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Editorial on the Research Topic
Implications of immune landscape in tumor microenvironment

The tumor microenvironment (TME) plays an essential role in cancer development,
acting as a complex ecosystem where interactions between tumor cells and the neighboring
stromal and immune components critically influence tumor progression, immune evasion,
and therapeutic resistance. High-throughput technologies based on RNA sequencing are
facilitating a picture of the tumor-derived oncotranscriptomes. That massive information is
being used to generate new hypothesis for in silico screening of small molecules by for
example, integrative LINCs (iLINCs) connectivity map or DREIMT platforms (1, 2). This
Research Topic compiles a series of cutting-edge studies that provide detailed insights into
the cellular and molecular mechanisms governing these interactions within the TME in
several solid tumors. This Research Topic underscores the importance of targeting the TME
in the development of next-generation cancer therapies. Firstly, Molina et al. underscores
prognostic significance of tumor-infiltrating lymphocytes (TILs) in prostate cancer. By
analyzing the density and phenotype of regulatory T cells (Tregs; CD3"Foxp3*) and
memory T cells (Tmem; CD3"CD45RO") within different tumor localizations, the study
reveals that high Treg infiltration correlates with poor outcomes, while high Tmem
infiltration is protective. Furthermore, they found that Foxp3 expression is highly
associated with CTLA-4 and TIM-3 gene expression suggesting a potential
immunosuppressive network at play. This finding highlighted the therapeutic promise of
targeting Tregs in prostate cancer. Similarly, myeloid cells with immune suppressive
functions, have also been involved in prostate cancer progression. Kobayashi et al.
underscores the prognostic significance of myeloid-derived suppressor cell (MDSC)
subtypes in prostate cancer. Elevated levels of PMN-MDSCs (CD33"HLA-DR CD14-
CD15") subtype instead M-MDSC (CD33"HLA-DR*CD14"CD15") correlate with poorer
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survival outcomes in the metastatic Castration-resistant prostate
cancer (mCRPC) patients, making them potential biomarkers for
prognosis and as therapeutic targets. This study emphasizes the
need for further research into MDSCs and their role in cancer
progression, particularly in identifying biomarkers for patient
stratification and therapeutic interventions. Another myeloid cells
affected by TME are Dendritic Cells (DCs), characterized by their
crucial role in anti-tumor immunity. In blood cancers, the function
of DCs is impaired due to the influence of the TME, leading them to
remain in an immature state. However, isolating these cells and
maturing them in vitro for use in vaccines may enhance treatment
outcomes for cancer patients (3). In this topic Xiao et al. elucidate
mechanisms by which the TME disrupts DC function and the
potential therapeutic strategies to restore DC activity. Combining
DC-based vaccines with immune checkpoint inhibitors and
targeting the immunosuppressive TME could enhance the
effectiveness of immunotherapies. Shifting focus to Pancreatic
Ductal Adenocarcinoma (PDAC), one of the most lethal cancers
due to its “immunologically cold” TME, the review by Joseph et al.
provides a comprehensive analysis of the TME in PDAC. They
emphasize the roles of Tumor Associated Macrophages (TAMs),
MDSCs, and Tregs. Therapeutic strategies that target the stroma
and modulate the immune response, such as combining immune
checkpoint inhibitors with stroma-targeting agents, hold promise
for improving outcomes in PDAC. Building on this, Freeman et al.
have found that blocking Insulin-like Growth Factors (IGF)
signaling increases production of CXCL9/10 by down-regulating
AKT/phosphoSTAT3 in TAMs and Fibroblasts, thereby facilitating
CD8" Cytotoxic T Cell recruitment into Pancreatic Tumors.
However, despite the increased infiltration, these CD8" T cells
remain functionally inactive, as shown by a GZMB assay. This
study opens new avenues for combining IGF inhibitors with
therapies that activate T cells, offering hope for overcoming the
immunosuppressive TME in PDAC. The challenges of treating
cancer are further complicated when it metastasizes to the bone,
where a unique interplay between immune cells, bone cells, and
tumor cells creates a complex therapeutic landscape. Chen et al.
discusses how tumor-infiltrating cells, particularly from breast
cancer, lung or prostate cancer, disarm cytotoxic T lymphocytes
(CTL) and natural killer (NK) cells by upregulating programmed
death-ligand 1 (PD-L1) expression or reprogramming bone cell
toward osteoclastogenesis and consequently tumor progression.
The study also highlights the importance of understanding tumor
dormancy and the need for combination therapies to address the
multifaceted nature of bone metastasis. In children, adolescents and
young adults, osteosarcoma is the most common bone tumor.
Orrapin et al. provides an in-depth review of the complex tumor-
immune microenvironment (TIME) in osteosarcoma and the
complex interactions within the TIME that drive tumor
progression and resistance to therapy. Glioblastoma (GBM), a
highly aggressive brain tumor with limited treatment options,
presents another formidable challenge. Kushihara et al.
investigates the immune microenvironment of GBM, revealing
that tumors with high expression of O6-methylguanine-DNA
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(MGMT-H) exhibit a more active immune microenvironment.
Despite this, immune evasion mechanisms remain a challenge,
suggesting that combination therapies targeting both immune
activation and suppression are necessary. Future research should
focus on validating these findings and elucidating the role of tertiary
lymphoid structures (TLS) in GBM. In contrast to adult brain
tumors, pediatric brain tumors exhibit significant differences in
immune composition, as highlighted by the study of Cao et al. This
study uses single-cell RNA-sequencing (scRNA-seq) and bulk
RNA-sequencing to comprehensively map the immune ecosystem
in pediatric brain tumors, providing a deeper understanding of the
TME and identifying potential therapeutic targets. The study
suggests that targeting myeloid cells, rather than T cells, may be a
more effective strategy for immunotherapy in these young patients.
Importantly, the variability of the TME across different mouse
models has been highlighted in the review by Carretta et al. Their
work underscores the heterogeneity of cancer-associated fibroblasts
(CAF) across various syngeneic mouse models, further illustrating
the complexity of the TME. This variability suggests that selecting
appropriate preclinical models and thoroughly understanding the
specific characteristics of the TME are crucial for predicting
therapeutic outcomes more accurately. Thus, researchers can
develop more effective cancer treatments. Future research should
focus on devising strategies to target CAFs and modulate the
extracellular matrix (ECM), thereby enhancing the efficacy of
immunotherapies in cancer treatment. Finally, the identification
of predictive biomarkers could significantly enhance the precision
of future studies, enabling us to identify patients who are most likely
to benefit from the novel therapeutic strategies discussed above. The
oncogene MYC, known as a central regulator of both cancer
metabolism and immune evasion, plays a pivotal role in driving
metabolic reprogramming that supports tumor growth and
immune escape. Despite the challenges in directly targeting MYC,
Venkatraman et al. focus on MYC interactome to uncover
alternative targets and develop biomarkers that could predict
responses to MYC-targeted therapies. Notably, they highlight the
development of the MYC inhibitor OMO-103, which is currently in
phase I clinical trials. The recently published results from this trial
suggest that OMO-103 is a promising new therapy for targeting the
MYC oncogene in solid tumors, demonstrating a favorable safety
profile, preliminary efficacy, and the ability to inhibit MYC
transcriptional activity (4). Future research should continue to
explore the intricate interactions within the TME, develop
personalized therapeutic strategies, and identify biomarkers that
predict treatment response. This editorial brings together the
significant findings from recent studies and outlines the future
directions necessary to advance our understanding of the TME and
its implications for cancer therapy.
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Impaired function of dendritic
cells within the tumor
microenvironment
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Dendritic cells (DCs), a class of professional antigen-presenting cells, are
considered key factors in the initiation and maintenance of anti-tumor
immunity due to their powerful ability to present antigen and stimulate T-cell
responses. The important role of DCs in controlling tumor growth and mediating
potent anti-tumor immunity has been demonstrated in various cancer models.
Accordingly, the infiltration of stimulatory DCs positively correlates with the
prognosis and response to immunotherapy in a variety of solid tumors. However,
accumulating evidence indicates that DCs exhibit a significantly dysfunctional
state, ultimately leading to an impaired anti-tumor immune response due to the
effects of the immunosuppressive tumor microenvironment (TME). Currently,
numerous preclinical and clinical studies are exploring immunotherapeutic
strategies to better control tumors by restoring or enhancing the activity of
DCs in tumors, such as the popular DC-based vaccines. In this review, an
overview of the role of DCs in controlling tumor progression is provided,
followed by a summary of the current advances in understanding the
mechanisms by which the TME affects the normal function of DCs, and
concluding with a brief discussion of current strategies for DC-based
tumor immunotherapy.

KEYWORDS

dendritic cell, tumor microenvironment, immune tolerance, immunosuppressive
populations, DC-based vaccine

1 Introduction

Dendritic cells (DCs), first discovered by Steinman and Cohn in 1973 (1), serve as a
bridge between innate and adaptive immunity in the host immune response. Based on
differences in the expression of cell surface markers, DCs can be divided into two main
subgroups: conventional DCs (cDCs) and plasmacytoid DCs (pDCs), each with a unique
function in immune activity (2). cDCs have powerful antigen capture and presentation
capacities and are one of the mainstays of T-cell activation in the body. In contrast, pDCs
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can present antigens to T-cells, although not as efficiently as cDCs.
The main characteristic of pDCs is that they can direct the immune
response by secreting high levels of type I interferons (IFN-I) (3, 4).
Furthermore, DCs have been extensively studied, and their central
role in initiating and maintaining anti-tumor immune responses to
hinder tumor progression has been well established. However, the
tumor microenvironment (TME) shows characteristics that are
different from those of normal tissues, including the infiltration of
a large population of immunosuppressive cells and a unique
environment of hypoxia and lactate accumulation (5-7),
rendering DCs incompetent by impairing their maturation,
limiting their antigen capture, and downregulating the expression
of costimulatory molecules in a variety of ways (8, 9). In this review,
the essential role of DCs in tumor immunosurveillance is discussed,
and the mechanisms by which the TME affects the function of DCs
in tumors are summarized. Finally, we evaluated the improvement
in DC-based tumor immunotherapy strategies, particularly DC-
based vaccines.

2 The role of dendritic cells in tumor
immunosurveillance

Effective anti-tumor immune responses involve a series of
stepwise events. Chen et al. summarized the complex anti-tumor
immune process as the “Cancer-Immunity Cycle” (reviewed in
(10)), which provides an important framework for understanding
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the overall picture of the anti-tumor immune process. Furthermore,
DCs are pivotal in the overall anti-tumor immune response due to
their key role in T cell activation and immune response initiation
(Figure 1). Briefly, immature DCs that infiltrate the tumor tissue
recognize and phagocytose apoptotic or necrotic tumor cells and
thus tumor cell antigens. They subsequently enter an activation/
maturation process triggered by an intrinsic program and migrate
from the tumor tissue via the lymphatic vessels or blood circulation
to tumor-draining lymph nodes (TDLNs). During migration, DCs
mature and acquire new characteristics, including the upregulation
of CC-chemokine receptor 7 (CCR7) for improved motility, the
upregulation of major histocompatibility complex (MHC) class I
and class II molecules for antigen presentation, upregulation of
costimulatory molecules such as CD80, CD86, and CD40, and
increased cytokine secretion for enhanced T-cell stimulation.
Mature DCs load endo-processed antigenic peptides onto MHC
class I or MHC class II molecules for presentation to naive T-cells,
and at the same time, the costimulatory molecules interact with the
ligands on T cells, which synergistically stimulate the activation and
differentiation of T-cells in TDLNs (3, 11-17). Tertiary lymphoid
structures (TLS), which are crucial in the anti-tumor immune
response, may also be the destination for the migration of mature
DCs (18, 19). The TLS may represent a privileged site for the local
presentation of neighboring tumor antigens to T-cells by DCs and
the activation, proliferation, and differentiation of T-cells (19, 20).
This is also supported by a single-cell analysis of human non-small
cell lung cancer lesions, which showed that mature DCs enriched in
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FIGURE 1

Dendritic cells initiate anti-tumor immunity. Tumor-infiltrating dendritic cells recognize and capture tumor-associated antigens, then become
mature and homing to tumor-draining lymph nodes (TDLNSs) or tertiary lymphoid structures (TLS) to activate T-cells and initiate anti-tumor immunity

in response to the presence of tumors.
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immunoregulatory molecules (mregDCs) accumulated in the TLS
in close proximity to T-cells (21). MregDCs are a new cluster of DCs
identified by Maier et al. in human and mouse non-small cell
cancers and are characterized by the expression of both maturation
markers and regulatory molecules (22). MregDCs have also been
described in various human cancers, including hepatocellular
carcinoma (23), breast cancer (24), colon cancer (25), and gastric
cancer (26). Li et al. summarized the basic characteristics of
mregDCs and suggested that lysosomal-associated membrane
protein 3 (LAMP3) may be a fundamental recognition marker for
them (27). Ginhoux et al. proposed that mregDCs can refer to a
distinct molecular state induced in ¢cDCls, cDC2s, and potentially
inflammatory DC3s upon sensing or capturing cell-associated
materials that have a distinct ability to interact with antigen-
specific T-cells (28). Analysis of tumors and metastatic lymph
nodes from patients with head and neck lymphoma revealed that
mregDCs may contribute to the prognosis by balancing regulatory
and effector T-cells (29).

It is well established that DCs play a key role in stimulating
cytotoxic T-cells and driving immune responses against cancer and
that the levels of intratumoral stimulatory DCs in human tumors are
associated with increased overall survival (30-32). Hegde et al.
suggested that different scales of infiltration of ¢cDCs would induce
different levels of T-cell responses and that increased infiltration and
activation of cDCs enhanced the activity of CD8" T and Ty1 cellsina
pancreatic cancer mouse model (33). In addition, further evidence for
the role of DCs in controlling tumor development is derived from the
fact that the absence and dysfunction of DCs in tumor-bearing mouse
models lead to poorer outcomes and insensitivity to anti-tumor
treatment. Batf3-deficient mice (Batf3'/ ") lack cross-presenting DCs
and fail to trigger cytotoxic T lymphocyte-mediated immune
responses to tumor-associated antigens (34-36), and Mittal et al.
observed increased tumor metastasis and poorer survival in Batf3”
mouse models of breast cancer and melanoma than in wild-type mice
(37). Furthermore, it has been observed in several Batf3’/ " mouse
models that activated DCs are required to promote the anti-tumor
efficacy of immunostimulatory antibodies, such as anti-PD-1, anti-
PD-L1, and anti-CD137, and deficiencies in DCs limit the efficacy
(35, 38). This suggests that the functional status of DCs is closely
related to the efficacy of tumor immunotherapy. pDCs have a weak
antigen-presenting capacity but can participate in the tumor immune
response in other ways, such as by secreting IFN-I (39) and cross-
priming naive CD8" T-cells by transferring antigens to cDCs via
exosomes (40). However, the function of pDCs in TME remains
controversial. In patients with colon cancer, an increased density of
infiltrating pDCs was significantly correlated with increased
progression-free and overall survival (41). In addition, a naturally
occurring pDCs subset expressing high levels of OX40 with a unique
immunostimulatory phenotype was identified in the TME of patients
with head and neck squamous cell carcinoma, which, when
synergized with cDCs, generated potent tumor antigen-specific
CD8" T-cell responses (42). However, as reported by Sisirak and
partners, tumor-infiltrating pDCs in patients with breast and ovarian
cancer are associated with poor outcomes (43, 44), and this may be
linked to tumor cell-derived cytokines such as TGF-B and TNF-o,
which limit the ability of pDCs to produce IFN-I and induce them to
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be tolerogenic (45, 46). The specific microenvironmental context and
functional status of pDCs appear to determine their effects on cancer
immunity and patient outcomes.

Overall, the evidence indicates that DCs, although representing
a relatively rare subset of immune cells, are an essential part of anti-
tumor immunogenesis. Moreover, when functionally activated, they
are associated with stalled tumor progression and improved
therapeutic responsiveness. However, the prognostic role of DCs
in patients with cancer cannot be generalized and is largely
dependent on the density, maturation, and activity of DCs. In
general, tumor infiltration by activated, well-functioning DCs tends
to predict a better prognosis, whereas DCs with impaired functional
status in the TME may have the opposite effect on tumor
progression (47-50). The TME causes the loss of antigen
presentation and T-cell stimulatory capacity by inhibiting the
maturation and migration of DCs, altering their ability to secrete
cytokines. This can even induce tolerogenic or immunosuppressive
DCs, allowing the tumor to escape surveillance and extermination
by the immune system.

3 Immunosuppressive effects of the
TME on dendritic cells

The conditions for tumor development, metastasis, and invasion
are provided by the TME, a complex and dynamically evolving
system composed of numerous components, including tumor cells,
immune cells, the extracellular matrix, and soluble cytokines.
Accumulating evidence indicates that immunosuppressive
populations and stromal cells, as well as the unique metabolic
environment of the TME, negatively regulate the maturation,
migration, and effector functions of DCs (Figure 2).

3.1 Inhibition of dendritic cells by
immunosuppressive populations

One of the most prominent features of the TME is the progressive
accumulation of tumor-associated immunosuppressive cell
populations, such as regulatory T-cells (Tregs), myeloid-derived
suppressor cells (MDSCs), and tumor-associated macrophages
(TAMs) (51, 52).

Aberrant chemokine alterations in the TME are important in
the tumor recruitment of immunosuppressive cells (53). Tumor
cells can induce the migration of Tregs to the TME by upregulating
the expression of several chemokines, including the C-C motif
chemokine ligand (CCL) 17/22 (54), CCL20 (55), and CCL28 (56,
57). Moreover, the ability of Tregs to use free fatty acids and lactate
allows them to survive and maintain their suppressive identity,
particularly in a harsh nutrient TME (58, 59). Tregs are a major
suppressor group that induce DCs dysfunction and limit tumor
immunogenesis (60). One important mechanism by which Tregs
cause DCs dysfunction is through cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4). Tregs expressing CTLA-4
compete with CD28 on conventional T-cells for the co-
stimulatory molecules CD80 and CD86 on the surface of DCs,
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FIGURE 2

Tumor microenvironment acts on dendritic cells and downregulates their function. In the tumor microenvironment, various factors interact directly
or indirectly with dendritic cells to dysfunction them. These include the large number of immunosuppressive populations such as regulatory T-cells
(Tregs), tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) infiltrating the tumor microenvironment. In addition,
the effects of stromal cells such as cancer-associated fibroblasts (CAFs) and the particular hypoxic and acidic microenvironment of the tumor

microenvironment cannot be ignored.

with CTLA-4 having a greater affinity and avidity than CD28 (61).
In addition, Tregs are able to downregulate CD80/CD86 molecules
expressed by DCs in a CTLA-4-dependent manner (62-65), and
depletion of CD80/86 in mice was also found to cause upregulation
of PD-LI in DCs (66), resulting in multiple inhibitory effects on
DC-mediated T-cell immune responses. Furthermore, the
interaction of CTLA-4 with CD80/CD86 induces the production
of indoleamine-2,3-dioxygenase (IDO) in DCs, which can induce
tryptophan catabolism to pro-apoptotic metabolites, leading to the
suppression of effector T-cell activation (67-69). In addition to
CTLA-4, lymphocyte activation gene-3 (LAG-3), an immune
checkpoint molecule that has recently received considerable
attention, is constitutively expressed on Tregs and can limit the T
cell stimulatory capacity of DCs by interacting with MHC class 1I
molecules (70, 71). A number of other interactions, including the
secretion of inhibitory cytokines such as IL-10 and TGF-B (72),
delivery of miRNAs to DCs by secreted extracellular vesicles,
thereby inducing a tolerogenic phenotype in DCs (73), expression
of CD27 molecules that interfere with CD70/CD27 stimulatory
signaling between DCs and effector T-cells (74), and direct
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induction of death through mutual contact with DCs (75), are
also important means for Tregs to impede the onset of DCs-
mediated tumor immunity. Consistently, enhanced anti-tumor
immune responses induced by DCs have been observed after
reducing the infiltration of tumor-associated Tregs and the
secretion of their immunosuppressive molecules in various
tumor-bearing mouse models (67, 76-78). Thus, Tregs appear to
be an important cell subpopulation in the TME that acts directly on
DCs and mediates their dysfunction, so the depletion of Tregs may
be beneficial for DCs to mediate anti-tumor immunity.

MDSCs are a heterogeneous population of immature myeloid
cells with immunosuppressive properties. Under the stimulation of
the pathological conditions of cancer, the maturation and
differentiation of bone marrow-derived progenitor cells are blocked,
resulting in the accumulation of immunosuppressive MDSCs.
MDSCs are recruited to the TME via multiple chemokine signals
such as CCL2, CCL5, CCL26, C-X-C motif chemokine ligand
(CXCL) 8, CXCL12, and other mediators such as granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-6, or
prostaglandin E2 (PGE2) that participate in expanding MDSCs
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(79). Previous studies have shown that activated MDSCs impede anti-
tumor immunity and promote tumor progression through a series of
actions, and that DCs are negatively affected (80). Hu et al. observed
that upregulated MDSCs were associated with higher IL-10
expression, lower IL-12 production by DCs, and lower T-cell
stimulatory activity in mice with hepatocellular carcinoma (81).
Furthermore, it has been reported that tumor-associated DCs
accumulate large amounts of lipid bodies (LB) containing oxidized
lipids, impeding cross-presentation in DCs by covalently binding to
heat shock protein 70 and preventing the translocation of peptide-
MHC I complexes (pMHC) to the cell surface (82-84). Ugolini et al.
found that in tumor-bearing mice, polymorphonuclear (PMN)-
MDSCs are able to transfer lipid bodies to DCs, causing them to
exhibit impaired antigen cross-presentation. Consistently, in MDSCs
depleted or myeloperoxidase (MPO, a key enzyme for the production
of oxidized lipids in MDSCs) deficient mice, DCs showed improved
activity for tumor antigens cross-presentation (85). Thus, it appears
that the abnormally large accumulation of lipids and impaired
antigen cross-presentation in DCs are at least partially related to
MDSCs and that selective depletion of MDSCs may be a potential
option for restoring the function of DCs in tumor conditions.

