard (21). For remission consolidation therapies,
regimens containing moderate doses of cytarabine are widely used
and may improve blood count recovery. Despite the lack of a
consensus, in patients who are not considered candidates for
intensive therapy, following regimens are often used in the context
of clinical trials: Azacitidine or decitabine + venetoclax combination,
low dose cytarabine + venetoclax combination, azacitidine +
ivosidenib combination (AML with IDH1 mutation), ivosidenib
monotherapy for very frail patients (AML with IDH1 mutation) or
best supportive care including hydroxyurea for patients who cannot
tolerate or refuse any anti-leukemic therapy (20). To be considered in
remission, bone marrow biopsy should show normocellular bone
marrow while blasts should not exceed 5%; yet many patients develop
relapsed and refractory diseases despite therapeutic options (22).
Stem cell transplantations are reported to decrease the risk of
leukemia relapse more than the standard chemotherapeutic
approaches, yet they are also likely to lead to severe complications
(23). Another approach in AML treatment is the administration of
high doses of chemotherapeutics followed by either an allogeneic or
autologous hematopoietic stem cell transplantation (HSCT).
Currently, HSCT is the most recognized and frequently used
cellular therapeutic option (24).

Antibody-Drug Conjugates (ADC), monoclonal antibodies that
are linked to cytotoxic agents are novel treatment options in AML
(25). The antibody targets a cell surface antigen that is exclusively
expressed on tumor cells, the linker provides stability and enable
selective intracellular release, and cytotoxic compound exerts DNA-
damaging or microtubule-inhibitory activities (26). Contrary to
conventional monoclonal antibodies, antibody conjugates in ADC
do not induce any biological response. These antibodies should
remain intact in the circulation, they have high target affinity while
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exerting limited immunogenicity and cross-reactivity. In 2017,
Gemtuzumab ozogamicin (GO) became the first clinically approved
ADC for the treatment of CD33-positive AML, and remains as the
only FDA approved ADC for AML treatment (26). IMGN632 which
combines an anti-CD123 antibody with a unique DNA-alkylating
agent is another ADC that revealed promising results when tested in
cell lines and animal models of AML as well as primary patient
samples, and currently being tested in AML treatment either as
monotherapy or in combination with venetoclax and/or azacytidine
(27, 28).

Besides the abovementioned therapeutic interventions, other
immunotherapeutic strategies in AML include immune checkpoint
blockade, bispecific T cell engagers (BiTE), chimeric antigen receptor
T cells (CAR-T) and tissue infiltrating lymphocytes (TIL) are under
investigation (19, 22). As extensively described in the literature, the
expression of inhibitory checkpoint proteins on AML blasts has been
recognized as an important immune escape mechanism (29).
Immune checkpoint inhibitors are under investigation for treatment
of AML in many experimental and clinical studies.

3 Immune checkpoint inhibitors in
treatment of acute myeloid leukemia

Immune checkpoints are receptor-based signal cascades that lead
to negative regulation of immune cells, enabling escape from immune
surveillance that eventually results in failure of tumor cell elimination
favoring tumor progression. Immune checkpoint blockade exerts its’
anti-cancer effect by promoting the immune response through
administration of monoclonal antibodies that target immune
checkpoint proteins present on immune cells or tumor cells.
Inhibition of immune checkpoints such as cytotoxic T lymphocyte
antigen 4 (CTLA-4), programmed death-1 (PD-1), and programmed
death-ligand 1 (PD-L1) enhances immune responses by inhibiting
negative signaling receptors and supporting immune activation,
where, in turn, elimination of the tumor promotes cancer
regression. Currently, three different classes of Immune Checkpoint
Inhibitors (ICIs); PD-1 inhibitors (cemiplimab, nivolumab,
pembrolizumab, dostarlimab), PD-L1 inhibitors (avelumab,
atezolimumab, durvalumab), and one CTLA-4 inhibitor
(ipilimumab) have been approved by the US Food and Drug
Administration (FDA) for the treatment of various malignancies
while others targeting T cell immunoglobulin and mucin domain 3
(TIM3) and lymphocyte activating-3 (LAG-3) are still under
investigation (30-32). All checkpoint pathways differ from each
other according to the stages they involve the in the immune
responses as well as their signaling mechanisms; however, the
common purpose of ICIs is to observe similar impact on T-cell
activity and clinical regression of cancer.

Although IClIs are already being used in the treatment of various
malignancies, studies on AML are still ongoing. There are many
completed and ongoing experimental studies and clinical trials in
distinct phases evaluating ICIs in treatment of AML either as
monotherapy or part of a combinational therapy with other agents
including chemotherapeutics, HMAs or other immunotherapies.
Experimental studies and clinical trials regarding ICIs, either in
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combination with other therapeutic interventions or alone are

summarized below.

3.1 Experimental studies on immune
checkpoint inhibitor therapy in acute
myeloid leukemia

Importance of IC pathways in immune evasion of AML as well as
their blockade with specific agents in AML treatment has been
underlined in several experimental studies which involved AML cell
lines and murine models.

Constitutive expression of regulatory cell surface antigen CTLA-4
expression in more than 80% of AML samples was first reported two
decades ago (33) and in 2006, its’ blockade with monoclonal
antibodies were reported to enhance T cell responses in AML in-
vitro (34). In a study involving a DA1-3b mouse model of AML,
leukemic cells were reported to be present months despite the
presence of an effective antileukemic immune response. Persistent
leukemic cells were reported to have enhanced B7-H1 (PD-L1) and
B7.1 expressions and resistant to cytotoxic T cell (CTL) mediated
killing (35). The authors stated that an effective immunotherapeutic
intervention should facilitate leukemia rejection and targeting
overcoming the mechanisms that lie behind tumor dormancy and
revealed that inhibition of B7-H1 (PD-L1) and B7.1/CTLA-4
interactions augmented CTL-mediated killing of the persistent cells
as well as prolonging survival of naive mice injected with persistent
leukemic cells. However, it should be noted that targeting B7.1/
CTLA-4 and PD-1/PD-L1 axes may target different mechanisms
compared to monotherapies (36), and elucidating such pathways in
leukemias may pave the way for novel combinatorial therapies.

In terms of PD-1/PD-L1 axis, numerous experiments revealed
upregulated expressions of both proteins in murine leukemia cells
while demonstrating that genetic ablation or pharmacological
inhibition of PD-1 can suppress leukemic cell proliferation and
enhance survival in AML bearing mice (37). Combinatorial
administration of innate immune agonists along with an ICI has
revealed promising results by enhancing anti-tumor activity in a
preclinical AML model: an innate immune agonist 5,6-
dimethylxanthenone-4-acetic acid (DMXAA) activated the
stimulator of interferon genes (STING) pathway that promoted
dendritic cell maturation and in turn, maturation of leukemia-
specific T-cells, resulting in a prolonged overall survival in leukemic
mice (38). In anti-tumor responses, type I interferons (IFN) promotes
the infiltration of CD8+ T cells, hence acts as a bridge between the
innate and adaptive immunity (39, 40). This pathway also activates
STAT6 and nuclear factor kappa B (NF-kB) pathways that result in
the production of inflammatory mediators including TNF-o, IL-6
and CCL2/MCP-1 (41, 42). Unlike solid tumors, type I IEN response
is shown not to be activated in hematological malignancies and
activating STING pathway to promote anti-leukemic T cell
responses stands out as a promising strategy (43). However,
expression of immunosuppressive indolamine-2,3-dioxygenase
(IDO) and upregulation of PD-L1 as a response to IFN-y may be
the restricting factors for the administration of STING agonists as a
single agent in AML treatment. Thus, determination and inhibition of
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immune escape pathways induced by STING activation may enable
STING agonists’ administration in the clinical setting. In line with this
hypothesis, DMXAA inhibited the growth of murine AML cell line
C1498 and increased PD-L1 expression while combination of PD-1
inhibition along with DMXAA therapy boosted activated host T cell
numbers and bone marrow PD-1/L1/L2 expression, reducing disease
burden and prolonging overall survival in-vivo (44). In an in-vitro
study, DMXAA exposure promoted PD-L1 expression while leading
to a slight increase in apoptosis and IL-6 and IFN-b production in
C1498 AML cell line while coupling DMXAA with an anti-PD-1
antibody significantly reduced disease burden and extended general
survival in C1498 grafted leukemic mice (45). Mice receiving
combinatorial treatment exhibited boosted memory T-cells and
mature dendritic cells along with lesser numbers of regulatory T-
cells, proving apoptosis of leukemic cells. These findings were further
supported by increased serum levels of type I interferons (IFN) and
IFN-v. These studies suggest that STING agonists can be used in
combination with ICI for enhanced anti-tumor efficacy. Besides
DMXAA, other STING agonists include GSK3745417 that has been
shown promising anti-cancer activity on AML cell lines as well as
primary AML cell cultures and MIW815 (ADU-S100) which recently
have been reported to induce systemic immune activation while being
well tolerated in patients with advanced/metastatic cancers, though
AML was not investigated in the latter (46, 47). A recent study
revealed that a novel STING agonist SHR1032 enhanced anti-tumor
immunity and induced AML apoptosis under in-vitro and in-vivo
settings (48). Besides AML, STING agonists have been under
evaluation for the treatment of other solid and hematological
malignancies: Ulevostinag (MK-1454) has been tested in
combination with pembrolizumab in participants with advanced/
metastatic solid tumors or lymphomas (49), while GSK3745417 is
currently being tested either alone or in combination with PD-1
inhibitor dostarlimab (50), and BMS-98630 is being tested alone or in
combination with nivolumab and ipilimumab in patients with
advanced solid tumors (51). However, there are certain questions to
be addressed before the implementation of STING agonists in the
field of immune oncology, including whether the overstimulation of
the pathway can induce autoimmune conditions, or if the pathway is a
valid target in case of epigenetic silencing of STING (52).

Recent findings suggest that AML cells express high levels of
TIM-3 and release galectin-9 (Gal-9) that impair activity of cytotoxic
T cells and NK cells (53). The association between PI3K/Akt/mTOR
signaling pathways and the regulation of immune checkpoint ligands
including PD-L1, Galectin-9 (Gal-9), and CD155 was investigated in
human AML cell line HL-60 in-vitro. For this purpose, cells were
treated with idelalisib as PI3K inhibitor, MK-2206 as Akt inhibitor,
and everolimus as mTOR inhibitor either in a single or combined
format (54). Combinatorial treatment of HL-60 cells with two or three
inhibitors diminished the expression levels of PD-L1, Gal-9, and
CD155 checkpoint ligands, decreased proliferation and enhanced
apoptosis. This study revealed that besides their cytotoxic
properties, drugs targeting the PI3K/Akt/mTOR pathway play role
in the regulation of ICP expression and interfere with immune
evasion mechanisms of AML cells.

Recently, Xu et al. reported co-expression of PD-1 along with
TIGIT on CD8+ T cells of AML patients’ bone marrow samples,
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moreover PD-1 and TIGIT positivity on CD8+ T cells showed
positive correlation with age, suggesting greater T cell dysfunction
in elderly patients. This study also revealed the increased frequency of
PD-1+ and TIGIT+ CD8+ T cells in bone marrow samples compared
to peripheral blood, a finding that indicates the importance of
targeting immunosuppressive bone marrow microenvironment
(BMM) in AML treatment (55). In another study aiming to
characterize NK cell subsets of AML patients in bone marrow and
peripheral blood, Brauneck et al. revealed TIGIT and poliovirus
receptor-related immunoglobulin domain-containing (PVRIG) co-
expression on NK cells of AML patients, and their simultaneous
blockade enhanced the NK cell mediated killing in-vitro (56). In
another study, Li et al. reported PVRIG ligand (poliovirus receptor-
related 2, PVRL2) on AML patient blasts, and proven that blocking
the PVRIG/PVRL2 axis enhanced NK cell activation and in turn,
promoted killing of patient derived primary AML blasts (57).

CD47 is a macrophage ICP that is particularly involved in
myeloid malignancies and has been identified as a leukemic stem
cell marker in AML. Blockade of CD47-SIRPo. pathway has been
shown to increase several therapeutics in pre-clinical studies (58).
Similarly, CD200 plays role in the formation of T regulatory cells
(Tregs) is commonly overexpressed in AML blasts and shown to be
associated with poor outcome (59). Along with CD200 on AML
blasts, TIM-3 expression on peripheral blood T cells was proven to be
involved in AML development, and these proteins hold the potential
to serve as prognostic markers (60).

Programmed Death-1 Homolog (V-domain Ig suppressor of T
cell activation, VISTA) is a novel co-inhibitory molecule that
promotes immune evasion in solid tumors, and an in-vivo study
revealed the connection between PD-1H and epigenetic modifications
as well as their role in immune evasion in AML where DNA methyl
transferase inhibition by 5-aza-2’-deoxycytidine (Decitabine)
increased T cell infiltration that potentiated the anti-leukemic effect
of the PD-1H blockade and significantly prolonged survival (61).
VISTA has also been shown to be expressed on myeloid-derived
suppressor cells (MDSCs) present in the peripheral blood of AML
patients and contribute to the inhibition of T cell responses in AML
(62). Moreover, authors reported a positive correlation between
VISTA expression on MDSCs and PD-1 expression on T cells of
AML patients, highlighting the potential of combinatorial VISTA and
PD-1 inhibition in leukemia treatment. In an in-vitro study, both
CTLA-4 and LAG-3 expression levels were reported higher in
comparison with healthy controls in AML, and the receiver-
operating characteristic (ROC) curve analysis suggested that CTLA-
4 and LAG-3 co-positivity can be used as a diagnostic criteria for the
disease (63).

It should be noted that even if the ICIs are promising in the cancer
treatment, the broadly distributed immune-related adverse events
(irAEs) may not be tolerable in some cases. To overcome this, some
experimental studies focus on restricted immune checkpoint blockade
such as 0-PD-1 x 0-CD3 x o-CD33, a bifunctional checkpoint
inhibitory T cell-engaging antibody (CiTE) that directs T-cells to
CD33 on AML cells with locally restricted immune checkpoint
blockade (64). By the synergistic effect of ICI and avidity-dependent
binding, PD-1 attachment improved T-cell activation (3.3-fold
elevation of IFN-y) and led to efficient and highly selective
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cytotoxicity against CD33+ PD-L1+ cell lines as well as patient-
derived AML cells. In a murine xenograft model, CiTE induced
complete AML eradication without initial signs of irAEs.

3.2 Clinical trials on immune checkpoint
inhibitor therapy in acute myeloid leukemia

HMAs have been approved by FDA, and they are being used as
epigenetic modifiers for the treatment of myelodysplastic syndromes
(MDS) and acute AML patients, who are not eligible for induction
chemotherapy (65, 66). It is reported that in these patients who
underwent the treatment with HMAs, surface expression of ICPs
(PD-L1, PD-L2, PD-1, and to a lesser extent, CTLA-4) increased in a
dose-dependent matter. For the patients for whom the up-regulation
of PD-L1 was to the greatest extent, it is reported that the response to
HMA therapy was the shortest, and it was associated with a lower
survival (67). Concerning these observations, clinicians suggested that
HMA therapies lead to immune checkpoint activation and up-
regulation, indicating that this resistance may be overcome by
combining HMA with ICIs (68, 69).

In a phase 2 clinical trial, nivolumab was administered with
azacitidine to a high-risk population of relapsed or refractory (R/R)
AML patients. Among 70 patients, the response rate to therapy was
33%, with 22% being in complete remission or incomplete
hematologic recovery. Grade 3/4 irAEs were reported in 11% of
patients, the most frequent one being pneumonitis. For all 70
patients, the median survival was 6.3 months, while for 32 salvage-1
patients (the first therapy administered after all standard treatments
proved ineffective), it was 10.5 months. This finding indicates a
promising response rate for the combination therapy, as also stated
by the authors. A greater response rate was recorded in patients with
higher CD3+CD8+ T cell infiltration pre-therapy. Thus, it was
reported that pre-therapy T cell infiltration can be considered an
inflamed tumor marker and a biomarker that can be used in deciding
which patient group would benefit from ICI-based treatments (70). In
an expanded cohort study as a follow-up study to the clinical trial, the
anti-CTLA-4 antibody ipilimumab was added to azacitidine and
nivolumab regimen and administered to 24 R/R AML patients. The
study has reported a 1-year overall survival of 45% in R/R AML
patients. When this new triple combination treatment is compared in
the aspect of the median overall survival, with the previous
azacytidine and nivolumab double treatment and with the current
treatment with hypomethylating agents, the results were respectively
10.5, 6.4 and 4.6 months. These findings demonstrate an encouraging
and promising efficacy. Although regarding its safety, it is worth
mentioning that in 6 patients (25%), grade 3/4 immune-related
toxicity, including rash, pneumonitis, and colitis was reported (71).
In another phase 2 study, the anti-PD-1 antibody pembrolizumab was
administered to recently diagnosed R/R AML patients in combination
with azacitidine. In this cohort, out of 29 eligible patients, 4 (14%)
achieved complete remission or incomplete hematologic recovery,
while 1 patient (4%) had partial remission. The median overall
survival was 10.8 months. After 22 newly diagnosed older AML
patients not eligible for intensive chemotherapy joined the study, out
of 17 of whom were evaluable, 47% achieved complete remission or
incomplete hematologic recovery, while 12% had partial remission.
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The new median survival was 13.1 months. These two cohorts display
that azacitidine and pembrolizumab combination therapy proved
beneficial in both R/R and recently diagnosed older patient groups.
Grade 3/4 irAEs were observed in both patient groups, the ratios
being more frequent (24%) in the first cohort and less (14%) in the
second. Although at this point this treatment combination looks more
suitable to newly diagnosed older patient groups, more specifically
directed research is still needed (72).

A phase 1b/2 study reported that azacytidine leads to PD-1 and
PD-L1 upregulation in AML which causes drug resistance that may be
overcome by including the PD-1 inhibitor nivolumab. In a study,
azacitidine was combined with nivolumab and administered to 35
relapsed AML patients. Out of 35 patients evaluated, the preliminary
data from this study showed that 6 (18%) were in complete remission
(CR) or CR with incomplete count recovery (CRi) and 5 (15%) were
in hematologic improvement. A decrease in blast count greater than
50% was observed in 14 patients (26%), and the median overall
survival was reported as 9.3 months (range, 1.8 - 14.3). Patients with
CR/CRI, higher levels of pre-treatment CD3+ and CD8+T-cell
infiltration were detected in bone marrow aspirates (73). In
conclusion, azacytidine in combination with nivolumab yielded a
promising and durable response in relapsed AML, and irAEs may be
managed with systemic steroid administration.

In another multi-centered, randomized, international phase 2
clinical trial, azacitidine was administered to high-risk MDS or
AML patients in combination with the anti-PD-L1 antibody
durvalumab or as a single agent. In this study with 129 AML
patients older than 65 years old who were not eligible for
chemotherapy; a comparison between the azacitidine and
Durvalumab combination therapy and azacitidine as a single agent
therapy showed no statistically significant difference in total response
rate (31.3% vs. 35.4%) or complete remission rate (17.2% vs. 21.5%).
The overall survival rate was 13.0 and 14.4 months, respectively, with
no unexpected side effects. Although this study portrays an important
role regarding its comparatively larger sample size, it is worth
considering that more than half of the patients did not continue
with the study regimens, which might be taken into account in
interpreting the results (74).

The resistance mechanisms and biomarkers playing role in
processes that play role in treatment response are not yet fully
explained, but a study from Herbrich et al. puts forth a possible
explanation. In their study, Herbrich et al. evaluated the bone marrow
and peripheral blood samples taken from nine relapsed or refractory
AML patients who received azacitidine and anti-PD-L1 antibody
avelumab using single-cell mass cytometry. Out of nine evaluable
patients, four had an initial decrease in blast count, and seven showed
a fast progression subsequently. Authors reported that in AML bone
marrow, CD4+ and CD8+ T cells had a significantly lower proportion
of naive T cells at baseline, along with a smaller ratio of terminally
differentiated CD8+ cells. Contrarily, the largest portion of T-cells in
AML bone marrow consisted of the effector memory CD4 and CD8
cells. In these patients, a high PD-L2 protein expression was observed
in AML cells, and PD-L1I expression was low in the samples taken at
both baseline and during therapy. PD-L2 was also frequently
expressed in the newly formed clones which were not present at
baseline. These findings may indicate a possible explanation for the
different response rates to PD-1 and PD-L1 inhibition observed
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during AML treatment. These findings also indicate that the immune
cell distribution is significantly affected in AML patients’ bone
marrow. The T cell distribution ratio and the different checkpoints
that are expressed on AML cells, such as PD-L2, may pose a key in the
consideration of the approach and response of the treatment (75, 76).

In their study, Berger et al. administered anti-PD-1 monoclonal
antibody CT-011 (pidilizumab) to patients with advanced
hematologic malignities in a phase 1 clinical trial, where
pidilizumab was administered to 17 patients (8 being diagnosed
with AML) in doses between 0.2 and 0.6 mg/kg. Complete
remission was observed in one patient, while clinical benefit is
reported in 33%. Although serious adverse events were reported in
4 patients, who were all diagnosed with AML and passed away later,
the study reported that none of these were related to the treatment but
to fulminate-resistant leukemia and that the dose aforementioned can
be considered safe (77, 78). Currently, pidilizumab is also being
investigated in combination with a dendritic cell vaccine on AML
patients in complete remission (79). In a phase 1/1b multi-centered
study performed with hematologic cancer patients who were in
relapse following post-allogenic HSCT, the anti-CTLA-4 antibody
ipilimumab was administered to the patients. In 22 patients who were
receiving 10 mg/kg, four were diagnosed with extramedullary AML,
and one was diagnosed with MDS which progressed to AML; five
patients (23%) were in complete remission, 2 (9%) showed partial
response and 6 (27%) had a decreased tumor burden. A sustained
response for longer than a year was reported in four patients.
Although this study was noted to be attainable in patients with
AML post-allogenic HSCT; the irAEs were reported in 6 patients
(21%) including one death reported. Graft versus host disease
(GvHD) is also reported in 4 (14%), which resulted in the
conclusion of further application of ipilimumab. Altogether, these
data revealed promising results regarding ipilimumab administration
in patients with post-allogenic HSCT relapsed AML (65, 80). In a
phase 2 study evaluating the effect of PD-1 inhibition after cytotoxic
chemotherapy on clinical response, 37 patients diagnosed with
relapsed or refractory AML were administered high-dose cytarabine
followed by IV 200 mg pembrolizumab on the 14™ day. The patients
who responded to the treatment continued to receive pembrolizumab
for two years. The overall response rate was 46%, the composite
complete remission was 38%, and the median overall survival was
11.1 months. For refractory or early relapsed patients, and for patients
who received the treatment as the first salvage, the median overall
survival was 13.2 and 11.3 months, respectively, which was
considered promising by the authors. Grade 3 and higher irAEs
were reported to be rare and self-limiting, with 14% which is
promising when treatment feasibility is considered (81). In another
phase 2 study, a patient group of nine who received pembrolizumab
following high dose cytarabine was compared with a control group of
18 who underwent allogeneic HSCT and didn’t receive ICI. According
to the one-year survival data, no significant difference was reported
between the two groups (67% vs. 78%; p=0.34). For the group that
received ICI, the 100-day mortality rate was 0%, while in the control
group, it was 17%. Grade 3/4 acute GVHD risk didn’t increase in
patients who received pembrolizumab prior to allogeneic HSCT while
no indicator of chronic GVHD was reported (82). These findings
support the aforementioned phase 2 study, in reflecting both the
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clinical activity and safety profile of cytarabine and pembrolizumab
combination. Besides agents targeting PD-1/PD-L1 axis, anti-
leukemic potential of humanized anti-TIM-3 antibody sabatolimab
in combination with HMAs was investigated in 48 patients who were
newly diagnosed with AML and ineligible for intensive chemotherapy
(83). The overall response rate was reported as 40% while 30% of
these patients achieved CR/CRi.

When ICIs’ role in maintenance is considered, preclinical studies
indicate that ICIs can prevent leukemic cells’ evasion of the immune
system and, thus, overcome tumor persistence. Another phase 2 study
investigating efficacy of nivolumab on 14 high-risk AML patients in
complete remission who were not eligible for allogeneic HSCT
indicated that by the end of the year, 71% of patients were in
complete remission, indicating the drug’s safety and feasibility in
high-risk AML (84).

In brief, numerous recent clinical studies involving ICI as a single
agent or combined with other treatments demonstrated promising
results regarding clinical efficacy and safety profile. However, it is
early to draw distinct conclusions about ICIs” use in AML and further
research is needed. It should be noted that currently, there is no ICI
approved by the FDA in the treatment of AML, and the clinical trials
regarding ICI in AML treatment are still at the early stages with
results revealing modest efficacy, especially for monotherapy the
refractory settings (85).

As mentioned earlier, chemotherapy in AML is divided into two
phases; induction therapy and consolidation therapies which both
vary according to the patient’s age, presence of co-morbidities and
genetic alterations. Induction therapy aims to eliminate the blasts in
the peripheral blood and to restore normal hematopoiesis while
consolidation therapy is administered to remove residual leukemic
cells (86). In clinical trials, efficacy of ICIs is mainly investigated in
combination with chemotherapy agents and HMA (87). intervention
in AML remains as allogeneic HSCT while the clinical trials involving
ICI are ongoing and up-and-coming.

4 The interaction between bone
marrow microenvironment
and cancer cells in AML

Bone marrow is an extraordinary tissue where various cells from
lineages reside. BMM is a substantial gatekeeper in maintenance of
the blood cell formation and is a complex structure which is
composed of cellular and noncellular elements (88). The cellular
elements consist of hematopoietic cells, stromal cells (fibroblasts,
endothelial cells, endothelial progenitor cells, osteoblasts, osteoclasts,
adipocytes) and noncellular elements consists of ECM components,
autonomic nervous system and soluble factors such as cytokines (89).
BMM is usually divided into two different anatomical locations as
endosteal niche and perivascular niche (90); the main function of
endosteal niche and perivascular niche is to aid long term storage of
HSCs by providing a hypoxic environment and to support the
proliferation and differentiation of HSCs by maintaining a more
oxygenated environment, respectively. Based on their different
functions and structural features, these niches have been divided
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into various subgroups; endosteal niche mainly comprise of osteo-
lineage cells while the perivascular niche consists of different subtypes
associated with endothelial and perivascular cells (91) (Figure 1).
Various cellular or non-cellular components of BM is critical for
maintenance of physiological conditions of microenvironments (92).
In addition, in some sources, a third bone marrow niche called
reticular niche, a transitional zone of endosteal and perivascular
niches is described (117).

In leukemia, a growing body of evidence indicates leukemic cells’
involvement in malignant transformation, disease progression,
treatment resistance, and relapse as the interplay between leukemic
stem cells and the microenvironment alters the hemostasis in a way to
support leukemic cells’ survival and proliferation, suggesting a
bidirectional interaction between HSCs and BMM (118, 119). AML
cells mainly bind to the BM fibroblast, fibronectin and laminin (120);
SCF exposure enhances these cells’ adhesion to fibronectin (121).
Both SCF and fibronectin are found in the BMM at high levels, and
together they protect AML cells from apoptosis (121). These cells also
remodel the BMM via secreting matrix metalloproteinases (MMPs)
(122, 123). MMP-2 and -9 have been indicated to be secreted by
leukemic blasts and involved in dissemination of myeloproliferative
malignancies including AML. Thus, it can be concluded that the

Endosteal niche

FIGURE 1

The cellular components of the BM niches include endothelial cells, HSCs, megakaryocytes, osteoblasts, osteoclasts, adipocytes, sympathetic neurons
that are related to Schwann'’s cells, bone macrophages and reticular cells (90, 92). Both soluble factors and direct contact between cells regulate HSC
maintenance. Quiescent HSCs are kept in contact with osteoblasts and Nestin+ MSCs as well as CXCL12 - abundant reticular (CAR) cells in the
perivascular niche; both secrete soluble factors such as Stem Cell Factor (SCF), CXCL12 (CXC motif chemokine ligand 12) and Ang-1 (Angiopoietin-1)
while in the perivascular niche, secrete (93). Osteomacs, the bone-marrow-resident macrophages are also found in the endosteal niche and facilitate
colonization; in the absence of osteomacs, HSCs are shown to leave BM and join circulation (92, 94). Jagged-1 is released from cells of osteocyte
lineage, and responsible for the activation of Notch pathway (95). Organized as a monolayer in the internal compartment of blood vessels, ECs take part
in various physiological processes including facilitating blood flow, contributing coagulation, nutrient exchange and regulate hematopoiesis (96).
According to their localization in the BM, they are divided into two categories: sinusoid endothelial cells (SECs) which have low CD31 and Endomucin
expression (type L), or arteriolar endothelial cells (AECs) with CD31 and Endomucin expression (type H). Both cell types play different roles in the
modulation of BM niche (97). SECs are the compartments of more permeable sinusoidal vessels and secrete high levels of CXCL12 as well as E-selectin
that regulate HSC homing (96, 98). On the contrary, AECs are the compartments of arteriolar vessels which have low penetration and ensure a relatively
hypoxic environment (99, 100). AECs generate SCF which play a fundamental role in maintaining HSCs and express CXCL12. In addition, they produce
Netrin-1 that retains HSCs' quiescence and self-renewal (101). Megakaryocytes are the basic subunit in the perisinusoidal area and regulate HSC
quiescence (102-104). In the endosteal niche, osteoblasts stabilize bone formation and produce mediators which are essential for HSC maintenance;
and CXCL12, granulocyte colony-stimulating factor (G-CSF), SCF, Annexin 2 (ANXA2), Ang-1, Thrombopoietin (TPO) that are required for the regulation
of HSC homing, quiescence and mobilization (105-113). Schwann cells are found in the perivascular niche and protect the quiescent HSCs through
transforming growth factor-p (TGF-B) (114). Bone marrow adipocytes were also reported to support HSC proliferation through secreting adiponectin and

contribute to energy metabolism (115, 116).