In many solid tumor types, TAMs are among the most abundant
populations of tumor-infiltrating immune cells in the TME (86).
TAMs may localize to the TME either by traveling via chemotactic
gradients regulated by factors such as CCL2, IL-1pB, and macrophage
colony-stimulating factor 1 (CSF1), differentiating from monocytes in
the TME or by repolarization of tissue-resident macrophages (87). In
addition, TAMs in the TME are more inclined to polarize into an
anti-inflammatory phenotype due to the influence of cytokines such
as PGE2 (88-90). TAMs are involved in multiple aspects of
immunosuppression, and a high infiltration of TAMs into solid
tumors is usually associated with a poor prognosis (86, 91-93).
Unlike Tregs, which interact directly with DCs, TAMs mediate the
recruitment of other immunosuppressive cells and secrete inhibitory
cytokines that influence the maturation and function of DCs (94).
Ruffell et al. described that in the TME of breast cancer mice, TAMs
inhibit the production of IL-12 by DCs through the secretion of IL-
10, attenuating the cytotoxic CD8" T-cell response (95). Several
preclinical studies have also suggested that TAM depletion in the
TME can reshape the link between DCs and T-cells. For example, in a
study based on a murine model of lung cancer, after targeting
macrophages with a CSFIR inhibitor (CSFIRi), the authors
observed increased crosstalk between immunostimulatory
populations, including DCs, NK cells, and T-cells, and increased
levels of IL-12 expressed by DCs and T-cells, respectively (96). TAMs
were consistently targeted by CSF1Ri (PLX3397) in a mouse model of
mesothelioma. When combined with a DC-based vaccine, a robust
and durable anti-tumor immune response was observed (97).

3.2 The function of dendritic cells is limited
by stromal cells

Tumor progression and immune tolerance cannot be achieved

without the involvement of tumor stromal components (98). Cancer-
associated fibroblasts (CAFs), a complex and heterogeneous cell
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population, are the most abundant components of a tumor stroma.
Tissue-resident fibroblasts are the major sources of CAFs (99), which
can be activated by stimulation of various factors of TME such as
TGEF-B, TNF, fibroblast growth factor, and platelet-derived growth
factor (100, 101). Additionally, mesenchymal stem cells, epithelial
cells, and endothelial cells adjacent to cancer cells and fibroblasts
recruited from the bone marrow are potential sources of CAFs (102,
103). The interaction of CAFs with immune cells has been identified
as a key contributor to tumor progression. Several recent studies have
revealed that CAFs can drive the immune escape of tumor cells by
impeding the maturation, migration, and antigen presentation of
DCs. Berzaghi et al. reported that the co-incubation of CAFs obtained
from surgically resected fresh tumor tissue from lung cancer patients
with mature DCs results in impaired migration and antigen uptake
(104). In another study, it was proposed that human lung cancer cell-
stimulated CAFs impair the differentiation and function of DCs by
upregulating tryptophan-2,3-dioxygenase (TDO2) (105). Cheng et al.
found that in vitro hepatocellular carcinoma patient-derived CAFs
can recruit normal DCs and mediate STAT3 pathway activation by
expressing IL-6, inducing their transformation into regulatory DCs
(106). Furthermore, CAFs secrete abundant active factors such as
vascular endothelial growth factor (VEGF), which promote
angiogenesis while mediating damage to the migratory and T-cell
stimulatory capacities of DCs (107, 108). Excellent work was reported
by Huang et al., who found that CAF-secreted WNT2 was involved in
the differentiation and immunostimulatory activity of DCs in vitro,
and accordingly, anti-WNT2 was observed to increase the level of
intratumoral activated DCs and significantly improve the anti-tumor
responses of DC-mediated antigen-specific CD8" T cells in murine
tumor models (109). This suggests that in the TME, both stromal cells
and immunosuppressive cells influence anti-tumor immunity.
Therefore, for effective tumor therapy, it is essential to consider
targeting stromal cells.

3.3 Environmental factors that regulate
dendritic cell function in the TME

Compared with normal tissues, the TME exhibits a significantly
hypoxic and acidic environment and is an important mediator of
tumor progression.

Hypoxia is a central player in shaping the immune context of the
TME, which results from an imbalance between increased oxygen
consumption and inadequate oxygen supply owing to the rapid
proliferation of tumor cells (110). Many physiological functions of
DCs, including migration and maturation, are regulated by hypoxia.
Hypoxic immature DCs exhibit upregulated motility/migration ability
(111), while their antigen uptake ability is seemingly downregulated
(112, 113). Consistently, Suthen et al. observed significant enrichment
of Tregs and cDC2 in hypoxic regions of tumor samples from patients
with HCC, as well as lower CD8" T-cells, and found a significant
downregulation of HLA-DR expression by ¢cDC2 under hypoxic
conditions, which may be related to the increased intercontact
between Tregs and ¢DC2 during hypoxia (114). Besides, it is well
known that hypoxia-inducible factor-1alpha (HIF-1o) plays a key role
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in the cellular response to hypoxia (115, 116), yet the effects of HIF-1o.
on DCs appear to be controversial. On the one hand, several scholars
have demonstrated that the increase in HIF-10. in DCs under hypoxia
is accompanied by an increase in the expression of HIF-lo target
genes, including those involved in glycolysis, and that the increase in
glycolysis will promote the maturation and migration of DCs (117-
119). On the other hand, however, it has been proposed that
constitutive expression of HIF-lo. impairs the immunostimulatory
capacity of DCs in vivo by inducing DCs to upregulate the expression
of immunosuppressive mediators such as IL-10, iNOS, and VEGF
(120, 121). Additionally, prolonged exposure to hypoxia induces cell
death in DCs, which can be prevented by HIF-lo inhibition,
suggesting that HIF-1o. may be involved in this process (122). It
was observed in human glioma cells that hypoxia induces PD-L1
upregulation in an HIF-1o-dependent manner, and it was further
found in a murine glioma model that the combination of HIF-1lo
inhibitor and anti-PD-L1 antibody can improve the activation of DCs
and CD8" T-cells (123). Notably, hypoxic conditions recruit more
immunosuppressive Tregs (56, 114) and TAMs (124), thereby
indirectly curbing the function of DCs. Overall, hypoxia appears to
facilitate the migration and maturation of DCs and compromise their
normal functions. The exact changes in the behavior of DCs under
hypoxic conditions need to be further elucidated.

Tumor cells exhibit altered metabolism, preferentially converting
glucose to lactate through glycolysis even under oxygen-rich
conditions. This results in a large accumulation of lactate and
increases the acidity of the TME (125-127). Numerous studies have
shown that lactate accumulation in the TME adversely affects the DC
function. For example, tumor-derived lactate restricts the presentation
of tumor-specific antigens by DCs to other immune cells (128). Lactate
is also involved in regulating the phenotype of DCs, resulting in
increased production of anti-inflammatory cytokines and decreased
production of pro-inflammatory cytokines (129, 130). In patients with
melanoma, the function of pDCs is impaired by lactic acidosis (131),
with the same phenomenon observed in patients with breast cancer
and murine models (132). Some researchers have suggested that in
mice, the migratory capacity of DCs is significantly diminished in
acidic environments and does not recover after removal of the acidic
microenvironment, suggesting that extracellular acidosis may cause
irreversible DCs dysfunction (133). In addition, exposure of
mesothelioma cells to acidosis promotes the secretion of TGF-2,
which in turn leads to the accumulation of lipid droplets in DCs,
resulting in a reduction in DC migratory capacity (134). These
findings support the view that an acidic environment is not
conducive to the proper functioning of DCs. However, Geftner et al.
argued that extracellular acidosis stimulates antigen capture, promotes
the expression of MHC class II molecules CD86 and CD40, and
induces the maturation and secretion of IL-12 in mouse (135) and
human DCs (136). Notably, the maintenance of an acidic environment
and the accumulation of lactate in the TME complement each other.
In tumors, an acidic environment can promote the accumulation of
lactate and thus impair the function of DCs.

In general, owing to the combination of many factors in the
TME, DCs are significantly dysfunctional. An accurate
understanding of the role of each component in DC dysfunction
will help to better understand the tumor state and to accurately
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explore ways to restore the activity of DCs. However, the TME is a
complex and interconnected whole, and ultimately, all factors need
to be linked for a systematic and comprehensive understanding of
the causes and processes of the dysfunction of DCs.

4 Dendritic cell-based strategies for
cancer immunotherapy

As the key activators of the immune response, the immune
activation potential of DCs can be used to induce anti-tumor
responses in patients with cancer, which is a promising
development. Primary strategies based on DCs include the creation
of immunoenhancers that promote the generation and activation of
DCs, or the preparation of autologous DC-based vaccines for patient
administration. FIt3L, GM-CSF, and Toll-like receptor (TLR) ligands
are common immunoenhancers. The development and maintenance
of DCs depend on the Flt/Flt3L axis (137), and attempts have been
made in clinical studies to enhance the immune response induced by
tumor vaccines by administering FIt3L (NCT02129075) (138). GM-
CSF stimulates the differentiation, activation, and migration of DCs
(139, 140), and consistently, administration of the CpG ODN/GM-
CSF combination in melanoma patients results in enhanced mutation
of all identifiable DC subpopulations and the recruitment of T-cell-
stimulating and cross-presenting DCs to support protective
melanoma immunity (141). When combined with TLRs in DCs,
TLR ligands can activate signal transduction pathways and induce the
expression of genes involved in the maturation of DCs (142).
Therefore, some immunostimulatory ligands for TLRs, such as poly
(I:C), are often used as immunoadjuvants in DC-based therapies and
have shown promising results (143, 144). DEC205, also known as
CD205 or LY75, is an endocytic receptor expressed at high levels by
CD8" DCs and is involved in antigen uptake and cross-presentation
(145). The fusion of tumor antigens with targeted antibodies against
DEC205 to enhance DC-induced immune responses has been well
studied and explored in clinical trials (138, 146). Recently, a
pioneering study provided new insights into the application of
DEC205 as a therapeutic target. Martinek et al. analyzed the
transcriptome of T-cells and macrophages in situ in melanoma
patient samples using immunofluorescence-guided laser capture
microdissection and observed that stromal macrophages contained
a gene expression signature linked to antigen capture and
presentation (CDI14°LY75%). This can distinguish patients with
significantly better long-term survival and includes a gene module
of monocyte-derived DCs (147). This study provides valuable
insights into the reprogramming of stromal macrophages to
upregulate gene features related to antigen capture and
presentation to acquire DCs function and could be a potential
option for cancer therapy.

DC-based therapeutic cancer vaccines are a popular strategy for
stimulating an effective tumor immune response as they return
autologous activated DCs loaded with tumor-associated antigens to
patients (148). In April 2010, the FDA approved the marketing of the
first DCs vaccine, sipuleucel-T, for the treatment of prostate cancer
(149). Furthermore, in the NCCN Clinical Practice Guidelines in
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Oncology (NCCN Guidelines®): Prostate Cancer (version 1.2023),
sipuleucel-T is recommended for the treatment of metastatic
castration-resistant prostate cancer (CRPC) and is a category 1
option for certain patients who have not received previous
treatment with docetaxel or novel hormone therapy. Sipuleucel-T is
also an option for patients with metastatic CRPC who have received
prior treatment with docetaxel or a novel hormone therapy, but not
for patients who have already received both (150). In recent years,
DC-based vaccines have undergone extensive clinical trials for the
treatment of various cancers, including liver cancer (151), melanoma
(152), lung cancer (153), ovarian cancer (154), and pancreatic cancer
(155). Although the safety of DC-based vaccines has been proven over
the past few decades, their clinical efficacy requires improvement.
Consequently, DC-based vaccines are undergoing a great deal of
technical innovation, including the selection of DC subpopulations,
methods of induction maturation, and choice of loading antigens
(148, 156), with the aim of exploiting the anti-tumor potential of DCs
more effectively.

The key to cancer immunotherapy is the manipulation of the
immune system to achieve cancer control and the desired treatment.

10.3389/fimmu.2023.1213629

The efficacy of immune checkpoint inhibitors, which have shown
some success, depends largely on the present baseline immune
response, and DC-based vaccines are highly effective at rescuing
the baseline anti-tumor immune response. Therefore, there has been
considerable interest in combining DC-based vaccines with immune
checkpoint inhibitors (ICIs), and several such studies have been
conducted in recent years (Table 1). Recently, Guo et al. reported a
case of a patient with metastatic gastric cancer whose tumor
progressed after the first two months of receiving personalized
neoantigen-loaded monocyte-derived dendritic cell (Neo-MoDC)
vaccine alone, despite the observed T-cell response against the
tumor neoantigen and the fact that upregulated PD-1 levels in T-
cells were observed after Neo-MoDC vaccine administration.
Subsequently, the patient received a combination treatment of the
Neo-MoDC vaccine and nivolumab; promisingly, the combination
triggered a stronger immune response and mediated complete
regression of all tumors for over 25 months (157). Furthermore,
anti-PD-1/PD-L1 antibodies in combination with DC-based vaccines
have been extensively explored in a variety of murine tumor models
(158-164) and, without exception, combination treatment has shown

TABLE 1 Active clinical trials combining DC-based vaccine with immune checkpoint inhibitors (ICls) therapy (clinicaltrials.gov, April 28, 2023).

Intervention Phase N Trial Status
. identifier
DC-based vaccine used

Pembrolizumab | Anti-HER2/HER3 DC vaccine Breast cancer I 23 | NCT04348747 | Recruiting
CCL21-gene modified autologous DC vaccine Non-small cell lung cancer I 24 | NCT03546361 | Recruiting
Autologous DC loaded with autologous tumor Mesothelioma I 18 = NCT03546426 | Recruiting
homogenate
Autologous tumor lysate-pulsed DC vaccine Glioblastoma I 40  NCT04201873 | Recruiting
Intra-tumor injection of autologous DC Non-Hodgkin lymphoma /1L 11 NCT03035331 | Active, not

recruiting
Therapeutic autologous DC Melanoma I/ 7 | NCT03325101 | Active, not

recruiting
Autologous DC pulsed with melanoma tumor-specific Melanoma I 12 NCT03092453 | Active, not
peptides recruiting

Nivolumab Autologous neoantigen pulsed autologous DC vaccine Hepatocellular carcinoma and liver I 60  NCT04912765 | Recruiting

metastases from colorectal
carcinoma

Camrelizumab Glioblastoma stem-like cell antigens- pulsed DC vaccine Glioblastoma I 40  NCT04888611 | Recruiting
(GSC-DCV)

Atezolizumab Autologous DC vaccine Small cell lung cancer I 20  NCT04487756 | Recruiting
DC loaded with the mesothelioma-associated tumor Pleural mesothelioma s 15 NCT05765084 | Recruiting
antigen WT1

Nivolumab/ DC-based p53 Vaccine Small cell lung cancer i 14  NCT03406715 | Active, not

Ipilimumab recruiting
Tumor-lysate loaded autologous dendritic cells Glioblastoma /I 25  NCT03879512 | Recruiting

Anti-PD-1 Autologous EphA2-targeting CAR-DC vaccine loaded with = Solid tumors I 10 NCT05631899 | Recruiting

antibody KRAS mutant peptide (KRAS-EphA-2-CAR-DC)

Autologous EphA2-targeting CAR-DC vaccine loaded with = Solid tumors or lymphomas I 10  NCT05631886 | Recruiting
TP53 mutant peptide (TP53-EphA-2-CAR-DC)
Anti-PD-1/PD- | Alpha-type-1 polarized dendritic cell (¢DC1) vaccine Melanoma I 24 | NCT04093323 | Recruiting
L1 antibody
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superior efficacy compared to monotherapy, with stronger anti-
tumor-specific T-cell responses and lower immunosuppressive cell
infiltration. Additionally, the combination of anti-CTLA-4 and DC-
based vaccines could lead to more effective cancer treatments. For
example, in a clinical trial (NCT01302496), researchers enrolled 39
patients with pretreated advanced melanoma who received a DC-
based mRNA vaccination plus ipilimumab. The results showed that a
strong tumor-associated antigen-specific immune response was
observed in patients treated with the combination of a DC-based
vaccine and ipilimumab, with an encouraging 6-month overall
response rate of 38%. Subsequent long-term follow-up after more
than 5 years indicates that 7/39 patients, who all achieved a complete
response, were still disease-free (165). Similarly, in the exploration of
multiple preclinical experimental models of pancreatic cancer (166),
breast cancer (167), colorectal cancer (168), and melanoma (169), the
silencing of CTLA-4 can induce a more effective anti-tumor immune
response together with DC-based vaccines by reducing the
infiltration of immunosuppressive cells and increasing the Teff/
Treg ratio. In summary, combining DC-based vaccines with
immune checkpoint inhibitors is a promising option for
treating tumors.

Combining a personalized DC-based vaccine with
chemotherapeutic agents and targeted drugs is also an effective way

10.3389/fimmu.2023.1213629

to improve the efficacy of tumor vaccines, and we have compiled
active relevant clinical trials in Tables 2, 3. It is already clear that
chemotherapy can enhance the efficacy of DC-based vaccines by
enhancing antigen production and eliminating suppressive immune
cells. Some specific chemotherapeutic drugs, such as
cyclophosphamide (170), have been shown to directly deplete
suppressive immune cells in patients with cancer at low doses. A
phase I clinical study suggested that cyclophosphamide with a DC-
based vaccine treatment downregulated tumor infiltration of
immunosuppressed cells and demonstrated excellent anticancer
effects (NCT01241682) (171). In glioblastoma, a combination of
Temozolomide- and DC-based vaccines has been favored, and
recently, the publication of the results of a phase III prospective
externally controlled cohort trial has gained widespread attention
(NCT00045968). The results show that the median overall survival
for patients with newly diagnosed glioblastoma assigned to the
DCVax-L cohort (232 patients, 222 of whom received autologous
tumor lysate-loaded dendritic cell vaccine “DCVax-L” plus
temozolomide) at enrollment was 19.3 months from the time of
randomization compared with 16.5 months from randomization for
the 1366-patient external control populations. In addition, in patients
with recurrent glioblastoma, the combination of DCVax-L with
standard treatment showed a survival benefit (172). Currently,

TABLE 2 Active clinical trials combining DC-based vaccine with chemotherapy drugs (clinicaltrials.gov, May 28, 2023).

Intervention Tumor Phase = N | Trial identifier Status
Chemothera n
24 DC-based vaccine used
drug(s)
Temozolomide Autologous dendritic cells loaded with autologous tumor Glioblastoma I 28 NCT04523688 Recruiting
homogenate in glioblastoma
Malignant glioma tumor lysate-pulsed autologous dendritic Glioblastoma I 21 NCT01957956 Active, not
cell vaccine recruiting
Autologous Wilms’ tumor 1 (WT1) messenger (m)RNA- Glioblastoma /1 20 NCT02649582 Recruiting
loaded dendritic cell (DC) vaccine
Dendritic and glioma cells fusion vaccine Glioblastoma /11 10 NCT04388033 Recruiting
Human CMV pp65-LAMP mRNA-pulsed autologous DCs Glioblastoma I 80 NCT03688178 Recruiting
Autologous dendritic cells pulsed with multiple neoantigen Glioblastoma I 10 NCT04968366 Recruiting
peptides
Cyclophosphamide/ NY-ESO-1-157-165 peptide pulsed dendritic cell vaccine Malignant neoplasm I 6 NCT01697527 Active, not
Fludarabine recruiting
Autologous dendritic cells loaded with autologous tumor- Melanoma I 20 NCT01946373 Recruiting
lysate
MART-1 peptide-pulsed dendritic cells Melanoma I 1230 | NCT00338377 Active, not
recruiting
Cyclophosphamide Autologous dendritic cell vaccine loaded with personalized Non-small cell lung I 16 NCT05195619 Recruiting
peptides cancer
Gemcitabine Autologous DC vaccine Sarcoma I 19 NCT01803152 Active, not
recruiting
Platinum/ Dendritic cells loaded with the mesothelioma-associated Malignant pleural /11 28 NCT02649829 Active, not
Pemetrexed tumor antigen Wilms’ tumor protein 1 mesothelioma recruiting
Decitabine Dendritic cell/acute myelogenous leukemia fusion cell vaccine | Acute myelogenous I 45 NCT03679650 Recruiting
leukemia
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TABLE 3 Active clinical trials combining DC-based vaccine with targeted drugs (clinicaltrials.gov, May 28, 2023).