10.3389/fimmu.2023.1108200

mediators released by the BMM play role in survival of the leukemic
cells as well as regulating their mobilization, and in leukemia
treatment, targeting BMM-related signaling pathways has been
shown to enhance the therapeutic efficacy (124). Moreover, various
BM-derived populations including myeloid cell-derived suppressor
cells, mesenchymal stem cells, and tumor-associated macrophages are
shown to be involved in escaping anti-tumor immune responses by
suppressing anti-tumor responses (125). Angiogenesis enhances
leukemogenesis by providing necessary factors that favor
malignancy as certain angiogenic cytokines and factors were
reported to be increased in AML patients and it was associated with
poor prognosis (126). Lipolysis and remodeling of BMAT are induced
in the setting of AML, and free fatty acids yielded by lipolysis are used
as nutrient by leukemic cells (127). Sympathetic neuropathy may be
seen due to bone marrow infiltration of malignant cells, and it was
associated with AML progression (128). Along with chronic myeloid
leukemia (CML), the niche microenvironment of acute myeloid
leukemia (AML) is well established: with the help of recent studies,
significant progress has been made in understanding the impact of
genetic mutations or functional alterations in the BM on leukemia.
Examples include the deletion of Dicerl in osteoprogenitors, which
leads to the development of myelodysplastic syndrome (MDS) with
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sporadic transformation to AML (129), or overexpression of [3-
catenin in osteoblasts as observed in 38% of the patients diagnosed
with MDS or AML (130). Similarly, activation of the parathyroid
hormone receptor in osteoblasts is shown to promote KMT2A-
MLLT3 oncogene-induced AML (131). AML cells are also capable
of modulating the BMM as cells harboring BCR-ABL1 and Nup98/
HoxA9 fusion gene are indicated to inhibit mature osteoblasts and
disrupt bone homeostasis by secreting CCL3 (132). Likewise,
KMT2A-MLLT3 AML cells have been shown to inhibit terminal
differentiation of bone marrow mesenchymal stromal cells to mature
osteoblasts, which eventually results in decreased bone
mineralization (128).

Recently, upregulated ICP expressions including PD-1, TIM-3,
LAG-3 in addition to expansion of myeloid-derived suppressor cells
and increased Treg frequency in the BMM of AML patients were
reported, which highlights the importance of IC blockade as a novel
therapeutic strategy in the treatment of the disease (133).

4.1 Targeting bone marrow
microenvironment in acute myeloid
leukemia — existing strategies

When considering treatments targeting BM microenvironment,
CXCL12 (C-X-C motif chemokine ligand 12)/CXCR4 (C-X-C
chemokine receptor 4) axis is the most studied pathway in AML
treatment; as reported, inhibition of this pathway leads to
mobilization of leukemic cells, sensitizes them to chemotherapy and
promotes apoptosis (134-138). The anti-CXCR4 antibody
ulocuplumab has shown to inhibit CXCL12-mediated cell migration
and promote apoptosis in in vivo murine AML models as well as
promoting chemosensitivity via mobilizing AML cells to circulation
in clinical studies (139-141). Another common strategy is inhibiting
the Wnt/B-catenin pathway to diminish the protection provided by
BMM: B-catenin is highly expressed in unfavorable and relapsed
AML patients, and Wnt/B-catenin inhibitor PRI-724 was shown to
suppress cell growth while promoting apoptosis in AML blasts and
stem/progenitors (142). Wnt/B-catenin/FLT3 inhibitor SKLB-677
promoted apoptosis in FLT3-driven AML both in-vitro, in-vivo and
exvivo (143). Another Wnt/B-catenin inhibitor, BC2059 has shown
promising results in treatment of AML stem or blast progenitor cells
with FLT3 internal tandem duplication expression in combination
with receptor tyrosine kinase inhibitors quizartinib and
crenolanib (144).

Targeting adhesion molecules which support the leukemic cells is
another approach in AML treatment. Being the receptor of vascular
cell adhesion molecule (VCAM-1), integrin 04P1 (very late antigen 4
- VLA 4) plays role in the adhesion of leukemic myeloblasts to BMM
(145). Humanized VLA-4 monoclonal antibody natalizumab has
been reported to induce mobilization and sensitize leukemic cells to
chemotherapy (146). In combination with cytarabine, VLA-4
inhibitor FNIII14 has shown to eradicate minimal residual disease
in a murine AML model, underlining the importance of inhibiting cell
adhesion-mediated drug resistance (147). By regulating VLA-4
avidity, adhesion molecule CD44 was shown to strengthen the
connection between AML cells and BMM, thus, contributing to the
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supportive BMM (148). In a phase I study, humanized anti-CD44
monoclonal antibody RG7356 was found to be safe and well tolerated
though it is not suitable as a monotherapy due to its’ limited clinical
activity in AML treatment (149).

The endothelial cell adhesion molecule E-selectin is another
important component of the vascular niche that regulates the
balance between HSC renewal and commitment. However, the
inflammatory mediators secreted by AML blasts increase the
expression of endothelial niche E-selectin, which, in turn, promotes
their survival and chemoresistance through AKT/NF-xB/mTOR
signaling pathways (150). In an AML murine model bearing the
human KMT2A-MLLT3 oncogene, the small molecule E-selectin
mimetic GMI-1271/Uproleselan has enhanced the efficacy of AML
treatment by overcoming vascular niche-mediated chemoresistance,
indicating E-selectin blockade alleviates pro-survival signaling and
improving therapeutic efficacy (150).

4.2 Targeting bone marrow
microenvironment in acute myeloid
leukemia with an emphasis

on immune checkpoint proteins

AML blasts modulate TME to enable disease progression, provide
protection against therapeutic interventions and contribute to
recurrence (151). In terms of ICPs, AML blasts can alter the T cell
immunological synapses, promote inhibitory soluble factors to
hamper T cell responses, and promote activity of MDSCs as well as
promoting polarization of tumor associated macrophages (TAMs) to
immunomodulatory M2 phenotype (151, 152). The interaction
between AML cells and immune cells are visualized in Figure 2.

4.2.1 Leukemic cells

PD-1/PD-L1 axis is the most studied IC pathway in AML (153),
and PD-L1 expression on AML blasts were reported to be linked with
the inflamed tumor microenvironment, highlighting the potential of
targeting BMM in disease management (154, 155). In addition, AML
cells also secrete soluble ICPs to the microenvironment to create an
immunosuppressive milieu as human AML cells including leukemic
stem cells have higher TIM-3 and its” ligand Gal-9 expression levels
compared to healthy HSCs. By binding TIM-3 expressed on NK cells,
Gal-9 can inhibit granzyme B transfer, and in turn, NK-mediated cell
lysis while soluble TIM-3 can suppress IL-2 production by T cells,
hampering NK and CTL activation (156).

4.2.2 Endothelial cells

Bone marrow endothelial cells are an important part of the BMM;
by secreting growth factors along with certain cytokines and forming
physical contact with hematopoietic progenitors, they take part in the
regulation of hematopoiesis (157). In cancer, tumor vessels are highly
abnormal, and they favor immune suppression (158). T cells can
remodel the ECM by downregulating adhesion molecules to prevent
infiltration and recruitment of effector immune cells to the cancer
milieu; the production of immunosuppressive metabolites,
chemokines and cytokines inhibit CTL function while promoting
M2 macrophages and MDSCs (159, 160). Thus, normalization of the
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CTLA-4, which is also expressed on T cells and NK cells is the first ICP that is reported to be commonly overexpressed in AML to inhibit T cell responses.
In terms of T cells, increased frequency of PD-1+CD4+ T cells as well as PD-1+/CD8+ cells co-expressing TIM3 or LAG3 were reported in AML patients’
bone marrow samples. LSCs also secrete Gal-9 that leads to the elimination Thl effector cells. LILRB4 is expressed on monocytic leukemic cells and
interact with T cells to alter their function. CD200 is also expressed on AML cells that engage in CD200R on T cells and NK cells. Similar to T cells, PD-L1
expression has been detected on Bregs in AML patients. Recently, blocking PD1/PD-L1 axis along with inhibiting CXCL13 has been increased
chemotherapeutic efficacy, and CXCL13 has been suggested as a novel ICP; TIGIT is also expressed on BREGs, though both these findings are yet to be
confirmed in AML BM samples. TAMs express CD47 that protects phagocytosis of AML LSCs. AML: acute myeloid leukemia; Arg-2: Arginase 2; Breg: B
regulatory cell; CTLA-4: Cytotoxic T-lymphocyte antigen-4; CXCL-13: CXC chemokine ligand 13; Gal-9: Galectin-9; IDO-1: Indoleamine 2,3-
dioxygenase; LAG3: Lymphocyte-activation gene 3; LILRB4: Leukocyte immunoglobulin like receptor B4; MDSC: myeloid-derived suppressor cell; MSC:
Mesenchymal stem cell; NK cell: Natural killer cell; PD-1: Programmed death — 1; PD-L1: Programmed death ligand 1; PVRIG: Poliovirus receptor related
immunoglobulin domain containing; PVRL2: Poliovirus receptor-related 2 (Nectin-2); ROS: Reactive oxygen species; SIRPa.: Signal regulatory protein o
sTIM-3: soluble TIM-3; TIGIT: T cell immunoreceptor with Ig and ITIM domains; TIM-3: T-cell immunoglobulin and mucin domain 3; Treg: T regulatory

cell; VISTA: V-domain Ig suppressor of T cell activation.

cancer vasculature would improve immune cell infiltration, promote
the immune reactivity, and hamper immune suppressive
microenvironment: inhibition of angiogenesis by drugs targeting
VEGF-dependent signaling pathways were suggested to improve
immunotherapy outcomes (161).

423T cells

T cell function holds great importance in IC blockade since they
are the main targets of ICIs which are interfered by MDSCs that lead
to poor clinical outcome in ICI treatment (162). In AML, certain
clinical studies have revealed disruptions in T cell immunity such as
increased Treg frequency, reduced T helper cells, increased T cell
exhaustion (19). Resident T cells from AML bone marrow samples of
AML patients were reported to have altered transcription profiles
expressing genes related stemness and myeloid priming (163).
Increased frequency of PD-1+CD4+ and ICOS+/CD4+ effector T
cells were reported in the BM samples of AML patients (164, 165). In
terms of Tregs, their proportion in the BMM was reported to be
higher compared to healthy controls, and a higher frequency of PD-
1"/CD8" cells co-expressing TIM3 or LAG3 was detected, especially
in patients who had multiply relapsed AML. Secreted by LSCs, Gal-9
promotes apoptosis of Th1 effector cells and CTLs expressing TIM-3
that eventually leads to T cell exhaustion and immune evasion (166,
167). In TP53-mutated AML patients, leukemia blasts from BMM
were more frequently positive for PD-L1 (164). Even after allogeneic
HSCT, T cells infiltrating the bone marrow were reported to have
early differentiated memory stem (TSCM) and central memory bone
marrow-T cell features with multiple IC receptor expressions (168).
Another mechanism that inhibit T cell growth is the expression of
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immunoglobulin-like receptor B4 (LILRB4) which is exclusively
expressed on monocytic leukemic cells (M4 and M5 subtypes) that
interact with T cells to alter their function via releasing arginase-1 to
suppress T cell proliferation (169). The immune-suppressive
molecule, CD200 is also increased on AML cells to interact with
CD200 receptor (CD200R) on T cells to inhibit memory T cell
function and increase Treg populations (170).

4.2.4 B cells

Regulatory B cells (Bregs), immunomodulatory B cells that exert
immunomodulatory effects mainly via secreting various soluble
mediators including IL-10 are reported to increase in peripheral
blood as well as bone marrow samples in AML patients,
highlighting their role in the AML pathogenesis (171). Recently,
PD-L1 expression has been reported on Bregs in AML patients and
is associated with a worse prognosis (165). According to an in-vivo
study, CXCL13 has been suggested as a novel IC regulating Breg
activity where ablation of CXCL13 increased the efficacy of
chemotherapy and PD-1 blockade, though this study did not
involve an AML model (172). Other ICPs involved in Bregs’
involve TIGIT, although its’ mechanism of action in AML is yet to
be elucidated (173).

4.2.5 Myeloid-derived suppressor cells
Myeloid-derived suppressor cells (MDSCs) are a heterogenous
group of CD11b+ CD33+ HLA-DR'/**¢ immature myeloid cells that
consist of three major groups: monocytic MDSCs (M-MDSCs, CD11b
+CD14+HLA-DR") that resemble monocytes in terms of their
phenotypes and morphologies, polymorphonuclear MDSCs (PMN-
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MDSCs, CD11b+CD15+CD14"®) that are similar to neutrophils and
early-stage MDSC (eMDSC, CD11b+CD33+CD14"¢CD15"“®HLA-
DR"®8) (174-176). All subsets of MDSCs are known to exert
immunosuppressive effects, both at a systemic and at the tumor
level which led to the investigations questioning their potential for
being biomarkers in response to ICI (176). In pathological conditions
including cancer, MDSCs expand in response to inflammatory
mediators as well as growth factors released, and they undergo
expansion to participate in disease development. The presence of
circulating M-MDSCs may correlate with response to anti-PD-1
treatments: advanced melanoma patients with lower circulating M-
MDSCs levels prior to nivolumab treatment had shown better
response to treatment, and Gal-9 expression of M-MDSCs is shown
to be associated with TIM-3 expression on lymphocytes which
contributes to nivolumab resistance in non-small cell lung
carcinoma. In AML, expansion of MDSCs were shown to suppress
T-cell proliferation and T-cell responses while MDSC expansion was
reported to be Muc-1 mediated c-myc expression dependent, which
has shown to be associated with PD-L1 expression in AML cases with
TP53 mutations (177). VISTA has been found to be highly expressed
on MDSCs, and knockdown of this ICP reduced MDSC-mediated
CD8+ T cell inhibition (62). Previously, cytarabine in combination
with CXCR4 inhibitor plerixafor and anti-PD-L1 monoclonal
antibody have successfully decreased Tregs and MDSCs in the
peripheral blood and leukemic cells in the bone marrow (178).

4.2.6 Tumor associated macrophages

Polarization of TAMs to anti-inflammatory M2 phenotype has
been well documented in AML, which hampers anti-tumor immunity
and promotes cancer progression (179, 180). A study published by Al-
Matary et al. revealed that AML increases invasion of TAMs in the
BM and spleen in mice as well as leukemic patients, and Growth
factor independence-1 is the main regulator of M2 polarization (181).
Novel macrophage ICP, CD47 plays important role in various
cancers, mainly in myeloid malignancies and it is recognized as an
LSC marker in AML (58). CD47 prevents phagocytosis of AML
leukemic stem cells by interacting with SIRPo, and inhibition of
this pathway replenishes the phagocytosis ability of TAMs to engulf
AML LSCs (182). In line with these findings, the anti-CD47 antibody
magrolimab was revealed to show promising results when combined
with azacitidine in AML and MDS patients (58), and a phase 3 study
evaluating the efficacy of magrolimab in combination with venetoclax
and azacytidine has been ongoing (183). As magrolimab promotes
phagocytosis by interacting Fc gamma receptors on macrophages, the
mechanism of action of the monoclonal antibody raised questions in
terms of its’ toxicity as CD47 is also expressed on healthy cells (58,
184). However, inhibition of CD47 only promoted phagocytosis if
prophagocytic signals are present, which are normally absent on
healthy cells (184).

4.2.7 Natural Killer cells

Along with T cells, NK cells target AML blasts via MHC
molecules, leukemia-associated antigens (LAAs), or NK cell
activating ligands (185), and ratio of NK cells in the BM samples of
the patients has been shown to be correlated with better prognosis
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(186). However, AML can modulate NK cell activity to eliminate anti-
leukemic responses by altering expression of ligands and receptors
(187), and studies revealed a correlation between AML blast ligand
repertoire and NK receptor expression in patients receiving
chemotherapy (188, 189). Recently, NK cells are reported to express
PD-1, and inhibiting the PD-1/PD-L1 axis has been shown to activate
these cells, suggesting NK activation as another result of ICI
administration (190). However, it should be noted that this study
did not involve AML patients but murine cancer models, and the
functional effects of PD-1 engagement on NK cells was investigated
in-vitro. Another recent study highlighted the involvement of PVRIG/
PVRL2 axis in AML and suggested that PVRIG blockade may be a
novel approach to enhance NK cell activity in PVRL2+ AML (57).
Besides PD-1 and PVRIG, expression of TIM-3, LAG3, TIGIT, Siglec-
7/9, CD200R, CTLA-4, or B7H3 were also reported on NK cells,
though in a lesser extent in comparison with T cells (191, 192). It
should be noted that none of these studies focus on the activity of NK
cells with an emphasis on AML, indicating the requirement of further
analyses regarding the NK cell-mediated anti-leukemic mechanisms
of ICI in AML.

4.2.8 Mesenchymal stem cells

MSCs influence their microenvironment by interacting with
neighboring cells via direct contact or secreting various mediators
that regulate innate and adaptive immune cells (193). MSCs inhibit
the function of T cells, NK cells; suppress dendritic cells’ maturation,
and promote Tregs’ proliferation (194). MSCs also support
hematopoiesis and promote HSCs’ colonization, and sharing the
same microenvironment with HSCs, leukemic stem cells can
modulate MSCs immunomodulatory actions: in AML, Nestin+ BM-
MSCs were reported to have altered properties that contribute to
disease development and chemoresistance (119). Under
inflammatory conditions, MSCs are reported to produce PD-L1 and
PD-L2 which bind to PD-1 on T cells to inhibit their activation and
contribute to immune escape (195). However, our current knowledge
regarding ICP expression on MSCs are limited, and further studies on
ICI-mediated anti-leukemic effects of MSCs are required.

4.2.9 Adipocytes

Bone marrow adipocytes (BMAs) are thought to be differentiated
from Scal+ CD45- CD31- or LepR+ CD45- CD31- MSCs (196,
197). These small adipocytes secrete high levels of adipokines but
have lower CD36 and triglyceride levels compared to white adipose
tissue, and they do not share the same progenitors with brown
adipose tissue and contribute to inflammation by secreting high
levels of proinflammatory cytokines (198, 199). In 2018, Wu et al.
demonstrated PD-L1 gene expression in murine adipose tissue and
indicated that inducing adipogenesis in mouse cell lines in vitro
enhanced its’ expression up to 100-fold (200). Recently, Picarda et al.
reported that ICP B7-H3 is expressed on both mouse and human
adipocyte progenitors and involve in the glycolytic and mitochondrial
activity while its’ loss upon adipocytic differentiation results in
impaired oxidative metabolism and increased lipid accumulation
(201). However, none of these studies involve BMAs; when
considering their unique properties, expression levels of ICPs and
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their involvement in the regulation of hematopoiesis as well as
leukemia initiation and progression all require further studies.

5 Conclusions and future perspectives

Today it is widely known that the structure and the function of BMM
is altered to facilitate AML progression, dissemination and escape immune
surveillance (202). Manipulation of the CXCL12/CXCR4 pathway is the
key player in AML blasts’ growth, survival, and chemotherapy resistance:
CXCR4 expression on AML blasts that is involved in trafficking of
malignant LSCs within BM while the migration of healthy stem cells in
BM is prohibited (22). Regulation of tumor immune microenvironment
stands out as a promising strategy in cancer treatment; in AML, inhibitors
of several pathways are currently being investigated, either alone or in
combination (203). When considering the therapeutic interventions
targeting tumor microenvironment can alter ICP expression in tumor
microenvironment, inhibiting ICPs on AML blasts and stem cells may be
regarded as a combinatorial treatment strategy. In colorectal cancer, HMA
decitabine enhanced the therapeutic efficacy of PD-L1 blockade and in
ovarian cancer, dual inhibition of CXCL12-CXCR4 and PD-1-PD-L1 axes
alleviated the immunosuppressive tumor microenvironment (204, 205).
While these data underline the potential of ICP blockade in AML
treatment via BMM modulation, it should be noted that our current
knowledge regarding ICIs mainly relies on studies with solid tumors, and
more data involving larger patient cohorts are needed to determine
whether they will be integrated into therapeutic routines in
hematological malignancies, and the impact of tumor immune
microenvironment on the success of ICIs require more investigation.
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The ectonucleotidases CD39 and
CD73 on T cells: The new pillar of
hematological malighancy

Xuan Jiang?, Xiaofang Wu?, Yuxi Xiao®, Penglin Wang®,
Jiamian Zheng*, Xiuli Wu @™ and Zhenyi Jin ®**
Key Laboratory for Regenerative Medicine of Ministry of Education, Institute of Hematology, School of

Medicine, Jinan University, Guangzhou, China, 2Department of Pathology, School of Medicine, Jinan
University, Guangzhou, China

Hematological malignancy develops and applies various mechanisms to induce
immune escape, in part through an immunosuppressive microenvironment.
Adenosine is an immunosuppressive metabolite produced at high levels within
the tumor microenvironment (TME). Adenosine signaling through the A, receptor
expressed on immune cells, such as T cells, potently dampens immune responses.
Extracellular adenosine generated by ectonucleoside triphosphate
diphosphohydrolase-1 (CD39) and ecto-5'-nucleotidase (CD73) molecules is a
newly recognized ‘immune checkpoint mediator’ and leads to the identification of
immunosuppressive adenosine as an essential regulator in hematological
malignancies. In this Review, we provide an overview of the detailed distribution
and function of CD39 and CD73 ectoenzymes in the TME and the effects of CD39
and CD73 inhibition on preclinical hematological malignancy data, which provides
insights into the potential clinical applications for immunotherapy.

KEYWORDS

CD39, CD73, T cells, hematological malignancy, immunotherapy

1 Introduction

In the tumor microenvironment (TME), unusually high extracellular adenosine
concentrations promote tumor proliferation through various immunosuppressive mechanisms.
Adenosine triphosphate (ATP) represents the currency for energy metabolism inside the cell. By
contrast, extracellular space usually derives from passive leakage from necrotic or injured cells,
enhancing inflammation, hypoxia, and cancer (1, 2). High extracellular ATP (eATP)
concentrations influence cell metabolism, adhesion, and migration in acute inflammation, in
which the ectonucleotidases CD39 and CD73 take part in catabolizing nucleotides and producing
immunosuppressant adenosine (ADO), which are devoted to restoring homeostasis. The ATP
degradation pathway proceeds through CD39, which converts eATP or ADP to AMP, and CD73,
which hydrolyzes and converts AMP to ADO (3) (Figure 1). Although ectonucleotidases help
prevent excessive inflammation and tissue damage, their contribution to generating an
immunosuppressive microenvironment in tumor biology is more worrying. In hematological
malignancies, the overexpression of CD39 and CD73 has been linked to increased homing to
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protected niches, increased survival, proliferation, and modulation of
immune responses toward tolerance (4, 5). In some instances,
ectonucleotidases have become reliable markers for monitoring disease
and stratifying patient subsets or molecular targets for novel
treatment strategies.

In this review, we discuss the structure and function of CD39 and
CD73 in physiological conditions and then focus on their expression
and roles in the TME of several hematological malignancies. In
addition, we illustrate their potential as new targets in
hematological malignancies, and the experimental findings and
clinical trials of CD39 or CD73 therapies are extensively discussed.

2 Classic features of CD39 and CD73

The cascade starting with ATP and leading to ADO production is
governed by CD39 and CD73, which affect purinergic signaling by
modulating ligand availability (6). CD39 is an extracellular enzyme
known as ecto-nucleotide triphosphate diphosphohydrolase 1
(ENTPDasel), which belongs to the membrane-bound extracellular
nucleoside triphosphate diphosphate hydrolase family. It is an integral
membrane protein depending on Ca®* and Mg2+. Human CD39,
encoded by the ENTPDI gene on the 10q24.1 chromosome, is a
protein composed of 510 amino acids, and its molecular weight is
approximately 78 kDa. CD39 contains seven heavily glycosylated N-
linked glycosylation sites, 11 cysteine residues, and two transmembrane
regions. These two transmembrane regions include a small cytoplasmic
domain containing NH,- and COOH-terminal segments and a large
extracellular hydrophobic domain containing five highly conserved
domains known as apyrase conserved domains (ACRs) 1-5. This
structure is significant for the catabolic activity of the enzyme and

10.3389/fimmu.2023.1110325

the maintenance of molecular structural integrity and contributes to
nucleotide binding (7).

CD73, also known as ecto-5-nucleotidase (ecto-5-NT), is a membrane-
bound glycoprotein connected by glycosylphosphatidylinositols (GPI) (8).
Encoded by the NT5E gene located on human chromosome 6q14-21, CD73
is a protein molecule composed of 574 amino acids (according to its cONA
sequence), the molecular weight of which in its naturally purified form is 70
kDa (9). CD73 consists of three domains: the N-terminal domain with a
metal binding site, the C-terminal domain in which the catalytic site is
located, and the bridged a-helix domain (10). The non-covalent
hydrophobic interaction at the C terminus and the binding of two zinc
ions can stabilize the homodimerization of CD73 and achieve complete
catalytic activity. CD73 homodimer can effectively hydrolyze AMP and
convert it into ADO by opening and closing conformational cycles.

For this reason, it is also called the rate-limiting enzyme of the
second step of purine nucleotide metabolism (11). ADO is a
nucleoside molecule produced by the hydrolysis of ATP and is a
critical signal molecule in the ATP-adenosine pathway. ADO can
bind to four adenosine receptors belonging to the same G protein-
coupled receptor (GPCR) family: AjR, A,AR, A,pR, and Aj;R.
Among these, A;R and A;R are preferentially coupled to Gi
protein to inhibit the action of adenylate cyclase and reduce the
production of cyclic adenosine monophosphate (cAMP). However,
A,aR and AR are generally Gs-coupled and trigger the action of
adenylate cyclase and subsequently promote the production and
accumulation of intracellular cAMP (12, 13). cAMP accumulation
can activate both the canonical protein kinase A (PKA) and the non-
canonical EPAC pathways (5). Additionally, all four adenosine
receptors have been shown to induce the mitogen-activated
protein kinase (MAPK) and JUN N-terminal kinase (JNK)
pathways (14) (Figure 1).
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FIGURE 1

The ATP-adenosine pathway regulates immune response in the tumor microenvironment (TME). The accumulated extracellular ATP (eATP) can activate
immune cell inflammation activity by stimulating type 2 purinergic receptors (P2XR and P2YR). The accumulated extracellular ADO (eADO) can bind to
the downstream purinergic receptors (AiR, AxaR, AR, and AsR), resulting in the accumulation of cAMP. cAMP accumulation leads to protein kinase A
(PKA) phosphorylation and the activation of C-terminal Src kinase (CSK), which reduces downstream LCK-dependent activation of ZAP70, extracellular
signal-regulated kinase 1 (ERK1), and JNK and protein kinase C (PKC). PKA activation also activates cAMP-responsive element-binding protein 1 (CREB),
which contributes to the inhibition of the major pro-inflammatory transcription factor nuclear factor-kB (NF-xB). Through this intracellular signaling

pathway, the TCR-mediated activation of immune cells is counteracted.
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3 CD39 and CD73 in the TME

3.1 CD39 and CD73 expressed on
immune cells

Interactions between tumor cells and their immunological
microenvironment are essential for the pathophysiology of
lymphocytes, myeloid-derived suppressor cells (MDSCs), dendritic
cells (DCs), and macrophages, which can co-express CD39 and CD73
(15) (Figure 2). Human B cells co-express CD39 and CD73 while the
former was initially described as a B cell activation marker and
expresses Aj, A,, and Aj; adenosine receptors (16, 17). It has been
characterized that the phenotype and functionality of CD39" human
regulatory B cell (Breg) promotes Breg functions and shows high
proliferative capacity while acting through adenosine generation and
interleukin-10 (IL-10) secretion to immunosuppress T cells (18).
CD?73 is broadly expressed in human peripheral blood (PB) B cells
and can also be expressed in memory B cells that develop outside of
the germinal center, such as in the context of an extrafollicular
reaction (19). Notably, adenosine-producing B cells produce
significantly more interleukin-6 (IL-6) and IL-10, and activation of
A, and A,, receptors promote expansion and increase the
differentiation of B cells toward class-switched B cells (20). Natural
killer (NK) cells belonging to the innate immune subset are involved
in anti-tumor immunity and contribute to the effects of ATP through
type 2 purinergic receptors (P2XR and P2YR). CD39 and CD73
expression levels in NK cells are low but increase under specific
conditions. CD39 can inhibit NK cell-mediated damage and decrease
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FIGURE 2

CD39 and CD73 serve as major immune suppressive mediators in the tumor microenvironment mainly through the generation of eADO. Besides the
effect of ectonucleotidases on tumor cell proliferation, angiogenesis, infiltration, and metastasis, CD39 and CD73 expression by immune cells and non-
immune cells impairs anti-tumor immunity by suppressing the function of protective immune cells, including T cells, B cells, natural killer (NK) cells,
dendritic cells (DCs), myeloid derived suppressor cells (MDSCs), and tumor-associated macrophages, while maintaining the function of non-immune
cells, including tumor cells, cancer-associated fibroblasts (CAFs), and endothelial cells (ECs). The red and blue arrows indicate whether functions are

f

enhanced or reduced by adenosine binding to the different receptor subtypes.
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interferon-y (IFN-7y) secretion (21). Additionally, CD73 expression is
virtually absent in NK cells in healthy individuals but significant in
tumor-infiltrating tissues, which suggests that NK cells can exert
immunosuppressive function through the production of adenosine,
environmental factors permitting (22).

CD39 and CD73 also exert their pro-tolerogenic effects on
myeloid compartments. CD39 and CD73 levels of MDSCs are
higher in tumor patients than in healthy controls (23). A positive
correlation between intratumor CD39- and CD73-expressing MDSCs
and tumor stage, node involvement, and metastasis status in non-
small cell lung cancer has been reported (24). In further research,
MDSCs expressing high levels of CD39 and CD73 increased
immunosuppressive activity ex vivo compared with myeloid cells
present in colorectal cancer (25). Thus, MDSCs that infiltrate tumors
are probably an important source of extracellular adenosine, which
contributes to tumor immune escape. eATP can activate the immune
system through the stimulation of P2XR7 on DCs and promote an
increase of interleukin-1f (IL-1B) and interleukin-18 (IL-18)
secretion (26). Furthermore, IL-1f facilitates macrophage
maturation and increases cytokine production (27). Additionally,
CD39 is expressed on DCs, affecting DC-driven CD4" T cell
activation and differentiation through NLRP3 inflammasome,
which is activated by the ATP-adenosine pathway (15, 28). NLRP3
is a prerequisite for IL-1B and IL-18 production (29). Furthermore,
the accumulation of adenosine can impair the normal function of
DCs, the so-called immune-suppressive regulatory DCs (30). Tumor-
associated macrophages co-express CD39 and the eATP receptor.
Inhibiting CD39 on macrophages significantly increases their
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production of tumor necrosis factor-o. (TNF) and interleukin-12 (IL-
12), while decreasing IL-10 secretion, thus inhibiting tumor growth
(31, 32). Tt has been suggested that these macrophages that produce
ADO suppress the activation of CD4" T cells in vitro (33). In the
context of a subgroup, the classification of immune cells based on
CD39 and CD?73 better reflects their function.

3.2 CD39 and CD73 are expressed on
non-immune cells

Increasing evidence has also verified that CD39 and CD73 are
the key regulatory molecules in tumor development, including
tumor growth, metastasis, and angiogenesis, and their suppressive
effects on the immune system in the TME (15). A high density of
angiogenesis can support the sustenance of tumor cell growth, and
angiogenesis is also an important pathway for the distant invasion of
tumor cells.

CD39 is highly expressed on cancer-associated fibroblasts (CAFs) in
ovarian cancer and pancreatic cancer (34). In a mouse model of chronic
pancreatitis and fibrosis, it was shown that CD39-deficient mice develop
significantly limited fibrosis. Additionally, tissue and plasma levels of anti-
fibrotic IFN-y significantly increased (35). These results suggest a role for
CD39" CAFs in promoting parenchymal fibrosis in pancreatic tissue (34).
Elevated CD73 activity correlates strongly with high CAF abundance in
colorectal cancer tissues (36). Furthermore, in a mouse model with ovarian
cancer, a previous study demonstrated that CD73 on CAFs promotes
tumor immune escape (37). ATP is well known to modulate a variety of
processes linked to endothelial cell activation and increase the intracellular
levels of Ca**, which induces cytoskeletal rearrangements. In addition, ATP

10.3389/fimmu.2023.1110325

is released by endothelial cells during changes in flow or after exposure to
hypoxic conditions, activating P2YR and promoting the release of vessel
relaxation (38). In the TME, the expression of CD39 in the vascular system,
especially endothelial cells, can promote tumor growth by scavenging
eATP and promoting angiogenesis (39). In melanoma, lung carcinoma,
and colon tumors, suppressed tumor growth in CD39-deficient mice has
been associated with decreased angiogenesis; CD39 co-expression with
CD73 in endothelial cells will ultimately generate adenosine, which
promotes angiogenesis (34). Indeed, CD73-mediated adenosine and A4
signaling in endothelial cells have been shown to promote angiogenesis in a
variety of experimental conditions, including during tumorigenesis
(40) (Figure 2).

4 CD39 and CD73 are expressed on
different T cell populations in the TME

The immortality of malignant cells demonstrates the host anti-
tumor immune responses’ failure and induces an immunosuppressive
microenvironment in which they can freely grow and expand. It has
been shown that adenosine concentration is significantly increased in
the TME, and a variety of immune cells, especially T cell subsets, are
involved in the immunosuppression process (Figure 3). In effector T
cells, after adenosine receptor activation, type I protein kinase A
(PKA) and its C-terminal Src kinase (CSK) phosphorylation are
activated to inhibit SRC family tyrosine kinases LCK and FYN.
This attenuates the activation of transcription factors that are
downstream of T cell receptor (TCR) activation, including NFAT,
nuclear factor-xB (NF-xB), and AP-1. TCR activation increases
A,ARs through NF-xB-dependent induction (41). The generation of
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high local concentrations of adenosine by CD39 and CD73 leads to
potent immunosuppression via the impairment of T cell activation
and function, with simultaneous enhancement of regulatory T cells
(Tregs) (42). Hence, the ability to block adenosine generation by
inhibiting the enzymatic activity of CD39 and CD73 provides a direct
line of attack on adenosine-mediated immunosuppression, and the
ATP-adenosine pathway functions as a critical modulator of innate
and adaptive immunity with the TME.

4.1 CD39 and CD73 are expressed on
Treg cells

In human PB, approximately one-third of CD4" T cells and a small
proportion of CD8" T cells express CD39 (15). On the contrary, CD73 is
expressed by less than 50% of CD8" T cells and by less than 10% of CD4"
T cells (15). Adenosine in turn modulates Treg function. Tregs play an
indispensable role in maintaining immunological unresponsiveness to
self-antigens, and counteraction of the immunosuppressive features of
the TME is an attractive strategy for cancer treatment. ADO produced by
CD39 and CD73 through the ATP-adenosine pathway can regulate the
function of Tregs, activate receptors on Tregs to promote proliferation,
and increase the expression of immunosuppressive receptors to enhance
immunosuppressive function (43). In the TME, the aggregation of Tregs
is associated with high CD39 expression, which promotes adenosine
accumulation, tumor growth, and angiogenesis (44, 45). Compared with
traditional Tregs, CD39" Tregs show more vital inhibitory ability (46).
Studies also have shown that CD39" Tregs specifically suppress
Interleukin-17 (IL-17) production to some extent, preventing the
transdifferentiation of Tregs into T helper 17 (Th17) cells or endowing
already differentiated Th17 cells with an immunosuppressive phenotype.
Additionally, inhibition of human CD73 can reduce immunosuppression
mediated by Tregs (47).

4.2 CD39 and CD73 are expressed on
CD8* T cells

Some studies have suggested that CD8" T cells expressing CD39
and CD73 also show regulatory characteristics. Meanwhile, CD39 is
potentially involved in mediating the suppressive abilities of tumor-
infiltrating CD8" Tregs (48). The isolated CD39"CD8" T cells from
tumor-infiltrating lymphocytes (TILs) can inhibit T cell proliferation
in vitro, which mediates tumor invasion, and display a gene signature
of exhaustion (49). CD8" T cells express a high frequency of CD39 in
solid tumors and non-solid tumors, which affects their normal
cytotoxicity and ability to secrete cytokines (50). The phenotypes of
exhaustion mean that the production of TNF-a, IFN-y, and
interleukin-2 (IL-2) cytokines decreases, accompanied by the
upregulation of co-inhibitory receptors, including programmed cell
death 1 (PD-1), cytotoxic T-lymphocyte-associated protein 4
(CTLA4), lymphocyte-activation gene 3 (LAG3), T cell
immunoreceptor with Ig and ITIM domains (TIGIT), and T-cell
immunoglobulin mucin-3 (TIM-3) (48, 51, 52). IL-6 and
transforming growth factor-B (TGF-B) are additional factors that
contribute to the upregulation of CD39 on CD8" T cells and
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subsequently potentiate the immunosuppressive activity in the
TME. Beyond the TME, CD39"CD8" T cells are also abundant in
invaded lymph nodes and metastases and in the peripheral circulation
lymphoid organs (51, 53). Interestingly, the expansion of the
CD39"CD8" T cell population in the blood is associated with
clinical responses to anti-PD-1 therapy (53).

4.3 CD39 and CD73 are Expressed on
vo T Cells

Human Y8 TCR-expressing cells constitute 1-5% of total T cells in
the PB and play an indispensable role in the immune system. Y0 T
cells belong to the non-conventional lymphocyte family though they
can produce many cytokines, such as IFN-y, and act cytotoxically
(54). Y8 T cells are composed of different subpopulations with
different functions. Recent research has shown that activated
murine Y3 T cells co-express CD73 and CD39 and display
immunosuppressive functions, while most resting yd T cells do not
constitutively express CD39 (55). CD39 has been identified as a
marker of regulatory ¥& T cells (15, 55). In murine lymph nodes,
the CD25"CD39" v8 T cell population can suppress the proliferation
of o T cells in vitro (55). In the TME, CD39" yd T cells of invasive
mouse pancreatic tumors are upregulated, together with other
immunosuppressive factors, and support tumorigenesis by
inhibiting o T cell proliferation (56). VY9V32 T cells are a subset
of Y0 T cells in the peripheral circulation and function by detecting
self and pathogen-associated phosphoantigens (pAgs). Normally,
these cells do not express CD39 or CD73 but can upregulate CD39
upon TCR stimulation. Gruenbacher et al. proved that CD39
dephosphorylates pAgs, which specifically activate VyY9V32 T cells,
rendering them inactivate at stimulating Y5 T cells, and thus revealed
a previously unrecognized immunoregulatory role of CD39 (57).
CD73 is expressed in more than 90% of peripheral o T cells (58).
In a study of CD73 deficient mice, CD73 proved essential for Y3 T cell
development and might participate in its regulatory function (58). yd
T cells express different levels of CD73 before and after their
activation, and the level of CD73 expression correlates with the
pro- and anti-inflammatory activities of ¥ T cells in Th17
autoimmune responses (59). Researchers have found that CD73-
expressing Y0 T cells are much more potent at converting AMP to
adenosine than all other CD73" immune cell types (59).

5 The role of ectonucleotidases CD39
and CD73 in hematological malignancy

5.1 Acute myeloid leukemia

Acute myeloid leukemia (AML) is a progressive myeloproliferative
malignant tumor, which is mainly characterized by abnormal
proliferation of primitive and immature myeloid cells in the bone
marrow (BM) and PB (60). It has been shown that there is an
abnormally high CD39 expression in Treg cells in patients with AML
(35). Nicolas Dulphy et al. found that compared with healthy people,
the proportion of Tregs in the circulation of AML patients increased,
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and the frequency of CD39 decreased (36). However, the percentage of
CD39" Tregs did not decrease, which suggests that the function of
CD39 in Tregs of AML patients could be maintained. At the same time,
only a few patients and healthy people expressed CD73 in the Tregs,
and the frequency was deficient. The increase of Treg subsets indicated
that there is an overall immunosuppressive environment in tissues and
BM in patients with AML (61, 62).

It has been suggested that CD39"CD8" T cells can be used as a
potential marker of exhaustion in patients with AML (63). In a study
by Brauneck et al., TIGIT*CD73°CD8" from AML patients showed a
distinct characteristic, both in PB and BM. These cells were divided
into PD1"TIGIT*CD73°CD8* T and CD39*TIGIT*CD73'CD8" T
cell subsets. As the disease progressed, the proportion of
PDI'TIGIT'CD73 CD8" T cells gradually increased, and this was
maintained in remission (63). The latest study suggested CD39 could
be used as a marker of poor treatment response and prognosis in
patients with AML. Aroua et al. graded the fold enrichment of the
CD39 expression cells in AML patients after chemotherapy and found
that the disease-free survival rate of the ‘high CD39 ratio’ group was
significantly worse than that of the Tow CD39 ratio’ group (64).
Moreover, when the focus was on patients under 60, this survival
disadvantage was more significant, indicating that CD39 could be
used as a prognostic marker of adverse response to chemotherapy in
AML (64). The drug blocking the inhibition of CD39 activity can not
only block the mitochondrial metabolic reprogramming related to
AraC resistance but also significantly enhance its cytotoxicity and
sensitivity to AML cells in vivo and in vitro (64, 65). Additionally,
Franziska Brauneck et al. found that y3 T cells in patients with AML
expresses high levels of CD39 and PD-1, TIM-3, TIGIT, and other
immunosuppressive receptors, which is similar to that of CD8" T cells
but higher than that of CD4" T cells (66). In further analysis, the
researchers found that CD39 expression on V81 T cells is significantly
increased and significantly co-expressed with PD-1, TIM-3, and
TIGIT, which shows further depletion characteristics (66).

Similarly, CD73 is also closely related to T-cell depletion in
patients with AML and can be used as an essential target (67). The
frequency of CD73 expression in CD8" T cells of newly diagnosed
AML patients is significantly lower than that of healthy controls. This
suggests that the downregulation of CD73 expression is
phenotypically related to T cell depletion, and the expression of
CD73 on CD8" T cells is increased significantly after complete
remission. Therefore, the low expression of CD73 on CD8" T cells
is associated with a high burden of leukemia (67). Contrary to the
long-recognized negative immune regulation of ATP-adenosine
signal in tumor tissue and the increase of CD73 associated with
poor prognosis, the researchers found that the expression of CD73 on
CD8" T cells in patients with AML is related to the enhancement of
immune response and has a higher function (67). On the other hand,
CD73°CD8" T cells express high levels of inhibitory receptors, such as
PD-1, TIGIT, and immunosuppressive molecules, and have the ability
to produce cytokines, including IL-2, TNF-a,, and IFN-v, is decreased,
thus increasing the likelihood of apoptosis (67). Therefore,
understanding the specific distribution pattern of CD73 in each
cancer type or disease state is very important for the optimal design
of clinical studies of cancer treatment of CD73 (67, 68).
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5.2 Chronic lymphocytic leukemia

Chronic lymphocytic leukemia (CLL) is the most common type of
leukemia in adults and is characterized by the proliferation and
progressive accumulation of functionally deficient B cells in PB,
BM, and lymphoid tissues (69). The clinical course of the disease is
highly variable, and some patients have a good prognosis and a long
survival time, while others can rapidly develop invasive lymphoma or
leukemia (70). To better differentiate prognostic subsets, novel
biological parameters have been added to clinical staging systems,
and TME appears to play a critical role in genesis and progression.
The expression level of CD39 on CLL cells is significantly higher than
that of normal lymphocytes, and the levels of CD39"CD4" T and
CD39"CD8" T cells in PB are also significantly higher (71).
Compared with CD39"°" T cells, the time-to-first treatment of CLL
patients with CD39"8" T cells is significantly shorter, which indicates
that the expression of CD39 on CD4" T cells is closely related to the
more advanced stage of the disease and that CD39 plays a role in the
invasion of the disease (71, 72). In addition, the number of
CD39°CD4" T cells increases in CLL patients with poor prognostic
markers, which is associated with a shorter initial treatment time. In
addition, the frequency of CD39"CD4" T cells in CLL patients with
cytogenetic abnormalities with poor prognosis is also similar to that
in patients with normal- or low- or moderate-risk cytogenetic
abnormalities (73). Above all, the data suggest that CD39"CD4" T
cells are associated with a poor prognosis in patients with CLL (73). In
patients with CLL, the increase of Tregs has also been associated with
disease progression, and the unique proportion of CD39" Tregs
subsets is related to the disease stage of CLL (74). However,
compared with healthy controls, Foxp3™ and Foxp3'CD39°CD4" T
cells in CLL are increased, and the levels of these two subsets are
related to the severity of CLL. This suggests that the expression of
Foxp3 on CD39"CD4" T cells has no additional predictive value for
the prognosis of CLL patients (73). The results referred to above were
obtained from a cross-sectional study, so it is not clear whether CD39
expression on T cells increases with the deterioration of the disease.

CD?73 expression may also be related to the prognosis of CLL. M.
Kicova et al. showed that high CD73 expression is related to the
significant shortening of the overall survival time of CLL patients (75).
This was the first time that researchers have directly proven the effect
of CD73 expression on the survival of patients with CLL. In addition,
CD73 expression has been found on B cells in CLL patients, and Serra
et al. found that high CD73 expression is associated with more
aggressive clinical behavior, which is characterized by large CLL
clones and poor prognosis (75, 76). Therefore, further research is
needed to determine the effect of CD73 expression in patients with
progressive disease.

5.3 Multiple myeloma

Multiple myeloma (MM) is the second most common
hematological malignancy and is characterized by abnormal
proliferation of clonal and terminally differentiated B cells in the
BM. Owing to the heterogeneity of its disease progression and the
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changes in the bone marrow microenvironment, most patients have a
recurrence, and the prognosis of different patients is very different (77,
78). Therefore, individualized treatment of MM is critical. In patients
with malignant MM, the number of CD39" Tregs is increased and
they participate in the inhibition of the Th17 response. Additionally,
they are used as a myeloma cell promoter that produces IL-17,
especially in myeloma-permitted BM environments (79, 80). The
appearance of activated CD39" Treg cells and BM resident CD39"
Tregs may represent the early changes caused by malignant MM cells,
thus promoting the clinical progress of MM (79).

In addition, Rui Yang et al. detected the expression of CD39 on
CD8" T cells of MM patients. Interestingly, similar to CD8" TIL cells
related to antigen-specific depletion, these CD39"CD8'T cells can
also co-express PD-1 (81). In addition, Arghya Ray et al. found that
targeted CD73 therapy, alone or in combination with an immune
stimulant TLR-7 agonist, can enhance the activity of MM-specific
CD8" cytotoxic T cells, which is a promising new strategy to restore
patients’ anti-MM immunity (23, 82). In the BM of patients with MM,
the expression of CD39 on Y8 T cells is significantly increased,
especially on V81 T cell subsets (66). Moreover, CD39 is often co-
expressed with inhibitory receptors, such as TIGIT, PD-1, and TIM-3
on Y0 T cells, which suggests that ¥8 T cells may be in a state of
depletion. Therefore, targeted CD39 has potential application value in
activating and enhancing the cytotoxicity of 8 T cells.

5.4 Diffuse large B-cell lymphoma
Diffuse large B-cell lymphoma (DLBCL) is the most common
subtype of aggressive non-Hodgkin’s lymphoma and can occur de

novo or as a result of the transformation of indolent lymphoma (83).

TABLE 1 Antagonists of CD39 currently in clinical trials.

Clinical Phase Start Status Cancer type
trial date (population, N)
identifier
NCT00002652 | 1II November | Completed | MM, Plasma cell tumor
01, 1999 (N=unknown)
NCT02724163 | 1II January 8, Recruiting AML (N=700)
2016
NCT03829254 | I/II January Recruiting Advanced cancer,
30, 2019 lymphoma, solid tumor
(N=94)
NCT02514083 I July 31, Actlv‘e,' not | CLL, SLL (N=29)
2015 recruiting
NCTH 4 /T li , 1 h
CT03884556 = 1/Ib March 16, Active, ot Solid tumor, lymphoma
. (N=56)
2019 recruiting
NCT04425655 | 1II June 3, Recruiting AML (N=27)
2020
NCT04261075 | I January 7, Active, not Advanced solid tumors
2020 recruiting (N=57)

10.3389/fimmu.2023.1110325

Owing to the heterogeneity of DLBCL, approximately one-third of
patients still have a poor prognosis. The latest study found that the
ATP-adenosine axis can inhibit the activity of CD8" T cells, and the
combination of PD-1 and CD73 can define more dysfunctional CD8"
T cell subsets (84). Targeting of the PD-1/PD-L1 (programmed cell
death-ligand 1) immunosuppressive pathway combined with CD73
inhibitors may provide additional clinical benefits and partially
overcome primary and secondary drug resistance to PD-1/PD-L1
blockade, as well as put forward a strong theoretical basis for precise
immunotherapy and further the development of CD73
immunotherapy strategies for DLBCL patients.

6 Clinical study of the
ectonucleotidases CD39 and CD73 in
tumor immunity

The specific expression pattern of the ectonucleotidases CD39
and CD73 make them capable of serving as markers to selectively tag
leukemia cells and deliver therapeutic agents while limiting off-
targets. Additionally, as they operate in a coordinated cascade of
events, the inhibition of one of them is sufficient to block the
downstream processes. Hence, their intervention opens the
possibility of modulating immunosuppression.

Recent studies have shown that blocking CD39 and CD73 can not
only prevent the accumulation of adenosine but also restore anti-
tumor immunity by stabilizing extracellular pro-inflammatory ATP
(23). As a drug target for cancer, various drugs against CD39 have
entered clinical trials (Table 1). CD39 inhibitors, including ARL67156
and POM-1, are effective in animal models of follicular lymphoma,

Interventions and
combination

Secondary
outcome measures

Primary outcome

measures

Suramin Not provided Not provided

DLTs, EFS, RFS AEs, PK, CR, CIR, DCR,

EFS, OS

Mitoxantrone, fludarabine,
gemtuzumab ozogamicin

NUC-7738 DLTs, MTD, ORR, ORR, DoR, DCR, DoSD,
DoR, DCR, DoSD, PFS
PFS

Fludarabine Safety, efficacy Not provided

TTX-030, pembrolizumab Safety, DLTs, MTD, Anti-tumor activity,

RP2D Cmax, PK, CD39
expression
Fludarabine ORR, CR, CRi Safety, CR rate, OS, LFS,
EFS
IPH5201 (alone), Safety, ECG DC, Cmax

durvalumab, oleclumab

ADAs, anti-drug antibodies; AEs, adverse events; ALL, acute lymphoblastic leukemia; AML, acute myelocytic leukemia; CIR, cumulative incidence of relapse; Cmax, maximum concentration; CR,
complete response; CRi, incomplete count recovery; DC, disease control; DCR, disease control rate; DLTs, dose-limiting toxicity; DoR, duration of response; DoSD, duration of stable disease; ECG,
electrocardiogram; EFS, event-free survival; LFS, leukemia-free survival; MM, multiple myeloma; MTD, maximum tolerated dose; ORR, objective response rate; OS, overall survival; PFS, progression-
free survival; PK, pharmacokinetics; RFS, relapse-free survival; RP2D, recommended phase 2 dose.

Durvalumab, humanized anti-human PD-L1 monoclonal antibody; fludarabine, CD39 antagonist; gemtuzumab ozogamicin, CD33 Inhibitor; IPH5201, CD39 antagonist; mitoxantrone, CD39
antagonist; NUC-7738, CD39 antagonist; oleclumab, anti-CD73 monoclonal antibody; pembrolizumab, humanized anti-human PD-1 monoclonal antibody; suramin, CD39 antagonist; TTX-030,
CD39 antagonist.
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sarcoma, or mouse melanoma, resulting in the partial overcoming of
poor T cell response to stimulation, enhanced response to
chemotherapeutic drugs, and inhibition of tumor growth,
respectively (47). After administration of CD39 inhibitor
ARL67156, eATP in tumors increases, which promotes the
recruitment of dendritic cells and CD4" and CD8" cells producing
IFN-y and simultaneously promotes the immune control of
autophagy-deficient tumors (85). Considering the delicate balance
between eATP and extracellular adenosine in regulating the immune
response in TME, CD39-guided therapy may affect tumor-immune
interaction in other aspects (23). In addition to monotherapy, some
preclinical studies have shown that there is a synergistic blocking
effect between the release of immunosuppressive tumor
microenvironment and anti-PD-1/PD-L1 resulting from targeting

TABLE 2 Antagonists of CD73 currently in clinical trials.

10.3389/fimmu.2023.1110325

of the ATP-adenosine pathway (including CD39 and CD73) (85).
Preclinical studies have also shown that the synergistic effect of
targeted CD39 antagonist IPH5201 and PD-L1 checkpoint
inhibitors have better complete regression and improved survival
than PD-L1 inhibitors alone (86).

CD?73 can also be expressed in normal cells, and for this reason,
therapy targeting CD73 (such as an anti-CD73 monoclonal antibody)
is often considered a non-specific therapy (87). Interestingly, studies
have proved that CD73 is highly effective in targeted therapy for
cancer (Table 2). Antagonists targeting CD73 often combine with
other immune checkpoint blockers to improve the prognosis for
cancer patients. Tests of CD73 small molecule inhibitor AB680 in
pancreatic cancer patients have shown that it can effectively restore T
cell proliferation, cytokine secretion, and suppressed cytotoxicity (88).

Clinical trial Phase Start Cancer type Interventions and = Primary outcome Secondary
identifier date (population, N) combination measures outcome measures
NCT03249636 Not August 9, Not ALL (N=50) Flow cytometric analysis Expression of markers .
. . . Not provided
provided | 2017 provided in ALL
NCT03454451 I April 25, Recruiting NHL, solid tumor CPI-006, ciforadenant/ DLTs, MDL
. AUC, Cmax
2018 (N=378) pembrolizumab
NCT04668300 11 N b R iti S N=75 lecl b, d I b RR, EF
C ovember ecruiting arcoma ( ) Oleclumab, durvaluma S PES, RR, OS, AEs
26, 2020
NCT05227144 I 6, R iti R MM (N=48 ORIC-533 RP2D, safety,
January ecruiting R/ ( ) ‘S‘a ety, Cmax, AUClast, PK
2022 tolerability
NCT02503774 I ly 24, Active, not Solid t N=190 MEDI9447, MEDI4736
July ctive no olid tumor ( ) Safety, SAEs OR, DoR, DC, PES, OS
2015 recruiting
NCT02754141 /11 June 21, Completed Solid tumor (N=234) BMS-986179, nivolumab AEs, SAEs ORR, DoR, PFSR,
2016 ’ ADAs, DF, etc.
NCT03381274 /11 May 8, Active, not NSCLC (N=43) MEDI9447, AZD4635 Safety. RR DoR, DC, PES, OS, OR,
afety,
2018 recruiting Ré etc.
NCT03267589 11 16, C leted Ovari MEDI9447, di 1 b,
]une omplete 'varian cancer ’ urvalumal DCR PFS, OS, RR, DoR
2018 (N=25) tremelilumab
NCT03835949 I July 16, Active, not Solid tumor (N=36) TJ004309, atezolizumab MID IT agent, Antitumor
2019 recruiting activity, etc.
104672434 1 iti li =1 24, 21 , SD, TTP, AUC,
NCT0467243: November Recruiting Solid tumor (N=100) Sym024, Symo0: AEs, MTD/MAD OR, S ucC
19, 2020 Cmax, Tmax, etc.
NCT05174585 /11 August, Not yet Solid tumor (N=62) JAB-BX102, DLTs, AEs, ORR, PK, ORR, DoR, DCR,
2022 recruiting pembrolizumab DOR PFS
NCT04572152 I 18, R iti AK119, AK104 ORR, DCR, C 8
January ecruiting Solid tumor (N=195) AEs, DLTs , max
2021 Cmin, ADAs
NCT04940286 11 September Recruiting Solid tumor (N=30) Oleclumab, durvalumab RR, AEs Not provided
28,2021
NCT04989387 1 October 4, Recruiting Solid tumor (N=230) INCA00186, retifanlimab, | Safety, tolerability, ORR, DCR, DoR, Cmax,
2021 INCB106385 DLTs, RDE CL, etc.
NCT0543127 I 23, R iti lid t N= PT199, anti-PD-1
CT05431270 June 23 ecruiting Solid tumor (N=38) 99, anti : MTD RR, PK
2022 monoclonal antibody

ADAs, anti-drug antibodies; AEs, adverse events; AUC, area under the curve; CL, clearance; CLL, chronic lymphocytic leukemia; Cmax, maximum concentration; Cmin, minimum observed
concentration; DC, disease control; DCR, disease control rate; DF, degree of fluctuation or fluctuation index; DLTs, dose-limiting toxicity; DoR, duration of response; EFS, event-free survival; MDL,
maximum dose level; MTD, maximum tolerated dose; MM, multiple myeloma; NHL, non-Hodgkin lymphoma; NSCLC, non-small-cell lung cancer; OR, objective response; ORR, objective response
rate; OS, overall survival; PK, pharmacokinetics; PFS, progression-free survival; PFSR, progression-free survival rate; RDE, recommended dose for expansion; RP2D, recommended phase 2 dose; RR,
relative risk; SAEs, serious adverse events; SD, stable disease; Tmax, time to reach maximum concentration; TTP, time to progression.