Intervention

DC-based vaccine used

Targeted drug(s)

Trastuzumab/Pepinemab Dendritic cell (DC1) vaccine

Tumor

Breast cancer I 28

Trial identifier Status

NCT05378464 Recruiting

Trastuzumab/Pertuzumab HER-2 pulsed DC1

Breast cancer 11 53

NCT05325632

Recruiting

chemotherapy remains the primary treatment for most cancers, and
the combination of chemotherapy and DC-based vaccines has
promising prospects owing to their cooperative effect. Furthermore,
the combination of DC-based vaccines and targeted drugs has been
explored. In a phase II clinical trial, Storkus et al. proposed that DC-
based vaccines targeting tumor blood vessel antigens combined with
dasatinib could induce therapeutic immune responses in patients
with checkpoint-refractory advanced melanoma (NCT01876212)
(173). Trastuzumab can enhance the uptake and cross-presentation
of HER-2 derived peptides by DCs to improve the generation of
peptide-specific CTLs (174), which provides a theoretical reference
for the combination of Trastuzumab with a DC-based vaccine.

5 Conclusion

DCs play an indispensable role in triggering anti-tumor immune
responses. However, under tumor conditions, immunosuppressive
TME weakens their function. The defective function of DCs is an
important reason why tumors evade immune surveillance and is
closely associated with the poor efficacy of some immunotherapies,
such as immune checkpoint inhibitors. Based on the pivotal role of
DCs in the immune response, which determines their importance in
anti-tumor therapy, many studies have been undertaken to improve
the function of DCs, and some protocols, such as DC-based vaccines,
have become available options for the treatment of tumors. In
addition, the use of DC-based vaccines in combination with ICIs
has good application prospects because they can induce a more
effective baseline immune response, which is necessary for ICIs to
exert their anticancer effects. However, several issues remain
unaddressed. The complex composition of the TME and the close
and diverse interactions among its components ultimately result in
the inhibition of the normal function of multiple immunostimulatory
cells, including DCs, and the induction of immune escape. How to
effectively and selectively target the immunosuppressive effects of the
TME on DCs needs to be further explored.
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The unique immune ecosystems
In pediatric brain tumors:
integrating single-cell and

bulk RNA-sequencing

Liangliang Cao', Wanqun Xie', Wenkun Ma', Heng Zhao,
Jiajia Wang, Zhuangzhuang Liang, Shuaiwei Tian*,
Baocheng Wang* and Jie Ma*

Department of Pediatric Neurosurgery, Xinhua Hospital Affiliated to Shanghai Jiao Tong University
School of Medicine, Shanghai, China

Background: The significant progress of immune therapy in non-central nervous
system tumors has sparked interest in employing the same strategy for adult
brain tumors. However, the advancement of immunotherapy in pediatric central
nervous system (CNS) tumors is not yet on par. Currently, there is a lack of
comprehensive comparative studies investigating the immune ecosystem in
pediatric and adult CNS tumors at a high-resolution single-cell level.

Methods: In this study, we comprehensively analyzed over 0.3 million cells from
171 samples, encompassing adult gliomas (IDH wild type and IDH mutation) as
well as four major types of pediatric brain tumors (medulloblastoma (MB),
ependymoma (EPN), H3K27M-mutation (DIPG), and pediatric IDH-mutation
glioma (P-IDH-M)). Our approach involved integrating publicly available and
newly generated single-cell datasets. We compared the immune landscapes in
different brain tumors, as well as the detailed functional phenotypes of T-cell and
myeloid subpopulations. Through single-cell analysis, we identified gene sets
associated with major cell types in the tumor microenvironment (gene features
from single-cell data, scFes) and compared them with existing gene sets such as
GSEA and xCell. The CBTTC and external GEO cohort was used to analyze and
validate the immune-stromal-tumor patterns in pediatric brain tumors which
might potentially respond to the immunotherapy.

Results: From the perspective of single-cell analysis, it was observed that major
pediatric brain tumors (MB, EPN, P-IDH-M, DIPG) exhibited lower immune
contents compared with adult gliomas. Additionally, these pediatric brain
tumors displayed diverse immunophenotypes, particularly in regard to myeloid
cells. Notably, the presence of HLA-enriched myeloid cells in MB was found to be
independently associated with prognosis. Moreover, the scFes, when compared
with commonly used gene features, demonstrated superior performance in
independent single-cell datasets across various tumor types. Furthermore, our
study revealed the existence of heterogeneous immune ecosystems at the bulk-
RNA sequencing level among different brain tumor types. In addition, we
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identified several immune-stromal-tumor patterns that could potentially exhibit
significant responses to conventional immune checkpoint inhibitors.

Conclusion: The single-cell technique provides a rational path to deeply
understand the unique immune ecosystem of pediatric brain tumors. In spite
of the traditional attitudes of “cold” tumor towards pediatric brain tumor, the
immune-stroma-tumor patterns identified in this study suggest the feasibility of
immune checkpoint inhibitors and pave the way for the upcoming tide of
immunotherapy in pediatric brain tumors.

KEYWORDS

pediatrics, brain tumors, tumor microenvironment, single-cell RNA-seq, immunotherapy

1 Introduction

The therapeutic strategy targeting the specific component in the
immune ecosystem has achieved remarkable advances in recent
years (1, 2). Considering the distinct immune microenvironment
and the molecular and immunological characters of pediatric brain
tumors, it should be more rigorous to apply the scientific findings of
their adult counterparts in them (3-5). Recent studies have shown
that there are significant differences in immune compositions
between children and adults at the levels of bulk RNA and DNA
methylation. However, these deconvolution-based methods are
unable to directly measure and achieve a high-resolution
depiction of the immune composition landscape (6). The direct
and systematic mapping of immune ecosystems in pediatric brain
tumors, including the detailed immunophenotypes of immune cells,
is still lacking. Therefore, a full understanding of the tumor
microenvironment (TME) compositions of the CNS at the single-
cell level is the essential precondition of the successful application
of immunotherapy.

As the major immune components infiltrating into the TME,
myeloid cells play important roles in modulating the antitumor
functions (7). Some therapeutic strategies redirecting them are
ongoing. In order to clearly understand their various functional
phenotypes among different cancer types, Zhang et al.
systematically investigated the unique and recurrent phenotypes
of myeloid across 15 tumor types and identified some potential
targets, for example, LAPM3 ¢DCs and TNF+ mast cells. The CNS
hosts the heterogeneous populations of myeloid cells, including
microglia and border-associated macrophage. It is conceivable
that the functions of microglia are distinct and highly diverse in
different ages and pathological conditions (8-10). Klemm et al.
found that microglial (MG) and bone marrow-derived myeloid
(BMDM) exhibited a multifaceted polarization phenotype and
diverse transcriptional programming in adult gliomas and brain
metastases (4) and acquired tumor-associated signatures with the
dysregulations of hypoxia and inflammatory molecules (9, 11).
Recently, the mystery of the TME in pediatric brain tumors was
unveiled. The TME of medulloblastoma (MB) was analyzed
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systematically, and several myeloid clusters were identified (12).
In addition, the polarization characters (M1/M2) and prognostic
value in MB were investigated by multiple fluorescence
immunohistochemistry (13). However, the identification of
recurrent functional phenotypes spanning multiple pediatric
brain tumor types is still lacking, which will undoubtedly affect
the fully understanding of heterogeneity and evolution of
the TME.

Different from depicting the state of certain cell type, the
systematical identification of constant and specific immune cell
pairings of immune, stromal, and tumor cells across the diverse
tumor types will provide priori knowledge for cancer immunity
before immunotherapy (14). Krummel et al. identified 12 immune
archetypes in over 10 tumor types with 10 immune cell features,
mainly focusing on non-CNS cancer types (15). Considering the
unique immune characteristics of the central nervous system
(CNS), phenotypic differences between children and adults, the
predominance of malignant cells in CNS tumors, and the potential
benefits of immunotherapy in treating pediatric brain tumors, it
remains unknown whether a distinct immune-stromal-tumor
ecosystem exists.

In this study, combining with the published and newly
generated scRNA-seq data, we mapped the landscapes of the
TME across six major brain tumor types and comprehensively
analyzed the immunophenotypes of T cells and myeloid cells in
different cancer types. Different from the definitions of myeloid
cells using a single gene in previous studies, we combined the
marker genes with mostly affected pathways to discover the
recurrent function phenotypes across different brain tumors. In
addition, considering the unique stromal composition and
predominance of malignant cells in pediatric brain tumors, we
constructed the gene features of different cell types (namely, scFes)
including the tumor-related features based on single-cell
analysis and finally identified 12 immune-stromal-tumor
patterns. We believe this study will provide a comprehensive
compendium to understand the complexity of the TME and
potential strategies for the upcoming tide of immunotherapy in
pediatric brain tumors.
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2 Materials and methods

2.1 Single-cell RNA-seq datasets collected
in this study

We collected published scRNA-seq data covering four pediatric
brain tumor types (ependymoma (EPN), medulloblastoma (MB),
IDH-mutation glioma (P-IDH-M), and H3K27M-mutation glioma
(DIPG)) and two adult gliomas [IDH-wild glioma (adult-IDH-W)
and IDH-mutation glioma (adult-IDH-M)] (Figure 1A).

To supplement the publicly available data and study the
immune components in the “cold” tumors (16, 17), we collected
five specimens of MB (including three unpublished datasets
generated previously and two newly produced) (18) and obtained
the snRNA-seq data using the 10x Genomics platform (19) (Table
S1). The study protocol was approved by the Ethics Committee of
Xinhua Hospital Affiliated to Shanghai Jiao Tong University School
of Medicine, and the written informed consents were obtained from
all patients.

2.2 Primary scRNA-seq data preprocessing

2.2.1 Data qualification and transformation

For the newly generated snRNA-seq data from 10x Genomics,
the Cell Ranger (version 3.0, 10x Genomics Inc.) was used for the
alignment and quantification of sequencing reads against the
GRCh38 human reference genome. The cells with fewer than 2,000
UMI counts, less than 200 detected genes and >10% mitochondrial
gene count, were filtered out. DoubletFinder with default parameters
was applied to remove the potential doublets (20).

For previously published scRNA-Seq data, the quality-passed
cells from the original publications were used for downstream
analysis. Count data generated based on 10x Genomics
Chromium were normalized by the NormalizeData function from
the Seurat packages (version 4.1.1) (21). The TPM data generated
based on Smart-seq2 were log2-transformed.

2.2.2 Comparing two methods identifying known
cell types

The Cluster-based method was based on the Seurat pipeline,
and two or more marker genes were used to annotate the cell types
(for example, MBP, MOG, and PLP1 were combinedly to mark the
mature oligodendrocytes). Another method named “positive
selection” (cells with positive expression of known markers) were
performed according to the expression of single marker gene (for
example, oligodendrocytes were annotated if the expression level of
“MBP” was higher than the average level). Then, the cell numbers,
mean expression level of markers, and mean enrichment scores of
mark pathway were compared.

2.2.3 Clustering per dataset
Two-run clustering was performed on every dataset to reduce
the technical noise. The first-run clustering was to obtain the coarse
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cell types. The percentages of mitochondrial genes and heat shock
protein genes were calculated and added using the AddMetaData
function. The cell-cycle score of each cell was scored by the
CellCycleScoring function for the G2/M and S cell-cycle phases.
The 10x Genomics-based dataset was renormalized by the
SCTransform function, and the donor effect, number of UMIs,
percentage of mitochondrial transcripts, percentage of heat shock
protein genes, and cell-cycle scores were regressed out. The top
2000 genes were identified as highly variable genes (HVG) and used
for principal component analysis (PCA). The Shared Nearest
Neighbor (SNN) graph was built with the top 15 principal
components, and the cells were clustered using the Louvain
algorithm with default parameters. The primary cell types were
annotated according to the marker genes. Then, the second-run
clustering was performed on each cell type as the pipeline of first-
run clustering. The resolution parameter of clustering was set to 50
to construct the mini-clusters to find out and exclude the
contaminant cells or doublets. The reminding cells were kept for
the downstream analysis.

2.3 Ro/e analysis for the tissue abundance
of T-cell subpopulations

To characterize the tissue distribution of a specific T
subpopulation, odds ratios (ORs) were calculated and used to
indicate preferences. We constructed a 2 x 2 contingency table.
This table included the number of cells belonging to the target T-cell
subpopulation i in tissue j, the number of cells of T cell i in other
tissues, the number of cells of non-i T cells in tissue j, and the
number of cells of non-i T cells in other tissues. To determine the
significance, Fisher’s exact test was applied to this contingency table,
allowing us to obtain the OR and corresponding p-value. The p-
values were then adjusted using the BH method implemented in the
R function p.adjust. Consequently, a higher OR with a value above
1.5 indicated a preference for the target T-cell subpopulation i to
distribute in tissue j. Conversely, a lower OR with a value below 0.5
indicated a preference for T cell i not to distribute in tissue j.

2.4 Conduction of two independent RNA-
seq cohorts of pediatric brain tumors

2.4.1 RNA-seq cohorts of pediatric brain
tumors from the Children’s Brain
Tumor Tissue Consortium

Transcriptomic data and clinical data were downloaded from the
USCS XENA portal https://xena.ucsc.edu/as FPKM units. Overall, 11
pediatric brain tumor types, namely, anaplastic astrocytoma (AA),
astrocytoma (AS), atypical teratoid rhabdoid tumor (ATRT), choroid
plexus papilloma (CPP), craniopharyngioma (CPG), diffuse intrinsic
pontine glioma (DIPG), ependymoma (EPN), ganglioglioma (GG),
medulloblastoma (MB), oligodendroglioma (OG), and primitive
neuroectodermal tumor (PNET), were used in this study. In total,
679 pediatric samples were included for further analysis.

frontiersin.org


https://xena.ucsc.edu/as
https://doi.org/10.3389/fimmu.2023.1238684
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cao et al.

10.3389/fimmu.2023.1238684

A Children Adult Contrastive T cell analysis Cell type gene features B
¥ Samples Counts Cell Counts
L7487
Published Newly produced
e
ps:.b,ainmmr MB | Functional phenotype of myeloid >
- A | fia
et
6 £N PG pocacgioma Adigama
Landscap iple brain tumor.
c Ependymoma
DNAAF1
RSPH1
CAPS . Percant Expressed
NKG7: L] . L] . 25
GNLY| -~ ® . - e .
N KLRD1{ = ® a5 N ° o
o KLRB1{  ® o o . ol
<< CD163{ @ Average Expression <C . Average Expression
cDe8| . o
= cD14{ ® . 2 o o2
-] MOG . g -] s 53,
MBP- e o - -
CD3E[ - - e :
CD3D . o r PRI
3 SAORS
AR O UMAP1 ST LA
E F H3K27M-mutation
D163 D163
-
CDBB| © o o | s CDB8| ® ¢ ¢ | Average Expression
. - o
N cp14{ o :§§ AP Tumor] cD14] ® s
o MOGl © @ o |@w o N 2
e Exprossion
é mBP ° *"'g':ﬂ i %: oo Wge] « @ e
=] ove MR =) PTPRZ1 o |k
CCND2 L] - . ::;
SOX4{ - . G
s 5 0020000 — SOX2- . e
UMAP1 & 5 UMAP1 Eypra
o a
G : H i
Adult-IDH-Mutation D163 Adult-IDH-Wild corm
Ty
20 SO ce. @
Percent Expressed PTPRZI|- + + s o - ®
~ o ~ RG! * ; Percent Expressed
" . B s
o o o :: -
< s
= s s P
> . I;ﬁ 5 Sl I
o0
N o :«;:s
. L]
56 @
UMAP1 SOX4{ - - o - e CD3E{ - .
TTEF UMAP1 Sl -
¢ TR SO D
oF TR %ozef;\e SOT
W
! J
pendy Pediatric-IDH-mutation MB ’ EPN I IDH-Wild(Adult)
[ IDH-Mutation(Children) B IDH-Mutation(Adult) H3K27-Mutation
‘ ‘ ' "
s
c
40%
o
H3K27M-mutation  Adult IDH-mutation Adult IDH-Wild g
o
20%
0% I I _u A | -
>® & > > &> s Y
N & & S < IS}
I Tumor I myetoid I T-cel I Bcel (g& & S e < <
¢ > O
Endotheliocyte  [Jill 06 K [ Pericyte & ¢

FIGURE 1

Overview of the single cells from the major pediatric brain tumors and adult gliomas. (A) Summary of the workflow used to analyze the immune
components and functional phenotypes of myeloid and T cells, construct gene features, and identify the immune. (B) The included sample numbers
and cell counts. (C—H) (Ependymoma, medulloblastoma, pediatric IDH-mutation glioma, H3K27M-mutation glioma, adult IDH-wild glioma, adult
IDH-mutation glioma) Uniform Manifold Approximation and Projection (UMAP) plot of the analyzed single cells and dot plot of marker genes for
each cell type. Each color represents one cell type. (I) Pie chart showing the relative size of each cell type. (J) The comparison of immune

components among the major pediatric brain tumors and adult gliomas.

2.4.2 Independent external cohort of pediatric
brain tumors from GEO

We collected 44 public datasets using Affymetrix protocol
(U133 Plus 2.0 Array) from the GEO (total samples number
2,331). The adult patients were excluded. CEL files were processed
using the gcRMA package and log2 transformation for consistent
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normalization. The criteria of quality control were set as low
correlation (<0.8) and similarity (outlier distribution via k-means
analysis) with each tumor type. Finally, out of 2,331 samples, 1,245
were retained for further analysis. The batch effect was removed
with the preservation of tumor characters using the combat
function of the sva package.
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2.5 Purified cell type compendium
including immune, stromal, and
tumor cell lines

We collected 76 RNA-seq gene expression datasets (1911
samples) based on the GPL570 platform from GEO to create a
cell compendium, including sorted T cells, B cells, NK cells,
granulocytes, endotheliocytes, oligodendrocytes, pericytes,
medulloblastoma cells, glioma cells, and ependymoma cells. CEL
files were downloaded and processed using the gcRMA package
and log2 transformation for consistent normalization.

2.6 Discrimination of MG and BMDM
in 10x datasets based on
machine-learning method

Due to the low expression rates of classical MG and BMDM in
10x datasets, a pipeline based on random forest was constructed.
Previous studies reported that MG and BMDM in the gliomas and
brain metastases always increased the other core gene set signals
but still maintained their cell type specificity. Therefore, we
hypothesized that some stable core genes maintaining the
specificity of MG and BMDM might exist across different brain
tumors and could be detected by different platforms. Then, we
constructed a machine-learning pipeline based on random forest
to discriminate the MG and MBDM in MB (Figure 3A). For EPN,
the IDH wild glioma which had paired 10x and Smart-seq2 data,
the Smart-seq2 datasets were used to identify the MG and BMDM
through the Seurat pipeline with the classical markers. First, the
cells of IDH wild glioma and ependymoma from Smart-seq2
were clustered via the Seurat pipeline. The resolution
parameters were set at 0.3 and were defined as MGs and
BMDMs according to their respective markers (Figures S3A-C).
Then, the classifications based on the random forest of IDH wild
and ependymoma were conducted, and their ability of
discriminating the MG and BMDM in the smart-seq datasets
were validated (Figures S3B, C). Then, the classifications were
applied to the pared 10x data of EPN and IDH-wild gliomas. After
that, the classifications based on the annotated Smart-seq2
datasets were constructed using the randomForest function from
the randomForest package with default parameters. The
classifications were evaluated with the cmdscale functions. Then,
the classifications were used to predict the cell types in the 10x
Genomics datasets of corresponding tumor types (EPN the IDH
wild glioma).

The differential expression genes (DEGs) between MG and
BMDM of EPN the IDH wild glioma were analyzed respectively
with the FindMarker function (logFC >0.25, adjust p value <0.01).
Moreover, the intersection of DEGs was regarded as the conserved
DEGs of MG and BMDM fit on the 10x Genomics platform. The
Seurat object of MB and IDH-mutation glioma based on the 10x
Genomics platform, only containing the conserved DEGs, was
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conducted and analyzed with the Seurat pipeline. All the
conserved DEGs were used as HVGs when the PCA was
performed. The resolution parameters were set at 0.2.

2.7 ldentification of immunophenotypes of
myeloid cells in different tumor types

2.7.1 Clustering myeloid cells

To reduce the noises from different platforms and studies, a
five-step procedure was applied (22). First, after extracting
myeloid and clustering with default parameters, respectively, the
aov package was used to perform the analysis of variance
(ANOVA) and obtain the F values of every gene. The percentile
ranks of F values was calculated. Second, genes were ordered
ascendingly by the median of percentile ranks across different
datasets. Third, excluding the ribosome genes, cell-cycle genes,
and heat shock protein genes, the top 2000 genes detected in over
half of datasets were identified as informative genes. Fourth, in
order to comprehensively analyze the myeloid subsets of the major
brain tumors, we integrated two independent datasets by Seurat
for each tumor type (MB, EPN, P-DH-M glioma, and adult IDH
mutation glioma) to obtain a larger cell number (16, 17) (Figures
S4A-E). Due to the large samples of adult IDH wild gliomas a
recent study provided, we just selected the primary samples for the
analysis of the myeloid subset (23). We integrated the myeloid
compartments by the PrepSCTIntegration function from the
Seurat package to obtain a large cell number in these “cold”
tumors. The parameters of k.weigh and k.filter were set
according to the cell counts. Fifth, the informative genes were
used as HVGs when the PCA was performed and the resolution
parameter was set from 0.1 to 2 to obtain the different cluster
numbers. The Davies-Bouldin index (DBI) was to determine the
best number of clusters.