AK104, anti-PD-1/CTLA-4 bispecific antibody; AK119, CD73 antagonist; atezolizumab, PD-1/PD-L1 inhibitor; AZD4635, A2AR antagonist; BMS-986179, CD73 antagonist; ciforadenant, A2A
antagonist; CPI-006, CD73 antagonist; durvalumab, humanized anti-human PD-L1 monoclonal antibody; INCA00186, CD73 antagonist; INCB106385, anti-A2AR/A2BR bispecific antibody; JAB-
BX102, CD73 antagonist; MEDI4736, humanized anti-human PD-L1 monoclonal antibody; MEDI9447, CD73 antagonist; nivolumab, PD-1 inhibitor; oleclumab, CD73 antagonist; ORIC-533, CD73
antagonist; pembrolizumab, humanized anti-human PD-1 monoclonal antibody; PT199, CD73 antagonist; retifanlimab, PD-1 inhibitor; Sym021, humanized anti-human PD-1 monoclonal antibody;
Sym024, CD73 antagonist; TJ004309, CD73 antagonist; tremelilumab, anti-CTLA-4 monoclonal antibody.

157

Frontiers in Immunology frontiersin.org


https://doi.org/10.3389/fimmu.2023.1110325
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jiang et al.

Consistent with the previously reported anti-tumor effect of immune
checkpoint blockers combined with CD73 targeted drugs, the use of
AB680 combined with PD-1 blocking in vitro can overcome the
inhibitory effect of adenosine on human T cells and enhance the anti-
tumor activity of drugs and the anti-tumor effect in vivo (88). In
addition, in the breast cancer model, anti-CD73 antibodies partially
prevent lung metastasis in mice (89). Currently, a therapeutic anti-
CD?73 antibody MEDI9447 is also in clinical trials with patients with
solid cancer (NCT02503774; NCT03611556) (90).

7 Conclusion

Although ectonucleotidases CD39 and CD73 represent promising
targets for novel therapeutic strategies, most current therapeutic strategies
come from solid tumors. They involve hematological malignancies in
which they can act as disease and prognostic markers and, to some extent,
directly contribute to leukemia progress and expansion. The proper design
of clinical trials incorporating a comprehensive biomarker strategy will be
paramount for robustly impacting tumor-immune interactions and
regulating the suppressive TME. As discussed previously, there are
additional combination regimens that can synergize with CD39 or
CD73 blockade to provide potential benefits to patients. It is worth
noting that some key issues remain unaddressed, including determining
the consequences of targeting CD39, CD73, and adenosine receptors on
extracellular ATP levels, evaluating the activity of the dual targeting of
CD39 and CD73, and developing reliable methods to measure extracellular
adenosine levels in the TME.
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of granulocytes inhibited

by noradrenaline
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and Bingdi Chen*

Shanghai East Hospital, The Institute for Biomedical Engineering & Nano Science, Tongji University
School of Medicine, Shanghai, China

Introduction: In recent years, numerous studies have confirmed that chronic stress
is closely related to the development of cancer. Our previous research showed that
high levels of stress hormones secreted in the body during chronic stress could
inhibit the cancer-killing activity of granulocytes, which could further promote the
development of cancer. Therefore, reversing the immunosuppressive effect of stress
hormones on granulocytes is an urgent problem in clinical cancer treatment. Here,
we selected noradrenaline (NA) as a representative stress hormone.

Methods and results: After screening many traditional Chinese herbal medicine
active ingredients, a promising compound, ginsenoside Rgl, attracted our attention.
We verified the immunoprotective effect of ginsenoside Rgl on granulocytes in vitro
and ex vivo, and attempted to understand its potential immunoprotective mechanism.
We confirmed the immunoprotective effect of ginsenoside Rgl on granulocytes using
cell and animal experiments. Cell counting kit-8 (CCK-8) and ex vivo experiments
were performed to investigate the immunoprotective effects of ginsenoside Rgl on
the anti-cancer function of granulocytes inhibited by NA. Transcriptome sequencing
analysis and gRT-PCR showed that NA elevated the mRNA expression of ARG2, MMP1,
S100A4, and RAPSN in granulocytes, thereby reducing the anti-cancer function of
granulocytes. In contrast, ginsenoside Rgl downregulated the mRNA expression of
ARG2, MMP1, S100A4, and RAPSN, and upregulated the mRNA expression of LAMC2,
DSC2, KRT6A, and FOSB, thereby enhancing the anti-cancer function of granulocytes
inhibited by NA. Transwell cell migration experiments were performed to verify that
ginsenoside Rgl significantly enhanced the migration capability of granulocytes
inhibited by NA. Tumor-bearing model mice were used to verify the significant
immunoprotective effects in vivo. Finally, CCK-8 and hematoxylin and eosin staining
experiments indicated that ginsenoside Rgl exhibited high biosafety in vitro and in vivo.

Discussion: In future clinical treatments, ginsenoside Rgl may be used as an
adjuvant agent for cancer treatment to alleviate chronic stress-induced adverse
events in cancer patients.
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1 Introduction

In recent years, increasing evidence has shown that chronic stress
is closely related to the development of cancer (1-7). During chronic
stress, the dysregulation of the hypothalamic-pituitary-adrenal axis
could further lead to the persistent abnormal secretion of stress
hormones [hydrocortisone, adrenaline, and noradrenaline (NA)] in
the body (8). The long-term dysregulation of neuroendocrine
hormones could lead to a series of health problems, including
cancer development (9-11). Thus far, numerous studies have
confirmed that high stress hormone levels over a prolonged period
of time can inhibit immune system function (12-14). Data showed
that chronic stress could promote the proliferation and migration of
tumor cells by inhibiting different functional stages of the immune
system (such as antigen presentation, humoral immunity, and cellular
immunity) (15-21).

Neutrophils are the primary responders to infections that display
potent antimicrobial functions including phagocytosis, degranulation,
and neutrophil extracelluar trap (NET) production (22, 23).
Meanwhile, the results and clinical correlative evidence have
revealed that neutrophil subpopulations have distinct functions
under the tumour microenvironment (24, 25). Tumor-associated
neutrophils (TANs) have differential states of activation: N1
antitumorigenic phenotype and N2 protumorigenic phenotype. N1
neutrophils can directly kill tumour cells through the release of ROS
and RNS. They also promote T cell activation and recruitment of pro-
inflammatory macrophages. N2 neutrophils promote tumor
angiogenesis and inhibit NK cell function via the release of MMP9.
In addition, they recruit anti-inflammatory macrophages and Treg
cells (24, 26, 27). The results discussed above suggest that neutrophils
have high heterogeneity and plasticity. Our previous study suggested
that stress hormones secreted in the body during chronic stress could
alter neutrophil cell function and phenotype.

In 2020, our research group reported that the high levels of stress
hormones secreted in the body during chronic stress could inhibit the
cancer-killing activity (CKA) of granulocytes, which could further
reduce the anti-cancer function of the immune system and thus
promote the occurrence and development of cancer (28). Our
findings provided strong evidence to support the view that chronic
stress promotes the occurrence and development of cancer.

Patients often develop chronic mental stress after the diagnosis of
cancer (8, 9, 29, 30). The prolonged maintenance of elevated stress
hormone levels in these patients further inhibits the CKA of
granulocytes and ultimately promotes the development of cancer (8,
9). Therefore, it is necessary to develop an agent that can effectively
reverse the immunosuppressive effects of stress hormones and ensure
its biosafety. To address this issue, we screened a variety of bioactive
components in Chinese traditional herbs during our preliminary

Abbreviations: NA, noradrenaline; CKA, cancer Kkilling activity; CCK-8, cell
counting kit-8; FITC, fluorescein isothiocyanate; PI, propidium iodide; DMEM,
Dulbecco’s Modified Eagle’s Medium; FBS, fetal bovine serum; PBS, phosphate
buffer saline; DAPI, 4’, 6-diamidino-2-phenylindole; CK, cytokeratin; CD, cluster of
differentiation; E, effector cells; T, target cells; OD, optical density; KEGG, Kyoto
Encyclopedia of Gene and Genomes; GO, gene ontology; FC, foldchange; P,
probability; RT, reverse transcription; TEM, transmission electron microscopy;

i.p., intraperitoneally.
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exploration experiments. Among them, ginsenoside Rgl attracted
our attention because of its excellent immunoprotective function.
Ginsenoside Rgl is an extract of ginseng (31). Previous reports
showed that ginsenoside Rgl can improve immunity and enhance anti-
tumor activity, and exhibits broad application prospects in high-end
health care and other fields (32, 33). However, no study has reported
the potential application of ginsenoside Rgl in anti-tumor therapy for
patients with cancer suffering from stress. In the present study, we
investigated whether ginsenoside Rgl could enhance the CKA of stress-
hormone-inhibited granulocytes. This study will also provide a new
direction for the clinical application of ginsenoside Rgl in the future.
In a previous report, we investigated the immunosuppressive effects
of three stress hormones (hydrocortisone, adrenaline, and NA).
Among the three stress hormones, NA exhibited the strongest
immunosuppressive effect in vivo (28). Therefore, in this study, NA
was selected as a representative stress hormone to explore the protective
effect of ginsenoside Rgl on the CKA of stress hormone-inhibited
granulocytes. Here, the biosafety of ginsenoside Rgl was investigated
via cytotoxicity experiments; the immunoprotective effects of
ginsenoside Rgl in vitro were investigated using cell counting kit-8
(CCK-8) and transwell cell migration tests; the immunoprotective
mechanism of ginsenoside Rgl was investigated by transcriptome
sequencing analysis and qRT-PCR; the immunoprotective function of
ginsenoside Rgl in vivo was verified using tumor-bearing model mice.
The results of this study showed that ginsenoside Rgl could enhance
the CKA of granulocytes inhibited by NA. Ginsenoside Rgl may
find application as an immunoprotective agent to alleviate the
immunosuppressive effect of chronic stress in future clinical treatments.

2 Materials and methods
2.1 Reagents

All reagents were commercially available. Ultrapure water was
obtained from Millipore machines (Billerica, MA, USA). CCK-8 and
Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
apoptosis detection kit were purchased from Dojindo (Tokyo, Japan);
Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum
(FBS), and phosphate-buffered saline (PBS) were purchased from
Biological Industries (Kibbutz Beit Haemek, Israel); diff-quik staining
solution and 4’, 6-diamidino-2-phenylindole (DAPI) were purchased
from Solarbio (Beijing, China); red cells lysis bAuffer was purchased
from BioGems (CA, USA); percoll was purchased from GE Healthcare
Life Sciences (MA, USA); cytokeratin 19 antibody and cluster of
differentiation 66 antibody were purchased from Abcam (Cambridge,
UK); ginsenoside Rgl was purchased from MACKLIN (Shanghai,
China); and NA was purchased from AMQUAR (Shanghai, China).

2.2 Instrumentation

An HT7700 120KV electron microscope (Hitachi, Tokyo, Japan)
was used for transmission electron microscopy (TEM); an ECLIPSE
80i fluorescence microscope (Nikon, Tokyo, Japan) was used for
fluorescence imaging; a MULTISKAN MK3 Microplate Reader
(Thermo Scientific, MA, USA) was used for cell viability tests; a BD
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FACSVerse (NJ, USA) was used for flow cytometry; and a Leica TCS
SP5 II (Hesse, Germany) was used for confocal microscope imaging.

2.3 Cells

A549 and S180 cell lines were purchased from Shanghai Institute
of Cell Biology (Shanghai, China).

2.4 Animals

In this study, 27 adult male SD rats (clean grade, weight ~160 g)
and 24 adult male nude mice (SPF grade, weight ~20 g) were
purchased from Shanghai SLAC Laboratory Animal Co., Ltd
(Shanghai, China). Production license number: SCXK (Shanghai)
2017-0005; use license number: SYXK (Shanghai) 2017-0008. This
study was approved by the Tongji University Institutional Review
Board (Grant No. TTJAA07221402).

2.5 Donors

A total of 50 healthy donors (18-25 years) from Tongji University
(Shanghai, China) who consented were recruited as the study
participants. Volunteers were required to fill in informed consent
before donating blood. None of the participants consumed alcohol,
smoked, or took any medication during the study period. This study
was approved by the Tongji University Institutional Review Board
(Grant No. 2019tjdx282).

2.6 Granulocyte isolation

From each participant, 10 mL of blood was collected by
heparinized venipuncture (Yu Li, Jiangsu, China) on the day of use.
Granulocytes were isolated from human whole blood via percoll
gradient separation (28, 34).

2.7 CKA assay

A549 cells (8 x 107 cells/well) were incubated with DMEM
supplemented with 10% FBS at 37°C for 24 h. CKA was tested as
described previously (28, 34). Briefly, granulocytes were added to A549
cells as effector cells: target cells (E: T) ratio of 10: 1 and incubated at 37°C
for 24 h. After thorough removal of non-adherent cells, the viable target
cells were determined by CCK-8 assay according to the manufacturers’
instruction. Each data point was the average of the triplicates.

2.8 Cytotoxicity test
2.8.1 Effects of ginsenoside Rgl
on A549 cell viability

A549 cells were seeded in 96 wells plate at a concentration of 8 x
10 cells/well and incubated at 37°C for 24 h. After discarding the
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culture medium, different concentrations of ginsenoside Rgl (0, 0.1,
1, 10, and 100 mg/L) were added to A549 and incubated at 37°C for
additional 24 h. After discarding the culture medium, CCK-8
reagent diluted with DMEM containing 10% FBS (110 pL) was
added into each well and incubated at 37°C for 1-2 h. Optical
density (OD) values were measured using a microtiter plate reader
at 450 nm (35).

2.8.2 Effects of ginsenoside Rgl
on granulocyte viability

Granulocytes were first seeded in 96-well plates at a concentration
of 3 x 10° cells/well. Subsequently, different concentrations of
ginsenoside Rgl (0, 0.1, 1, 10, and 100 mg/L) were added to
granulocytes and incubated at 37°C for 24 h. CCK-8 reagent was
then added into each well and incubated at 37°C for an additional 12
h. OD values were measured using a microtiter plate reader at 450
nm (35).

2.9 RNA isolation and library preparation

Total RNA was isolated from the granulocytes of healthy
volunteers. The granulocytes were divided into four groups
(Control group, NA group, Rgl group, and NA + Rgl group). Each
group contained three biological duplicate samples (Control 1,
Control 2, Control 3, NA 1, NA 2, NA 3, Rgl 1, Rgl 2, Rgl 3,
NA + Rgl 1, NA + Rgl 2, and NA + Rgl 3). The total RNA was
isolated using TRIzol reagent (Invitrogen, CA, USA). The quality and
purity of the isolated RNA were assessed using a NanoDrop 2000
spectrophotometer (Thermo Scientific). The ¢cDNA libraries were
constructed using a TruSeq Stranded mRNA LT Sample Prep Kit
(Illumina, CA, USA).

2.10 RNA sequencing and analysis
of differentially expressed genes

Transcriptome sequencing and analysis were conducted by OE
Biotech Co., Ltd. (Shanghai, China). The ¢cDNA libraries were
sequenced on an Illumina HiSeq X Ten platform (Illumina).
Differentially expressed genes were analyzed using the DESeq
(2012) R package. Kyoto Encyclopedia of Gene and Genomes
(KEGG) and Gene Ontology (GO) enrichment analysis were
performed using R based on the hypergeometric distribution (36).
We used the STRING database to predict protein-protein
interaction networks (37). The threshold of significantly
differential expression was: probability (P) < 0.05 and foldchange
(FC) > 2 or (FC) < 0.5.

2.11 gRT-PCR

Total RNA was extracted from cells using TRIzol reagent.
Quantification was conducted through a two-step reaction process:
reverse transcription (RT) and PCR. RT reactions were performed in
a GeneAmp PCR System 9700 (Applied Biosystems, USA). Real-time
PCR was performed using a LightCycler 480 II Real-time PCR
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Instrument (Roche, Swiss). At the end of the PCR cycles, melting
curve analysis was performed to validate the specific generation of the
expected PCR product. ACTB was used as the housekeeping gene.
Relative expression quantification analysis was performed using the 2
AACt method (38). The following are the details of the primers used:

ARG2 forward: 5- ACAACAACCTGATAGTGAATCC-3’, ARG2
reverse: 5- TCTGACACAGCTCTGCTAAC-3’;

MMPI forward: 5-GAGGAAATCTTGCTCATGCTT-3’, MMPI
reverse: 5- CTCTCTGAAATTGTTGGTCCAC-3’;

S100A4 forward: 5- TTGGACAGCAACAGGGACAA-3’,
S100A4 reverse: 5- AGAATTCGTTACACATCATGGC-3%;

RAPSN forward: 5- TTGTGAGGTTCCACGAGT-3’, RAPSN
reverse: 5- GGCTGTTCTTCTCGCCTAT-3’;

LAMC2 forward: 5’-CCCTGGGTTGAACAGTGTAT-3’, LAMC2
reverse: 5- AGTCTCGCTGAATCTCTCTT-3%;

DSC2 forward: 5- ACACGGCCCAAAACTATACCA-3’, DSC2
reverse: 5- TTTCCAGTGTCTCTCTCCACATA-3’;

KRT6A forward: 5°- CTTTCCACTGGCTCTCAAAC-3’, KRT6A
reverse: 5- GTCACTTGTGCTTTCATGGAT-3%

FOSB forward: 5- ACCTGACGGCTTCTCTCTTTA-3’, FOSB
reverse: 5- GGACAAACGAAGAAGTGTACG-3’;

ACTB forward: 5- CATTCCAAATATGAGATGCGTT-3’, ACTB
reverse: 5- TACACGAAAGCAATGCTATCAC-3.

2.12 Cell migration assay

Five healthy volunteers were recruited and 10 mL of peripheral
blood was collected from each volunteer. The granulocytes were
separated from whole blood via percoll gradient separation and
divided into four groups (groups A, B, C, and E) and added into
non-adherent 24-well plates. Granulocytes in group A and E were
incubated at 37°C for 24 h. Those in group B were first incubated at
37°C for 12 h. Subsequently, NA (50 pg/mL) was added and the
granulocytes were further incubated at 37°C for an additional 12 h.
Granulocytes in group C were first incubated with ginsenoside Rgl
(100 mg/L) at 37°C for 12 h. Subsequently, NA (50 pg/mL) was added
and the granulocytes were further incubated at 37°C for an additional
12 h. The granulocytes in the above four groups were then collected
and centrifuged at 1000 rpm for 5 min. After discarding the culture
medium, granulocytes were dispersed in DMEM and counted using
Countstar (ALIT Life Science, Shanghai, China). Transwell chambers
were placed in a 24-well plate inoculated with or without A549 cells
(600 puL, 2.5 x 10° cells/well). Granulocyte suspension (100 pL, E: T =
10: 1) was added to the upper chambers and incubated at 37°C for 3 h
(A549 cells were pre-inoculated in the lower chambers of group A, B,
and C; no cells were pre-inoculated in the lower chambers of group
E). Subsequently, cells in the upper chambers were wiped oft with
cotton swabs. Cells in the lower chambers were digested with trypsin
and resuspended in PBS solution. Cells were counted using Countstar
(cell numbers in the lower chambers of groups A, B, C, and E were
recorded as A, B, C, and E, respectively). The number of A549 cells
inoculated was recorded as D. The chemotactic index of granulocytes
in group A = (A - D)/E; chemotactic index of granulocytes in group
B = (B - D)/E; chemotactic index of granulocytes in group C = (C -
D)/E (39).
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2.13 In vivo immunoprotective evaluation
of ginsenoside Rgl

On day 0, 24 healthy nude mice were randomly divided into four
groups: Control group, NA group, NA + Rgl group, and Rgl group.
On day 1, mice in the Control group were intraperitoneally (i.p.)
injected with 100 pL PBS per day for 24 consecutive days; mice in the
NA group were i.p. injected with NA (100 uL, 2 mg/kg) per day for 24
consecutive days; mice in NA + Rgl group were i.p. injected with NA
(100 pL, 2 mg/kg) and ginsenoside Rg1 (100 L, 50 mg/kg) per day for
24 consecutive days; mice in Rgl group were i.p. injected with
ginsenoside Rgl (100 uL, 50 mg/kg) per day for 24 consecutive
days. On day 8, ascites tumor $180 cells (500 uL, 2 x 10° cells/mL)
were inoculated into the abdominal cavity of the mice in the 4 groups.
The body weight, abdominal circumference, average food
consumption, and survival rate were recorded daily for 24 days.

2.14 Statistic analysis

Three biological replicates were performed for all experiments in
this study, unless otherwise indicated. Statistical analyses were
performed using GraphPad Prism software, version 7.01 (GraphPad
Software, San Diego, CA, USA). One-way analysis of variance with
Dunnett post-test was used to analyze the differences between
multiple groups. Two-tailed Student’s t-test was used to analyze the
differences between the two groups. Log-rank test was used to analyze
the survival curve. Statistical significance was set at a P value of less
than 0.05, 0.01, or 0.001, indicated by *, **, and ***, respectively.

3 Results

3.1 Granulocytes from the peripheral
blood of healthy humans exhibited
anticancer function

We recruited five healthy volunteers and collected 10 mL of
peripheral blood from each volunteer. We separated granulocytes
from whole blood via percoll gradient separation and tested the CKA
of granulocytes. Firstly, we tested the cancer-killing efficiency of
granulocytes from five healthy volunteers by CCK-8 (target cells:
A549; E: T = 10: 1) (28). The results showed that the granulocytes
from the five healthy volunteers exhibited significant cancer-killing
efficiency in the range of 35-73%, which was consistent with the result
of our previous report (Figure 1A) (28). Next, we further verified the
anti-cancer function of granulocytes by flow cytometry. Granulocytes
were added to A549 cells (E: T = 10: 1) and incubated at 37°C for 24 h.
After thoroughly discarding non-adherent cells and washing A549
with PBS three times, A549 cells were harvested and stained with
Annexin V-FITC and PIL In the detection results, the cells divided
into the first quadrant were mechanically damaged cells, those in the
second quadrant were non-viable apoptotic cells or cells that
experienced secondary cell death, those in the third quadrant were
normal living cells, and those in the fourth quadrant were viable
apoptotic cells (40). The flow cytometry results showed that 99.1% of
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Granulocytes collected from the peripheral blood of healthy humans exhibited significant anticancer function. (A) Cancer-killing activity of granulocytes
from 5 healthy volunteers tested using cell counting kit-8 (CCK-8) reagent (n = 3; mean + SD; one-way analysis of variance with Dunnett post-test; ***,
P < 0.001). (B) Cancer-killing efficiency of human granulocytes against A549 tested by flow cytometry (Annexin V-FITC/PI). (C) Images of granulocytes
attacking A549 by diff-quik staining (magnification: 20 x). (D) Confocal microscope image of granulocytes attacking A549 (magnification: 60 x). Here,
A549 cells were marked by CK19 (red), granulocyte cells were marked by CD66 (green), and the nuclei were marked by DAPI (blue). (E) Transmission
electron microscopy (TEM) images of A549 (left, magnification: 2000 x) and granulocyte attacking A549 (right, magnification: 1500 X).

the A549 group were normal living cells, 0.018% were mechanically
damaged cells, 0.19% were viable apoptotic cells, and 0.74% were non-
viable apoptotic cells or cells that experienced secondary cell death.
While 58.6% of the A549 + granulocyte group were normal living
cells, 2.18% were mechanically damaged cells, 15.9% were viable
apoptotic cells, and 23.3% were non-viable apoptotic cells or cells
that experienced secondary cell death. Compared with the A549
group, the percentage of normal living A549 cells decreased from
99.1% to 58.6% in the A549 + granulocytes group. Moreover, the
percentage of apoptotic cells (including viable apoptotic cells and
non-viable apoptotic cells) in the A549 + granulocytes group
increased from 0.93% to 39.2% (Figure 1B). The above results
indicated that the A549 cells were mainly killed by granulocytes via
the apoptosis pathway. Furthermore, diff-quik staining, confocal
microscopy, and TEM images showed that when granulocytes
attacked A549 cells, the A549 cells were surrounded by
granulocytes to form a “rosette” structure (Figures 1C-E), which
was consistent with our previous report (41). Simultaneously, A549
cells exhibited apoptotic characteristics (Figure 1E), which was
consistent with the results of flow cytometry.

3.2 Ginsenoside Rgl enhanced the anti-
cancer function of granulocytes inhibited
by NA in vitro

Our previous study showed that stress hormones (hydrocortisone,
adrenaline, and NA) were secreted under conditions of stress, which
could inhibit the function of the immune system and reduce the CKA
efficiency of granulocytes (28). Additionally, among the three stress
hormones mentioned above, NA may be the strongest inhibitor of CKA
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of granulocytes in vivo (28). This raised the question as to whether
ginsenoside Rgl could enhance the anti-cancer function of stress
hormone-inhibited granulocytes. The present study focused on NA.

First, we explored the cytotoxicity of ginsenoside Rgl.
Ginsenoside Rgl was added to human granulocytes or A549 human
lung cancer cells at concentrations of 0, 0.1, 1, 10, and 100 mg/L and
incubated at 37°C for 24 h. Cell survival rate was measured using
CCK-8. The experiment results are shown in Figures 2D-E. Data
showed that 0-100 mg/L ginsenoside Rgl exhibited no significant
inhibitory effect on the survival rate of human granulocytes and A549
cells, indicating that ginsenoside Rgl was biologically safe. These
results were consistent with those of previous reports (42).

Subsequently, different concentrations of ginsenoside Rgl (0, 10,
and 100 mg/L) were added to human whole blood and incubated at
37°C for 12 h. NA (50 pg/L) was then added to the whole blood and
incubated at 37°C for an additional 12 h. After isolating granulocytes
from the whole blood, cancer cell viability was measured using CCK-8
(Figure 2A). The experiment results are shown in Figure 2B. The data
showed that 1) NA inhibited the CKA of human granulocytes, which
is consistent with the results of our previous study (28); 2) ginsenoside
Rgl significantly enhanced the cancer-killing efficiency of
granulocytes immunosuppressed by NA; 3) ginsenoside Rgl
exhibited dose-dependent immunoprotective effects. At the
concentration range explored in this study, the CKA of
granulocytes increased with increasing Rgl concentration.

Finally, we investigated the effects of ginsenoside Rgl on the CKA
of granulocytes in healthy humans. In this experiment, different
concentrations of ginsenoside Rgl were added to human whole
blood and incubated at 37°C. After 24 h, the CKA of human
granulocytes was measured using CCK-8. The results were shown
in Figure 2C. The data showed that 1) ginsenoside Rgl improved the
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FIGURE 2

In vitro, ginsenoside Rgl could enhance the anti-cancer function of granulocytes inhibited by noradrenaline (NA). (A) Detection of the effects of
ginsenoside Rgl on the anti-cancer function of granulocytes inhibited by NA. (B) The effects of ginsenoside Rgl on granulocyte cancer-killing activity
(CKA) immunosuppressed by NA at different concentrations (n = 5; mean + SD; two-tailed student’s t-test; **, P < 0.01). (C) The effects of ginsenoside
Rgl on granulocyte CKA at different concentrations. (D) The effects of ginsenoside Rgl on granulocyte cell viability at different concentrations. (E) The

effects of ginsenoside Rgl on A549 cell viability at different concentrations.

CKA of human granulocytes to a certain extent, but the improvement
showed no statistical significance; 2) ginsenoside Rgl showed a
concentration-dependent enhancement effect on the CKA of
human granulocytes. At the concentration range explored in this
study, the CKA of granulocytes increased with increasing
Rgl concentration.

3.3 Ginsenoside Rgl could enhance the
cancer-killing efficiency of granulocytes
immunosuppressed by NA in healthy
rats ex vivo

We investigated the immunoprotective effects of ginsenoside Rgl
in an ex vivo test. In this experiment, rats in the Control group were
i.p. injected with 1.5 mL saline per day for 10 days; rats in the NA
group were first i.p. injected with 1.5 mL saline per day for 3 days,
then i.p. injected with 50 ug/kg NA per day for 7 days; rats in the NA
+ Rgl group were first i.p. injected with 20 mg/kg ginsenoside Rg1 per
day for 3 days, then i.p. injected with 20 mg/kg ginsenoside Rgl and
NA (50 pg/kg) per day for 7 days. On the 10 day, blood was collected
2 h after injection, and the CKA of granulocytes was detected
(Figures 3A-C). The results are shown in Figure 3D. The results
showed that 1) NA inhibited the CKA of granulocytes in healthy rats
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to a certain extent, but the inhibitory effect was not statistically
significant; 2) ginsenoside Rgl significantly enhanced the cancer-
killing efficiency of granulocytes immunosuppressed by NA in healthy
rats, which was consistent with the in vitro results.

Furthermore, we investigated the effects of ginsenoside Rgl on the
CKA of granulocytes in healthy rats. In this experiment, rats in the
Control group were ip. injected with 1.5 mL saline per day for 10
days; rats in the Rgl group were ip. injected with 20 mg/kg
ginsenoside Rgl per day for 10 days. Blood was collected on the
10" day and the CKA of granulocytes was tested using CCK-8 (Figure
S1A-B). The results showed that ginsenoside Rgl had no significant
effect on the CKA of the granulocytes of healthy rats, indicating that
ginsenoside Rgl has no significant toxic effect on the CKA of
granulocytes in healthy rats (Figure S1C).

3.4 Transcriptome analysis

We performed transcriptome analysis to explore the
immunoprotective mechanism of ginsenoside Rgl on the anti-cancer
functions of granulocytes inhibited by NA (43). In this study, we
performed a comparative RNA-seq analysis on four groups (NA group
vs Control group, NA + Rgl group vs NA group, and Rgl group vs
Control group) including 12 samples (Control 1, Control 2, Control 3,
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In the ex vivo test, ginsenoside Rgl could improve the cancer-killing efficiency of rats granulocytes immunosuppressed by noradrenaline (NA).
(A - C) Detection of the effect of ginsenoside Rgl on the cancer-Kkilling efficiency of granulocytes in rats immunosuppressed by NA. (D) Effect of
ginsenoside Rgl (20 mg/kg) on the cancer-killing efficiency of granulocytes immunosuppressed by NA in rats (n = 5; mean + SD; two-tailed student’s

t-test; **, P < 0.01).

NA 1, NA 2,NA 3, Rgl 1, Rgl 2, Rgl 3, NA + Rgl 1, NA + Rgl 2, and
NA + Rgl 3). Here, granulocytes in the Control group were not treated.
Granulocytes in the NA group were treated with NA (50 ug/L) at 37°C
for 12 h. Granulocytes in NA + Rgl group were first treated with
ginsenoside Rgl (100 mg/L) for 12 h, then treated with ginsenoside Rgl
(100 mg/L) and NA (50 pg/L) for an additional 12 h at 37°C.
Granulocytes in the Rgl group were treated with ginsenoside Rgl
(100 mg/L) at 37°C for 24 h. The analysis results are shown in Figure 4.
The screening conditions for differentially expressed genes are as
follows: FC > 2 and P < 0.05. Figure 4A shows the volcano plot of
data comparison between different groups, which demonstrated the
overall distribution of differentially expressed genes. In the NA group vs
Control group, a total of 11 differentially expressed genes, namely 3
upregulated and 8 downregulated genes, were found. In the NA + Rgl
group vs NA group, a total of 87 differentially expressed genes, namely
62 upregulated and 25 downregulated genes, were found. In the Rgl
group vs Control group, a total of 123 differentially expressed genes,
namely 56 upregulated and 67 downregulated genes, were found.
Figure 4B shows the cluster analysis of differentially expressed genes
between different groups. The result shows that the trend of
differentially expressed genes was consistent among different samples
in the same group, while there were significant differences among
different treatment groups.

3.5 Predicted mechanism whereby
ginsenoside Rgl enhances the anti-cancer
function of NA-inhibited granulocytes

We focused on the analysis of differentially expressed genes
between the NA + Rgl group and NA group to discuss the possible
molecular mechanisms by which ginsenoside Rgl enhanced the anti-
cancer function of granulocytes inhibited by NA. First, we performed
GO enrichment analysis of differentially expressed genes between the
NA + Rgl group and the NA group (Figure 5A). The analysis showed a
total of 87 differentially expressed genes between the NA + Rgl group
and the NA group, which could be divided into three main GO
categories: biological processes, cellular components, and molecular
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functions. Among them, the 62 upregulated differentially expressed
genes were assigned to 43 GO terms, including 21 biological processes,
13 cellular components, and 9 molecular functions. The 25
downregulated differentially expressed genes were assigned to 39 GO
terms, including 20 biological processes, 13 cellular components, and 6
molecular functions. Moreover, we performed a signaling pathway
analysis of differentially expressed genes between the NA + Rgl group
and the NA group using the KEGG database (Figure 5B). The result
showed that a total of 56 upregulated and 32 downregulated
differentially expressed genes between the NA + Rgl group and the
NA group were categorized into known KEGG pathways. Among the
56 upregulated genes, 2 genes were distributed in cellular processes, 10
genes in environmental information processing, 3 genes in genetic
information processing, 16 genes in human diseases, 7 genes in
metabolism, and 18 genes in organic systems. Among the 32
downregulated genes, 8 genes were distributed in environmental
information processing, 10 genes in human diseases, 4 genes in
metabolism, and 10 genes in organismal systems. In our previous
studies, the granulocyte-mediated killing of cancer cells was roughly
divided into 3 stages: chemotaxis, recognition, and killing (28, 44).
Therefore, we considered that factors related to cell migration, cell
adhesion, cytoskeleton composition, cell proliferation and apoptosis,
and immune response may all be associated with the immunoprotective
effect of ginsenoside Rgl on granulocytes inhibited by NA. Therefore,
among the 87 differentially expressed genes between the NA + Rgl
group and the NA group, we screened 15 genes that might be related to
the immunoprotective effects of ginsenoside Rgl on granulocytes
inhibited by NA (Table 1). Furthermore, we predicted the protein-
protein interaction networks for these 15 genes using the STRING
database (Figure 5C). The prediction results showed a possible
association among the 15 genes.

3.6 Verification of the immunoprotective
mechanism of ginsenoside Rgl

Among the 15 genes screened above (Table 1), we selected 8 genes of
interest (ARG2, MMPI, SI00A4, RAPSN, LAMC2, DSC2, KRT6A, and
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Correlation analysis of differentially expressed genes between the noradrenaline (NA) + Rgl group and NA group. (A) Gene ontology (GO) enrichment of
differentially expressed genes between the NA + Rgl group and NA group. Three GO categories include biological process, cell component, and
molecular function. Red represented upregulated genes, and green represented downregulated genes. (B) Kyoto Encyclopedia of Gene and Genomes
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represented downregulated genes. (C) Predicted protein-protein interaction networks. Protein interaction networks that predicted 15 differential genes
using the STRING database. Red represented upregulated genes, and green represented downregulated genes.
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TABLE 1 15 genes that may be associated with increased granulocytes cancer-killing efficiency (NA + Rgl group vs NA group).

Description Function
LAMC2 Laminin subunit gamma 2 Cell adhesion, positive regulation of cell migration 2.86
DSC2 Desmocollin 2 Cell adhesion 1.06
KRT5 Keratin 5 Cytoskeleton organization 1.28
KRT6A Keratin 6A Cytoskeleton organization 4.81
KRT14 Keratin 14 Structural constituent of cytoskeleton 3.50
KRT17 Keratin 17 Enables structural molecule activity, 1nt§r{rled1ate ﬁlz}ment orgamz-atlon, positive regulation of cell 238
growth, positive regulation of translation
KRT19 Keratin 19 Structural constituent of cytoskeleton 5.11
Ghrelin and obestati
GHRL rein and o .es atmn Actin polymerization or depolymerization, negative regulation of apoptotic process 1.33
prepropeptide
AMP ive el t bindi
CREB5 ¢ responsive ‘e ement binding Enables cAMP response element binding 1.00
protein 5
FosB to- , AP-1
FOSB s Pljo f) oncogene i Regulators of cell proliferation, differentiation, and transformation 1.02
transcription factor subunit
Sodi Itage-gated channel alph:
SCN5A odium voltage-ga é_: channet alpha Tetrodotoxin-resistant voltage-gated sodium channel subunit -2.22
subunit 5
RAPSN Receptor associated protein of the Enables acetylcholine receptor binding, enables ionotropic glutamate receptor binding, enables metal 109
synapse ion binding, enables protein-membrane adaptor activity ’
MMPI Matrix metallopeptidase 1 Breakdown of extracellular matrix in normal physiological processes, as well as in disease processes -1.54
S100A4 $100 calcium binding protein A4 This protein may function in motility, invasion, and tubulin polymerization. -1.10
. Enables arginase activity, involved in adaptive immune response, involved in innate immune
ARG2 Arginase 2 response -1.61

FOSB), and measured the mRNA expression of these genes using qRT-
PCR. The results showed that, compared with the Control group, the
mRNA expression levels of ARG2, MMPI, S100A4, and RAPSN were
significantly elevated in NA group. However, the mRNA expression level
of these four genes was significantly reduced in the NA + Rgl group
(Figures 6A-D). These results were consistent with the results of
transcriptome analysis (Table 1). In addition, compared with the
Control group, the mRNA expression levels of LAMC2, DSC2, KRT6A,
and FOSB showed no statistically significant difference in the NA group.
Compared with the NA group, the mRNA expression level of these four
genes was significantly elevated in the NA + Rgl group (Figures 6E-H).
These results were consistent with the results of transcriptome analysis
(Table 1). These results suggested that NA inhibited granulocyte CKA by
elevating the expression of ARG2, MMPI, S100A4, and RAPSN.
Moreover, ginsenoside Rgl could enhance granulocyte CKA (which
was inhibited by NA) by inhibiting the expression of ARG2, MMPI,
S100A4, and RAPSN while simultaneously elevating the expression of
LAMC2, DSC2, KRT6A, and FOSB (Figure 7).

Previous research reported that the high expression of ARG2 was
related to immunosuppressive microenvironments (45, 46); The high
expression of MMPs was associated with N2 tumor-associated
neutrophils (47); and the overexpression of S100A4 would promote the
metastasis, invasion, and angiogenesis of cancer cells, which are related to
poor prognosis in patients with cancer (48-50). The decreased
methylation of RAPSN would upregulate the function of RAPSN and
further accelerate downstream pathways, which was positively correlated
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with the development of lung cancer (51, 52). The above analysis
indicated that the mRNA expression of ARG2, MMPI, S100A4, and
RAPSN in neutrophils was significantly increased after the regulation of
NA. These changes could inhibit the anti-cancer function of granulocytes
and promote the development of cancer.

Additionally, LAMC2 promotes the chemotactic function of
granulocytes (53, 54); DSC2 correlates positively with adhesion,
migration, and infiltration of granulocytes (55, 56); and KRT6A
protein inhibits the proliferation, migration and invasion abilities of
lung cancer cells. The high expression of KRT6A protein is related to
good prognosis in patients with lung adenocarcinoma (57); FOSB
protein plays an anti-tumor role in lung cancer (58). These results
indicated that ginsenoside Rgl significantly inhibited the mRNA
expression of ARG2, MMPI, S100A4, and RAPSN in granulocytes
inhibited by NA and, simultaneously, significantly elevated the
mRNA expression of LAMC2, DSC2, KRT6A, and FOSB. These
changes could enhance the anti-cancer function of granulocytes and
inhibit cancer cell development and progression.

3.7 Verification of the immunoprotective
effects of ginsenoside Rgl on
granulocytes in vitro

We validated the in vitro immunoprotective effects of ginsenoside
Rgl using cell migration assays. The data showed that NA inhibited
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mMRNA expression of ARG2 (A), MMP1 (B), S100A4 (C), RAPSN (D), LAMC2 (E), DSC2 (F), KRT6A (G), and FOSB (H) (n = 3; mean + SD; two-tailed student's

t-test; *, P < 0.05; **, P < 0.01; ***, P < 0.001).
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FIGURE 7

Schematic diagram about the mechanism of ginsenoside Rgl promoting the anti-cancer function of granulocytes immunosuppressed by noradrenaline

(NA).

the migration capability of granulocytes and that ginsenoside Rgl
significantly enhanced the migration capability of granulocytes
inhibited by NA (Figure S2). The data above was consistent with
the changing trend of LAMC2 and DSC2 in Figures 6-7.

3.8 Verification of the immunoprotective
effects of ginsenoside Rgl on
granulocytes in vivo

We validated the in vivo immunoprotective effects of ginsenoside
Rgl in tumor-bearing model mice. On day 0, healthy nude mice were
randomly divided into 4 groups: Control group, NA group, NA + Rgl
group, and Rg1 group. From day 1 to day 24, mice in the Control group
were 1.p. injected with PBS (100 pL) per day; mice in NA group were i.p.
injected with NA (2 mg/kg, 100 pL) per day; mice in NA + Rgl group
were 1.p. injected with NA (2 mg/kg, 100 uL) and ginsenoside Rgl (50
mg/kg, 100 pL) per day; mice in Rgl group were ip. injected with
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ginsenoside Rgl (50 mg/kg, 100 pL) per day. On day 9, we inoculated
S$180 cells into the abdominal cavity of healthy nude mice to establish
the ascites tumor model mice. For 24 days, the body weight, abdominal
circumference, average food consumption, and survival rate of the mice
were recorded daily. The results are shown in Figure 8.

The data showed that there was no significant difference in mouse
body weight among the four experimental groups before inoculation
with S180 cells. After inoculation with S180 cells, the mouse body
weight in the Control group and NA group increased rapidly; the
mouse body weight in the NA + Rgl group increased at a slower rate
than that in the Control group and NA group; while the mouse body
weight in the Rgl group had the slowest rate of increase among the four
groups (Figure 8A). The abdominal circumference data showed that
there was no significant difference among the four experimental groups
before inoculation with S180 cells. After inoculation with S180 cells, the
mouse abdominal circumference in the Control group and NA group
increased rapidly; mouse abdominal circumference in the NA + Rgl
group increased at a slower rate than that in the Control group and NA
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group, while the mouse abdominal circumference in the Rgl group had
the slowest increase (Figure 8B). Before inoculation with S180 cells, the
mice average food consumption in the NA group and the NA + Rgl
group decreased rapidly; while the mouse average food consumption in
the Control group and Rgl group did not change significantly. After
inoculation with S180 cells, the mouse average food consumption in the
Control group and NA group decreased rapidly; while the mouse
average food consumption in the NA + Rgl group and Rgl group
decreased relatively slowly (Figure S3). In addition, before inoculation
with S180 cells, the mouse survival rate in the four groups was 100%.
After inoculation with S180 cells, mice in the NA group died the fastest,
with a median survival time of 15 days. On day 16, all mice in the NA
group had died; mice in the Control group also died quickly, with a
median survival time of 16 days. On day 18, mice in the Control group
were all dead; in contrast, mice in the NA + Rgl group died slower than
those in the Control group and NA group, with a median survival time
of 18 days. On day 24, 50% of the mice were still alive; mice in the Rgl
group died the slowest, with a median survival time longer than 24
days. On day 24, 67% of the mice in this group still survived
(Figure 8C). Data above indicated that ginsenoside Rgl showed
significant immunoprotective effects in vivo, which prolonged the
survival time and slowed the growth of ascites tumors in tumor-
bearing mice immunosuppressed by NA.

3.9 Toxicity test of ginsenoside Rgl in vivo

We assessed the in vivo toxicity of ginsenoside Rgl by hematoxylin
and eosin (H&E) staining. In this test, ginsenoside Rgl (50 mg/kg, 100
uL, Rgl group) and PBS (100 pL, Control group) were i.p. injected into
healthy nude mice. After 24 h, the mice were anesthetized with
isoflurane and euthanized by cervical dislocation. Hearts, livers,
spleens, lungs, and kidneys were collected and stained with H&E
staining reagents. The results are shown in Figure 9. No significant
difference was observed in the pathology images of important organs
between the Control group and the Rgl group. The data above also
indicated that ginsenoside Rgl exhibited high biosafety in vivo, which is
desirable for application in future anti-cancer clinical adjuvant therapy.

4 Discussion

In the clinic, cancer patients often experience strong, stressful
emotions upon being diagnosed with cancer. In 2020, our research
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group published an article that revealed the inhibitory effects of
mental stress on the anti-cancer function of human granulocytes
(28). Data showed that stress hormones (hydrocortisone, adrenaline,
and NA) are released into the peripheral blood under mentally
stressful conditions. These stress hormones could further inhibit the
anti-cancer function of human granulocytes and promote the
occurrence and development of cancer.

Granulocytes include neutrophils, eosinophils and basophils (59).
Neutrophil are the most abundant leukocytes in peripheral blood of
healthy human (60). Eosinophils account for 0~3% of the total
leukocyte count (59). The number of basophils in peripheral blood
is extremely low, less than 1% of total leukocytes (59). In the study, we
separated granulocytes from human blood by Percoll density gradient
centrifugation. Neutrophils account for more than 95% of
granulocytes obtained by this method. Therefore, the results of
granulocytes in the study also mainly reflect changes of the anti-
cancer function of neutrophils.

This raises the question as to how stress-induced suppression of
the immune system of patients with cancer can be eliminated or
relieved. To address this issue, in our previous research, NA was
selected as a representative stress hormone to screen herbal extracts,
which could effectively reverse the immunosuppressive effects of NA.

Ginsenoside Rgl is the most active and abundant components of
ginseng (61). Ginsenoside Rgl has medicinal value due to their
steroidal structure and exert pharmacological effects against a
variety of diseases. Research shows that ginsenoside Rgl has
neuroprotective activity through inhibition of oxidative stress and
neuroinflammation (62). In the cardiac-cerebral vascular disease field,
ginsenoside Rgl effectively promotes angiogenesis and attenuates
myocardial fibrosis, leading to improved left ventricular function
(63). Meanwhile, the great potential of ginsenoside Rgl has been
reported in clinical research against cancer. It inhibits breast cancer
cell migration and invasion by suppressing MMP-9 expression and
induces apoptotic cell death in triple-negative breast cancer cell lines
(32, 64). Ginsenoside Rgl also can increase the immune activity of
CDA4(+) T cells. However, the anti-cancer immunoprotective effect of
ginsenoside Rgl on neutrophils has not been reported. We found that
ginsenoside Rgl could effectively enhance the anti-cancer function of
granulocytes inhibited by NA, which showed potential for
clinical application.

In this study, CCK-8 and ex vivo experiments were performed to
investigate the immunoprotective effects of ginsenoside Rgl on the
anti-cancer function of granulocytes inhibited by NA in vitro and ex
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FIGURE 9

Healthy nude mice were intraperitoneally (i.p.) injected with phosphate-buffered saline (PBS; 100 pL, Control group) and ginsenoside Rgl (50 mg/kg, 100
uL, Rgl group), respectively. After 24 h, the heart, liver, spleen, lung, and kidney were stained with hematoxylin and eosin (H&E) staining reagents.

vivo. Transcriptome sequencing analysis and qRT-PCR were used to
investigate the immunoprotective mechanism of ginsenoside Rgl.
Transwell cell migration experiments were performed to verify the
immunoprotective effects of ginsenoside Rgl in vitro. Tumor-bearing
model mice were used to verify the immunoprotective effects of
ginsenoside Rgl in vivo. CCK-8 and H&E staining tests were
performed to investigate the biosafety of ginsenoside Rgl in vitro
and in vivo. The obtained data indicated that NA exhibited significant
inhibitory effects on the anti-cancer function of granulocytes, while
ginsenoside Rgl exhibited significant immunoprotective effects on the
anti-cancer function of granulocytes inhibited by NA.

The immunosuppressive mechanism of NA can be described as
follows: NA elevated the mRNA expression of ARG2, MMP1, S100A4,
and RAPSN in granulocytes, thereby inhibiting the CKA of
granulocytes and promoting cancer development. The study
showed that overexpression of ARG2 could cause immune cell
dysfunction (65). ARG2 expression was increased in prostate cancer
(66, 67), breast cancer (68) and glioblastoma (69). Overexpression of
ARG?2 promoted the MMP2/9 expression, further enhancing
tumor cell proliferation, migration, invasion and angiogenesis (69).
MMPI was also overexpressed in a variety of cancers (70-72).
Because of its role in extracellular matrix degradation in tumor
invasion, dysregulation of MMPI transcription promotes tumor
metastasis (73-75). Overexpression of S100A4 promoted metastasis
of non-metastatic human breast cancer cells to the lung and lymph
nodes (76). The study demonstrated that macrophages, fibroblasts,
and tumor cells all could release SI00A4 into the tumor
microenvironment (77), and its elevated concentration promoted
the formation of a pre-metastatic niche (78, 79). Several studies
revealed an association between RAPSNT hypomethylation in the
peripheral blood of different populations and breast and lung cancer
(51, 52, 80).

The immunoprotective mechanism of ginsenoside Rgl can be
described as follows: ginsenoside Rgl inhibits the mRNA expression
of ARG2, MMPI, S100A4, and RAPSN and elevates the mRNA
expression of LAMC2, DSC2, KRT6A, and FOSB, which enhance
the CKA of granulocytes (which was inhibited by NA) and inhibit the
development of cancer. Mature neutrophils entered the circulation
from the bone marrow and migrated along a chemotactic gradient in
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the interstitium to perform their immune function (81). LAMC2
could promote neutrophil chemotaxis and stimulate their motility
(53, 54). Moreover, DSC2 was an important member of the
desmosomal cadherin family and served as a vital regulator in
signaling processes such as migration, differentiation, and cell
apoptosis (55). It was found that desmosomes are important for
maintaining cell migration ability (82). DSC2 also inhibited the
metastasis of gastric cancer by inhibiting the BRD4/Snail signaling
pathway and the transcriptional activity of B-catenin (83). Moreover,
the loss of DSC2 promoted the proliferation of colon cancer cells (56).
The upregulation of LAMC2 and DSC2 expression improved the
migration ability of granulocytes, which is consistent with the results
of the cell migration assay in this study. The protein encoded by
KRT6A is a member of the keratin gene family. The peptides from the
C-terminal region of the protein show antimicrobial activity against
bacterial pathogens. KRT6A protein inhibits the proliferation,
migration and invasion abilities of lung adenocarcinoma cells, and
high expression of KRT6A protein is a predictor of good prognosis in
patients with lung adenocarcinoma (57). Neutrophils could directly
kill tumor cells by releasing NO (84). FosB was a transcription factor
involved in NO production through modulation of iNOS
expression (58).

In summary, NA contributed to the proliferation and invasion of
tumor cells, while ginsenoside Rgl enhanced the migration capability
and anti-cancer activity of granulocytes, thus inhibiting the
proliferation and invasion of tumor cells.

This study highlights a new direction for the clinical application
of ginsenoside Rgl in the future. Ginsenoside Rgl is expected to be
used as an adjuvant drug treatment for patients with cancer suffering
from mental stress in the future.
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The tumor microenvironment (TME) is implicated in tumorigenesis,
chemoresistance, immunotherapy failure and tumor recurrence. Multiple
immunosuppressive cells and soluble secreted cytokines together drive and
accelerate TME disorders, T cell immunodeficiency and tumor growth. Thus, it is
essential to comprehensively understand the TME status, immune cells involved
and key transcriptional factors, and extend this knowledge to therapies that target
dysfunctional T cells in the TME. Interferon regulatory factor 4 (IRF4) is a unique IRF
family member that is not regulated by interferons, instead, is mainly induced upon
T-cell receptor signaling, Toll-like receptors and tumor necrosis factor receptors.
IRF4 is largely restricted to immune cells and plays critical roles in the
differentiation and function of effector cells and immunosuppressive cells,
particularly during clonal expansion and the effector function of T cells.
However, in a specific biological context, it is also involved in the transcriptional
process of T cell exhaustion with its binding partners. Given the multiple effects of
IRF4 on immune cells, especially T cells, manipulating IRF4 may be an important
therapeutic target for reversing T cell exhaustion and TME disorders, thus
promoting anti-tumor immunity. This study reviews the regulatory effects of
IRF4 on various immune cells in the TME, and reveals its potential mechanisms,
providing a novel direction for clinical immune intervention.

KEYWORDS

IRF4, tumor microenvironment, immunosuppressive cells, T cell exhaustion, immunoregulation

Introduction

The occurrence and development of tumors highly depend on the surrounding matrix
environment, called the tumor microenvironment (TME). The oncogene proteins expressed
by tumor cells stimulate and induce the abnormal activation of effector T cells (1, 2). Multiple
soluble tumor-derived products, such as the chemokines CCL2, CCL5 and the cytokines IL10
and TGEF, etc., recruit tumor-associated macrophages (TAMs) (3-6) and myeloid-derived
suppressor cells (MDSCs) (7) into the TME, and lead to the impairment of differentiation,
maturation and function of dendritic cells (DCs) (8, 9). These factors in turn jointly
aggravates TME disorders, inhibits the anti-tumor immunity of effector T cells, and

176 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1086803/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1086803/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1086803/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1086803&domain=pdf&date_stamp=2023-02-06
mailto:jnyinqingsong@163.com
https://doi.org/10.3389/fimmu.2023.1086803
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1086803
https://www.frontiersin.org/journals/immunology

Lu et al.

induces T cell exhaustion and the development of regulatory T (Treg)
cells (2). As a result, apart from genetic deficiencies, the
immunosuppressive TME is considered to be involved in
tumorigenesis (10), chemoresistance, immunotherapy failure and
even tumor recurrence (2, 6).

Given this reliance on the TME, there is an opportunity for anti-
tumor immunotherapies that work by targeting TME components
and their signaling pathways (11, 12). Although tremendous progress
has been made in the past few years, including immune checkpoint
inhibitors (13), bispecific antibodies (14) and chimeric antigen
receptor (CAR) T cells (15), many studies focusing on elements of
the TME have failed to show promising efficacy in patients,
particularly with sustainable efficacy (16-18). Therefore, the
development of new immunotherapies may also require
consideration of the key transcription regulatory factors involved in
multiple components and processes in the TME.

Interferon regulatory factor 4 (IRF4) is a member of the interferon
regulatory factor (IRF) family, and its unique characteristics and the
importance in multiple biological processes have been highlighted by
oncology and immunology. It first serves as an oncogene or a tumor
suppressor in multiple types of lymphoid neoplasms (19-21). In
addition, intriguingly, accumulating studies have demonstrated that
IRF4 is a central determinant of differentiation, activation and effector
function for various immune cells (22, 23). IRF4 is essential for the

10.3389/fimmu.2023.1086803

sustained differentiation and proliferation of CD8+ cytotoxic T cells
(CTLs) and T helper 1 (Th1) cells, promoting anti-tumor immunity.
In parallel, IRF4 is also involved in T cell exhaustion in specific
biological contexts (24, 25). In contrast, it plays an important role in
the differentiation and function of various immunosuppressive cells,
such as Th2 cells, Treg cells, TAMs and MDSCs, establishing an
immunosuppressive TME to inhibit anti-tumor immunity and favor
the immune escape and survival of tumor cells (3-5, 7) (Figure 1).
Thus, an in-depth understanding of the effects and potential
mechanisms of IRF4 in a variety of immune cells and a disordered
TME may provide new directions for clinical immune intervention.

Structure and function of IRF4

The IRF family consists of nine members (IRF1-IRF9) in
mammals that play important roles in regulating innate and
adaptive immune responses. Unlike other IRFs, IRF4 is a unique
family member that is not regulated by interferons (IFNs) (22),
instead, is mainly induced upon T-cell receptor (TCR) signaling,
Toll-like receptors (TLRs; such as TLR4 and TLRY) and tumor
necrosis factor receptors. The expression of IRF4 is restricted to
immune cells, including T and B cells, macrophages and DCs (19, 22).
In naive T cells, IRF4 is expressed at low levels (23); however,

Immunosuppressing
function

MDSC

"pC

FIGURE 1

Graphical abstract. In contrast to lineage-specific TFs, IRF4 plays an important role in T cell differentiation and function by regulating the expression of
corresponding transcription factors (TFs) to control the generation of other lineages, particularly the differentiation and proliferation of effector T cells,
promoting anti-tumor immunity. However, persistently high expression of IRF4 and AP1 family members leads to overabundance of IRF4/AP1 complexes
to drive T cell exhaustion. In addition, IRF4 plays an important role in the development and function of a series of immunosuppressive cells, such as
MDSCs, TAMs, immature DCs, Treg cells and Th2 cells, maintaining immune homeostasis and in parallel establishing an immunosuppressive TME and

inhibiting anti-tumor immunity
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following TCR signaling it is immediately induced and mediates
critical immune responses by interacting with upstream signaling
pathways, such as the TCR signaling, and its diverse binding
partners (26).

IRF4 is composed of three structural domains: a variable C-
terminal functional regulatory domain, a highly conserved N-
terminal DNA-binding domain and an intermediate compact linker
domain (22, 27, 28) (Figure 2). IRF4 interacts with numerous DNA-
binding domains to play corresponding functions as a homodimer or
heterodimer (29). IRF4 binds to interferon-stimulated response
elements (ISREs) to regulate the activation of interferon-stimulated
genes (ISGs) as a homodimer. However, the formation of
heterodimeric complexes containing IRF4 depends largely on the
target cell type. For instance, IRF4 engages activator protein 1 (AP1)-
IRF composite elements (AICE) as a heterodimer mainly in T cells,
germinal center B cells and plasma cells (23, 28). Whereas the binding
of IRF4 with erythroblast transformation (ET)-specific transcription
factors (TFs) is largely restricted to B cells and DCs. Of note, the
binding of IRF4 to AICE requires AP1 family TFs, including basic
leucine zipper transcription factor ATF-like (BATF), BATF3 and Jun
family members, such as JunB, c-Jun, for high-affinity interaction (23,
30-33). These TFs form ternary complexes through physical
interaction to coordinately regulate the differentiation and function
of T cells, as well as T cell exhaustion, in a special microenvironment
(24, 33-35).