2.7.2 Functional annotation of myeloid cells with
marker genes and pathways

For the purpose of functional comparison of myeloid subsets
among different brain tumors, we use the marker genes and most
affected pathways to define their functional phenotypes. Marker
genes combined with most affected pathways were used to
comprehensively annotate the myeloid cells from different
tumor types. First, the FindAllMarkers function from the Seurat
package was used to find out the marker genes, and the gene
ontology (GO) analysis was performed with the clusterProfile
package (version: 4.2.2) based on marker genes to determine the
affected pathways (24). In addition, the gsva function from the
GSVA package (Version:1.42.0) was performed on the expression
data to obtain the matrix of cells and pathways (25). Then, the
differential pathways of each clusters were analyzed with the
limma package (3.50.3) (logFC >0, adjust p value <0.05) (26).
Then, the intersected pathways of GO analysis and differential
pathways from GSVA were ranked according to the enrichment
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FIGURE 2

The immune phenotypes of T cells in the major pediatric brain tumors. (A) The evaluation of T-cell subpopulation in medulloblastoma including the
UMAP plot of the identified T-cell subsets, dot plot of marker genes for each cell type, histogram for the relative size of each subset among different
molecular subtypes, and Kaplan—Meier plot for terminal CD8 effector memory T cells. (B) Forest plot shows none of the T-cell subpopulations are

independent factors of prognosis. (C) Evaluation of the T-cell subpopulation

in ependymoma including the UMAP plot of the analyzed single cells,

dot plot of marker genes for each cell type and histogram for the relative size of each subset among different molecular subtypes and prognosis
groups. (D) Point plot shows that none of the T-cell subpopulations have significant changes between recurrence and non-recurrence groups. (E)
Heatmap reveals the tissue prevalence of each T-cell subpopulation by Ro/e score. (F) Heatmap shows the expression percentage of immune
checkpoint molecules in T cells of ependymoma, medulloblastoma, and adult IDH wild gliomas. The "ns” represents "not significant”.

score and the marker genes in the top intersected pathway were
ranked by logFC. The intersected pathway with maximal
enrichment score and containing topl0 marker genes was
determined as the marker pathway. The corresponding marker
genes with the maximal logFC were used as the marker genes. A
bubble plot was made to compare the median —logl0 of q value
and median gene counts of specific pathway in different clusters. A
heat map was to compare the mean of z-score-transformed
expression value of the marker genes determined in this study
and those previously reported.
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2.8 Similarity analysis of clusters from
different tumor types

The integrated gene expression matrices were z-score-
transformed averaged per cluster. Thus, the original gene by cell
expression matrix was converted to the gene by cluster expression
matrix. Matrices of EPN, MB, pediatric IDH mutation, adult IDH
wild, and adult IDH mutation were combined by column, and only
genes present in all datasets were retained. The combined matrix
was used for hierarchical clustering with the hclust function, and
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the dendrograms were created by as.ggdend from the dendextend
package (27).

2.9 Construction of gene features (scFes)
describing TME properties

In order to obtain the gene features of classical cell types that
could be applied to different tumor types and different platforms, a
five-step procedure was applied. First, the common adult and
pediatric tumor types including adult IDH-W and adult IDH-M
gliomas, EPN, MB, DIPG, and P-IDH-M were incorporated in, and
most tumor types contained two types of datasets based on 10x
Genomics and Smart-seq2 platforms. Second, the gene features of
specific cell type were identified per dataset using the FindMarkers
function. The threshold values were determined according to
the cell types. The rigorous parameters were chosen for the
common cell types, such as myeloid cells, T cells, CD4, CD8, B
cells, NK cells, oligodendroglia cells, endothelial cells, and pericytes
(adjust p value <10e-20, min.pct >0.3, and logFC >1 for Smart-seq2;
adjust p value <10e-10, min.pct>0.1, and logFC >0.25 for
10x Genomics). The relatively loose threshold values were chosen
for the subpopulations of major cell types, such as MG, BMDM,
naive T cells, CD4 memory cells, CD8 memory cells, and CD8
effector cells (adjust p value <10e-10, min.pct >0.3, and logFC>1 for
Smart-seq2; adjust p value <10e-10, min.pct >0.1, and logFC >0.25
for 10x Genomics). Third, the intersected gene features of every cell
type from each dataset were obtained. The gene features of cytotoxic
CD8 T cells were chosen from the genes existed in three quarters of
datasets containing this cell type. Due to the heterogeneity of tumor
components in different tumor types, genes meeting the threshold
values of common cell types in more than one tumor types were
selected as the conserved tumor features.

2.10 Construction of gene features of
immune-stromal patterns

In order to extend the immune-stromal-tumor patterns in the
external dataset (GEO), the gene signatures were generated by DEG
analysis between the specific archetype and each of the other 11
archetypes, using limma and Voom (p value <0.05, logFC >1)(15).
The intersection between the top 3,000 genes by logFC of each of 11
DEGs per archetype was assigned as an initial gene features. If the
initial gene features had more than 20 genes, coefficients of variation
(CV) were calculated and the top 20 genes with the lowest CV and
detected in at least 80% of cells of corresponding archetype were
defined as the archetype gene features. If the initial gene features
were less than 20 genes, the initial gene features were defined as
archetype gene features.

2.11 Multiplex immunohistochemistry

For multiplex immunohistochemistry (mIHC) staining (CD11b,
HLA-DQA1, and CD1E for cluster 2 in medulloblastoma, and CD11b,
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CD3, and MAG for immune patterns), co-staining of the selected
markers was performed using a Four-Color Fluorescence Kit
(Recordbio Biological Technology, Shanghai, China) based on the
tyramide signal amplification (TSA) technology according to the
manufacturer’s instruction. All the slides were scanned using a
Pannoramic P-MIDI (3DHISTECH, Hungary). The positive cell
numbers were calculated by HALO 3.3 software (Indica Labs, USA).

3 Results

3.1 Low immune infiltration of pediatric
brain tumors

To dissect the tumor ecosystems in children, in addition to the
accessible public data, we collected five medulloblastoma specimens
from four patients for snRNA-seq based on 10x Genomics. The
predominant functional phenotypes of T cell and myeloid subsets
and immune-stomal-tumor patterns in children were investigated
(Figure 1A). In total, more than 0.3 million cells from 171 samples
covering adult gliomas and four major pediatric brain tumor types
were included (Figure 1B).

To analyze the TME components of each tumor type, we
evaluated the major current methods identifying known cell
types, namely, clustering-based (CB) method and positive
expression of marker genes (PEMG) method. We found that the
CB method performed better overall (Figure S1). For the datasets
based on 10x Genomics or Smart-Seq2, the CB method was able to
identify more cells than the PEMG method in most tumor types,
which was important for the “cold” tumor types. Our data indicated
that the “cold” tumor types like MB and EPN also contained the
major classical immune cells, such as T cells (PTPRC, CD3D), B
cells (CD79A, IGHG1, MZB1), and NK cells (KLRB1) (Figures 1C-
H). In addition, the immune components varied significantly
among the different brain tumors (Figure 1I) and were lower in
the pediatric brain tumors (MB, EPN, and pediatric IDH-M) than
those in the adult brain tumors (IDH-W and adult IDH-M)
(Figure 1]). Similar with the previous studies, myeloid cells were
predominant among all the immune cells in brain tumors, and MB
and EPN held a relatively higher rate of CD8 T cells among all the
tumor types (6). However, the functional phenotypes of them in
pediatric brain tumors are still unknown.

3.2 Targeting the T cells may not be the
optimal strategy for MB and EPN

According to the previous studies on various types of tumors,
certain subsets of T cells, including effector T cells, memory T cells,
and exhausted T cells, have been found to have specific functions in
either eliminating or tolerating tumor cells within the tumor
microenvironments (22, 28, 29). Due to the extremely low
contents of T cells in IDH mutation glioma and H3K27 mutation
glioma, we focused on the characteristics of T cells in the MB, EPN,
and adult IDH wild glioma (Figures 2A, B, S2D). In order to explore
the phenotypes of T cells in MB and EPN, we defined the
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subpopulations of T cells according to the known markers identified
in a recent study of T-cell atlas. The results revealed that T cells in
MB mainly consisted of CD8 effector memory T cells (CD8 Tem,
GZMH), CD8 terminal effector memory T cells (terminal CD8
Tem, FGFBP2), CD4 memory T cells (CD4 Tm, IL7R), regulatory T
cells (Treg, FOXP3), and naive T cells (Tn, CCR7, and SELL)
(Figures 2A, S1A) (22). Different molecular subtypes of MB held a
heterogeneous composition of T-cell subpopulations (Figure 2A).
Moreover, CD8 Tem formed the majority of T cells in all of the
subtypes (Figure 2A). We also found that the higher scores of CD8
Tem markers were associated with a survival advantage in MB,
whereas an opposite effect was observed in CD4 Tm and Tn (Figure
S2B). However, the univariate Cox analysis revealed that the T-cell
subpopulations did not significantly correlate with prognosis
(Figure 2B). Considering that Kaplan-Meier (KM) analysis is a
non-parametric method and Cox regression is a semiparametric
method that takes multiple factors into account, the results of Cox
analysis may indeed be considered to have higher credibility (30). In
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EPN, T cells mainly consisted of CD8 Tem, CD8 Tm, CD4 Tm, and
Tn. The subpopulations of T cells were evenly distributed in
different molecular subtypes (Figures 2C, S2C). Moreover, both
the group with a follow-up period of over and less than 5 years, as
well as the recurrence and non-recurrence groups, exhibited similar
percentages of T-cell subtypes (Figure 2C). There was also no
significant difference in the percentages of four subpopulations
between the recurrence and not recurrence groups (Figure 2D).
We next quantified the tissue enrichment of T-cell subsets
among the different tumor types by integrating the different T-
cell data from different datasets (Figures S2E-G). The IFIT3+ T cells
and Treg identified within the three tumor types were preferentially
enriched in adult IDH-W gliomas (Figure S2H). The Ro/e analysis
also demonstrated the preferences (Figure 2E). Based on the
comparison of expression percentage of immune checkpoints, we
observed that classical molecules like PD1, CTLA4, TIM3, and
LAG3 and newly reported molecules like CD161 were extremely
low in these brain tumors, which might partly explain the difficulty
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for their clinical transformation in brain tumors (Figure 2F) (31).
Overall, the low contents of T cells and low expression rates of
immune checkpoints indicated that the traditional immunotherapy
strategies targeting the local T cells in the tumor microenvironment,
such as immune checkpoint blockade, may not be the optimal
treatment strategy for pediatric MB and EPN.

3.3 Assessment of known functional
phenotypes of myeloid cells

Tumor-associated macrophages (TAM) were regarded as a
potential target in the future immunotherapy. We next accessed
the characteristics of known phenotypes of myeloid cells, such as
MG, BMDM, M1, and M2, in the major pediatric brain tumors. The
previous studies reported that the MG and BMDM in brain tumors
showed distinct transcriptomic profiles and inflammatory
polarization tendency, which are additionally influenced by the
underlying disease type (4). However, it was apparent from
Figure 3B that the expression percentages of classical MG and
BMDM markers (P2RY12 and TMEM119 for MG, and ITGA4 and
SELL for BMDM) from the 10x platform were significantly lower
when compared with those from the Smart-Seq2 technique (4, 9,
23). The results revealed that identified MGs and BMDMs were
largely consistent with clusters obtained from the Seurat pipeline,
indicating that the internal characteristics of MG and BMDM were
basically preserved across different conditions (Figures S3A-C).
When evaluating the classical markers in MG and BMDM,
predominance in the expression levels and percentages of markers
remained in the corresponding cell types (Figures S3D, E).
Similarly, they were also highly consistent with the cluster results
of Seurat (Figures 3C, S3F). The results showed that the ratio of MG
and BMDM varied among brain tumors, and MG comprised the
vast majority of myeloid cells (4), especially for the pediatric and
adult IDH mutation gliomas (Figure 3D). However, the rough
classification of MG and BMDM still lacks guidance for the
functional phenotypes.

Previous studies reported that myeloid subsets on glioblastoma
(GBM) were significantly enriched in classical inflammatory signals
and metabolic pathways (4, 9, 23). The butterfly plot revealed a
significant enrichment of hypoxia in myeloid cells of ependymoma,
when compared with other brain tumors (Figure 3E). Similar with
the myeloid cells of adult brain tumors, myeloid cells of
medulloblastoma were significantly enriched in oxidative
phosphorylation and TNFo. pathways while deficient in hypoxia
signals. Classical inflammatory hallmarks (IFNo response and
TNFa-signaling) were enriched in myeloid cells of pediatric IDH
mutation gliomas, indicating the anti-tumorigenic phenotypes of
these cells in the microenvironment.

Then, we investigated the M1 and M2 signature scores in the
clusters of all the tumor types (Figure S3G). We found the co-
expression of both M1 and M2 gene signatures in most of myeloid
subsets from EPN, pediatric IDH-M glioma, and IDH-W glioma.
Additionally, certain clusters exhibited both lower M1 and M2 gene
feature scores, suggesting that the categorization of M1 and M2 may
not be entirely applicable for the classification of myeloid brain
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tumors (Figure 3F) (23, 32). Therefore, this defective classification
of myeloid cells in brain tumors suggested that it was significant to
further uncover the function in a specific tumor microenvironment.

3.4 Comparative analysis of functional
states of myeloid subsets from pediatric
and adult brain tumors

In order to comprehensively analyze the myeloid subsets of the
major brain tumors, we integrated two independent datasets. The
results revealed that the batch effects were removed (Figures S4A-
E). The best number of clusters was evaluated by DBI (Figure S4F).
The results showed that the myeloid cells in EPN were the most
heterogeneous because of the largest cluster numbers (Figure S4A).
Except for the pediatric IDH mutation gliomas which had no
significant pathways via ssGSEA, the marker pathways of each
myeloid cluster across the pediatric and adult brain tumors
uncovered the common perturbation of functional modules, such
as leukocyte activation and interferon response, and exclusive
pathway perturbation in brain tumors, such as pathways related
to cilium organization and endocytosis in ependymoma
(Figure 4A). Then, we investigated marker genes in different
clusters to find out the myeloid clusters with similar expression
levels of marker genes but defined as different myeloid subsets
(Figure 4B). For example, similar expression levels of NDRGI,
LDHA, MHCII molecules, interferon genes, GPM6A, C9, and
SRGAP2 were discovered in different myeloid subpopulations,
indicating the similar functional states in different brain tumors.
The previously reported markers were also compared among
different tumor types, for example, the homeostasis myeloid
subpopulation with high expression levels of P2RY12 and
CX3CRI in gliomas and cluster 2 marked with the pathway of
“GTPase signal transduction” in ependymoma (9), the activated
microglial subsets highly expressing CD83 and TNF in GBM, and
the clusters6 marked with pathways of “positive cytokine
production” in ependymoma (23) (Figure 4C).

To quantify their similarities, we calculated the correlations
between the average transcriptome of each cluster in different
tumor types. As expected, the same major lineages from different
cancer types, such as cycling, monocyte-like, hypoxia-related,
cytokine-stimulated, and interferon-related subpopulations, were
clustered together, further demonstrating the shared myeloid
lineages between pediatric and adult brain tumors (Figures 5A).
Then, we used the angiogenic and phagocytic signatures, a
dichotomous functional phenotype, to access the functional
phenotypes of each cluster across the different tumor types (33).
As expected, some clusters exhibited significantly preferential
signature scores. However, most clusters in pediatric brain tumors
had a similar score in the two phenotype signatures (Figure S5A).
Using the public clinical data, we investigated the relationship of the
different myeloid lineages with patient prognosis. The clusters
highly expressing HLA genes were negatively associated with
prognosis in multiple tumors except for EPN (Figures 5B-D, S5C,
D). Furthermore, the HLA gene-enriched cluster in MB was the
independent factor of prognosis (Figure 5E) and it had better
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performance than molecular subtypes and traditional histology
when predicting the 5-year survival (Figure 5F). Then, we
determined three markers to define this cluster (Figure S5B). By
conducting subtyping analysis on medulloblastoma, it was found
that this cluster exhibited significant subtyping preferences,
primarily existing in the G3 and SHH subtypes (Figure 5G). The
mIHC staining of tumor sections further confirmed the existence of
this subset (Figure 5H).

3.5 Establishment of TME gene
expression signatures

To analyze TMEs using the transcriptomic data, the gene
expression signatures (scFes) of immune and stromal components
were constructed via combining multiple datasets of different tumor
types from 10x and Smartseq2 platforms to find out the conserved
gene signatures (Methods, Figure S6A, Table S2). We compared the

10.3389/fimmu.2023.1238684

scFes with the previously reported gene sets and found only small
overlap among them (Figures S6B-I). To confirm the cell type-
specific expression patterns of scFes, 1,891 RNA-seq profiles of
sorted cell subpopulations across multiple GEO datasets were
conducted and the final scFes were highly cell type specific and
showed effective segregation, with high expression scores for cell
types associated with each signature (Figures 6A, B). In addition, we
evaluated scFes in the averaged expression data of cell line (34) and
found that scFes performed better when marking CD8 T cells and
Treg (Figures S6]J, K). Furthermore, we conducted validation and
comparison of scFes with published counterparts in independent
scRNA datasets of various tumor types at the single-cell level. Our
analysis revealed that scFes effectively identified cell types annotated
by classical markers and outperformed gene features of certain cell
types from GSEA (35), xCell (36), and recently published studies
(15) (Figures 6C, D, S7A, B).

Considering the important roles of tumor cells and the unique
role of OG in the cell networks of the brain TME depicted by the
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Annotation of the myeloid subsets from the major pediatric and adult brain tumors. (A) The names of the different clusters. The most affected terms
in each cluster are represented in a dot plot, with the size of the dot corresponding to the number of genes per term and the color of the dots
corresponding to the q value of enrichment after —log10 transformation. (B) The selected genes with different colors are used as the marker genes.
Color-coding is consistent with the tumor types. (C) The previously reported marker genes of myeloid subpopulations in the different clusters across

the different brain tumors.