Collectively, IRF4 can signal to regulate diverse transcriptional
programs through complexes containing ET or AP1 TF motifs in
different cell types depending on the corresponding cellular context,
particularly T cell exhaustion in the TME, thus suggesting new
directions for improving anti-tumor immunity by modulating
IRF4-dependent transcription.

Roles of IRF4 in the differentiation and
function OF CD4+ T cells

According to different functions, CD4+ T cells can be divided into
CD4+ effector T cells, including Thl, Th2 and Th17 cells, which
predominantly promote the immune response, T follicular helper
cells (Tth), which orchestrate antibody responses (26), and Treg cells,
which are characterized by their inhibition of the immune response
and maintenance of immune tolerance (26, 36, 37). In contrast to
lineage-specific TFs (e.g., T-bet for Thl, GATA3 for Th2, RORyt for
Th17, B-cell lymphoma 6 (Bcl6) for Tth and Foxp3 for Treg), TCR

120 139

DBD ILD

FIGURE 2

Schematic diagram of IRF4 structure. IRF4 consists of three structural domains: a highly conserved N-terminal DNA-binding domain (DBD), a variable C-
terminal IRF association domain (IAD) and an intermediate linker domain (ILD). The DBD is characterized by five conserved tryptophans enabling it to
form a helix—loop—helix motif that facilitates DNA binding. IAD is a protein—protein interaction domain that mediates the interaction of IRF4 with itself or
multiple distinct transcription factors. IAD also contains a C-terminal auto-inhibitory region (AR) which physically interacts with DBD and results in low

DNA binding affinity.
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signaling-induced IRF4 plays an important role in Th cell
differentiation and function by regulating the expression of
corresponding TFs to control the generation of other lineages, thus
determining the fate of Th cells (23, 26, 29, 38).

IRF4 determines the fate of Thl, Th2, Thl7
and Tfh

Th cell differentiation is regulated by the coordinated functions of
distinct cytokines and transcription factors. A recent study has
demonstrated that increased IRF4 promotes the differentiation of
CD4+ CD25'°Y Teff cells, including Th1, Th2 and Th17 cells, at the
expense of Tth cells (26). In fact, the development and differentiation
of Tth cells only needs an appropriate amount IRF4 in addition to
specific TFs, including Bcl-6 and signal transducer and activator of
transcription 3 (STAT3) (26, 39). B-lymphocyte-induced maturation
protein 1 (Blimpl) is a critical antagonist for Tth cell differentiation,
but it is an important TF for other Th cells, including Th1, Th2, Th17
and Treg cells (40). It has been found that IRF4 cooperates with
STATS3 to activate Blimpl (41), and lack of IRF4 in CD4+ T cells
reduces binding to STAT3, resulting in Tth deficiency (41, 42).

Increasing studies have shown that IRF4 regulates Th17 cell
development (43-45). IRF4 knockout decreases the expression of
RORYt, a specific TF in Th17 cells (45, 46), which leads to a decrease
in Th17 counts, in line with a reduction in serum IL17 and IL21 (47).
Likewise, IRF4 deficiency also results in the impairment of Th2 cell
differentiation and function by reducing GATA3 and IL4, as well as
growth factor independence 1 (Gfil), a transcriptional repressor
required by Th2 cells (48, 49), instead, can promote the T-bet
expression and skew toward Thl cells (48), suggesting that IRF4
plays a pivotal role in the development of Th2 cells rather than Thl
cells. Additionally, IRF4 deficiency inevitably impairs the
development of Th2 cells (49). Collectively, IRF4 regulates the
differentiation and function of diverse Th subsets that mainly
depend on its expression level as well as lineage-specific TFs (26).

IRF4 favors the development and
suppressive activity of Tregs

Treg cells are indispensable for maintaining immune tolerance
(37, 50); nevertheless, they also impair anti-tumor capability and
promote tumor growth, particularly tumor-infiltrating Treg cells (51).
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Foxp3 is a lineage-defining TF for Tregs and the key regulator of its
development and function (52, 53). IRF4, which acts downstream of
Foxp3, can physically and functionally interact with Foxp3 and
cooperate with BATF3 to regulate Foxp3 expression (54, 55), which
instructs effector Treg cell differentiation and immune suppression
(56). Moreover, Blimpl is a target of Foxp3 in Treg cells, and it is
directly induced by IRF4 (57, 58). Accordingly, lack of IRF4 in Treg
cells suppresses Blimpl expression, and more intriguingly, leads to
decreases in multiple Treg-related molecules, such as inducible T cell
costimulatory (ICOS), IL10 and IL1 receptor 11 (ILIRL1), confirming
that IRF4 cooperates with Blimp1 to regulate the differentiation and
function of Treg cells (56, 58).

Additionally, compared with IRF4-deficient Treg cells, IRF4+
Treg cells overexpress BATF, IKAROS family zinc finger 2 (IKZF2),
Ki67, ICOS and inhibitory molecules, such as programmed cell death
protein 1 (PD1) and T cell immunoreceptor with immunoglobulin
and ITIM domain (TIGIT) (38), exhibiting a highly activated
phenotype and strong inhibitory effects in several tumors (59-61).
In particular, an increase in intratumoral IRF4+ Treg cells with
superior suppressive activity was significantly correlated with early
tumor recurrence and poor disease-free survival (DFS) and overall
survival (OS) (38). Accordingly, inhibition of IRF4 severely impaired
the development and function of Treg cells at the tumor-infiltrating
sites and significantly repressed tumor growth in a mouse model (38,
51). Collectively, growing evidence implicates IRF4 plays a central
role in the differentiation and immunosuppressive activity of Treg
cells in the TME, and IRF4+ Treg cells definitely inhibit anti-tumor
immunity. Therefore, specifically targeting IRF4 in Treg cells may
reverse the tumor microenvironment from immunosuppression to
immune activation against tumor cells, which may become an
effective anti-tumor therapeutic strategy.

Effect of IRF4 on the differentiation and
function of CD8+ T cells

CD8+ T cells play critical roles in adaptive immunity. Antigen
stimulation drives naive CD8+ T cells to rapidly undergo a step-by-
step process of early activation, clonal expansion and differentiation
(62-65). In addition to early activation, IRF4 participates in the entire
process of differentiation and function of eftector CD8+ T cells (66,
67). Intriguingly, the amount and duration of IRF4 expression
determine the fate of CD8+ T cells, which are differentiated into
CDS8+ effector T cells or exhausted T cells (24, 67-69).

High IRF4 promotes the expansion and
sustained differentiation of CD8+ T cells

Following antigen stimulation, naive CD8+ T cells are differentiated
into a large number of antigen-specific short-lived effector cells (SLECs)
(62, 63), exerting cytotoxic activity (Figure 3A). Mechanically, antigen
stimulation drives the expression of TCR responsive factor IRF4 (68).
Next, IRF4 combined with AP1 family TFs form an activating IRF4/
AP1 complex, which integrates TCR and costimulatory signals to
induce the production of a series of effector cytokines. After antigen
clearance, the expression of IRF4 decreased, followed by an increase in

Frontiers in Immunology

10.3389/fimmu.2023.1086803

expression of stemness-like gene T cell factor 7 (Tcf7; encoding TCF1)
(Figure 3B), and further producing memory precursor cells (MPECs)
and TCF1+ memory-like T cells to rapidly function in the secondary
response (64, 65) (Figure 3A).

The intensity of TCR signaling regulates the expression of IRF4
(66, 70). High levels of IRF4 in CD8+ T cells contribute to the clonal
expansion of SLECs, which are critical for maintaining effective anti-
tumor immunity (71) and acute pathogen control (64). Interestingly,
ectopic expression of IRF4 remarkably enhances the clonal expansion
and effector cytokine production of T cells induced by low-intensity
TCR signaling (69). Conversely, selective knockout of IRF4 in
peripheral CD8+ T cells leads to progressive loss of the effector
function of CD8+ T cells (72-74). The RNA-binding protein
Roquinl, a key target upstream of IRF4, can effectively inhibit the
expansion of CD8+ T cells (75). Accordingly, lack of Roquinl can
significantly promote the proliferation of CD8+ T cells by
upregulating IRF4 (71). However, if IRF4 is also deficient, the
expansion-promoting effects caused by Roquinl deficiency is
completely abolished (71). Therefore, the Roquin-IRF4 axis may
also serve as a potential target for enhancing anti-tumor immunity.

IRF4 also converts TCR affinity into appropriate transcriptional
programs, linking metabolic function to T cell clone expansion and
effector differentiation (76) by regulating the expression of key molecules
required for aerobic glycolysis on effector T cells, including hypoxia
inducible factorl o (HIF1or) and forkhead box protein ol (Foxol) (77).
Compared with weak or low-affinity TCR stimulation, strong or high-
affinity TCR stimulation contributes to increased glucose uptake in an
IRF4-dependent manner (78). Taken together, IRF4 regulates the
expansion and differentiation of effector CD8+ T cells by translating
the TCR signal and converting it to metabolic function.

IRF4 maintains the effector function of
CD8+ memory T cells

Not surprisingly, similar to initial antigen stimulation, IRF4
overexpression significantly induces an increase in the cytotoxicity of
memory CD8+ T cells (32, 68, 79). By contrast, IRF4 deficiency may
cause memory CD8+ T cells to produce but not proliferate (68), which
results in impairment of the effector function (32, 72, 79). So far, at least
three types of memory CD8+ T cells have been defined: central memory
T (Tcpm) cells, effector memory T (Tgy) cells and tissue-resident memory
T (Tra) cells (80). Compared with Tgy cells, Ty cells express higher
levels of IRF4, and their formation and maintenance are IRF4 dependent
(32). IRF4 deletion leads to an increase in Tgy; cells and a decrease in Try
cells, but it does not affect the total number of memory T cells (32). Thus,
targeting IRF4 may strongly reduce the number of Ty cells, thus
substantially weakening transplant rejection (81).

In addition, recent studies have shown that TCF1 is essential for
maintaining CD8+ T¢y cells and serves as a positive biomarker for
prolonged survival and effective responses to PD1 inhibitors in
various solid tumors and hematological malignancies (82-85).
Undoubtedly, high-level IRF4 is beneficial to the initial effector
function, but sustained overexpression of IRF4 inhibits the
expression of TCF1, which further damages the production of
antigen-specific Ty cells and is not conductive to the rapid effect
function in recall responses (24). Collectively, accumulating studies
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Dual regulatory effects of IRF4 on T cell immunity and underlying mechanisms. (A) Antigen stimulation drives and induces the expression of IRF4, which
contributes to maintaining the expansion and sustained differentiation of effector CD8+ T cells. However, sustained overexpression of IRF4 due to
chronic antigen stimulation drives CD8+ T cell exhaustion. Mechanically, (B) once antigen stimulation, IRF4 is induced and combined with its binding
partners to form activating IRF4/AP1 complexes, thus inducing the production of effector cytokines and exerting cytotoxic activity. Once antigen
clearance, the expression of IRF4 decreases, followed by an increase in expression of stemness-like gene TCF7 expression, thus producing TCF1+
memory-like T cells; (C) however, persistent overexpression of IRF4 and AP1 family members, such as BATF, BATF3 and JunB, leads to the formation of
immunosuppressive IRF4/AP1 complexes, which opens multiple exhaustion-related chromatin regions, promoting the expression of inhibitory receptors
and NR4A and TOX family members, which inhibits TCF7 expression and eventually drives CD8+ T cell exhaustion.
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have demonstrated that IRF4 is indispensable for robust proliferation
and the effector function of memory T cells in recall responses.

Persistently high IRF4-driven the
exhaustion of CD8+ T cells and
how to revert the exhaustion

High IRF4 is essential for maintaining the differentiation and

expansion of effector CD8+ T cells (68, 72). However, too much is as
bad as too little. Persistent antigen stimulation due to tumor or
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chronic viral infection can cause constitutively high expression of
IRF4, which in turn induces CD8+ T cell exhaustion (24). There are
several characteristics of exhausted CD8+ T cells (Figures 3A, 4): (1)
up-regulation of multiple inhibitory receptors (86), (2) progressive
loss of effector function and impaired differentiation of potential
memory T cells (85, 87), (3) decreased production of cytokines
involved in chemotaxis, adhesion and migration, and (4) metabolic
deficiency (88). Thus, functional exhaustion is probably due to both
active suppression and passive defects in signaling and metabolism.
Studies have demonstrated that the epigenetic and transcriptional
programs driving CD8+ T cell exhaustion are triggered by sustained
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antigen-dependent activation of TCR signaling, leading to two events:
(1) the sustained overexpression of TCR-responsive IRF4 and its
binding partners, mainly AP1 family members, including BATF,
BATEF3, JunB and JunD (24, 35, 89-92), as well as nuclear factor of
activated T cells (NFAT), a key regulator of T cell activation (93),
followed by (2) sustained expression of multiple exhaustion-related
molecules (24). Specifically, overexpressed IRF4 binding with AP1
family members or NFAT leads to an overabundance of IRF4/AP1
complexes or NFAT homodimers that are recruited to specific DNA
sites to open multiple exhaustion-related chromatin regions,
including inhibitory receptors, such as PD1, T-cell immunoglobulin
and mucin domain 3 (TIM3) and cytotoxic T lymphocyte antigen 4
(CTLA4) (24, 35, 94, 95), as well as orphan nuclear receptor 4A
(NR4A) and thymocyte selection-associated high mobility group box
(TOX) family members, which act to impose exhaustion (96, 97),
further inhibiting TCF1 expression (Figure 3C) (24, 35). These events
eventually drive CD8+ T cell exhaustion and limit the development of
TCF1+ memory-like T cells and anti-tumor activity (Figure 3A). This
chromatin binding imbalance due to the accumulation of IRF4/AP1
TF complexes was also found in CAR-T cell therapy (89).
Fortunately, Lynn et al. (89) found that ectopic overexpression of c-
Jun in exhausted CAR-T cells can effectively rescue exhaustion and
restore anti-tumor activity by disrupting and/or displacing
immunosuppressive transcriptional complexes containing IRF4 and
AP1 family members (89). Moreover, based on the overexpression of
BATF and IRF4 in exhausted T cells (89, 98), knockdown of BATF or
IRF4 could remarkably enhance the tumor-killing ability of CAR-T cells

10.3389/fimmu.2023.1086803

by reversing their exhaustion and prolonging their persistence (89, 90).
Likewise, Seo et al. (25) found that overexpressed BATF in BATE-
transduced CAR-T cells could cooperate with appropriate amount of
IRF4 to counteract exhaustion, promoting the expansion of CD8+ CAR-
T cells and increasing their effector cytokine production. Nevertheless,
inhibiting the interaction between BATF and IRF4 will greatly weaken
the tumor control ability of BATF-overexpressing CAR-T cells (25).

Collectively, these findings show that persistent overexpression of
IRF4 drives T cell exhaustion depending on the specific
microenvironment and the amount and functional status of its binding
partners. Therefore, manipulating the formation of IRF4/AP1 complexes
may be an inspiring therapeutic strategy to overcome T cell exhaustion.
Yet, the core transcriptional network of IRF4 involved in these two
opposing programs still needs to be further elucidated.

Regulation of IRF4 in
immunosuppressive cells in the TME

Various immunosuppressive cells and multiple soluble chemokines
and cytokines in the TME interact to not only establish an
immunosuppressive TME but also directly or indirectly inhibit the
proliferation and activation of CD8+ T cells (99, 100), which may cause
chemoresistance and failure of immunotherapy and facilitate tumor
growth and metastasis (101-103). IRF4 plays important and complicated
roles in the development and function of immunosuppressive cells and
their interaction with T cells (Figure 4) (104, 105).

: 7 coLs
: : IL-10
: IRF4 E(C) TGFg
ROS :
10 2 -

(©)

FPTTT LI IR I YTPTINe
.

TAM
(M2 macrophage)
IRF4
Arg1
IL-10
TGFB

Effector T cell
(Th1, CTL)

PD1, CTLA4, TIM3
Effector function
Cytokine production
Metabolize

TCF1

IRF4

= g

Exhausted
T cell

> €€ € €>

FIGURE 4

The effects of IRF4 on the crosstalk between immunosuppressive cells and T cells in the TME. Tumor cells and multiple soluble chemokines and
cytokines recruit and induced various immunosuppressive cells, such as MDSCs, TAMs and DCs to the TME, which further aggravate the TME disorder
and promote tumor growth. These myeloid derived immunosuppressive cells can suppress the effector function of CTL and Thl cells and promote the
differentiation of Treg cells and Th2 cells. In addition, tumor-related antigens stimulate the abnormal activation of effector T cells, ultimately, lead to the
CD8+ T cell exhaustion, characterized by up-regulation of multiple inhibitory receptors, progressive loss of effector function and impaired differentiation
of memory T cells, etc. IRF4 plays critical roles in the generation of various immunosuppressive cells, and the above crosstalk between myeloid derived
immunosuppressive cells and effector T cells (A—C) and Treg cells (a-c) in the TME. The black arrow indicates promotion, the black horizontal line
indicates inhibition, and the red cross indicates that the anti-tumor activity of effector T cells is impaired.
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IRF4 promotes the polarization of M2
macrophages in the TME

There are two types of macrophages: M1 (anti-tumor activity)
(106, 107) and M2 (pro-tumor activity) (108). Generally, TAMs
mainly refer to M2 macrophages, which are characterized by high
expression of arginasel (Argl), chitinase-like 3 (Ym1/Chil3), found in
inflammatory zone 1 (Fizz1) and mannose receptor (MR) (109, 110).
IRFs play a key role in macrophage maturation and phenotypic
polarization. Of the nine IRFs, IRF1, IRF5 and IRF8 are involved in
the commitment of M1 macrophages, whereas IRF3 and IRF4 are
crucial for M2 macrophage polarization through regulating the
expression of Argl and Yml, which further sufficiently produces
Th2 and directly suppresses effector T cell proliferation (111-113).

In addition, it has been reported that Jumonji domain containing 3
(Jmjd3) is essential for M2 macrophage polarization, and IRF4 is a
Jmjd3 target gene (110, 114). Phosphatidylserine released by apoptotic
tumor cells could induce the polarization and accumulation of M2
macrophages via a STAT3-Jmjd3-IRF4 signaling axis (115); therefore,
down-regulation of Jmjd3 by targeting the STAT3-Jmjd3-IRF4 axis
may be a candidate approach for inhibiting the accumulation of M2
macrophages in tumor sites and remodeling the TME. Moreover, some
miRNAs have been found to promote the transformation of
macrophages from M2 to M1 by targeting IRF4 to activate IRF5
(116, 117). Given that IRF4 promotes the polarization of M2
macrophages, targeting IRF4 to reprogram TAM polarization in the
TME appears to be a promising therapy for tumors.

IRF4 is beneficial to DC differentiation
in the TME

DCs, known as professional antigen presenting cells, play a major
role in orchestrating immune responses, and can be mainly divided into
three subtypes: plasmacytoid DCs (pDCs), classical DCs (cDCs,
including ¢DCl1 and ¢DC2), and monocyte-derived DCs (mo-DCs)
(9, 118, 119). However, the differentiation and maturation of DCs are
often impaired by the immunosuppressive TME, which leads to DC
dysfunction and induces tolerance to tumor cells (8, 9, 118, 119). For
instance, mature pDCs exert immunostimulatory function, which is
characterized by the production of large amounts of type I IFNs.
Whereas, in the TME, pDCs with reduced production of type I IFNs
favor the development of Treg cell, exert immunosuppressive effects on
CTLs and promote tumor progression (8, 9, 120, 121). Several studies
have indicated a role for IRF4 in development of monocytes, pDCs, and
cDCs (122-124). IRF4 contributes to the differentiation of pDCs (122).
In addition, IRF4 plays a key role in the development of cDC2 and
promotes their survival and migration to lymph nodes and is essential
TF for cDC2-mediated Th2 induction (122). By contrast, inhibition of
IRF4 in DCs represses Th2 and promotes Th17 responses (123).

The monocytes in the TME can prioritize differentiation into
monocyte-derived macrophages (mo-Macs) rather than mo-DCs (3,
105). The presence of mo-DCs has been correlated with CD8+ T cell
activation and successful anti-tumor therapy (125). IRF4 is essential
for human mo-DC differentiation and efficient antigen cross-
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presentation, whereas IRF4-deficent monocytes are phone to
differentiation into mo-Macs (124). Devalaraja et al. found that the
TME induces tumor cells to produce retinoic acid (RA) in murine
sarcoma models, which drives intratumor monocyte polarization to
mo-Macs instead of mo-DCs by inhibiting IRF4 (3). Interestingly,
overexpression of IRF4 in human monocytes can sufficiently block
RA-mediated mo-Mac differentiation (3, 124). Collectively, these
results suggest that IRF4 plays critical and complicated roles in the
maturation and differentiation of DCs in the TME.

Tumor and MDSC-restricted IRF4 expression
enhances the suppressive activity of MDSCs
and promotes the immunosuppressive TME

MDSCs are immature myeloid cells that do not differentiate into
mature myeloid cells, and this is a major obstacle to achieving
successful immunotherapy in tumors (126, 127). Two major
subpopulations, monocytic (M) MDSCs and polymorphonuclear
(PMN)-MDSCs, have an immune suppressive function. IRF4 plays
arole in the lymphoid cell development. However, IRF4 expression is
decreased in immature myeloid cells, such as MDSCs in tumor-
bearing mice and chronic myeloid leukemia cells (104, 128).
Accordingly, IRF4 deficiency further favors the generation of
MDSCs in the TME, and increases the expansion of M-MDSCs and
the infiltration of PMN-MDSCs with a strong suppressive capacity,
which inhibits the proliferation of CD8+ T cells through IL10 and
ROS generation and promotes tumor growth (104, 129). By contrast,
an increase in the IRF4 expression in MDSCs from bone marrow cells
inhibits the numbers of MDSCs through induction differentiation,
and further damages the immunosuppressive function of MDSCs
(104). Unfortunately, IRF4 expression is remarkably suppressed
during the development of MDSCs and tumor formation in the
TME (104).

Altogether, these data show that IRF4 plays a critical role in
preventing the generation of MDSCs; nevertheless, IRF4 expression is
limited by tumors and MDSCs, which may in turn boost the
accumulation and suppressive activity of MDSCs to accelerate the
generation of an immunosuppressive TME. Thus far, the exact
mechanisms regulating IRF4 in the differentiation of MDSCs
remains largely unknown.

Conclusion and future prospects

IRF4 plays key roles in the development of various
immunosuppressive cells in the TME. More importantly, this TF is
also indispensable in the differentiation and function of effector T
cells, particularly memory T cells in the secondary response (32, 64,
78). Notably, the amount and duration of IRF4 expression determines
CDS8+ T cell differentiation into effector T cells or exhausted T cells,
depending on the specific microenvironment and states of its binding
partners (24, 34, 35, 91). Thus far, the dual regulatory mechanism of
IRF4 in T cell immunity is not completely clear. Given the imbalance
between the activating and immunoregulatory IRF4/AP1 complexes
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induced by persistent high expression of IRF4 and AP1 family
members in specific contexts, manipulating the composition of the
IRF4/AP1 complexes may be a novel therapeutic strategy for
overcoming T cell exhaustion and improving anti-tumor potency.

Recently, several studies have reported exciting findings,
including the regulation of the physical interaction between IRF4
and its binding partners, the formation of ternary complexes through
overexpression of BATF or c-Jun, and the regulation of the amount of
IRF4 or BATF, which are essential for rescuing exhaustion and
improving anti-tumor potency in tumor-specific CAR-T cells (25,
89, 90). In addition, several recent studies have focused on targeting
Roquin and Regnasel, negative regulators of T cell activation and
differentiation, to enhance the proliferation and persistence of tumor-
antigen-specific CD8+ T cells or CAR-T cells and effectively inhibit
tumor growth (71, 130-132). In fact, the beneficial effects of the
regulation of these targets are caused not only by loss of function of a
single gene, but likely also caused by the cooperative regulation of
multiple targets. For instance, the promotion of the survival and
proliferation of tumor-antigen-specific CD8+ T cells by inactivating
Roquinl is highly dependent on the expression of IRF4 (71).
Similarly, Regnasel deficiency contributed to CAR-T cell survival
and proliferation, which also specifically required BATF (130), further
enhancing recall responses by increasing TCF1+ CAR-T cell
population (131). By coincidence, proper reduction of IRF4
contributes to the generation of TCF1+ memory T cells that control
tumor recurrence (25). Together, these findings point to promising
new targets for improving immunotherapy.

Taken together, based on the close cooperation and regulatory
relationships between IRF4, BATF, TCF1 and Roquin or Regnasel,
targeting IRF4 or IRF4-based multi-target combination is an
important direction for regulating human anti-tumor T cell
immunity and the TME to improve therapeutic efficacy in the future.
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Viral-based cancer therapies have tremendous potential, especially in the
context of treating poorly infiltrated cold tumors. However, in tumors with
intact anti-viral interferon (IFN) pathways, while some oncolytic viruses induce
strong innate and adaptive immune responses, they are neutralized before
exerting their therapeutic effect. Arenaviruses, particularly the lymphocytic
choriomeningitis virus (LCMV) is a noncytopathic virus with preferential cancer
tropism and evolutionary mechanisms to escape the immune system for longer
and to block early clearance. These escape mechanisms include inhibition of the
MAVS dependent IFN pathway and spike protein antigen masking. Regarding its
potential for cancer treatment, LCMV is therefore able to elicit long-term
responses within the tumor microenvironment (TME), boost anti-tumor
immune responses and polarize poorly infiltrating tumors towards a hot
phenotype. Other arenaviruses including the attenuated Junin virus vaccine
also have anti-tumor effects. Furthermore, the LCMV and Pichinde
arenaviruses are currently being used to create vector-based vaccines with
attenuated but replicating virus. This review focuses on highlighting the
potential of arenaviruses as anti-cancer therapies. This includes providing a
molecular understanding of its tropism as well as highlighting past and present
preclinical and clinical applications of noncytophatic arenavirus therapies and
their potential in bridging the gap in the treatment of cancers weakly responsive
or unresponsive to oncolytic viruses. In summary, arenaviruses represent
promising new therapies to broaden the arsenal of anti-tumor therapies for
generating an immunogenic tumor microenvironment

KEYWORDS

virotherapy, arenaviruses, LCMV (lymphocytic choriomeningitis virus), immunomodualtors,
cold tumors, noncytopathic virus

Introduction

Recognition of the importance of the immune system in tumor surveillance has
revolutionized the therapeutic landscape with the advent of immunotherapies such as
checkpoint inhibitors (CI) (1). Despite some breakthroughs, tumor immune evasion
provides obstacles to effective CI and/or other immunotherapeutic treatments focused
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on T cells and based on enhancing adaptive immune responses.
These obstacles are commonly driven by an unfavourable tumor
microenvironment (TME) milieu. Specifically, exhausted/
dysfunctional T cells, an abundance of immunosuppressive
tumor-associated macrophages (TAMs), monocytes and
regulatory T cells (Treg’s), ineffective innate immune responses,
poor immune cell infiltration and downregulated antigen
presenting machinery within the TME contribute not only to CI
unresponsiveness/resistance but generally immune evasion (2).
Therefore, to elicit responsiveness to immunotherapies, the
conversion of poorly inflamed cold tumors into hot tumors is
therapeutically attractive and an area of active research (3).
Strategies to induce this cold to hot conversion within the TME
are numerous and can include innate immune activation (4),
increasing MHC-I expression in tumor cells (3) and the use of
viruses as anti-cancer agents (5).

The use of viruses as anti-cancer agents has been particularly
relevant in recent decades as viruses are ideal vectors for gene
therapy approaches and have been successfully applied in virus-
based therapeutic vaccines as well as cell-based vaccines (6). Virus-
based anti-tumor vaccines involve a combination of tumor-specific
antigens, co-stimulatory proteins and immunomodulating
molecules which boost the immune system to elicit anti-tumor
responses (6). Examples in clinical development include the
TG4001 modified vaccinia virus Ankara (MVA) vaccine encoding
the HPV16 antigens and the interleukin 2 (IL-2) gene (7). Virus
engineered cell based vaccines are centred on more personalized
approaches and modify a patient’s immune cells ex vivo using viral
vectors. Notable examples include the recently approved
YESCARTA and KYMRIAH both of which target a patient’s T
cells with a retrovirally inserted anti-CD19 Chimeric Antigen
Receptor (CAR) for the treatment of non-Hodgkin lymphomas
and acute lymphoblastic leukemia, respectively (8, 9). There are
currently over three hundred clinical trials testing the efficacy of
CAR-T cell therapy (6). The use of oncolytic viruses that
preferentially replicate within the TME causing subsequent tumor
cell lysis (10) and anti-tumoral activation of the adaptive immune
system is another promising approach. Rigvir, the first approved
oncolytic virus (in Latvia since 2014), is a genetically unmodified
enteric cytopathic human orphan virus type 7 (ECHO-7) strain
selected for melanoma (11). Another virus, Oncorine, is a modified
adenovirus, approved in China for head and neck cancer (12) while
Talimogene laherparepvec (T-Vec) is an HSV-1 based oncolytic
virus that is currently in FDA approved for the treatment of
recurrent melanoma (13). Over a hundred more are currently in
the late and early stages of clinical testing. One challenge pertaining
to oncolytic virus-based therapies is the induction of strong innate
and adaptive anti-viral immune responses, especially the induction
of type I interferons (IFN-I), which leads to clearing the virus before
reaching its full therapeutic effect. In addition, patients previously
vaccinated against and/or infected with related viruses have pre-
existing T and B cell immunity including neutralizing antibodies
which also results in fast virus clearance (14, 15). In stark contrast,
the lymphocytic choriomeningitis virus (LCMV) is a non-oncolytic
arenavirus currently in pre-clinical and clinical development, either
as an anti-cancer agent or tumor vaccine vector, respectively.
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Infection with LCMV does not kill host cells by direct lysis and
results in strong innate and adaptive immune responses also within
the TME to eradicate the tumor. Compared to most oncolytic
viruses, LCMV’s replication is not curbed by IFN-I (16), and its late
induction of neutralizing antibodies allows for a more persistent
intra-tumoral virus load to maximize effects on the TME (17).
Taken together, viruses such as oncolytic viruses and certain
arenaviruses represent a rich resource of potential novel anti-
cancer therapeutics and this review aims to summarize the recent
application of arenaviruses in cancer therapy and the potential gaps
to be filled where other therapies are ineffective.

The biology of arenaviruses

The Arenaviridae family consists of three genera,
Mammaarenavirus, Reptarenavirus and Hartmanivirus, the first of
which infects mammalian hosts. The Mammaarenavirus genus
consists of 41 distinct viral species capable of infecting mammalian
hosts and is geographically, genetically and epidemiologically sub-
divided into Old and New World groups (18). Notable representatives
of Old Word arenaviruses that will be mentioned in the current review
include the LCMV strains, which were the first arenaviruses to be
described in the 1930’s. Examples of New World arenaviruses which,
in contrast can cause severe Haemorrhagic fevers include for example
the Junin virus (JUNV) (causing Argentine Haemorrhagic Fever,
AHF) and the Tacaribe virus (19).

The genome of arenaviruses is bi-segmented and composed of
two single-stranded negative sense RNAs. The arenavirus lifecycle
detailed in Figure 1 is limited to the hosts’ cytoplasm and viral entry
can be clathrin-dependent. Viral entry is mediated by the surface
receptor 0-dystroglycan (DG) and CD164 for LCMV as well as
Lassa virus (LASV) (20), and the human transferrin receptor 1
(Tfr1) for the JUNV and Tacaribe viruses (21). The wide spectrum
of pathogenicity among the arenaviruses has been attributed to
several factors. Arenaviruses use different receptors including oDG,
human transferrin receptor 1, the transmembrane protein
neuropilin 2 (NRP2) (22) and possibly additional proteins for
viral entry. Differences in receptor distribution determine cell
tropism. LCMYV, for instance, which uses the ubiquitously
expressed aDG for viral entry, can infect many cell types.
However, it has been recently suggested that some arenaviruses
including LCMV and LASV may use a combination of receptors or
host factors including heparan sulfate proteoglycans or CD164 for
viral entry (23-27). Differences in binding affinity of LCMV strains
to DG were previously proven to correlate with virus persistence
and disease outcome. The Armstrong, E350 and WE2.2 strains with
low affinity to oDG preferentially infect cells within the red pulp of
the spleen and were not detectable in mice 7, 14 or 30 days post
infection (28). In contrast, the Clone 13, Traub, and the WE54
strains with high affinity to aDG replicate in the white pulp of the
spleen and are able to persist in mice, leading to chronic infection
(28, 29). Bonhomme et al., through deletion of multiple GP1 and
GP2 glycosylation sites that occur in different LCMV strains, were
able to demonstrate that posttranslational modification differences
of these proteins play an important role in virus fitness and ability to
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infect epithelial cells, macrophages or primary neurons (30). In
addition to this differential use of binding receptors between
arenaviruses, effects incurred by virus binding can also elicit
additional changes. LCMV binding to aDG for example can lead
to membrane destabilization and receptor downregulation, which
can influence the future course of viral infection (23, 31).
Furthermore, differences in cellular requirements enabling
endosomal trafficking dependent or not on cholesterol, clathrin or
caveolin (32-34) and immune evasion mechanisms also determine
the pathogenicity during the course of arenaviral infection.

The innate and adaptive immune responses triggered by
arenaviruses are critical for eventual viral clearance and these
include IFN-I induction and the mounting of effective effector
CD8" T cell responses. Arenaviruses have developed several
evolutionary mechanisms of evading immune detection. Binding
to the retinoic acid-inducible gene I (RIG-I) and melanoma
differentiation-associated gene 5 (MDA5) by the Z protein
of New World arenaviruses prevents its association with
mitochondrial antiviral signalling protein (MAVS) and blocks
type I interferon beta (IFN-B) production (35). The NP protein in
many arenaviruses including LCMV inhibits interferon regulatory
factor 3 (IRF3) activation. Decreased IFN-B production has also
been shown to occur through decreased PKR signalling (36-38).
Eschli et al. demonstrated that the LCMV WE strain is only able to
engage B cells with high viral loads due to a low frequency of GP1
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specificity and sensitive epitope masking by glycosylation of the
virus spike protein, which leads to weak antibody binding and,
therefore, escape from early neutralisation (39). Taken together,
considerable insights into the genetics, structure and life-cycle of
arenaviruses has enabled their application into diverse research
areas from investigating T cell dependent anti-viral immunity to
their development as anti-tumor agents.

Arenaviruses as anti-tumor agents

Experimental, pre-clinical and clinical
development of LCMV

For decades, LCMV has been the prototypic experimental
arenavirus of choice for immunologists. Not only does infection
with LCMYV result in robust CD8™ effector T cell responses but also
in long-term immunity. Indeed, its wide experimental use has led to
monumental discoveries such as MHC restriction and PD-1’s role
during T cell exhaustion (40). Checkpoint inhibition of the PD1-
PD-L1 axis using monoclonal antibodies (mAb) such as the
approved Nivolumab and Pembrolizumab has revolutionized the
treatment landscape and ushered a new era of cancer
immunotherapy (41, 42). Furthermore, by expressing LCMV-
specific epitopes on tumor cells, it has been possible to study
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various aspects of CD8" T cell mediated anti-tumor immunity (43,
44). In addition to being a useful biological tool, LCMV strains,
through their immune-activating effects, have direct anti-tumoral
effects (17).

The observation that LCMV influences tumor growth dates back
to sixty years ago when Nadel and Haas tested the efficacy of different
strains of LCMV against the L1210 leukemia model in guinea pigs and
mice (45) (Figure 2). Guinea pigs subcutaneously administered LCMV
as late as seven days post tumor inoculation survived longer than their
uninfected counterparts although this was not recapitulated in mice
who succumbed to these particular LCMV strains. Fifteen years later,
another group treated mice with LCMV and found that it potentiated
the chemotherapeutic effects of 5-Fluoruracil (5-FU) (46). These
observations with LCMV and similar studies with the MP virus
(47), which is antigenically, morphologically and serologically
considered to be a strain of LCMV (48), led to the treatment of
cancer patients with the MP virus in the 1970s. Three patients with
far-advanced lymphoma were intravenously treated with a single dose
of the MP virus. All patients had underlying complications and were
already pre-treated with several rounds of chemotherapy. One of the
patients died from underlying pulmonary bacterial infections, another
from pulmonary failure and a third one from disease progression (49).
It is difficult to ascertain potential efficacy in such a small cohort of
patients with very advanced disease. However, there was another
larger clinical trial composed of 18 patients with more diverse though
still advanced and pre-treated metastatic malignancies where the MP
virus was administered via the intravenous route (50). None of the
patients experienced any virus-induced encephalitis and three patients
were not successfully infected. Out of the remaining 15 patients, 6
patients experienced a beneficial clinical response and/or presented
evidence of tumor burden decrease. Meanwhile, with the advent of
sophisticated genetic approaches and an increased understanding of
the molecular, biological and immunological basis of viruses, the
ability to better apply arenaviruses as anti-cancer agents has increased.

Recently, it was shown that intravenous or peritumoral injection
of the LCMV WE strain in several syngeneic or spontaneous murine
and human xenograft models of cancer, including subcutaneous,
endogenous hepatocellular carcinoma and spontaneous MT/ret
melanoma led to regression or complete elimination of early-stage
pre-established tumors (17). Kalkavan et al. also demonstrated that
LCMV preferentially replicates in tumor cells and metastatic sites
leading to robust immune infiltration with some accompanying
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anti-tumor LCMV
activity

Candid#1 vaccine is

First clinical application
of arenaviruses in the
treatment of cancer
patients

LCMV Arm shown to have
anti-angiogenic effectsin
murine tumors

FIGURE 2
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replication in the liver. LCMV replication within the tumor
persisted for at least thirty days post-tumor inoculation and tumor
regression was dependent on IFN-I production by tumor-infiltrating
monocytes. Importantly, IFN-I did not blunt LCMV replication
within the tumor, allowing for sustained innate immune activation
and clearance of LCMV from other organs. The preferential tumoral
LCMV replication led to tumor regression through several proposed
and interconnected enhanced innate and adaptive anti-tumor
responses within the TME including local IFN-I production through
the engagement of pattern recognition receptors, direct IFN-I anti-
tumoral effects, reduced angiogenesis, recruitment of monocytes and
cytotoxic CD8" T cells to the TME and enhanced MHC I antigen
presentation (17) (Figure 3). LCMV WE was also demonstrated to be
superior to oncolytic viruses, a chimeric variant of vesicular stomatitis
virus (VSV-GP) and a recombinant TK-depleted vaccinia virus
(rVACV). Furthermore, LCMV WE was suggested in this and
another study to have a strong anti-tumoral effect, especially when
combined with checkpoint inhibition (51). As many of the cancer cell
lines tested in in vivo tumor models by Kalkavan et al. are responsive
to the anti-tumoral effects of IFN-I and express elevated levels of
interferon receptors, preferential replication of LCMV within the
tumor cannot be attributed to defects in interferon signalling but
rather to expression differences in host factors crucial for viral
replication between normal and cancer cells (52). This is an
important point as oncolytic viruses are generally sensitive to IFN-I
and their efficient replication is usually dependent on tumors
harboring defects in interferon signalling (53). Therefore, patients
whose tumors are characterized by intact IFN-I signalling are less
likely to respond to oncolytic viral therapy leaving a gap that could be
filled with LCMV.

Other studies utilized the acute LCMV Armstrong (LCMV
Arm) strain to activate the immune system (54-56). For example,
the infection of melanoma tumor bearing mice with LCMV Arm
significantly slowed tumor growth and also decreased tumor
angiogenesis. The anti-tumoral effects were shown to be
dependent on LCMV-Arm-induced upregulation of angiogenesis
inhibitor thrombospondin-1 (TSP-1) in CD4" and CD8" T cells
(54). In another study, mice with advanced melanoma experienced
restored tumor MHC-I expression following LCMV WE treatment
leading to enhanced anti-tumor CD8" T cell responses and tumor
regression (57). The LCMV WE strain was also used to demonstrate
the importance of NK cells and certain chemokines for an effective

LCMV WEis shown to
have potent anti-tumor
effects n several cancer
models through tumor
specific replication and  First clinical trial
activation of innate and ~ with artLCMV
adaptive immunity against HPV+
HNSCC
®

Further clinical trials

with LCMV or artLCMV

as anti-cancer
therapies

LMV vector- Attenuated but replication
based vaccine competent artLCMV vector
enters clinical ~capable of infecting DC's
trials against and lymphoid cells to
HCMV  generate strong CD8' T cell

responses is created

Schematic timeline representing arenavirus-based discoveries and research development is shown.

Frontiers in Immunology

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1110522
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Stachura et al.

artLCMV

Fibroblastic reticular cells

artLCMV N TR
APC naive CD8'T
cells
i )
{ ]
( TCR .
pRTAVIY
tivat %.
activates
APC f‘c
specific CD8*
Tumor Tcells
cells

co

FIGURE 3

10.3389/fimmu.2023.1110522

LCMV

LCMV,;
ih
¥ APC
PRR

activation:\

Recruitment — My
of monocytes 4 TSP-1

(
Inhibition of @ @
angiogenesis CD8* and
CD4*T cells

LCMV

LCMV-based immunotherapies induce innate and adaptive immune responses within the tumor microenvironment. Attenuated but replicating
artLCMV infects and activates APCs and delivers engineered tumor antigens for direct presentation to specific CD8" T cells thereby inducing
adaptive immune responses. Fibroblastic reticular cell infection by artLCMV leads to IL-33 secretion, activating the alarmin pathway in CD8" T cells.
LCMV directly replicates in tumor cells and APCs leading to pattern recognition receptors (PRR) activation and production of IFN-I in the TME. This
leads to monocyte and cytotoxic CD8" T cell recruitment, increased antigen presentation and MHC-| upregulation on tumor cells. LCMV also
induces angiogenesis inhibiting TSP-1 surface expression on CD4* and CD8" T cells. Figure was created with BioRender.com.

anti-tumoral response (58). Taken together, LCMV has been shown
to efficiently re-direct the innate and adaptive immune system to
target tumors. In murine tumor models, LCMV was demonstrated
to be safe and effective through a variety of non-immunogenic and
immunogenic tumor models. Current work is focused on increasing
LCMV’s tumor tropism to translate its strong potential as anti-
cancer agent into an effective tumor treatment. Targeted evolution
is used to increase LCMV’s infectivity to tumor cells by retaining or
decreasing its uptake into healthy cells and, therefore, healthy
organs. This is achieved by a specific selection of tumor-prone
virus mutations using the so-called Fast Evolution Platform. The
overall aim is to maximize the inflammatory signals within the
tumor tissue and thereby activate several anti-tumoral immune
effector mechanisms. This approach is presently being developed by
Abalos Therapeutics (59) (Table 1).

Genetically modified LCMV and other
arenavirus vaccines

While the use of unmodified LCMV has been shown to be
effective in controlling tumors, genetically modified LCMV used

TABLE 1 Summary of current arenavirus-based clinical trials.

Virus Targeted tumor
MVA HPV16-positive
LCMV Solid tumors

rLCMYV with rPICV HPV16-positive HNSCC

rLCMV with rPICV Prostate
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either as a vaccine or vector delivering tumor antigens is another
promising approach. Flatz et al. engineered an LCMV based
replication defective vaccine vector by successfully replacing the
GP open reading frame portion of LCMV with vaccine antigens
(rLCMV) (60). Insertion of up to 2.6 kilobases of foreign genetic
material was possible and the vaccine was tested with several
different cytotoxic T lymphocyte (CTL) epitopes including OVA
(rLCMV-OVA) and GP33 (LCMV-GP33) to establish proof-of-
principle efficacy and immunogenicity in several disease models.
Robust and antigen specific CD8" T cells responses occurred when
mice were vaccinated with rTLCMV-OVA, and this was mediated
through direct targeting and activation of dendritic cells (DCs)
which are critical antigen presenting cells necessary for CD8" T cell
activation. Mice inoculated with B16.F10 melanoma cells expressing
the CD8" T cell epitope GP33 and treated with rLCMV-GP33 eight
days post-inoculation survived longer than mice treated with
adenovirus 5 GP33 (rAd-GP33) or vaccinia virus GP33 (VACC-
GP33) vaccines. Importantly, unlike other viral-based vaccines
including the adenovirus 5 against which rLCMV was directly
compared, rLCMYV failed to induce vector antibody immunity in
mice and non-human primates (61) enabling repeated boosters.
The rLCMYV vaccine vector is being translated into the clinic and its

Current clinical stage Study moderator

Phase 1T Transgene
Pre-clinical Abalos Therapeutics

Phase II Hookipa Pharma

Hookipa Ph;
Phase I ookipa Pharma
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incorporation into a vaccine against Cytomegalovirus (HB-101
Vaxwave®) has reached Phase II clinical testing.

Although the rLCMV-GP33 vaccine was shown to increase
survival in tumor-bearing mice, it was reasoned that the ability to
replicate and deliver anti-tumor signals to cells other than just DCs
might prove even more efficacious against tumors. This led to the
development of a replication competent but attenuated LCMV
vector (artLCMV) capable of infecting not only DCs but also
lymphoid stromal cells (62) (Figure 3). Unlike rLCMV, artLCMYV,
through spread and infection to lymphoid stromal cells, induced the
IL-33 alarmin pathway which has been shown to be critical for
effective anti-viral and other immune responses (63). The combined
effect of generating strong CD8" T cell responses using a
transplantable OV A-expressing tumor model, IL-33 alarmin
signalling and IFN-I production (for 48 hrs) led to more potent
and specific anti-tumor immunity and subsequent tumor control
superior to that of the replication deficient rLCMV without
neutralizing antibody production (62). However, responses were
still hampered by self-tolerance and strong responses against
vectorized non-self antigens at the expense of tumor specific ones.
To overcome this competition between tumor and vector specific
cytotoxic effector T lymphocytes (CTLs) Bonilla et al. designed a 2-
vector therapy system based on two distantly related arenaviruses
(LCMV and Pichinde virus (PICV)). This strategy was able to
reshuffle immunodominance in favor of tumor specific CTLs, which
led to more effective tumor control and protection against tumor
rechallenge (64). Attenuated replicating vector arenaviruses
(TheraT® platform) are in the clinical stages of commercial
development for the treatment of prostate cancer (HB-301
TheraT®), HPV+ Head/Neck Cancer (single LCMV based HB-
201 or in combination with PICV based HB-202 TheraT®)
(Table 1). Much like the acute LCMV strains, the artLCMV
platform stimulates innate immune responses and is also
dependent on replication in antigen-presenting (APCs) cells to
elicit its anti-tumor effects. The Phase I/II clinical trial (NCT
NCT04180215) is an open-label study commenced in 2019
evaluating HB-201 and HB-201 and HB-202 as single or two-
vector therapy in previously treated patients with advanced or
metastatic HPV 16+ cancers, mainly head and neck. Recently,
preliminary data from the trial reported the presence of E6/E7
specific CD8" T cell levels in the blood and a high infiltration of
CD8" T cells in over 50% of patient tumor samples (65). One main
disadvantage of this approach, however, is that this arenavirus
platform currently only delivers the HPV16 epitope in the case of
head and neck cancer, or targets the most common prostate cancer
markers PAP, PSA, PSMA but cannot be used for other types of
tumours unless novel antigens are specifically integrated.

Safety and dosing of LCMV and arenavirus-
based vector vaccines

Although the numbers of LCMV infected people are not known
as only the most severe infected cases are reported, serological
studies indicate that around 5% of the American (66), 1.7% of the
Spanish, 2.9% of the Dutch and 0.3% of the French populations (67)
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have LCMYV specific antibodies, indicating previous exposure to the
virus. While some arenaviruses cause fatal hemorrhagic fevers,
symptoms caused by LCMV infections are comparatively mild
and include influenza-like symptoms as well as dysesthesia (23).
This initial phase of disease symptoms when occurring may be
followed by a symptom-free period of a few days up to 3 weeks,
before the beginning of a second phase. The latter is characterized
by fever, headache, nausea and meningeal irritation and is usually
followed by complete recovery. This has been corroborated by well-
documented cases of infected laboratory workers (68-70). Although
LCMYV does not pose a serious health risk in the general population,
infection during organ transplantation and pregnancy can be
detrimental. In one published case, three organ recipients
receiving kidneys and liver of a donor developed virus infection
symptoms including fever and encephalopathy soon after
transplantation leading to death within 36 days. Analysis of the
viral protein sequences revealed 14 fragments consistent with
arenaviruses most closely related to LCMV (71). In another case,
all organ recipients developed illnesses symptomatic of virus
infection and a liver recipient died 2-3 weeks post donation.
LCMV was later found in the aortic tissue of the donor and the
infection was confirmed in the recipients thirty-seven days after
transplantation (72, 73). The source for the donor infection was
later identified to be pet animals such as a hamster, corroborating
reports that direct human to human transmission does not
occur (74). All of these severe effects of an unrecognized LCMV
infection may be attributed to the concurrent treatment of the
transplantation patients with immune suppressive drugs thereby
not enabling an efficient anti-viral immune response at the time of
infection. Detrimental effects of LCMV can also be observed during
congenital infection which can severely affect the survival and well-
being of the children affected. The most common symptoms of
congenital LCMV infection are chorioretinitis, hydrocephalus and
ventriculomegaly (75).

Since in clinical LCMV applications, an intravenous (IV) route
of administration is preferred, off-target replication in organs other
than the intended tumor or lymphoid organs (in the case of LCMV-
based vector vaccines) should be considered. Preclinically,
subcutaneous injection of LCMV WE resulted in detectable virus
in the skin and spleen 8 days post infection in mice (17). Even after
intravenous infection of mice, although dose dependent increases of
liver enzymes were measured, changes were in all cases transient
and enzyme levels returned to background levels ten to fifteen days
after infection (76). In the context of replication competent
arenavirus vaccine vectors, detection of the vector was apparent
in the spleen and liver of mice but was rapidly cleared without
induction of organ damage (62). However, in certain mouse strains
including the virus-sensitive FVB or NZ, infection with LCMV
Clonel3 but not with other variants, like Arm, does result in severe
illness including thrombocytopenia and hepatocellular necrosis
(77). Such severe disease symptoms can be avoided not only by
choosing the right LCMV strain, but also by virus attenuation for
example by reassorting the genome segments of two different
LCMYV strains (77). Therefore, virus strains for clinical
development will have to be carefully chosen to avoid any
potential for more severe disease effects and carefully evaluated in
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respective animal studies. Taken together, preclinical in vivo studies
suggest that for certain wildtype or recombinant LCMV strains
while replication in off-target organs such as the liver and spleen
occurs, the virus is rapidly cleared and does not persist long enough
to induce adverse organ damage.

Clinically, the safety of administering therapeutic LCMV to
potentially immune-suppressed and conceivably heavily pre-treated
cancer patients needs to be carefully evaluated (49, 78). Previously,
the administration of the MP LCMYV strain to immunosuppressed
cohorts with metastatic disease in the two clinical trials performed
in the 1970s was generally well-tolerated and did not result in
serious viraemia related side-effects (50). However, in the 1971
study after a single intravenous injection of the three advanced
lymphoma patients, viral titers were detectible post-mortem in
multiple organs in all the patients (49). Nevertheless, few virus-
related adverse effects on normal tissues were observed pointing to a
potentially favourable safety profile (50) which may even be further
enhanced by the identification of tumor-tropic replication-
competent strains. The above mentioned Phase I/II study is slated
for completion in 2025, but initial reports of safety, tolerability, and
immunogenicity are encouraging although so far 2 patients
experienced dose-limiting toxicity involving Grade 4 hepatitis or
Grade 4 encephalopathy (79, 80). A recent update presented at
ASCO 2022, revealed plans to investigate a combination of HB-201
with pembrolizumab (81) in the Phase II portion of the trial.

Preclinically, LCMV and arenavirus vectors are able to elicit
immune responses through several routes of administration
including intravenous, intradermal and subcutaneous (ranging
from 10°-10° PFU per animal), with one dose often being
sufficient to elicit effective anti-tumor immune responses in mice,
albeit when evaluating tumor rechallenge and booster regimens,
more doses may be required. Clinically, in the case of arenavirus
vectors, both intravenous and intratumoral routes of administration
have been applied, although the IV route enables secondary
lymphoid organs to be reached. As LCMV and vector-LCMV
neutralizing antibody production currently appears not a
hindrance, repeated dosing where clinically necessary should be
possible, although the potential for neutralizing anti-viral immune
responses will have to be carefully explored during ongoing and
coming clinical evaluation of LCMV cancer therapy.

Live-attenuated Junin vaccine (Candid#1)
and other arenaviruses

Before the development of the Candid#1 vaccine, infection with
the hemorrhagic fever (HR) causing Junin virus resulted in the
highest levels of mortality (15-30%) of any other HR causing
arenavirus (23). The Candid#1 is a live attenuated vaccine and
was generated through serial passaging of the Junin virus in guinea
pigs followed by suckling mice and finally in tissue culture.
Although its commercial distribution is limited due to the
relatively small affected Argentinian population, it has been an
effective vaccine in protecting against Junin virus infection. Recent
hints into the molecular mechanism of Candid#1 attenuation point
to a single residue change F4271 in the G2 transmembrane domain
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of the GP leading to decreased virulency (82). At the same time, this
may limit its more wide-spread use as a vaccine due to the potential
of back mutation, and therefore, other approaches to develop
vaccines targeting arenaviruses inducing hemorrhagic fevers are
currently exploited including the addition of more attenuating
mutations (e.g., for Junin) (83) or genome reassorting from
hemorrhagic and non-hemorrhagic arenavirus strains (e.g., Lassa
and Mopeia) (84, 85).

Kalkavan et al., in addition to uncovering the already mentioned
anti-tumoral effects of LCMV strain WE, found that, following
injection, the Candid#1 vaccine also replicated within tumors and
decreased xenograft tumor growth of human cancer cell lines in
NOD.SCID mice (17). However, the in vivo anti-tumoral effects of
Candid#1 occurred following direct intratumoral injections and it is
currently unclear whether the attenuated virus would preferentially
replicate in the tumor if applied by a more clinically relevant
application route. An in vitro study found that Candid#1 was
cytopathic and induced apoptosis in several human cancer cell lines
in an interferon independent manner, linking the mechanism to RIG-
I with higher viral replication in RIG-I deficient cell lines or after
knocking it down (86). Apoptotic effects on normal cell lines however,
were not tested and the study was limited in the number of cell lines
used. Despite the preliminary nature of the above studies, they are
nevertheless promising. The Candid#1 vaccine has already been
successfully and safely used in humans, and next generation
approaches are currently underway. Although approval from the
Food and Drug Administration (FDA) in the US is still pending, it
has been produced and used on a larger scale by the Argentinian
government. As the attenuated phenotype of the Candid#1 vaccine
appears to be based on the single substitution at residue 427 (F427I),
the FDA’s primary concern with the vaccine has been a potential
reversion to its previously virulent phenotype. Indeed, serial passaging
of the Candid#1 virus in cell culture can lead to reversion (87) and
approaches in generating second-generation Candid#1 vaccines are
focusing on inserting additional mutations into the virus’ GPC in
order to create a barrier to reversion (83, 87). It is also worth
mentioning that the Tacaribe virus, which is another New World
arenavirus closely related to the Junin virus, was found not to be
virulent (88). Wolf et al. discovered that infection of cancer cell lines
and primary macrophages with the Tacaribe virus causes caspase-
dependent apoptosis (89). Although the apoptosis was shown to
depend on active viral replication, it was not further mechanistically
investigated. It would be interesting to extend this finding in an in vivo
setting and explore whether the Tacaribe virus would preferentially
replicate within tumors and also have anti-tumor effects.

Another interesting approach was presented in a study by Muik
et al. that used an oncolytic VSV virus with an exchanged surface
glycoprotein of LCMV origin (VSV-GP) as an anti-tumor agent.
Oncolytic viruses are usually rapidly neutralised, whereas VSV-GP
appears to avoid neutralizing humoral responses by failing to
induce nAb against the LCMV spike protein (90). Other efforts
focused on exchanging the VSV glycoprotein with another New
World arenavirus, Lassa (VSV-Lassa-GPC). VSV-GP and VSV-
Lassa-GPC have shown pre-clinical efficacy in tumor models (91),
and VSV-GP is currently evaluated in a Phase I study alone or in
combination with checkpoint therapy (92).
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Concluding remarks and future
perspectives

Arenaviruses, particularly the well-studied LCMV viruses, have
a strong potential to make an impact in cancer therapy. The
efficacy of LCMV, whether unmodified strains, recombinant
strains with increased tumor cell tropism, or incorporated into a
viral attenuated vaccine, in controlling tumors in a broad range of
pre-clinical murine models of cancer has been demonstrated. As
already shown by the multifaceted use of oncolytic viruses in
cancer therapy, there appears a substantial potential for live
replicating arenaviruses in the treatment of tumors. Unlike
oncolytic viruses, LCMV preferentially replicates in a wide range
of tumors and can robustly continue to do so even in tumors where
interferon signalling is intact. Furthermore, induction of IFN-I by
LCMYV does not curb viral replication within the TME allowing for
sustained immune activation and enabling control of the virus in
normal tissues, thereby minimizing potential collateral damage
and increasing the therapeutic index. The anti-viral immune
responses elicited by LCMV in murine tumor models were
shown to be instrumental in contributing to tumor regression
and did not blunt the anti-tumor efficacy of the virus, which is
another common challenge faced by oncolytic viruses. The
production of neutralizing antibodies can suppress oncolytic
virus efficacy but LCMV fails to elicit strong neutralizing
antibody responses (39, 93). Instrumental to translating LCMV
to the clinic will be a thorough safety evaluation, and a deeper
understanding of the underlying mechanisms of tumor replication
and anti-tumoral effects. Studies of viral entry receptor distribution
in tumor cells and a closer examination of the specific host factors
in tumor cells which enable LCMV replication might lead to
further mechanistic insights and shed light on how to optimize
LCMV treatments and uncover responders to therapy. The fact
that LCMV variants were already administered to human patients
decades ago resulting in responses in some patients is encouraging
in paving the pathway to future applications of the virus as an anti-
cancer therapeutic.