Frontiers in Immunology

30

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1238684
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cao et al. 10.3389/fimmu.2023.1238684
A B Ependymoma
(GSE126025, n=43)
Clusterd D CCL3  Pediatric Cluster0 Cluster1 Cluster2
o .
Cluster0 Cytokines production DUSP1 AdultIDH Mutation 2 % g g —
Clusterd Response to L1 CCL3  AdultIDH Wikd g ‘\_\— 2 L = SR
CY“’""‘f’ Cluster6 Cylokines production NR4A3  Pediatric Ependymoma L 3. 3.
Production Cluster! Cylokines production CX3CR1 Pediatric Meduloblatoma o =013 | Lo =013 Lo =007
Cluster3 Antigen presentation HLA  Peditric Ependymoma g p=0. g, p=0. £ p=0.
Cluster2 pathuay  CHNz _Podt . " Time(Years) Time(Years) Time(Years)
Clusterd Not specific P2RY12 Pediatric IDH Mutation Cluster3 Clusters Clusters
ClustersCallular Proferation MKIG7  Adult IDH Wid o o o =
Cell Cyciing | Custers Celular Prolferation MKI6T  Pediatric Ependymoma 3 g g L“\_—‘_‘ZT 2 L
Clusterd Celluar Proffer MKIG7  Pediat 3. 3. @ ..
Cluster. Neutrophil Activation 510049 AdultIDH Wiid 5 F N H
Monocyte-like Cluster7 Leukocyte Adhesion $100A9 Pediatric Ependymoma g‘ g» o p= 0.24 g . p= 0.074
Cluster3 Neutrophil Activation S100A9 Pediatric Medulloblatomar o L owf — . [ . — -
Cluster5 Myeloid Cell diffe HSPATB Cluster? Cluster8
Clusterd Protein Folding BAGS Pediatric Ependymoma o 2] = ‘:ﬁ_‘—\_“‘_‘_—
s s s
Hypoxia-related | Ciustera Neutrophil Actvation FTL  AdultIDH Mutation 2o g 11 - 2
Clusterd. Response to Oxygen NDRG1 Pediatric Ependymoma ‘E (/E . cE
Cluster2 Response to Oxygen LDHA  Adult IDH Wild S| e _ s | _ S B
Cluster2 Not specific TGFBI  Pediatrc [DH Mutation § g p=0.18 § p=028 § p=0.00
Mutati T T T T T T T T
Mk Richod Clusterd Response fo interferon ZLLANK ::\\’I?H utation Tt Tt e
-RiC| Clustert1 of immune
Cluster2 Response to interforon HLA  Pediatric Medulloblatoma o Cluster9 o Cluster10 o Clustert1
Cluster6 T cell activation HLA  AdultIDH Wid s ‘i‘—]‘_— £ g
y Cluster! Not specific RP Pediatric Ependymoma g L _\1_1 ; E o
Not Specified | Cluster5 Not speciic €3 Pediatric Medulloblastoma: ‘g g ‘g ‘g
Cluster! Not specific PSAT!  Pediatric IDH Mutation 5= p=0.35 5" 5 " p=0.11
Cell Migration Cluster4 Clium organization CFAPS4 Pediatric Ependymoma £ 2. g8 -
Cluster? Neuron migration GPMGA  Pediatric Medullblastom Time(Years) Time(Years) Time(Years)
ponse b pe s ' - Pediatric low grade glioma
‘ , ul "
' (¢ (CBTTC, n=282)
Cluster0 Clustert Cluster2
Cluster2 GTPase mediated pathway ~ SRGAP2 Adult IDH Mutation 2 & _ﬂ_i o~ ==
Junction Cluster4 Cell junction MACF1 :mm.‘D”HMW;dH . § g(, .g,,
Organization Clusterd Synapse pruning ©1QC  Pediatric Medulloblatom: 3. 2. 3.
Cluster1 protein target RP Adult IDH Mutation s | < <
Cluster! Synapse pruning €3 AdutiDHWid 8 Tow  p=022 3 p=0.065 F p=0.029
o~ g fngs
Time(Years) Time(Years) Time(Years)
b Medulloblastoma E F
(GSE85217, n=628)
- o
Cluster1 Trait HR P =7
Cluster0 o Histology
2 < Classic 3 1
g o 5 Desmoplastic ~ HE— 0.77(04-1.48)  0.427 -
a 1 3. LA m 245(150-389) <0001 S Q
< 5 MBEN -— 047(0.11-1.97) 0.302 3
2o o = Subgrou 53
g - p=023 8 = p=0078 ubaroup 3 °
g | e g. Groupd
v T Group4 - 077(05-12) 0248 S HLA-Myeloid: 0.59(0.43-0.71
: * Tim A : : Time(Years) " HLA-Myelok
Time(Years) (Years) SHH i 0.74(0.42-131) 0.302 °
Cluster2 Cluster3 WNT - 0.14(0.04-0.45) <0.01 ** S ; . . ; : .
2 2" Myeloid
; o ; 751 e Cluster2 ——8——— 2.66(1.53-4.59) <0.001*** 0.0 0.2 0.4 06 08 10
”5) % EREEEEE R 1-Specificity
§.| . 8| G
g z=o= p=0.0018 87 == p=0.028 HLA.DQA1 CD11b_CD1E
L o .
— — - Cluster2-HLA-response to INF- v
Time(Years) Time(Years)
Cluster4 Cluster5 03 * o
o o
2 £
H] s
S S
: \&m : \E o °
@ .. @ .. 3
< I S 0.2 L [l
S| o L. omes Y
8§z P= 0.079 8z = 0.062 S ® e}
w [ o 2 1
T T 4
Time(Years) Time(Years) D01 ° @
Clusteré Cluster7 o % ©
o o &so e
£ £ @
H] 2 ® (<]
- 2 N
H 5 = 00{ ee€ °
s s GP3/4 SHH WNT
Té" p=0.35 g ‘M:: p=0.068
o frags
Time(Years) Time(Years)
FIGURE 5

Identification of the potential targeted myeloid subsets. (A) Hierarchical clustering shows the similarity of clusters across the different brain tumors
(B) Kaplan—Meier survival curves generated with each cluster signature score of EPN using GSE126025. (C). v. (D). Kaplan—Meier survival curves
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single-cell datasets, the gene signatures of tumor components
correlated with the recruitment of immune cells (named as
“positive immune recruitment” (positive-IR) and “negative
immune recruitment” (negative-IR) which were positively and
negatively correlated with the expression level of CD45,
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respectively) and OG were also explored to create a holistic
approach describing the TME of brain tumors. We accessed the
two tumor features in a newly produced dataset of
medulloblastoma, which was a kind of well-known “cold” tumor,
and found that they were predominantly existed in the specific
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tumor clusters, and the negative-IR score was significantly higher,
indicating the tumor components might contribute to the deficiency
of immune components in medulloblastoma (Figures 6D, E, S8A).

Furthermore, we accessed the two tumor features and OG
features in two independent bulk RNA datasets of pan-cancer
(Figures 6F-H). The results revealed that the positive-IR score
was significantly higher in the tumor group and might be
associated with better prognosis (Figures 6F, S8B) whereas the
negative-IR score was significantly lower in the tumor group
(Figure 6G), according to the fact of the activated immune system
in brain tumors compared with immune-privileged normal brain
(Figure 6H). OG scores were significantly associated with prognosis
(Figure S8D), but whether this correlation was influenced by clinical
parameters such as WHO classification, metastasis state, and the
history of radiotherapy and chemotherapy still required data with
more comprehensive clinical information. In addition, the relatively
higher positive-IR score in EPM, MB, and pediatric IDH-mutation
gliomas might partially account for the lower immune content
when compared with adult brain tumors (Figures 1], 6I). Moreover,
the paradox between the higher positive-IR and lowest immune
content in DIPG, and some exceptions of the correlations between
immune recruitment feature scores and immune cell feature scores,
indicated the existence of other factors affecting the immune
recruitment in addition to the tumor cells (Figures 61-J). The OG
feature score was higher in the normal brain, suggesting that the
developmental program promoting the formation of mature
oligodendrocytes was blocked in tumors (37, 38). Furthermore,
the higher OG feature score was associated with better prognosis
(Figure 6H). However, the tumor-related features and this exclusive
stromal component of CNS were always ignored in the current
studies of the TME and deserved further study.

3.6 Coarse classification of immune
patterns in pediatric brain tumors

A recent study identified 12 immune archetypes across
multiple cancers types but only including one pediatric brain
tumor type (15). A holistic survey of the immune archetypes in
pediatric brain tumors is still lacking. As expected, the cell types
varied among the different tumor types (Figure 7A). We next
explored the primary archetypes by following the same pipeline
but including the unique stromal component—the OG feature.
The three markers (ITGAM for myeloid, CD3 for T cell, and MAG
for OG) were used for primary classification, and the DBI was
used to determine the optimal cluster number. The primary
classification contained eight clusters (Figures 7B, S9A, Table
§3), including the six previously reported immune archetypes
and two new small clusters (named myeloid stromal centric and
T-cell stromal centric archetypes). The expression level of the
three markers varied significantly among the eight clusters
(Figures S9B-D). The immune archetypes were highly tumor
specific (Figure 7C) and significantly associated with
prognosis (Figure 7D).

Based on this, we next investigated the characteristics of tumor
biology among the eight clusters. The immune stromal-rich and
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immune-rich clusters were characterized by the elevated expression
scores of antitumor cytokines, M1, MHC molecules, and
costimulatory molecules, demonstrating an immune-active TME
compared with the immune stromal desert and immune desert
clusters. However, the coexistence of the highest score of protumor
factors, such as protumor cytokines, M2, and checkpoint molecules,
indicated the reprogramming of the immune microenvironment in
these two clusters (Figure 7E). The transcriptomic programs of
interferon-stimulated genes (ISGs) and immune escape and
chemokines also demonstrated the lasting but exhausted tumor
immunology in them (Figures S9E, F). Conversely, the enrichment
with transcriptomic programs of the cell cycle in the immune
stromal desert and immune desert clusters was consistent with
the increased capacity of tumor proliferation (Figures S9F, 7E). In
addition, the GSEA and PROGENYy analysis also revealed the
differential enrichment of tumor-related pathways among the
eight clusters (Figures S9G, 7F). The increased PI3K pathway
activation in the immune desert cluster calculated with
PROGENYy analysis suggested the potential targeted therapy for
this subset (Figure 7F). The differential sensitivity to the vinblastine
and cisplatin, which were used as the traditional chemotherapy,
might provide the possibility to the individualized treatment
(Figures 7G, H) (39). Finally, we further confirmed the eight
clusters via mIHC assays in the tumor tissues including five MBs,
three EPNs, five CPGs, two CPPs, five ASs, three DIPGs, and two
GGs (Figure 71).

3.7 Immune archetypes based
on 9-features

Unlike in the non-CNS tumor types, no CD4-biased or CD8-
biased tumors existed in the pediatric brain tumors when analyzed
with gene sets from scFes and Combes et al. (Figures S10A, B).
Considering the fact that coarse classification of stromal
components (CD44 and CD90) used in the previous study
might contain malignant cells (15) and the malignant cells
might negatively or positively affect the immune recruitment,
the tumor-related features (positive IR and negative IR) were
also included. MG is the exclusive cellular components in the
brain, and their phenotypes might be highly diverse in different
pathological conditions, Therefore, the BMDM and MG features
were also included for further classification. Similarly, the DBI was
used to determine the optimal cluster number (Figure S10C).
Finally, 12 immune-stromal-tumor patterns (namely, 12 clusters)
were identified with nine features (Figures 8A, S10D, Table S3).
The marker genes and gene features from scFes demonstrated
predominant cell types in each cluster (Figures 8B, C).
Furthermore, we obtained the DEGs of 12 clusters and
conducted an external cohort including 1,245 children and a
similar composition of tumor type with Children’s Brain Tumor
Tissue Consortium (CBTTC) to validate the 12 clusters (Table S4).
After removing the batch effect, the similar archetypes were
validated in the external dataset (Figures S10E, F). Similar with
the coarse classification based on the 9-feature, the predominant
archetypes varied among the major pediatric brain tumors, and
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the relative composition of archetypes by tumor types was similar
in CBTTC and GEO (Figure 8D). The inconsistency of individual
archetypes between the two datasets, such as IR-tumor rich in
high-grade glioma and tumor recruitment BMDM bias in
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ependymoma, might come from the discrepant composition of
pathological or molecular subtypes. Compared with the
interaction pair of some cell types in the non-CNS tumors (15),
the immune component tended to synchronous change maybe
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FIGURE 7

Investigation of the immune patterns based on the myeloid, T-cell, and oligodendrocyte features (3-feaure) in the CBTTC dataset. (A) Radar plot shows
the signature score of major cell types across the major pediatric brain tumors. (B) The eight clusters based on the 3-feature. (C) Histogram for the
relative size of each immune patterns among the different pediatric brain tumors. (D) Kaplan—Meier survival curves generated with signature scores of
eight clusters (34). (E) Box plot shows the differences in the major immune-related processes across the eight immune patterns. (F) Relative signaling
pathway activity scores in tumor cells measured from RNA-seq by PROGENy. (G) The drug sensitivity analysis of vinblastine and cisplatin among the
different immune patterns. (H) Kaplan—Meier survival curves generated with the OG signature score using the CBTTC dataset. Box plot shows the OG
signature score in GSE50161 including the medulloblastoma, ependymoma, glioblastoma multiforme, pilocytic astrocytoma, and normal brain. (I) mIHC
demonstrated the eight immune patterns across the different brain tumors. "**" and "***" respectively represent the "P value <0.01" and "P value <0.001".

due to the unique immune recruitment mechanism (Figure 8E).  the further classification, namely, 12 clusters, obviously had better
Finally, we used the TIDE score to evaluate the immune response  ability to discriminate the responsive and non-responsive subsets.
of immune archetypes. Immune-rich and immune stromal-rich  Surprisingly, immune-rich, immune-rich tumor recruitment, and
clusters had a high response rate over 50% (Figure S10G), whereas ~ immune stromal tumor recruitment with a high TIDE score had a
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high response rate over 75% and immune desert nearly did not
respond to immune checkpoint inhibitors (40). Moreover, all the
craniopharyngioma (CPG) might respond to PD-1 or CTLA
inhibitors (Figure S10H; Figures 8F-G). Therefore, pediatric
brain tumors exhibit a distinct immune ecosystem, suggesting
that CPG could potentially serve as a candidate for traditional
immune therapy, such as immune checkpoint inhibitors.
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4 Discussion

Pediatric brain tumors are the leading cause of cancer-related
deaths in children, and the prognosis of certain tumor type remains
abysmal, for example, the survival time of DIPG is always measured
in just months. In spite of the advances in the combination of
multidisciplinary diagnosis and treatment, surgery, and systemic
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therapy, the therapy-related long-term adverse events, such as
hearing loss and neurodevelopment and neurocognitive disorders,
are still the troubling complications. The extensive immunotherapy
using cytokines, certain immune cells (T cell, DC, NK) and immune
checkpoint inhibitors (ICIs) in the non-CNS cancers spurred the
interest in pediatric brain tumors to minimize long-term
morbidities (41-43). In this study, we firstly presented a holistic
survey of major pediatric brain tumors from the single-cell
perspective, including the immune cell abundances, identification
of functional phenotypes of T cells and myeloid cells, and the
immune-stromal-tumor patterns. In this study, we evaluated CB
and PEMG to identify known cell types. Although the expression
levels of myeloid marker gene (ITGAM) in all the tumor types were
relatively lower in the CB method, the enrichment scores of the
mark pathway were even higher when comparing with those of the
PEMG method. The PEMG method seemed to identify more OG
cells probably because of the relatively rigorous criterion of OG
identification in the CB method—high expression of three marker
genes (MBP, MOG, PLP1)—whereas the PEMG method just
identified the cells expressing single marker genes. To construct a
global tumor niche atlas of different tumor types, we performed cell
clustering and marker gene identification using Seurat. In our study,
we primarily utilize the marker genes employed in the original
research to annotate the cells in the public datasets. The
identification of malignant cells is determined by the deficient
expression of established stromal marker genes or marker genes
associated with mature neural or OG cells within the non-immune
cell population. As we know, some tumors, like medulloblastoma,
have typical copy number variations; the malignant cells were
mainly inferred based on overall copy number variations in the
bioinformatics analysis process. Since pediatric brain tumors
generally have lower copy number variations compared with
adult tumors (44), and existing copy number variation algorithms
developed for single-cell data, such as inferCNV (45) and copyKAT
(44), may not be suitable for identifying malignant cells with low
copy number variations, we did not use a copy number variation-
based strategy in our study. Moreover, we included a wide range of
brain tumors in our analysis. To ensure consistent analysis
strategies for each tumor type and dataset, and to avoid
discrepancies caused by different analysis approaches, we
employed the clustering analysis combined with feature genes
which demonstrated higher universality and achieved effective
clustering. Our study provides an essential step towards fully
understanding the TME in the major pediatric brain tumors
before mechanically applying the current immunotherapy strategy
on them.

Here, we revealed the distinct characteristics of the TME in the
major tumor types (MB, EPN, IDH-mutation, and H3K27M-
mutation) in children, which contained fewer immune cells than
those in adults. Consistent with the previous study investigating the
immunophenotypes of pediatric brain tumors via multicolor FACS,
the EPN held higher infiltrating myeloid and T cells than MB
(Figure 1]) (46). The strategy targeting the T cells has demonstrated
non-persistent clinical responses in adult IDH-wild gliomas (47,
48). Although another study reported that Group 3 MB might
respond better than SHH MB when applied with the PD-1 inhibitor
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in murine, the extremely low contents of T cells and expression
percentage of PD-1 in MB and EPN suggested that the current
strategy targeting the T cells in pediatric brain tumors should be
more cautious (Figures 1], 3F) (49).

In spite of tremendous challenges of immunotherapy in pediatric
brain tumors, some opportunities still exist. An unprecedented
number of studies have demonstrated the myeloid lineage-
associated resistance mechanisms in the resistance to therapy (50,
51). Developing the therapeutic strategies targeting myeloid
subpopulations, as the dominated immune cells in the TME, is of
enormous potential to complement the current immunotherapy
strategies (52). For example, depleting CD73 in mice could
decrease the immunosuppressive macrophage subset but increase
the immunostimulatory subpopulations to enhance the anti-PD1
effectiveness (53). However, the diverse functions of myeloid cells are
highly dependent on the different neuropathological conditions. Our
study showed that classical cancer-related hallmarks in the myeloid of
children and adult were highly heterogenous. The cytokine-enriched
clusters were the shared myeloid type among the different tumors,
indicating the common response to pathological conditions
(Figure 5A) (9, 12, 54). Unlike those in adult brain, the myeloid
subsets highly expressing interferon-related genes were not detected
in children. Although we did not detect the clusters significantly
highly expressing CD73, we uncovered a DC-like subpopulation
highly expressing HLA genes and CDIE, which was associated
with worse prognosis, and was an independent prognostic indicator
of MB patient survival. This observation suggested that this myeloid
subset was a potential target, but the strategy of targeting the myeloid
subpopulation should be tailored according to their functional
phenotypes in different tumor types.

Malignant cells are the major component of brain tumors.
Parsing the relations among the immune and stromal components
and tumor cells is essential to clearly understanding the feasibility of
immunotherapy in pediatric brain tumors. In this study, we identified
the common tumor-related features across the different tumor types
which were correlated with the expression level of CD45 and found
that they were significantly correlated with multiple immune cell
types (Figure 6]). Interestingly, the negative immune recruitment and
positive immune recruitment labeled the same tumor clusters
(Figure 6E). Previous studies reported that cells often presented a
dynamic equilibrium state of promoting or inhibiting a certain
pathway or function, rather than simply promoting or inhibiting it
(55, 56). In this study, we hope to quantify the immunosuppressive
and immune recruitment ability of tumor cells in different tumor
types through the gene feature scores. These tumor clusters exhibited
synchronous immune recruitment and immune rejection features,
indicating a close association between these tumor cells and the
formation of the immune microenvironment. This association may
have different effects on various types of immune cells, such as TAMs
(57), T cells (58), and B cells (59).

The coarse classification-8 clusters, with distinct characteristics of
myeloid, T-cell, and oligodendrocyte infiltration, indicated that the
different traditional chemotherapy and immunotherapy strategies
should be applied (Figures 7G, S10G). Interestingly, the integration
of tumor-related features and myeloid subpopulation features helped
to further discriminate the subsets potentially responding to the
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immune checkpoint inhibitors. Moreover, immune components
including the cells, co-stimulators, and MHC molecules were
extremely low in the clusters enriching tumor-rejected features
(Figure 8E), suggesting the essentiality of fully considering the
negative effect on the antitumor immunity and the potential roles
of the malignant cells and myeloid subsets in the process of cancer
immunology (60-62). Consistent with the previous studies,
immunophenotypes of pediatric brain tumors may be less
immunosuppressive than those of adult brain tumors, such as
craniopharyngiomas and low-grade gliomas, which might light the
path to the immunotherapy in pediatric brain tumors, especially for
those tumors with high recurrence (Figure 8G) (46, 63, 64).

4.1 Limitations

While our research involved various single-cell datasets of
pediatric brain tumors and conducted a thorough analysis of the
tumor microenvironment, we regret that a more comprehensive
subgroup analysis cannot be performed. This limitation stems from
insufficient biological samples, limited size of single-cell data
samples, and the absence of molecular subtyping labels for
specific tumor types in publicly available datasets. In addition,
unlike adult tumors, pediatric brain tumors have a wide variety
but low incidence rates. Whether based on public databases or
newly generated data from our own samples, the sample size is
small. Furthermore, according to the previous studies, scRNA was
able to identify higher percentages of immune cells (19). Therefore,
the integration analysis was performed in order to maximize the
sample size and neutralize the inconsistency of the two different
sequencing platforms. However, the potential error caused by
sequencing technology and algorithm factors is still unavoidable
in our study. It is still worth further in-depth study.

5 Conclusions

In this study, we systematically compared the immunophenotypes
of immune cells in the major pediatric brain tumors with those in
adult gliomas by integrating the public and newly produced single-cell
data and depicted the immune patterns in pediatric brain tumors.
These results revealed that specific immune patterns might respond to
the PD-1 or CTLA inhibitors. For the relative “cold” tumors, such as
MB and EPN, targeting the myeloid subpopulations might also be a
potential method.
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SUPPLEMENTARY FIGURE 1

The comparison of two methods-clustering-based (CB) method and positive
expression of marker genes (PEMG) method. X axis represents the parameters
of marker genes, cell types and corresponding marker pathways, and the y
axis represents the ratio of the parameters between the two methods. The red
line represents the mean ratio of all parameters.

SUPPLEMENTARY FIGURE 2

(A). UMAP overlays of the feature scores and marker genes expression level of
T cell subpopulations in the single cell dataset of Medulloblastoma. (B).
Kaplan—Meier survival curves generated with signature score of each T cell
subpopulation in the medulloblastoma. (C). UMAP overlays of the feature
scores and marker genes expression level of T cell subpopulations in the
single cell dataset of ependymoma. (D). Identification of T cell subpopulations
in the adult IDH-wild glioma. UMAP shows the identified T cell subsets, and
dotplot shows the marker genes of each subpopulations. (E). The integration
of T cells from the different datasets GSE155446 (medulloblastoma),
GSE125969 (ependymoma) and GSE182109 (adult IDH-wild glioma). (F).
The T cell subpopulations identified in the integrated T cell dataset. (G). The
marker genes of each identified subpopulation of T cell. (H). The comparison
of percentages of T cell subpopulations among the different tumors.