The artLCMV vaccine platform is one of the anti-cancer
therapeutic approaches in pre-clinical and clinical development.
The low seroprevalence of LCMV in the general population (67),
coupled with weak neutralizing antibody production against LCMV
(93) appears to allow for repeated application which is yet a
substantial limitation of many other viral based vaccines and
oncolytic viruses, and might enable higher patient response rates.
The artLCMV’s anti-tumoral mechanism of action depends on the
infection of APCs to elicit CD8" T cell responses and to activate the
IL33-alarmin pathway in lymphoid tissue. It remains to be further
investigated whether effective anti-tumoral cytotoxic effector T
lymphocyte (CTL) responses can be successfully recapitulated in
a clinical setting in those tumors where the expression of tumor
specific-antigens or neoantigens may be a limiting factor in the
successful induction of CTL responses due to tumor heterogeneity,
evasion mechanisms including loss of target antigen, downregulation
of MHC molecules and T cell exhaustion (94).

On the other hand, LCMV as a cancer therapy currently
developed in the absence of a vaccine antigen has the advantage
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that the concurrent administration of tumor-specific or neo-
antigens is not required for an efficient anti-tumoral response.
Although LCMV is not cytopathic, it induces strong innate and
adaptive anti-tumoral responses including the local activation of
pattern recognition receptors within the TME, which in turn allow
for IFN-I and inflammatory cytokine production, immune cell
infiltrating recruitment and the release of tumor neoantigens and
subsequent generation of adaptive immune responses. The
induction of innate immune responses can counteract
immunosuppressive tumor-promoting mechanisms within the
TME. This makes such LCMV strains more broadly applicable
than the artLCMV platform and not contingent on treating tumors
with well-defined stably expressing tumor antigens. Although still
in their infancy, the use of other attenuated arenaviruses including
live vaccines such as Candid#1 for the treatment of tumors might
also hold promise especially if safer second-generation vaccines can
be developed.

Finally, as with other virus based vaccines and oncolytic viruses,
combinatorial approaches with other immunotherapies or anti-
cancer agents will likely prove therapeutically effective, especially in
treating poorly immune infiltrating cold tumors. The tumor TME of
cold tumors is often characterized by high PD-L1 expression, low
immune infiltrates including cytotoxic T cells and/or low expression
of the antigen presentation machinery (95). That, when combined
with low neoantigen levels makes these tumors largely unresponsive
to immunotherapies. By contrast, tumors that are immunologically
scored as “hot” are highly infiltrated with cytotoxic T cells and are
more responsive to immunotherapies (3). Therefore, approaches such
as arenavirus therapies that can successfully manipulate the TME
towards an increased ‘hot’ phenotype (Figure 3) could not only lead
to increased immunotherapeutic responses but open up previously
poor candidate patient cohorts to immunotherapy treatment.

The first clinical trial combining an oncolytic virus therapy (T-
Vec) with the anti PD-1 Pembrolizumab demonstrated that T-Vec
promoted tumoral T cell infiltration improving Pembrolizumab’s
efficacy (96). Patients with advanced melanoma in a phase II
randomized study receiving a combination of T-Vec with the anti-
CTLA-4 antibody ipilimumab experienced significantly higher
objective responses than patients receiving ipilimumab alone (97).
Unfortunately, combination therapy failed phase III, as there was no
significant improvement in the survival of patients treated with
addition of T-Vec (98). Virus based vaccines such as
viagenpumatucel-L (gp96-Ig-secreting allogeneic tumor-cell
vaccine HS110) in combination with the anti-PD-1 Nivolumab in
patients with non-small cell lung adenocarcinoma successfully
completed a phase II clinical trial (61). However, one of the major
obstacles missing from the arsenal of current immunotherapy
combinations, especially for vaccines, is the ability to selectively
and specifically activate tumor-killing immune infiltrates for long
enough to overcome the metabolic, spatiotemporal and immune
barriers imposed by the immunosuppressive cells within the TME
such as M2 macrophages, myeloid derived suppressor cells (MDSC)
and regulatory T cells (Treg’s) which can cause anergy, exhaustion
and senescence of cytotoxic lymphocytes as well as the induction of
pro-tumoral inflammation. There exists a niche for LCMV-based
arenavirus therapies, especially in the treatment of poorly infiltrating
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cold tumors as well as tumors with intact interferon responses, both
instances where viral vaccines and oncolytic viruses, respectively,
might have limited efficacy. Finally, the potential use of LCMV-
based arenavirus therapies could boost the response rates of
immunotherapies such as CI’s that rely not only on adequate
CD8" T cell infiltration but de-repression of immunosuppressive
mechanisms within the TME.
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Background: Polyamines metabolism is closely related to tumor development
and progression, as well as tumor microenvironment (TME). In this study, we
focused on exploring whether polyamines metabolism-associated genes would
provide prognosis and immunotherapy response prediction in lung
adenocarcinoma (LUAD).

Methods: The expression profile data of polyamines metabolism-associated
genes were acquired from the Cancer Genome Atlas (TCGA) database.
Utilizing the least absolute shrinkage and selection operator (LASSO) algorithm,
we created a risk score model according to polyamines metabolism-associated
gene signatures. Meanwhile, an independent cohort (GSE72094) was employed
to validate this model. Through the univariate and multivariate Cox regression
analyses, the independent prognostic factors were identified. Subsequently,
quantitative real-time polymerase chain reaction (QRT-PCR) was performed to
detect their expression in LUAD cells. By consensus clustering analysis,
polyamines metabolism-associated subgroups were determined in LUAD
patients, with differential gene expression, prognosis, and immune
characteristics analyses explored.

Results: A total of 59 polyamines metabolism genes were collected for this study,
of which 14 genes were identified for the construction of risk score model using
LASSO method. High- and low- risk groups of LUAD patients in TCGA cohort
were distinguished via this model, and high-risk group presented dismal clinical
outcomes. The same prognostic prediction of this model had been also validated
in GSE72094 cohort. Meanwhile, three independent prognostic factors (PSMC6,
SMOX, SMS) were determined for constructing the nomogram, and they were all
upregulated in LUAD cells. In addition, two distinct subgroups (C1 and C2) were
identified in LUAD patients. Comparing the two subgroups, 291 differentially
expressed genes (DEGs) were acquired, mainly enriching in organelle fission,
nuclear division, and cell cycle. Comparing to C1 subgroup, the patients in C2
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subgroup had favorable clinical outcomes, increased immune cells infiltration,
and effective immunotherapy response.

Conclusion: This study identified polyamines metabolism-associated gene
signatures for predicting the patients’ survival, and they were also linked to
immune cells infiltration and immunotherapy response in LUAD patients.

KEYWORDS

lung adenocarcinoma, polyamines metabolism, prognosis, tumor microenvironment,
immunotherapy response

1 Introduction

Polyamines metabolism participate in multiple cellular
processes, such as gene regulation, cell proliferation and
differentiation, cell death, and immune system function (1-3).
The maintenance of polyamines homeostasis requires stringent
cellular regulatory process, including biosynthesis, decomposition,
and transport. Previous studies have uncovered that due to
increased biosynthesis and transport, and decreased catabolism,
high levels of polyamines widely occur in cancer cells suggesting an
important interplay between polyamines metabolism and
carcinogenesis (4, 5). Polyamines metabolism is dysregulated in
many tumors, which is directly associated with the development
and progression of cancers. Therefore, polyamines metabolism has
been considered to be an attractive target for cancer therapy.

Cancer immunotherapy, an emerging and promising treatment
strategy, utilizes the enhanced antitumor effects of immune system
to kill cancer cells. Recently, striking progress has been made in
cancer immunotherapy, which dramatically changed the paradigm
of cancer treatment (6, 7). Immunotherapy has improved cancer
patients’ survival worldwide, however, most patients lack effective
immune response resulting in non-sustainable disease control.
Existing evidence reveals that the inadequate immune effector
cells infiltration and the immunosuppressive status of immune
cells in tumor microenvironment (TME) are the important
mechanisms affecting the response to cancer immunotherapy.
Immunosuppressive TME can hamper the antitumor actions of

immune effector cells leading to the immune surveillance evasion of

Abbreviations: AUC, area under the curve; BP, biological process; CC, cellular
component; CI, confidence interval; DEGs, differentially expressed genes; GEO,
Gene Expression Omnibus; GO, gene ontology; HR, hazard ratio; ICB, immune
checkpoint blockade; ICIs, immune checkpoint inhibitors; KEGG, Kyoto
encyclopedia of genes and genomes; LASSO, least absolute shrinkage and
selection operator; MF, molecular function; LUAD, lung adenocarcinoma; OS,
overall survival; PCA, principal components analysis; PPI, protein-protein
interaction; qRT-PCR, quantitative reverse-transcription polymerase chain
reaction; ROC, receiver operating characteristic; TCGA, the cancer genome
atlas; TIDE, Tumor Immune Dysfunction and Exclusion; TME,

tumor microenvironment.
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malignant cells, which is a vital obstacle to successful
immunotherapy (8, 9). Therefore, understanding the potential
regulatory mechanisms of the immune status in TME is critical
for improving the efficacy of immunotherapy.

According to research findings, polyamines biosynthetic
enzymes were upregulated in tumor tissues, and the elevated
spermine and spermidine promoted tumor growth and correlated
with immunosuppressive status of TME (10). In addition, many
immune cell types in TME, including myeloid-derived suppressor
cells (MDSCs), dendritic cells and M2 macrophages, translated
from an immune-active to an immune-suppressive state affecting
antitumor immunity owing to polyamines metabolic disorders (11).
Considering the dependence of tumor cells on polyamines and the
crucial biological function of polyamines in immune cells, targeting
polyamines metabolic pathways are expected to be an important
cancer therapeutic strategy. In particular, it will be extremely
beneficial to explore biomarkers based on polyamines metabolism
that can predict the response to immunotherapy in tumor patients.

Lung adenocarcinoma (LUAD), the most common subtype of
lung cancer, has a dismal prognosis, with relatively high mortality
rate in malignant tumor patients (12, 13). Despite advancements in
traditional cancer treatments over the last few decades, there has
limited improvements in patients’ survival outcomes.
Immunotherapy, especially immune checkpoint inhibitors (ICIs),
has been considered as an important therapeutic option for LUAD
patients with favorable improvement in survival (14, 15). Currently,
PD-L1 expression is still considered as a biomarker for predicting
the patients who will benefit from immune checkpoint blockade
(ICB) therapy. However, many patients do not present a good
response. It is, therefore, meaningful to identify the new biomarkers
precisely predicting immunotherapy response.

In this study, we investigated the expression pattern of
polyamines metabolism genes in LUAD, and screened out the
significant gene signatures based on machine learning method to
develop a risk score model, which could predict patients’ survival.
This model also was validated in another independent cohort, and
the expression of prognostic factors were detect using qRT-PCR.
Furthermore, the subgroups of LUAD patients classified by these
significant gene signatures had different immune cells infiltration
levels and immunotherapy response. This is the first study to
explore the role of polyamines metabolism-related gene signatures
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in LUAD patients from the perspective of patients’ prognosis and
immunotherapy response.

2 Materials and methods
2.1 Data acquisition

RNA-sequencing expression profile data and matched clinical
information of LUAD samples were collected from The Cancer
Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/).
Validation dataset (GSE72094) was obtained from Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). After
standardized processing, the data was conducted for further analysis
using R software. A total of 59 polyamines metabolism-associated
genes were collected from MSigDB database (http://www.gsea-
msigdb.org/). By searching the keyword “polyamines”, the gene sets
“REACTOME_METABOLISM_OF_ POLYAMINES” were
discovered. The detail gene information is listed in
Supplementary Materials.

2.2 Gene expression and protein—protein
interaction network

We first investigated the expression levels of 59 polyamines
metabolism-associated genes between tumor and normal tissues.
Furthermore, PPI network was established based on STRING
platform (https://string-db.org/) to analyze their interconnections (16).

2.3 Identification of polyamines
metabolism-associated gene signatures for
risk score model in LUAD

Based on LASSO algorithm using “glmnet” R package (17), the
significant polyamines metabolism gene signatures were explored to
construct the risk score model. Application of the optimal cut-off
value, LUAD patients were distinguished into two groups: high-
and low- risk groups, for further prognosis analysis. In addition, we
verified the predictive ability of risk score model via the external
independent dataset (GSE72094).

2.4 Prognosis analysis

We first respectively compared the prognosis between high- and
low-risk groups in TCGA and GSE72094 LUAD cohorts using the
“survival” package. Furthermore, the univariate and multivariate
Cox regression analyses were carried out to recognize the
independent prognostic factors from polyamines metabolism-
associated genes in LUAD. Subsequently, these factors were used
for establishing a prognostic nomogram via the “rms” package,
which could be employed for survival (1-, 3-, 5-year) prediction of
LUAD patients.
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2.5 Receiver operating characteristic
curve analysis

The predictive performance of gene expression was judged
using ROC curve analysis conducted by the “pROC” package.
The area under the curve (AUC) value was calculated for
quantitative analysis according to previous methods (18).

2.6 Cell culture and qRT-PCR

Human bronchial epithelial cells (BEAS-2B) and human LUAD
cells (H1975 and H2009) were acquired from the American Type
Culture Collection (ATCC, United States). All cells were
conventionally cultured and the total RNA was collected
according to commercial kit methods. After reverse transcription
via Hiscript III All-in-one RT Super mix Perfect for qPCR kit
(Vazyme, China), qRT-PCR was conducted using Taq Pro
Universal SYBR qPCR Master Mix kit (Vazyme, China). GAPDH
served as an endogenous control. Primers were synthesized from
Sangon Biotech (Shanghai, China) and the detail information of the
sequences were provided in Supplementary Materials.

2.7 Recognition of the subgroups in LUAD
patients via consensus clustering analysis

The consensus clustering analysis was applied to recognize the
polyamines metabolism-associated subgroups in LUAD patients,
which was conducted via the “ConsensusClusterPlus” package.

2.8 Differential gene analysis

Differential gene analysis was carried out to recognize the DEGs
between the different subgroups via the “Limma” package (19)
based on the criteria of adjusted P < 0.05 and Fold Change > 2.
Then, volcano plot and heatmap were applied to display these
differential genes.

2.9 Function enrichment analysis

GO enrichment, including the biological process (BP), cellular
component (CC), and molecular function (MF), and KEGG
enrichment of these significant polyamines metabolism genes
were conducted. Additionally, function enrichment analyses of
the upregulated DEGs in subgroups were carried out via the
“ggplot2” and “ClusterProfiler” packages.

2.10 Clinicopathological features analysis

The association between the clinicopathological features such as
age, TNM stage, and survival status in different subgroups of LUAD
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patients was described using Sankey diagram via the “ggalluval”
package. Moreover, overall survival analysis was performed in
different subgroups of LUAD patients.

2.11 Somatic mutation analysis

Somatic mutation analysis in different subgroups were
performed via the “Maftools” package. The whole somatic
mutation landscape was displayed using waterfall plots.

2.12 Immune characteristics analysis

We first assessed the immune status of TME, including Immune
Score, Stromal Score and ESTIMATE Score in different subgroups
via “estiate” package. Furthermore, the immune cells infiltration
status was investigated using MCP-counter (20) and xCell (21)
algorithms performed by the “immunedeconv” package. Finally, we
assessed the immunotherapy response to ICB in different subgroups
by means of Tumor Immune Dysfunction and Exclusion (TIDE)
algorithm (22).

3 Results

3.1 The expression of polyamines
metabolism-related genes in LUAD

The entire study is conducted according to the summarizing flow
chart (Figure 1). A total of 59 polyamines metabolism-related genes
were collected from MSigDB database. The expression of these
polyamines metabolism genes in normal and LUAD samples were
first explored. As shown in Figure 2A, most of polyamines metabolism
genes were overexpressed in LUAD samples. The STRING platform

Transcriptome expression profile and

Gene expression

clinical data of LUAD patients from TCGA PPI network
Machine learning
LASSO regression

=1 MsigDB Polyamines metabolism
— = poscursignaures | —related genes (59 genes)

10.3389/fimmu.2023.1070953

was employed to construct PPI network, investigating the connections
among these polyamines metabolism-associated genes (Figure 2B).

3.2 Construction and validation of
polyamines metabolism-associated risk
score model in LUAD

The significant gene signatures were further narrowed down
from 59 polyamines metabolism-associated genes using LASSO
regression machine learning method in LUAD. The result showed
a total of 14 significant gene signatures were eventually determined
to establish the risk score model on the basis of the optimal A value
0.02949 (Figures 3A, B). The risk score was calculated following
equation: Risk Score = 0.036*PSMA4 + (-0.003)*PSME4 +
0.109*PSMC5 + 0.157*SMOX + 0.188*PSMC6 + (-0.011)*PSMA7
+ (-0.117)*PSMD10 + 0.206*SMS + (-0.015)*AMD1 + (-0.044)
*SATI + 0.224*PSMB7 + (-0.101)*AZIN2 + (-0.003)*PAOX +
0.028*PSMD2. According to the optimal cut-off value (4.26), the
patients were divided into two groups with high and low risk. As
shown in Figure 3C, the LUAD patients with high-risk scores
presented high risk of death. Prognosis analysis indicated that
high-risk patients had poor prognosis (P = 1.4 e-11, HR = 2.67,
Figure 3D). Moreover, we discovered that except for high
expression of AMDI1 and SAT1 in normal samples, other genes
(PSMA4, PSME4, PSMC5, SMOX, PSMC6, PSMA7, PSMD10,
SMS, PSMB7, AZIN2, PAOX, PSMD2) were all upregulated in
tumor samples (Figure 3E). Gene expression correlation analysis
revealed that there presented a positive correlation among these
genes (PSMA, PSME4, PSMC5, SMOX, PSMC6, PSMA7, PSMD10,
SMS, AMDI1, PSMB7, and PSMD2) (Figure 3F).

Next, an independent cohort (GSE72094) was utilized to
validate the predictive effectiveness of risk score model in the
prognosis of LUAD patients. Based on the optimal cut-off value
(4.28), high and low risk groups were distinguished. We also
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FIGURE 1

Flow diagram of the overall study and the pattern diagram of polyamines metabolism in tumor microenvironment.
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Gene expression and protein—protein interaction (PPI) network. (A) Heatmap depicting the expression of polyamines metabolism-associated genes
between tumor and normal tissues based on TCGA database. Different colors represent the trend of gene expression in different tissues. (B) PPI
network among polyamines metabolism-associated genes. Different depth color represents the degree score of the protein.

discovered that high-risk patients had poor prognosis (Figure 4A).
Finally, the expression of 14 genes in high- and low- risk groups
were exhibited via heatmap (Figure 4B).

3.3 Function enrichment analysis of the 14
gene signatures in risk score model

We next performed GO and KEGG enrichment analyses of the
14 gene signatures in risk score model respectively. As shown in
Figures 5A-C, the Top5 enrichment results of BP, CC, and MF were
exhibited. Moreover, KEGG analysis results indicated that these
genes were primarily enriched in proteasome, arginine and proline
metabolism, and metabolic pathways (Figure 5D).

3.4 Recognition of the independent
prognostic factors and construction of the
nomogram

Through univariate Cox regression analysis, we discovered that
AZIN2, PSMA4, PSMB7, PSMC5, PSMC6, PSMD2, SMOX, and
SMS were significantly correlated with patients’ OS. The hazard
ratio of AZIN2 (HR < 1, P < 0.05) favored patients’ prognosis, and
the other genes, including PSMA4, PSMB7, PSMC5, PSMCe,
PSMD2, SMOX, and SMS, were all risk factors (HR > 1, P < 0.05)
(Figure 6A). We further conducted the multivariate Cox regression
analysis, and discovered that PSMC6, SMOX, and SMS were also
significantly correlated with OS, all serving as risk factors (HR > 1, P
< 0.05) (Figure 6B). Thus, comprehensive analyses revealed that
PSMC6, SMOX, and SMS could be recognized as independent
prognostic factors. Based on the three factors, we constructed a
nomogram, providing a certain predictive effect of clinical
prognosis (Figures 6C, D).

Next, we explored the expression levels of PSMC6, SMOX, and
SMS in LUAD cell lines, and their diagnostic and prognostic values
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in LUAD patients, respectively. PSMC6, SMOX, and SMS were all
upregulated in LUAD cell lines (H1975 and H2009), comparing to
normal bronchial epithelial cells (BEAS-2B) (Figures 7A-C). ROC
analysis revealed that the AUC values of PSMC6, SMOX, and SMS
were 0.822, 0.818, and 0.802, respectively, suggesting they had
certain diagnostic values (Figures 7D-F). Finally, survival analysis
revealed that the patients with high expression of PSMC6, SMOX,
and SMS presented poor prognosis (Figures 7G-TI).

3.5 Consensus clustering analysis
recognized polyamines metabolism-
associated subgroups in LUAD

LUAD samples were divided into two different subgroups (Cl1
and C2) relying on consensus clustering analysis (Figures 8A-D).
Subsequently, the expression of 14 genes between the two subgroups
were displayed (Figure 8E). In addition, a total of 291 DEGs were
screened out by comparing the two different subgroups, of which 199
DEGs were upregulated and 92 DEGs were downregulated
(Figure 9A). The detail gene information is listed in Supplementary
Materials. The expression of DEGs were displayed via heatmap
(Figure 9B). Finally, function enrichment analyses revealed that GO
analysis of upregulated DEGs mainly converged at organelle fission,
nuclear division, mitotic nuclear division, and chromosome
segregation (Figure 9C). The KEGG analysis of upregulated DEGs
mainly converged at cell cycle (Figure 9D).

3.6 Comprehensive analysis of
clinicopathological features, somatic
mutation and immune landscape in the
subgroups

We first analyzed the different clinicopathological features such
as age, TNM stage, and survival status in C1 and C2 subgroups
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using Sankey diagram (Figure 10A). Kaplan-Meier plots indicated
that the patients in C1 subgroup presented a dismal prognosis in
OS, comparing to C2 subgroup (Figure 10B). In addition, we
discovered that there presented different genes mutation between
C1 and C2 subgroups such as TP53, TTN, MUCI6, and so
on (Figure 10C).

Accumulating evidence reveals that polyamines metabolism is
correlated with tumor immunosuppressive microenvironment and
promotes tumor growth. In this research, we first investigated the
composition of the tumor microenvironment between Cl and C2
subgroups. The result indicated that C2 subgroup presented a
higher immune infiltration status than C1 subgroup (Figure 11A).
We next assessed the infiltration levels of immune cells between C1
and C2 subgroups utilizing MCP-counter algorithm. The samples
in C2 subgroup had significantly higher immune cells infiltration,
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such as neutrophil, T cell, B cell, and myeloid dendritic cell than
those in C1 subgroup (Figures 11B, C). In addition, we performed
another algorithm (xCell) analysis, and also noted that there were
high infiltration levels of most of immune cells in C2 subgroup
(Figures S1A, B). Finally, TIDE algorithm was applied to assess the
immunotherapy response to ICB between C1 and C2 subgroups.
High TIDE score reveals poor response to ICB and short survival.
As shown in Figure 11D, the patients in C2 subgroup had relatively
satisfied treatment response to immunotherapy.

4 Discussion

Metabolic reprogramming has been widely considered to be a
key mechanism in tumorigenesis and progression (23, 24).
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Metabolic reprogramming, an important hallmark of tumor cells,
accelerates cell proliferation by regulating metabolism-related
processes. Polyamines are not only involved in gene regulation,
but also in a series of signal transduction processes, exerting a
crucial role in cell proliferation and survival. Notably, dysregulation
of polyamines metabolism leads to the elevation of polyamines in
cancers, maintaining the growth and progression of tumor cells
(25). Previous research have shown that polyamines dysregulation

contributes to the progression of helicobacter pylori-induced gastric
cancer (26). In addition, the study of potential regulatory
mechanism of polyamines metabolism exerts the vital means for
understanding the tumor evolving process (27). Therefore,
polyamines metabolic pathway is a promising target for anti-
tumor treatment.

Here, we discovered that most of polyamines metabolism-
related genes were overexpressed in LUAD samples. In order to
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clarify the association between polyamines metabolism and LUAD
patients’ prognosis, we developed a risk score model using
polyamines metabolism genes via machine learning method,
predicting the different prognosis of the high- and low- risk
patients. Next, we further validated the predictive effects of this
model using an independent cohort, and discovered that this model
could also precisely predict the patients’ prognosis. These results
suggested that polyamines metabolism genes-constructed model
presented a good prediction efficiency. Considering the
heterogeneity among LUAD patients, subgroup analysis was a
good strategy for in-depth study. Based on these genes in the
model, the LUAD patients were divided into two distinct
subgroups by means of consensus clustering method. The two
subgroups also presented different prognosis, which verified again
the predicted effects of these gene signatures. To sum up,
polyamines metabolism-related gene signatures had significant
predictive effects on the patients’ prognosis.

In recent years, immunotherapy has been the fastest-growing
antitumor therapy. Despite great advances have been made in the
application of immune checkpoint blockade therapy in multiple
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cancers, only a minority of patients have durable responses (28). A
more in-depth investigation of complex immune landscape in TME
is crucial for identifying the influencing factors in immunotherapy
response. New research has found that tumor metabolism not only
exerts a vital role in maintaining tumor survival, but also influences
immune cells function by releasing metabolites in TME. Metabolic
competition between tumor cells and immune cells, limiting
efficient supply of nutrients to immune cells, impedes the
antitumor function of immune cells (29, 30). Thus, metabolic
changes in TME have been recognized as one of the important
influences on the effects of tumor immunotherapy. In the process of
tumor development, most of the cellular components in TME
undergo metabolic reprogramming, and cells metabolic state has
important implications for anti-tumor immunotherapy (31). Recent
researches have indicated that polyamine metabolism-associated
pathways have a profound impact on tumor microenvironment,
and perform a crucial role in immune surveillance (32). In addition,
polyamine metabolism is involved in anti-tumor immunity, and the
assessment of polyamine levels can be utilized to predict the
response to immunotherapy (33).
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FIGURE 7

Comprehensive analysis of gene expression, diagnostic value, and prognosis analysis of the independent factors (PSMC6, SMOX, SMS). (A-C) The
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survival. Statistical analysis: **P < 0.01 and ***P < 0.001.

Immune cells infiltration may be required for the response to
ICB therapy, and immune cells status in TME also perform a critical
role in tumor immunotherapy (34). The research on immune
response mechanisms of “cold” tumors and “hot” tumors will
contribute to more accurately recognizing the patient groups that
benefit from immunotherapy. Polyamines participate in regulating
antitumor immune responses, and high polyamines levels are
associated with the immunosuppressive effects (35). Through
reducing the levels of polyamines can attenuate the proliferation
of tumor cells, while improve the immunogenicity of “cold” tumors.
In our study, the patients in C2 subgroup possessed relatively high
immune cells infiltration. In addition, they also had relatively
satisfied immunotherapy response according to TIDE score.

Frontiers in Immunology

These results indicated that polyamines metabolism-associated
gene signatures could be utilized to predict the immunotherapy
response. Therefore, tumor cells relying on polyamines and
the important physiological roles of polyamines in various
immune cell types suggests that targeting polyamines metabolic
pathways may become a crucial focus for improving the efficacy
of immunotherapy.

In conclusion, this study first developed and validated the
important biological function of polyamines metabolism gene
signatures for judging prognosis in LUAD patients. More
importantly, the candidate genes (PSMC6, SMOX, and SMS) were
identified as independent prognostic factors, constructing the
nomogram to predict the patients’ prognosis. In addition, we
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determined the expression levels of PSMC6, SMOX, and SMS in
LUAD cell lines, and explored their diagnostic and prognostic
values in LUAD patients using ROC and survival analyses. We
also highlighted the correlation of polyamines metabolism-
associated subgroups in LUAD patients with immune cells
infiltration in TME, and the immunotherapy response. These
observations portended that targeting the polyamines metabolic
pathway may become a promising therapeutic strategy for
LUAD patients.
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