SUPPLEMENTARY FIGURE 3

(A). The UMAP plot shows the clusters of myeloid compartments from the
H3K27M-mutation based on smart-seg2. The dotplot displays the classical
marker genes of MG and BMDM in each cluster. (B). The UMAP plots
respectively show the clusters of myeloid compartments from the adult
IDH-wild gliomas based on smart-seq2 and displays the discrimination
between MG and BMDM. The dotplot displays the classical marker genes of
MG and BMDM in each cluster. (C). The UMAP plots respectively show the
clusters of myeloid compartments from the ependymoma based on smart-
seg2 and displays the discrimination between MG and BMDM. The dotplot
displays the classical marker genes of MG and BMDM in each cluster. (D—F).
Evaluation of MG and BMDM in the 10X data of medulloblastoma, adult IDH-
wild glioma and IDH-mutation glioma. The UMAP plot displays the
consistency between the predicted MG and BMDM and the clusters. The
dotplot shows the expression of classical markers in the MG and BMDM.
UMAP plots of marker genes shows the expression of classical markers in the
cells. (G). The UMAP plots shows the clusters of myeloid cells from the
ependymoma, medulloblastoma, pediatric IDH-mutation glioma, adult IDH-
mutation glioma and adult IDH-wild gliomas.

SUPPLEMENTARY FIGURE 4

(A-D). The evaluation of myeloid subpopulations in ependymoma,
medulloblastoma, pediatric IDH-mutation and adult IDH-mutation. The
UMAP plots show the integration of the single cells from the different
sources and the clusters of integrated myeloid datasets. The dotplots
display the marker genes of each cluster. (E). The UMAP plots shows the
clusters of myeloid cells from the adult IDH-wild gliomas. (F). The line charts
show the optimal cluster number (dotted line) and the minimum value of
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Glossary
TME tumor microenvironment
CNS center nervous system
scRNA-seq single-cell RNA sequencing
MG microglial
BMDM bone marrow-derived myeloid
scFes gene features based on single-cell data
BBB blood-brain barrier
TAM tumor-associated macrophage
P-IDH-M pediatric IDH-mutation
IDH-W IDH-wild
HVG highly variable genes
PCA principal component analysis
SNN shared nearest neighbor
AA anaplastic astrocytoma
MB medulloblastoma
EPN ependymoma
AS astrocytoma
ATRT atypical teratoid rhabdoid tumor
CPP choroid plexus papilloma
CPG craniopharyngioma
DIPG diftuse intrinsic pontine glioma
EPN ependymoma
GG ganglioglioma
oG oligodendrocyte
PNET primitive neuroectodermal tumor
DEGs differential expression genes
DBI Davies-Bouldin Index
logFC log fold change
cv coefficient of variation
CB clustering-based
PEMG positive expression of marker genes
GBM glioblastoma
mIHC multiple immunohistochemistry

negative-PR
positive-PR
CD8 Tem

terminal CD8 Tem

negative immune recruitment
positive immune recruitment
CD8 effector memory T cells

CD8 terminal effector memory T cells

CD4 Tm

CD4 memory T cells
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Treg regulatory T cell
Tn naive T cell
ISG interferon-stimulated gene
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Dissecting tumor
microenvironment heterogeneity
In syngeneic mouse models:
Insights on cancer-associated
fibroblast phenotypes shaped by
infiltrating T cells

Marco Carretta®, Marie-Louise Thorseth™, Aimilia Schina®,
Dennis Alexander Agardy®, Astrid Zedlitz Johansen®,

Kevin James Baker', Shawez Khan?,
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Lars Gregntved? and Daniel Hargbel Madsen™**
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University Hospital - Herlev and Gentofte, Herlev, Denmark, 2Department of Biochemistry and
Molecular Biology, University of Southern Denmark, Odense, Denmark, *Department of Immunology
and Microbiology, University of Copenhagen, Copenhagen, Denmark

Murine syngeneic tumor models have been used extensively for cancer research
for several decades and have been instrumental in driving the discovery and
development of cancer immunotherapies. These tumor models are very
simplistic cancer models, but recent reports have, however, indicated that the
different inoculated cancer cell lines can lead to the formation of unique tumor
microenvironments (TMEs). To gain more knowledge from studies based on
syngeneic tumor models, it is essential to obtain an in-depth understanding of
the cellular and molecular composition of the TME in the different models.
Additionally, other parameters that are important for cancer progression, such as
collagen content and mechanical tissue stiffness across syngeneic tumor models
have not previously been reported. Here, we compare the TME of tumors derived
from six common syngeneic tumor models. Using flow cytometry and
transcriptomic analyses, we show that strikingly unique TMEs are formed by
the different cancer cell lines. The differences are reflected as changes in
abundance and phenotype of myeloid, lymphoid, and stromal cells in the
tumors. Gene expression analyses support the different cellular composition of
the TMEs and indicate that distinct immunosuppressive mechanisms are
employed depending on the tumor model. Cancer-associated fibroblasts
(CAFs) also acquire very different phenotypes across the tumor models. These
differences include differential expression of genes encoding extracellular matrix
(ECM) proteins, matrix metalloproteinases (MMPs), and immunosuppressive
factors. The gene expression profiles suggest that CAFs can contribute to the
formation of an immunosuppressive TME, and flow cytometry analyses show
increased PD-L1 expression by CAFs in the immunogenic tumor models, MC38
and CT26. Comparison with CAF subsets identified in other studies shows that
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CAFs are skewed towards specific subsets depending on the model. In athymic
mice lacking tumor-infiltrating cytotoxic T cells, CAFs express lower levels of PD-
L1 and lower levels of fibroblast activation markers. Our data underscores that
CAFs can be involved in the formation of an immunosuppressive TME.

KEYWORDS

tumor microenvironment, cancer-associated fibroblasts, syngeneic mouse cancer
models, immunotherapy, immunosuppressive mechanisms, stroma, tissue stiffness,

PD-L1

1 Introduction

The past two decades have seen the rapid development of
cancer therapies that directly involve the patient’s immune system
(1, 2). The therapies are collectively termed immunotherapy and
comprise a range of immunomodulating therapies that target
different steps within the cancer immunity cycle with the goal of
generating an anti-cancer response (3). These new
immunotherapeutic approaches, such as immune checkpoint
inhibitors (ICIs) targeting CTLA-4 or PD-1/PD-L1, have
demonstrated clinical efficacy in a wide variety of solid tumors (4,
5) and have highlighted the critical role that the immune system
plays in fighting cancer. However, only a minority of patients
respond to these therapies and display long-term responses, while
most patients do not respond or may develop resistance to the
treatment (6, 7). The formation of an immunosuppressive tumor
microenvironment (TME) has been suggested as a major obstacle to
the successful outcome of immunotherapy and understanding how
the TME influences anti-tumor immune activity currently
represents a central theme in cancer immunotherapy research.

Studies of the immune composition of human tumors, have
identified great heterogeneity between cancer types and between
tumors of the same cancer type (8). A high level of tumor-
infiltrating CD8" T cells and Th1 cytokine expression, commonly
defined as an immunogenic or ‘hot’ tumor, is generally associated
with a good prognosis (9). Conversely, low T cell infiltration and the
presence of suppressive myeloid cells contribute to the
establishment of an immunologically ‘cold’ tumor, which is
associated with poor prognosis (8). Some tumors display a third
immune profile known as “immune-excluded”, characterized by the
presence of immune cells confined to the stroma and lack of
infiltration into the tumor nests (10). Immunosuppressive
myeloid cells such as M2-like macrophages and myeloid-derived
suppressor cells (MDSCs) have been shown to play major roles in
the immune evasion of cancer cells (11, 12) and are also involved in
remodeling of the surrounding extracellular matrix (ECM) (13-15).

Other mechanisms contributing to an immunosuppressive
TME involve stromal cells such as cancer-associated fibroblasts
(CAFs) (16, 17). These cells are the most abundant non-
hematopoietic cells in the TME and cover a range of subsets and
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activation states rather than being a uniform cell type (18, 19).
Several studies indicate that CAFs may have different origins, which
might contribute to their dynamic heterogeneity and explain why
common CAF-markers such as fibroblast-activation protein (FAP),
o-smooth muscle actin (a-SMA), PDGF receptor (PDGFR), or
CD90/THY1, are not always expressed at the same time (19, 20).

During cancer progression, CAFs are centrally engaged in
remodeling the surrounding ECM through the secretion of ECM
components such as collagens or ECM-remodeling enzymes like
matrix metalloproteinases (MMPs) (18, 21, 22). This can lead to the
formation of a tumor-specific ECM, which is often associated with
increased tissue stiffness (23). The ECM can stimulate cancer
growth and metastasis (24-26), whilst also regulating the motility
and activity of tumor-infiltrating T cells (23, 27-29). Moreover, the
ECM also influences the activity of other types of immune cells,
including NK cells and macrophages (30-32). In addition to the
CAF-mediated ECM alterations, CAFs have many other pro-
tumorigenic functions, such as promotion of tumor formation,
progression, and metastasis (19, 20). CAFs are involved in
immunosuppression and T cell exclusion through the secretion of
a variety of chemokines and cytokines, including CXCL12, CCL2,
IL-6, IL-10, and TGF-f (19, 33-36) or through the upregulation of
PD-L2 and FasL (37). CAFs can also secrete vascular endothelial
growth factor (VEGF), which not only promotes angiogenesis, but
also exerts immunomodulatory functions by inhibiting the
development of dendritic cells (DCs) and downregulating their
antigen-presentation abilities (38, 39).

Recently, CAFs have been shown to comprise a heterogeneous
and functionally diverse cell population, with multiple CAF subsets
identified (18, 20, 40). The high plasticity within the CAF
population has been observed in human cancers as well as in
mouse cancer models (41-43). The number of identified subsets
varies between studies, but many of these describe a subset involved
in ECM remodeling often termed myofibroblastic CAFs (myCAFs)
and a subset with immune modulatory functions often termed
inflammatory CAFs (iCAFs) (42-44).

A common tool for cancer research is the use of in vivo mouse
tumor models. Human patient-derived xenograft (PDX) models, in
which human tumor material is engrafted in mice, have become a
central part of research in tumor biology and conventional cancer
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therapies (45). These models involve the transplantation of human
cancer tissue into immune-deficient mice to avoid graft rejection.
The lack of a functional immune system in these mice is not optimal
for the research of immunotherapies. Genetically engineered mouse
models (GEMMs) are excellent models to recapitulate the native
tumor niches and provide useful insights into the interaction
between malignant cells and immune effectors (46). However,
GEMMs are often poorly immunogenic, and few of these models
have proven to be responsive to immunotherapy (47). Syngeneic
mouse tumor models, some of which were developed over 60 years
ago, are economical and accessible models. The inoculated cancer
cells lead to short latency periods and very fast tumor growth, which
might not accurately mimic the human disease. In most cases, cells
are injected subcutaneously instead of orthotopically, which could
also result in differences from the human situation. Nevertheless,
syngeneic tumor models have recently regained attention as reliable
models for immunotherapy research since they retain a fully intact
immune system and native stromal components. Consequently,
syngeneic mouse models are an important approach for preclinical
testing of immunotherapies, and major discoveries in the field of
immunotherapy were made with the use of these mouse tumor
models (48, 49).

Although developed decades ago, the immunological and
molecular characteristics of syngeneic tumor mouse models and
their TME have not been fully elucidated. In this work, we set out to
thoroughly characterize the TME in a panel of common syngeneic
mouse tumor models. Using flow cytometry and RNA sequencing
(RNAseq), we characterize the tumor immune infiltrate in the
different tumor models. Furthermore, we evaluate the stromal
components of these models by investigating the relative tumor
stiffness, collagen abundance, and the transcriptome of the CAFs.
The study reveals large differences between CAFs in the different
models. Comparison to established CAF subsets reveals that CAFs
from the different models have similarities to specific subsets. The
obtained data can contribute to improved preclinical model
selection for target validation and immunotherapy drug
development in future studies. Additionally, a thorough analysis
of the CAFs indicates a significant contribution to the formation of
an immunosuppressive TME from these cells. We show that
activation of CAFs and acquisition of an immunosuppressive
phenotype is driven by the tumor-infiltrating T cells.

2 Materials and methods
2.1 Cell culture of murine cancer cell lines

The murine cancer cell lines B16-F10 (melanoma), Pan02
(pancreatic ductal carcinoma), MC38 (colon carcinoma), LL2 (lung
carcinoma), and CT26 (colon carcinoma) were obtained from the
CCIT-DK cell biobank. EO771.LMB (breast carcinoma) was kindly
gifted by Prof. Robin L. Anderson (Olivia Newton-John Cancer
Research Institute, Heidelberg, Australia). The CT26 cell line is
derived from a BALB/c mouse whereas the remaining cell lines are
derived from C57BL/6 mice. All cell lines were tested mycoplasma-
negative. Cell lines were cultured in cell culture-treated flasks (Corning,
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NY, USA) at 37°C and 5% CO,. CT26 was cultured in RPMI 1640 +
GlutaMAXTM, 10% fetal bovine serum (FBS), and 1% penicillin/
streptomycin (P/S) (all from Gibco, Thermo Fisher, Waltham, MA,
USA). B16-F10, LL2, and Pan02 were cultured in DMEM +
GlutaMAX ™ (Gibco, Thermo Fisher, Waltham, MA, USA), 10%
FBS, and 1% P/S. EO771.LMB was cultured in DMEM, 20% FBS,
1% P/S, and 20 mM HEPES (Gibco, Thermo Fisher, Waltham, MA,
USA). MC38 was cultured in DMEM + GlutaMAX ', 10% FBS, 1% P/
S, 1% HEPES, 1% non-essential amino acid (NEAA) supplement, and
1% sodium pyruvate (all from Gibco, Thermo Fisher, Waltham, MA,
USA). At approximately 90% confluency, the supernatant was
removed, and the cells were washed twice with phosphate-buffered
saline (PBS; Gibco, Thermo Fisher, Waltham, MA, USA). After
washing, cells were detached by trypsinization using 0.25% Trypsin-
EDTA (Gibco, Thermo Fisher, Waltham, MA, USA), and detached
cells were resuspended in respective media and seeded in new
culture flasks.

2.2 Animal experiments

Animal experiments were performed at the animal facility of the
Department of Oncology, Herlev Hospital. All experiments were
approved by the Danish Animal Experiment Council (license
registration number 2016-15-0201-01020 and 2021-15-0201-
00999). Daily care and breeding of C57BL/6 mice (C57BL/
6JBomTac) and NMRI nude mice (BomTac : NMRI-Foxnl™/™)
were performed by animal caretakers. BALB/c mice (BALB/
cAnNR]) and BALB/c nude mice (BALB/cAnNRJ-Foxnl™/")
were purchased from Janvier Labs (Janvier, Labs, Le Genest-
Saint-Isle, France). Harvested cancer cells were counted using a
hemocytometer (Hausser Scientific, Horsham, PA, USA),
centrifuged at 300 g for 5 minutes at room temperature (RT) and
resuspended in respective cell culture medium without supplements
in the concentration of 5 x 10° cells per 100 L. Cells were placed on
ice and directly before injection agitated using a pipette to ensure a
homogenous cell suspension. A total of 5 x 10° cells were inoculated
subcutaneously using a 1 ml syringe and 25 G needle in the right
flank or in both flanks of adult female mice (10-15 weeks old).
Injected cells had been cultured for a maximum of 20 passages after
acquisition of the cell lines. Tumor dimensions were measured three
times weekly with a digital caliper, and the tumor volume was
calculated using the formula volume (mm®) = (length)x(width)2/2.
Mice were regularly examined for formation of ulcers on the surface
of the tumors and excluded from further analysis at the presence of
ulcers. The experimental endpoint was defined as tumor volume
reaching 1200mm?®. The mice were euthanized by cervical
dislocation, and the tumor tissue was harvested. The excised
tumors were divided into fragments and placed in digestion
buffer (2.1 mg/ml collagenase type 1 (Worthington Biochemical
Corporation, Lakewood, NJ, USA), 75 ug/ml DNase I
(Worthington Biochemical Corporation), 5 mM CaCl,, and 1% P/
S in RPMI 1640 medium) for flow cytometry analysis, in RN Alater
(Thermo Fisher Scientific, Waltham, MA, USA) for RNA isolation,
or in 4% formaldehyde for histological staining. For shear rheology,
whole tumors were placed in cold PBS and analyzed the same day.
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2.3 Flow cytometry

Tumor fragments were placed in digestion buffer and chopped
into small pieces using surgical scissors. The suspension was placed
at 4°C in the dark overnight in an end-over-end rotator. The next
day, the tumor digest was incubated at 37°C for 10 to 60 minutes
and then homogenized by pipetting. The tumor digest was passed
through a 70 pm cell strainer (Corning, NY, USA) together with
PBS to obtain a single cell suspension. Erythrocytes were lysed using
2 mL red blood cell lysis buffer (Qiagen, Venlo, The Netherlands)
and incubated up to 5 minutes at RT. The lysis was stopped by
adding 30 mL of cell culture media. The single-cell suspension was
centrifuged for 5 minutes at 300 g, the supernatant was discarded,
and cells were resuspended in FACS buffer (5% bovine serum
albumin (Sigma-Aldrich, St. Louis, MO), 5 mM EDTA (Sigma-
Aldrich, St. Louis, MO) in PBS).

Whole tumor single-cell suspensions or purified CD45" cell
fractions were counted using a hemocytometer, and 5 x 10° cells per
sample were transferred to Falcon® FACS tubes (Corning, NY, USA),
resuspended in 100 uL FACS buffer containing 0.5 uL FcR blocking
reagent (Miltenyi Biotec, Bergisch Gladbach, Germany), and incubated
for 10 minutes at 4°C in the dark. Afterwards, samples were stained
with an antibody cocktail of either the general, myeloid, or lymphoid
panel (Supplementary Table 3). Cells were incubated with antibodies
for 20 minutes at 4°C in the dark and subsequently washed with 2 mL
PBS and centrifuged for 5 minutes at 300 g. A live-dead staining was
included in all analyses. The supernatant was discarded, and cell
suspensions were resuspended in 500 WL FACS buffer. Samples
stained with the general panel underwent secondary staining with
streptavidin-APC (BioLegend, San Diego, CA, USA) for 10 minutes at
4°C in the dark prior to resuspension. The samples were analyzed using
the flow cytometers LSR IT or FACS Canto II (BD Biosciences, San Jose,
CA, USA). 50000 total events per analysis were typically recorded. For
the myeloid and lymphoid panel, where a preceding CD45+
enrichment had been performed, the numbers were occasionally
lower although always at least 10000 events. Time plots were
inspected to ensure the flow had been stable during the analyses.
Data analysis was performed with FlowJo version 10.7.1 (FlowJo LLC,
Ashland, OR, USA). Gating strategies are found in Supplementary
Figures 2-4. Fluorescence minus one (FMO) staining was performed
for FAP, CD11b, CD3, CD4, CDS8 and CD25. For CD206, a control
staining similar to an FMO was performed but with the inclusion of an
isotype control antibody conjugated with the same fluorophore as the
anti-CD206 antibody. To avoid spillover of emission signals from other
channels, all panels underwent a compensation procedure prior to
running samples, using the BD FACS Diva software version 8.0.1 (BD
Biosciences, San Jose, CA, USA). A list of antibodies can be found in
Supplementary Table 3.

2.4 Purification of CD45™ cells

To enrich the leukocyte population of whole tumor suspensions
for flow cytometry analysis or FACS sorting, the CD45" population
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was enriched by magnetic-activated cell sorting. Single-cell
suspensions were counted, centrifuged at 300 g for 5 minutes at
RT, and then resuspended in 90 UL of FACS buffer with 10 uL FcR
blocking reagent (Miltenyi Biotec) per 107 cells. Cells were
incubated for 10 minutes at 4°C and subsequently labeled with 10
uL CD45 MicroBeads (Miltenyi Biotec, Bergisch Gladbach,
Germany) per 107 cells and incubated for 20 minutes at 4°C.
After incubation, cells were washed once with FACS buffer and
loaded onto LS columns (Miltenyi Biotec, Bergisch Gladbach,
Germany) placed in a magnetic MACS MultiStand (Miltenyi
Biotec, Bergisch Gladbach, Germany). The column was washed
once with 2 mL FACS buffer, and subsequently the CD45" fraction
was eluted from the column.

2.5 Fluorescence activated cell sorting

The CD45" fraction left after CD45 purification was used to sort
FAP" CAFs from the tumors. CD45" cell suspensions were stained
with a live/dead marker and FAP-Biotin (R&D Systems,
Minneapolis, MN, USA) followed by secondary staining with
streptavidin as described above. Up to 3 x 10° cells were sorted
into PBS. The samples were sorted using a FACS Aria I cell sorter
(BD Biosciences, San Jose, CA, USA). Immediately after sorting,
cells were processed for RNA isolation.

2.6 Shear rheology

The relative stiffness of tumors was measured by shear rheology
using a DHR-2 rotational rheometer (TA Instruments, New Castle,
DE, USA). After excision, tumors were kept in PBS on ice and
measurements were taken the same day. Tumors were cut using a
scalpel, and disks of 8-mm diameter were obtained using a biopsy
punch. Measurements were performed using an 8-mm parallel plate
geometry at 21°C, at a fixed angular frequency of 1 rad/s, and an
increasing strain from 0.1 to 2%. Storage modulus (G’) was
extracted at 0.3% strain (shown to be within the linear
viscoelastic response range).

2.7 RNA isolation

RNA was isolated from sorted cells or tumor fragments using
the RNeasy® Mini Kit (Qiagen, Venlo, The Netherlands) according
to the manufacturer’s protocol. When isolating RNA from sorted
cells, the cells were centrifuged for 5 minutes at 300 g and lysed by
resuspension in 350 UL RLT lysis buffer. When isolating RNA from
tumor tissue, a tumor fragment of approximately 30 mg was placed
in a 2 mL microcentrifuge tube with 500 uL RLT buffer containing
1:100 B-mercaptoethanol and a 5 mm stainless steel bead. The
tumor fragment was homogenized with a TissueLyser (Qiagen,
Venlo, The Netherlands) for 3 minutes at a frequency of 25/s.
The bead was removed, and the samples were spun down at top
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speed (21,000 g) for 3 minutes. A volume of 350 pL lysate was used
for RNA isolation. Isolated RNA was stored at -80°C until further
analysis. Concentration, purity, and integrity of RNA extracts were
measured using the Agilent RNA 6000 Nano Kit and the Agilent
2100 Bioanalyzer (both from Agilent Technologies, Santa Clara,
CA, USA) according to manufacturer’s instructions.

2.8 gRT-PCR

Reverse transcription of RNA was done using the iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) according to
the manufacturer’s instructions to obtain complementary DNA
(cDNA). Controls without reverse transcriptase and controls without
template were included. The quantitative real-time PCR (qQRT-PCR)
was done using the Brilliant IIT Ultra-Fast SYBR Green QPCR Master
Mix (Agilent Technologies, Santa Clara, CA, USA) according to the
manufacturer’s instructions. The program used was: 3 minutes at 95°C,
40 cycles of 5 seconds at 95°C, 40 cycles of 20 seconds at 60°C, and a
melting curve analysis of 65-95°C with 0.5°C increment, 5 seconds per
step. qQRT-PCR was performed using an AriaMX Real-Time PCR
System (G8830A, Agilent Technologies, Santa Clara, CA, USA).
Samples were run in triplicates and normalized to the internal
reference gene, Actb. Relative fold changes were calculated using the
comparative cycle threshold (AACT) method. Primers were designed
using the Primer-BLAST tool ((National Center for Biotechnology
Information, National Institutes of Health, Bethesda, MD, USA).
Primer sequences are listed in Supplementary Table 4.

2.9 RNA sequencing and analysis

A total of 1000 ng RNA from tumor fragments and 400 ng RNA
from sorted CAFs was prepared for sequencing using polydT
enrichment according to the manufacturer’s protocol (Illumina,
San Diego, CA, USA). Library preparation was performed using the
NEBNext RNA library prep kit (Illumina, San Diego, CA, USA).
The library quality was assessed using a Fragment Analyzer
(Agilent, Santa Clara, CA, USA) followed by library quantification
using the Illumina library quantification kit. Sequencing was done
on a NovaSeq 6000 platform (Illumina, San Diego, CA, USA).
Sequenced reads were aligned to the mouse reference mm10
genome using STAR, version 2.5.0 (50). The gene expression
count matrix was generated using HOMER (51).

All analyses were performed with R. Differential expression
analysis was performed using the DESeq2 package. Principal
component analysis was performed using the prcomp package. z-
score normalized RPKM values of selected genes were used to
generate heatmaps using the pheatmap package. Fuzzy clustering
was performed using VSClust (52). The gene lists used for
illustrating myeloid factors, lymphoid factors, and stromal factors
were based on gene lists by NanoString Technologies. The gene lists
used for illustrating collagens and core matrisome genes were from
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the matrisomeDB (53, 54). The gene lists used for illustrating
immunosuppressive factors and MMPs were self-generated.

2.10 CIBERSORT analysis

The computational framework of the CIBERSORT analytical tool
(55), along with the developed ImmuCC signature matrix (non-tissue
specific) (56), suitable for the deconvolution of mouse bulk RNA-Seq
data, were used to characterize and quantify 25 immune cell subtypes.
The ImmuCC signature matrix consists of 511 genes and 489 genes
from our bulk RNAseq data were mapped (22 missing).

For deconvolution of the bulk RNAseq samples with
CIBERSORT, RPKM pre-normalized data were used to produce
the input mixture matrix. Additionally, the analysis included both
CIBERSORT-Relative and CIBERSORT-Absolute modes. While
CIBERSORT-Relative represents immune cell fractions, which are
relative to the total immune content, therefore suitable for intra-
sample comparisons, CIBERSORT-Absolute produces a score that
quantifies the abundance of each cell type, making it appropriate for
intra-sample comparisons between cell types as well as inter-sample
comparisons of the same cell type. The CIBERSORT outputs were
generated by performing 1000 permutations and by disabling the
quantile normalization parameter.

For the purposes of this study, three population schemes were
defined, resulting in the aggregation of some of the 25 immune sub-
populations. Furthermore, the CIBERSORT estimates were averaged
across cell line replicates, to generate one estimate/score per cell line.

Total absolute scores for sub-populations merged were
calculated as the sum of the sub-populations. The relative
fractions were re-calculated based on the new total immune
content of each scheme. The CIBERSORT software source code
in R was obtained from the website: https://cibersort.stanford.edu/,
after registration and request for access and download.

2.11 Histology

Tumors were fixed in 4% formaldehyde overnight at 4°C.
Samples were transferred to 70% ethanol and stored at 4°C until
paraffin embedding. Tissues were embedded in paraffin and cut into
3.5 wm tissue sections. Sections were deparaffinized with xylene and
hydrated through ethanol/water dilutions. For the detection of
fibrillar collagen, sections were stained with 0.1% Sirius red
diluted in saturated picric acid (Ampliqon, Odense, Denmark)
and counterstained with Weigert’s hematoxylin. Images of stained
sections were acquired using a light microscope with polarization
filters. Picrosirius red (PSR) positive areas were quantified with
Qupath software (ver. 0.2.3) (57) using the Qupath Pixel Classifier
with full resolution. Positive and negative areas were manually
assigned on several sections, and these were used to train the Pixel
Classifier until it could reliably detect positive areas. Ten squares
were randomly distributed across each section and the trained Pixel
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Classifier was run on these. The average of the 10 squares was
determined for each section.

2.12 Statistics

Data analyses, statistical analyses, and graph generations were
performed with Prism 8 (GraphPad) unless otherwise stated.
Correlations between percentage collagen positive area and
storage modulus and percentage FAP" CAFs were assessed by
Pearson rank correlations. Asterisks in the graphs indicate

10.3389/fimmu.2023.1320614

significance as described in respective figure legends. Differences
were considered statistically significant at p < 0.05.

3 Results

3.1 Murine tumor models display distinct
gene expression profiles indicative of
differences in the tumor microenvironment

To study the TME formed in different mouse tumor models, we
selected a panel of commonly used syngeneic mouse models
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representative of some of the most common human cancer types
(Figure 1A). Five of the murine cell lines (EO771.LMB, B16-F10,
LL/2, Pan02, and MC38) are derived from C57BL/6 mice, while
CT26 is derived from BALB/c mice (Figure 1A). B16-F10 will be
referred to hereafter as B16, EO771.LMB as EO771, and LL/2 as
LL2. The inoculated B16, LL2, MC38 and CT26 cells all formed fast
growing tumors, whereas EO771 and Pan02 displayed slower
growth kinetics (not shown). Pan02 tumors grew particularly
slowly and had a strong tendency to develop severe tumor
ulceration. When tumor volumes exceeded 150 mm?, 50% of
mice with Pan02 tumors had developed ulcers compared to
maximum 23% of other tumor-bearing mice (Figure 1A).
Ulcerating tumors were excluded from subsequent analyses of
the TME.

For a detailed comparison of the six tumor models, we initially
analyzed the tumors by RNAseq (full gene expression dataset in
Supplementary Table 1). A principal component analysis (PCA)
highlights the profound differences in the gene expression pattern
between the tumor models (Figure 1B). The transcriptomic
differences were expected since the used cancer cell lines originate
from different tissues, but analysis of the expression of genes related
to myeloid cells (Figure 1C) and lymphoid cells (Figure 1D)
indicated that formation of distinct TMEs also contributed to the
observed global gene expression differences. All tumor models have
discrete expression profiles of genes related to both myeloid and
lymphoid cells, with B16 and EO771 tumors having gene expression
profiles indicative of low immune infiltration. Expression analysis
of genes encoding stromal factors also showed large differences in
the stromal compartment between the tumor models (Figure 1E).
To investigate the influence of tumor-infiltrating T cells on tumor
growth, B16, Pan02, MC38, and CT26 cells were subcutaneously
injected into athymic nude mice that lack functional T cells and at
the same time into immunocompetent wildtype mice. MC38 and
CT26 cancer cells harbor many mutations and are considered
immunogenic tumor models (58). As expected, MC38 and CT26
grew substantially faster in nude mice, suggesting high
immunogenicity of these tumor models (Supplementary
Figures 1A, B). B16 and Pan02 tumor growth were not different
in nude mice compared to wildtype mice (Supplementary
Figures 1C, D). Interestingly, gene expression analysis of a panel
of immunosuppressive factors showed obvious differences between
the tumor models, indicating that they depend on different
mechanisms for immune escape (Figure 1F). Even between the
two immunogenic colorectal cancer models MC38 and CT26, clear
differences were observed. MC38 tumors have a particularly high
expression of Idol and Ido2, whereas CT26 tumors express high
levels of Arg2, Ptgsl, and Ptgs2 encoding arginase-2, COX-1, and
COX-2, respectively.

3.2 Flow cytometry analysis of the TME
unveil different immune cell compositions
between tumor models

To further characterize the distinct TME of the six tumor
models, we analyzed the cellular composition of single cell
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suspensions of tumors by flow cytometry. The TME was
characterized with a special focus on immune cell populations but
also on the presence of other cell types such as CAFs and
endothelial cells (for gating strategy see Supplementary
Figures 2-4).

First, the overall immune infiltrate defined as CD45" cells was
quantified as well as non-immune cells such as CAFs (Figure 2A).
The tumor models showed large variations in CD45" cell
infiltration, extending from poorly immune-infiltrated tumor
models (EO771, CT26, and B16) to highly immune-infiltrated
models such as MC38 and Pan02 (Figure 2A). The percentage of
CAFs varied greatly between tumor models with the breast cancer
model EO771 displaying the highest amount of CAFs (Figure 2A).
Upregulation of PD-L1 by cancer cells or myeloid cells including
tumor-associated macrophages (TAMs) is a common mechanism
employed by tumors for evading immune-mediated elimination (2).
Our analysis showed that PD-L1 expression was generally lower on
cancer cells (CD45FAP'CD31") compared to immune cells
(CD45") (Figures 2B, C), but with some tumor models such as
CT26 having a relatively high level of PD-L1 expression on cancer
cells (Figure 2B). The expression of PD-L1 on immune cells
followed a similar pattern with highest expression in MC38 and
CT26 tumors (Figure 2C). Moreover, we observed expression of
PD-LI by CAFs, with a particularly high expression of PD-L1 on
CAFs from CT26 and MC38 tumors (Figure 2D).

To expand our characterization of the TME, we analyzed the
composition of tumor-infiltrating immune cells. Myeloid cells were
divided into monocytic myeloid-derived suppressor cells (M-
MDSCs) (CD11b*F4/80 Ly6C"'Ly6G’), polymorphonuclear
(PMN)-MDSCs (CD11b"F4/80 Ly6C'°Ly6G"), dendritic cells (F4/
80°CD11c*), and TAMs (CD11b*F4/80%). The M-MDSCs
comprised a large fraction of the total number of cells in MC38
tumors and a low fraction in B16 and CT26 tumors (Figure 2E). In
contrast, PMN-MDSCs made up a small fraction of cells in MC38
tumors and instead a larger fraction in the Pan02 and LL2 tumor
model (Figure 2F). Dendritic cells made up a large fraction of cells
in LL2 and MC38 tumors (Figure 2G). CD103™ dendritic cells are
critical for the generation of anti-tumor immune responses (59).
We therefore analyzed the fraction of dendritic cells that belonged
to this subset across the tumor models. In EO771, LL2, and MC38
tumors, CD103+ dendritic cells comprised a large fraction of
dendritic cells, whereas this fraction was slightly smaller in the
B16, Pan02, and CT26 tumors (Figure 2H).

TAMs made up a comparable proportion of cells across most of
the tumor models, with a slightly larger fraction in B16 and MC38
tumors (Figure 21). The fraction of TAMs that were CD206", which
is an indicator of M2 polarization, was smallest in B16 tumors
followed by LL2 tumors and equally large in the other
models (Figure 2]).

The infiltration of lymphoid cells in the TME was also assessed.
Notably, the largest amount of CD8" T cells was observed in Pan02,
MC38, and CT26 tumors (Figure 2K). Within the CD8" T cell
population, the proportion of PD-1" cells was highest in CT26
tumors and lowest in B16 and LL2 tumors (Figure 2L). CD4" T cells
were most abundant in EO771, Pan02, and MC38 tumors
(Figure 2M). The fraction of PD-1"CD4" T cells was largest in
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FIGURE 2

Flow cytometry analysis of the tumor microenvironment unveils different composition of immune populations across tumor models. (A) Histogram
summarizing the median abundance (% of live cells) of cancer cells, CAFs, and immune cells; (B-R) PD-L1 median fluorescence intensity (MFI)
expression on cancer cells (B), CD45+ cells (C), and FAP+ CAFs (D); percentage of M-MDSCs (E), PMN-MDSCs (F), and dendritic cells (G) out of
living cells; percentage of CD103+ dendritic cells out of all dendritic cells (H); percentage of macrophages out of living cells (I); percentage of M2-
like macrophages out of all macrophages (J); percentage of CD8+ T cells out of living cells (K); percentage of PD-1+ CD8+ T cells out of all CD8+
T cells (L); percentage of CD4+ T cells out of living cells (M); percentage of PD-1+ CD4+ T cells out of all CD4+ T cells (N); CD4/CD8 ratio (O);
percentage of TRegs (P), NK cells (Q), and B cells (R) out of living cells. (A-D) are based on the general flow cytometry panel, (E-J) are based on the
myeloid flow cytometry panel, and (K-R) are based on the lymphoid flow cytometry panel.

EO771, L12, and Pan02 tumors (Figure 2N). The differences in
infiltration of CD8" and CD4" T cells led to a CD4/CD8 ratio that
was high in EO771 tumors, intermediate in B16 tumors, and low in
the other tumor models (Figure 20). The highest numbers of
CD25"CD4" T cells, which in mice primarily represent regulatory
T cells (Tyeqs) (60), were observed in EO771, Pan02, and MC38
tumors (Figure 2P). NK cells were most abundant in B16, Pan02,
and MC38 tumors and almost completely absent in CT26 tumors
(Figure 2Q). The number of tumor-infiltrating B cells was very low
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in all models although slightly higher in B16, LL2, and Pan02
tumors (Figure 2R).

3.3 Transcriptomic analyses uncover clear
immunological diversity between
tumor models

To further analyze the immune composition of the TME, we took
advantage of the ability to estimate the relative abundance of different
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cellular components based on RNAseq data. Using the CIBERSORT
tool (55), which allows for quantifications of cell fractions from bulk
tissue gene expression profiles, we first compared the cell type
abundances obtained from RNAseq and flow cytometry.

The absolute amount of immune infiltration in the tumors
estimated using CIBERSORT was largely in line with the CD45"
quantification by flow cytometry with the only exception of CT26
that based on the RNAseq data appeared more immune infiltrated
compared to the flow cytometry-based analysis (Figure 3A, compare to
Figure 2A). The estimated ratio of lymphoid to myeloid cells was also
comparable to the flow cytometry data (Figure 3B). Additionally, we
observed that the composition of the myeloid compartment differed
quite a lot with for instance macrophage infiltration estimated
substantially higher by CIBERSORT compared to the quantification
by flow cytometry in all the models, except for the B16 tumors
(Figure 3C). The composition of the lymphoid compartment was
similar, although the number of NK cells was generally estimated to be
higher compared to our flow cytometry data (Figure 3C).
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Next, we utilized CIBERSORT to analyze T cell subsets. Notable
differences in the composition of T cell subsets were observed
between the tumor models (Figure 3D). The highest fractions of
activated CD8" T cells were found in B16 and MC38 tumors, while
CT26 tumors had the largest fraction of naive CD8" cells
(Figure 3D). Across all models, CT26 tumors contained the
lowest fraction of T,.g, while this population accounted for larger
proportions in Pan02, LL2, and EO771 tumors (Figure 3D). The
predicted ratio of CD8" T cells to Tieq was particularly high in
CT26 and B16 tumors (Figure 3E).

3.4 Collagen content and tissue stiffness
vary profoundly between tumor models

The ECM constitutes an important component of the TME with

multiple tumor-promoting properties (61), including the
suppression of immune-mediated killing of cancer cells (23, 27-
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30). The quantitatively dominant ECM component is collagen type
I, which is also an important contributor to increased tissue stiffness
of solid tumors.

The mechanical stiffness of excised tumors was measured using
shear rheology. Pan02 tumors had the highest tissue stiftness, while
B16 tumors had the lowest stiffness (Figure 4A). All the other
models displayed intermediate levels of stiffness (Figure 4A).
Picrosirius red (PSR) staining was used to visualize and quantify
fibrillar collagen-positive areas in paraffin-embedded tissue sections
(Figures 4B, C). Pan02 tumors also had the highest levels of
intratumorally deposited fibrillar collagen, and B16 tumors had
the lowest levels (Figures 4B, C). In alignment with these
quantifications, a positive correlation between the collagen-
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positive area and tumor stiffness was observed (Figure 4D). CAFs
are the main producers of collagen type I in the TME, but the
collagen-positive area did not correlate with the number of tumor-
infiltrating FAP" CAFs (Figure 4E). This suggests that CAFs in the
different models can acquire distinct phenotypes, which contribute
to collagen deposition and tumor stiffness to various degrees.

3.5 Cancer-associated fibroblasts display
model-specific transcriptional programs

The cell-surface serine protease FAP is a commonly used CAF-
marker that is expressed on the majority of identified CAF subsets
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(43). To examine if CAFs acquire distinct phenotypes in the
different tumor models, FAP" CAFs were FACS-sorted for whole
transcriptome analyses. For each tumor model, RNA was
successfully obtained from two individual rounds of cell sorting,
with the exception of B16 tumors from which we were unable to
obtain RNA of sufficiently high quality. The gene expression dataset
can be found in Supplementary Table 2. Based on a scree plot
(Supplementary Figure 5), it was apparent that 3 principal
components were describing most of the variation between
samples. Therefore, we created a 3D PCA plot, which showed
that the transcriptional program of CAFs varies between the
different tumor models (Figure 5A). Fuzzy clustering analysis
confirmed that the CAFs have distinct tumor model-specific gene
expression profiles (Figure 5B). CAFs are centrally engaged in ECM
remodeling associated with cancer progression (19). To investigate
the tumor model-specific role of CAFs in these processes, the gene
expression profiles of collagens and core matrisome genes were
examined (Figures 5C, D). The analysis clearly showed that CAFs
contribute to ECM production in solid tumors in unique ways
depending on the tumor model. Moreover, the gene expression
profile of genes encoding MMPs, which are critical enzymes for the
cancer-associated degradation of ECM components, differed
dramatically between tumor models (Figure 5E). In addition to
the well-established role of CAFs in ECM remodeling, a growing
body of evidence indicates that CAFs can also acquire an
immunosuppressive phenotype and thereby promote tumor
growth. Interestingly, a comparison of the expression of genes
known to be involved in immunosuppression in the TME showed
that CAFs had very different patterns of expression of these genes
depending on the tumor model (Figure 5F). In the CT26 tumor
model, CAFs expressed high levels of a range of transcripts
encoding immunosuppressive molecules, including Cd274, Tgfvl,
Nos2, Argl, and Lgals9. This indicates that these CAFs could be
important for inhibiting T cell activity in the TME.

To investigate how CAFs from the individual tumor models
relate to CAF subsets described by others, we compared our
RNAseq data to gene signatures based on single cell sequencing
of murine 4T1 breast cancer (43) or murine KPC pancreatic cancer
(42). The comparison did not show a perfect overlap between CAFs
from the tumor models and the specific subsets but nevertheless
indicated a tumor model-dependent skewing toward certain subsets
(Figures 5G, H). CAFs from MC38 tumors showed similarities with
vascular CAFs (vCAFs) and proliferating CAFs (prCAFs) identified
in murine 4T1 breast tumors (Figure 5G). CAFs from Pan02 tumors
showed similarities with antigen-presenting CAFs (apCAFs)
identified in KPC tumors (Figure 5H). CAFs from CT26 tumors
appeared very similar to the myofibroblastic CAFs (myCAFs) and
inflammatory CAFs (iCAFs) identified in both 4T1 and KPC
tumors (Figures 5G, H).

3.6 Tumor-infiltrating T cells promote an
immunosuppressive CAF phenotype

CAFs from CT26 tumors had a distinct gene expression profile
indicative of high immunosuppressive activity (Figures 5F-H) and
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expressed higher levels of cell surface PD-L1 (Figure 2B). To
investigate the importance of T cell infiltration for acquisition of
the specific CAF phenotype in CT26 tumors, we compared tumors
established in immunocompetent BALB/c mice and in T cell-
deficient athymic BALB/c nude mice. Flow cytometry analysis of
the TME confirmed that CD8" T cells were absent in the nude mice
(Figure 6A). The absence of CD8" T cells was accompanied by a
reduction in TAM infiltration (Figure 6B), whereas the abundance
of other cell populations was unaffected (Figure 6C). The number of
CAFs was similar between tumors from immunocompetent and
nude mice (Figure 6D), but PD-L1 expression on CAFs was lower in
the absence of CD8" T cells (Figure 6E).

To further characterize the CAFs, FAP' cells were FACS-
isolated from CT26 tumors from immunocompetent mice and
from nude mice (Supplementary Figure 6) and analyzed by qRT-
PCR. There was a trend towards upregulation of genes encoding
fibroblast activation markers (Collal, Mrc2, Acta2) in the presence
of tumor-infiltrating CD8" T cells (Figure 6F). We also assessed the
expression of five genes implicated in CAF-mediated immune
suppression. Among these, CxclI2 was significantly upregulated
in the immunocompetent tumors, and there was a clear trend
towards an upregulation of II6 and Cd274 (PD-L1) (Figure 6F).
These results suggest that tumor-infiltrating T cells could be
critically involved in promoting activation of CAFs as well as an
immunosuppressive CAF phenotype in the immunogenic CT26
tumor model.

4 Discussion

In this study, we compared the TMEs of six commonly used
syngeneic mouse tumor models. For optimal comparison of the
tumor models we exclusively used female mice, which are also easier
than males to keep in harmonious groups. We cannot exclude that
gender-dependent differences between the models could exist.
Although several of the models have comparably fast tumor
growth kinetics and appear macroscopically similar, we observed
striking differences in the formed TME. RNAseq of dissected tumor
tissue showed distinct gene expression profiles of each of the six
tumor models. This information can potentially be utilized for the
rational selection of appropriate tumor models for future studies.
The distinct gene expression profiles could in part be due to the
diversity in the cancer cell lines’ tissue origins. However, further
analysis of genes related to myeloid, lymphoid, and stromal cells
indicated that distinct cellular composition of the TMEs also
contributed to the observed differences. We also identified large
differences in the expression of immunosuppressive genes,
suggesting the acquisition of tumor model-specific mechanisms of
immune escape. For instance, Ido1 and Ido2 are highly expressed in
MC38 tumors, whereas Pan02 tumors have a strong TGF-§
signature. Among the tumor models in our panel, MC38 and
CT26 tumors, which are the most immunogenic, displayed the
highest levels of PD-L1 gene expression.

Analysis of the cell composition of the TME using flow
cytometry confirmed that the tumor models were infiltrated with
highly varying numbers of immune and stromal cells. Even the two
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FIGURE 5

Transcriptomic analysis of isolated CAFs reveal model-specific transcriptional programs. (A) 3D PCA analysis based on RNAseq of FACS-isolated
CAFs from tumors from five tumor models. (B) Fuzzy clustering analysis of RNA from isolated CAFs. (C-F) Heatmaps of normalized (Z-score) RNAseq
read counts of genes encoding collagens (C), core matrisome proteins (D), MMPs (E), and immunosuppressive factors (F). (G, H) Comparison of
RNAseq data from isolated CAFs from the indicated models with previously described CAF subsets from murine 4T1 breast cancer4?2 (G) and murine

pancreatic cancer4l (H).

colon cancer models, CT26 and MC38, were dramatically different,
with MC38 tumors being much more immune infiltrated than
CT26 tumors. The MC38 and CT26 tumor models are commonly
used for immunotherapy research and knowledge about the distinct
TMEs of these two models should be taken into account since
different strategies could be required for successful
immunotherapeutic efficacy in the two colorectal tumor models.
It should be noted that the different strains of mice used for the
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Z-score

E0771  LL2 Pan02

MC38 (C57BL/6) and CT26 tumors (BALB/c) could contribute to
some of the observed differences. In addition to the overall level of
immune infiltration, large differences in the composition of
immune cells in the individual tumor models were observed. For
instance, MC38 tumors contained high numbers of M-MDSCs
whereas PMN-MDSCs were most abundant in LL2 and Pan02
tumors. It should be noted that we quantified PMN-MDSCs and M-
MDSCs based solely on surface markers that would also identify
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granulocytes and monocytes, respectively (62). Further analyses
would be needed to characterize and confirm the
immunosuppressive activity of these cells.

As an alternative to flow cytometry-based profiling of the
tumors, we also estimated the immune composition from bulk
RNAseq data using the CIBERSORT tool. In regard to the overall
infiltration of myeloid and lymphoid cells, the results were well in
line with the flow cytometry-based profiling. However, the
RNAseq-based estimation of the relative abundance of different
myeloid cell types showed some discrepancies with the flow
cytometry analysis. Although the flow cytometry analyses were
limited by a relatively low number of surface markers to
distinguish the individual cell populations, we speculate that a
main reason for the discrepancy between the flow cytometry- and
RNAseq-based analyses is that the gene signatures used to estimate
cell type abundancies still require refinement. The tool is, however,
extremely valuable in the absence of the possibility of flow
cytometry analysis. In this study, the CIBERSORT tool enabled us
to estimate the abundance of lymphocyte subsets for which required
markers were not included in the flow cytometry analysis.

Our characterization of the TME complements previous reports
investigating the immune cell composition in various tumor models
based on flow cytometry or RNA sequencing (58, 63-65). Although
some variations between the different studies are seen, our data is
largely in line with these reports. Collectively, these studies form an
excellent framework for the rational selection of appropriate tumor
models for future cancer immunotherapy research. In addition to a
characterization of the immune cell composition in tumors, we have
in our study also examined the number and phenotype of
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infiltrating CAFs as well as the tissue stiffness of the tumor
models. These are components of the TME that can influence
invasive tumor growth directly and modulate immune activity in
the tumors.

An increased matrix stiffness, which is also reflected in
increased tissue stiffness, has been strongly associated with
aggressive tumor growth and poor prognosis in patients with
gastrointestinal and breast cancer (66-69). Although the pro-
tumorigenic role of increased matrix stiffness has been studied
extensively, surprisingly little is known about the relative tissue
stiffness of common syngeneic tumor models. Here, we showed that
Pan02 tumors had the highest fibrillar collagen content and tissue
stiffness, whereas B16 tumors had very low collagen content and
tissue stiffness. The collagen content did not correlate with the
number of CAFs, and indeed the CAFs in the different tumor
models also displayed very distinct phenotypes. CAFs appeared to
differ dramatically in their ECM remodeling abilities based on gene
expression profiles.

Whole-transcriptome analysis of CAFs from the characterized
tumor models suggested that they can acquire very different
immunosuppressive functions. A comparison to CAF subset gene
signatures obtained from studies of murine breast and pancreatic
cancer showed some similarities to these subsets depending on the
tumor model. The model-dependent skewing towards specific CAF
subsets did, however, not give any further insight into the different
collagen-levels observed in the tumor models. CAFs from CT26
tumors showed resemblance to myCAFs and iCAFs, which was in
accordance with the high expression of matrisome genes and genes
involved in immunosuppression, including Cd274 encoding PD-L1.
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It is still not well understood how large a role PD-L1 expressed by
CAFs plays for the suppression of T cell activity within the TME. By
comparing CAFs from CT26 tumors formed in immunocompetent
or T cell-deficient athymic BALB/c mice, we observed that the
presence of tumor-infiltrating T cells led to the upregulation of PD-
L1 expression. The presence of T cells also led to increased
expression of Mrc2 (70, 71), which is associated with fibroblast
activation, and Cxcl12, which is associated with the formation of an
immunosuppressive and T cell-excluding TME (36, 41). Altogether,
our data underscores that CAFs are highly plastic cells that are
affected by cues from the TME and the observed gene expression
profiles suggest that they can contribute to immunosuppression.
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Background: Glioblastoma (GBM) is a highly lethal brain tumor. The effectiveness
of temozolomide (TMZ) treatment in GBM is linked to the methylation status of
O6-methyl-guanine DNA methyltransferase (MGMT) promoter. Patients with
unmethylated MGMT promoter have limited treatment options available.
Consequently, there is a pressing need for alternative therapeutic strategies for
such patients.

Methods: Data, including transcriptomic and clinical information, as well as
information on MGMT promoter methylation status in primary GBM, were
obtained from The Cancer Genome Atlas (TCGA) (n=121) and Chinese Glioma
Genome Atlas (CGGA) (n=83) datasets. Samples were categorized into high and
low MGMT expression groups, MGMT-high (MGMT-H) and MGMT-low (MGMT-
L) tumors. A comprehensive transcriptome analysis was conducted to explore
the tumor-immune microenvironment. Furthermore, we integrated
transcriptome data from 13 GBM patients operated at our institution with
findings from tumor-infiltrating lymphocyte (TIL) cultures, specifically
investigating their response to autologous tumors.

Results: Gene signatures associated with various immune cells, including CD8 T
cells, helper T cells, B cells, and macrophages, were noted in MGMT-H tumors.
Pathway analysis confirmed the enrichment of immune cell-related pathways.
Additionally, biological processes involved in the activation of monocytes and
lymphocytes were observed in MGMT-H tumors. Furthermore, TIL culture
experiments showed a greater presence of tumor-reactive T cells in MGMT-H
tumors compared to MGMT-L tumors. These findings suggest that MGMT-H
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tumors has a potential for enhanced immune response against tumors mediated
by CD8 T cells.

Conclusion: Our study provides novel insights into the immune cell composition
of MGMT-H tumors, which is characterized by the infiltration of type 1 helper T
cells and activated B cells, and also the presence of tumor-reactive T cells
evidenced by TIL culture. These findings contribute to a better understanding of
the immune response in MGMT-H tumors, emphasizing their potential for
immunotherapy. Further studies are warranted to investigate on the
mechanisms of MGMT expression and antitumor immunity.

KEYWORDS

glioblastoma, O6-methyl-guanine DNA methyltransferase (MGMT), transcriptome,
tumor-immune microenvironment, tumor-infiltrating lymphocyte

1 Introduction

Glioblastoma (GBM) is the most common and lethal malignant
brain tumor. Despite its standard-of-care treatments, consisting of
maximal safe surgical resection, radiotherapy and chemotherapy
with temozolomide (TMZ), the median overall survival (OS) is
approximately 16 months (1). It has been widely accepted that O6-
methyl-guanine DNA methyltransferase (MGMT) promoter
methylation in GBM is associated with a benefit from TMZ
treatment (1, 2). The cytotoxic effects of TMZ are exerted by the
induction of O6-methylguanine (O6mG), leading to the inhibition
of DNA replication. MGMT is a DNA repair protein that removes
the cytotoxic O6mG DNA lesions generated by TMZ; thereby,
MGMT expression, which is suppressed by methylation of MGMT
promoter, is mechanistically linked to TMZ resistance (3, 4).
Patients with unmethylated MGMT promoter and high MGMT
expression lack effective treatment options and have a poor
prognosis. Therefore, there is an urgent need for a new treatment
approach, especially for those patients.

Given the ongoing need for innovative treatment methods to
enhance outcomes for glioblastoma patients and the proven
effectiveness of immune checkpoint inhibitors (ICI) in different
types of tumors, researchers are now exploring the potential of ICI
in treating glioblastoma. However, thus far, all tested
immunotherapies for glioblastoma (GBM) have been unsuccessful
in improving clinical outcomes for unselected patient groups.
Notably, trials using nivolumab (NIVO), an anti-PD-1 therapy,
have failed to show a survival advantage in GBM patients. For
instance, in the CheckMate 143 trial, NIVO did not outperform
bevacizumab in unselected patients (5), and in the CheckMate 498
study, the combination of PD-1 blockade with radiotherapy did not
improve survival compared to the cohort receiving temozolomide
plus radiotherapy in patients with an unmethylated MGMT
promoter (6). In another trial, CheckMate 548 found that NIVO,
combined with temozolomide and radiotherapy, was not superior
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to temozolomide, radiotherapy, and placebo in newly diagnosed
GBM patients with a methylated MGMT promoter (7). It is
necessary to consider treatment options based on the
characteristics of the intratumoral immune response in GBM.

A recent study analyzed the association between the main
molecular profile of GBM and specific immunological markers
(8). It found that the expression of CD8 and CD68, assessed by
immunohistochemistry, was higher in GBM cases with
unmethylated MGMT promoter than those with the methylated
counterpart (9). This suggests that the difference in MGMT status
contributes to the formation of a unique tumor microenvironment.
The importance of MGMT methylation status is widely recognized
and has been incorporated into clinical trials as well as decision-
making for actual treatment for patients. However, among studies,
various methodologies are leveraged, such as methylation-specific
PCR (MSP), pyrosequencing, or more high-throughput genome-
wide methylation arrays, which makes direct comparisons
challenging. On the other hand, strong inverse correlations
between MGMT methylation and its mRNA expression status
have been reported. Therefore, in this study, we chose to focus on
the transcript-level expression of MGMT, instead of its methylation
status (4). Our study aimed to define further the immunological
tumor microenvironment of GBM with low MGMT expression and
elucidate its immunological features. We, for the first time,
integrated transcriptome data with data from tumor-infiltrating
lymphocyte (TIL) cultures to assess the actual contribution of the
immunological tumor microenvironment.

2 Materials and methods

2.1 Patients

The discovery cohort for this study consisted of GBM data
obtained from The Cancer Genome Atlas (TCGA). Transcriptomic
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and clinical data, along with information on MGMT promoter
methylation status in primary GBM, were acquired from the TCGA
Genome Data Commons Data portal (https://portal.gdc.cancer.gov)
(download date; 2019/11/11) and cBioportal for Cancer Genomics
(https://www.cbioportal.org)(download date; 2019/11/27),
respectively. The TCGA-GBM dataset contained 155 cases of
primary GBM, of which 121 cases had available information on
MGMT promoter methylation. Consequently, the analysis was
performed on this subset of 121 cases with known MGMT
promoter methylation status.

The Chinese Glioma Genome Atlas (CGGA) dataset,
specifically the mRNAseq_325 series, was employed as the
validation cohort. Transcriptomic and clinical data, including
information on MGMT promoter methylation status in primary
GBM, were obtained from the CGGA database (http://
www.cgga.org.cn/) (download date; 2019/09/09). Within the
mRNAseq_325 series, a total of 85cases of primary GBM were
identified, out of which 83 cases had available information on
MGMT promoter methylation. Accordingly, the analysis focused
on this subset.

Furthermore, an additional validation cohort, referred to as the
University of Tokyo Hospital (UTH) cohort, was included in the
analysis. This cohort comprised 13 consecutive primary GBM
patients who underwent surgical resection at The University of
Tokyo Hospital between November 2017 and December 2020. RNA
samples were extracted from the resected tissues and subjected to
RNA-sequencing (RNA-Seq) analysis. All procedures involving
human participants were conducted in compliance with the
institution’s ethical standards, following the guidelines outlined in
the 1964 Helsinki Declaration and its subsequent revisions or
comparable ethical standards. The study received approval from
the research ethics committees of the University of Tokyo
(Approval No. G3545), and written informed consent was
obtained from all individual participants included in the study.
Detailed patient characteristics for the three data cohorts are
presented in Table 1 and Supplementary Table 1.

TABLE 1 Patient characteristics of the three data cohorts.

Discovery Cohort

TCGA_GBM
Primary Tumor
(n=121)

10.3389/fimmu.2024.1328375

2.2 Clinical sample processing

GBM tumors were collected immediately after surgical resection
and frozen in liquid nitrogen for subsequent RNA extraction. The
tumor tissue was also processed using the Tumor Dissociation Kit,
human (Miltenyi Biotec, Bergisch Gladbach, Germany) and the
gentleMACS Octo Dissociator (Miltenyi) to ensure efficient
dissociation. The resulting tissue suspensions were then filtered
through a 70 um filter. These suspensions, referred to as fresh
tumor digest (FITD), were frozen and stored in a 1:1 mixture of CP-1
(Kyokuto Pharmaceutical Industrial Co. Ltd., Tokyo, Japan) and
RPMI-1640 medium (Nacalai Tesque, Kyoto, Japan). FITD was
stored in liquid nitrogen to maintain viability for future use in
TIL culture.

2.3 RNA extraction

Total RNA samples from the fresh frozen tissues were extracted
using the AllPrep DNA/RNA/miRNA Universal Kits (Qiagen,
Hilden, Germany), following the manufacturer’s instructions. The
extracted RNAs were then evaluated for quality and quantity. For
next-generation sequencing (NGS), RNA samples meeting the
following criteria were selected: a concentration of > 20.0 ng/uL,
a total amount of > 0.4 ug, and a RNA integrity number (RIN) of >
7.0, as assessed using the Agilent 2200 TapeStation (Agilent
Technologies, Santa Clara, CA, USA).

2.4 RNA-sequencing (RNA-seq)

For RNA-Seq library preparation, the NEBNext® UltraTM
RNA Library Prep Kit for Tlumina® (Agilent Technologies) was
utilized, following the manufacturer’s protocols. The prepared
libraries were subjected to sequencing as 150-bp paired-end reads
using the NovaSeq platform (Illumina, San Diego, CA, USA) at

Validation Cohort Experimental Cohort

CGGA_mRNAseq325
GBM
Primary Tumor
(n=83)

TheUTH
GBM
Primary Tumor
(n=13)

Age at diagnosis, mean * s.d. 60.8 + 14.1 489 +12.3 63.3 +13.6 ‘ < 0.0001
Male 73(60) 51(61) 7(54) ‘ 0.873
Gender, n(%)
Female 48(40) 32(39) 6(46)
MGMT promoter methylation, Methylated 55(45) 32(39) 7(54) ‘ 0.454
n(%)
Unmethylated 66(55) 51(61) 6(46)
Wild type 113(93) 72(87) 13(100) ‘ 0.132
IDH1 mutation, n(%)
Mutant type 8(7) 11(13) 0(0)
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VERITAS (Danvers, MA, USA). Each sample yielded
approximately 35.1 million reads of 150 base pairs in length on
average. The obtained reads were then aligned to the reference
genome (GRCh38/hg38) using STAR (v.2.5.2b) (10). Expression
values were calculated as fragments per kilobase of exon per
million fragments mapped (FPKM) using HTSeq (v.0.6.1) (11)
and the R programming language (version 3.4.3; https://www.r-
project.org/).

2.5 Differentially expressed genes (DEGs)

Samples were binarily classified into high and low expression
groups, MGMT-high (MGMT-H) and MGMT-low (MGMT-L)
tumors, according to the median value of MGMT mRNA
expression. The raw counts obtained from RNA-Seq data were
subjected to normalization. Subsequently, the differential
expression analysis between MGMT-H tumors and MGMT-L
tumors was performed using R version 3.6.2, utilizing the TCC
(12) and edgeR (13) packages. Genes showing statistically
significant differential expression were identified as
differentially expressed genes (DEGs) based on the criteria of a
p-value less than 0.05 and a False Discovery Rate (FDR) q-value
less than 0.05.

2.6 Gene ontology (GO) functions
enrichment analysis

We conducted a gene ontology (GO) functions enrichment
analysis using Metascape (http://metascape.org) to elucidate the
differences in the main activation processes associated with
MGMT status. This comprehensive web resource facilitates data
management and analysis (14). We obtained GO terms for the
biological process (BP) category from the Molecular Signature
Database v7.1 (MSigDB; https://www.gsea-msigdb.org/gsea/
msigdb). The enrichment analysis of GO terms for biological
processes was performed on the DEGs obtained from the TCC
analysis using Metascape. Results were deemed significant if
the p-value was less than 0.05 and the FDR g-value was less
than 0.05.

2.7 Ingenuity pathway analysis (IPA)

DEGs obtained from the TCC analysis were analyzed using the
Ingenuity Pathway Analysis (IPA) software (QIAGEN, Redwood
City, CA, USA), accessible at https://www.qiagen.com/ingenuity.
The core analysis in IPA encompassed various components,
including canonical pathways, upstream regulators, regulator
effects, and diseases and biological functions. Advanced
algorithms incorporating machine learning techniques were
utilized during the analysis (https://qiagen.my.salesforce-
sites.com/KnowledgeBase/articles/Knowledge/Graphical-
Summary). A Graphical Summary, consolidating the outcomes of

Frontiers in Immunology

10.3389/fimmu.2024.1328375

the core analysis into a single network diagram, was generated to
provide a concise representation of the results.

2.8 Gene set enrichment analysis (GSEA)

Gene set enrichment analysis (GSEA) was conducted to
compare the expression levels between the MGMT-H and
MGMT-L groups. Specifically, we employed GSEA version 4.1.0
to assess the differential expression of gene sets related to GO terms
for BPs associated with characteristic functions in MGMT status.
Additionally, we calculated a single-sample GSEA (ssGSEA) (15)
score using R version 3.6.2 with the GSVA (16) package version
1.38.2. Results were deemed significant if the p-value was less than
0.05 and the FDR g-value was less than 0.05.

2.9 Calculation of tumor-infiltrating
immune cell (TIC) fractions
by transcriptome

To determine the proportions of tumor-infiltrating immune cell
(TIC) fractions in MGMT-H and MGMT-L tumors, we employed
CIBERSORTx and ssGSEA. For CIBERSORTx analysis, we utilized
the absolute-mode algorithm based on the LM22 gene signature.
The LM22 gene signature was obtained from https://
CIBERSORTx.stanford.edu/. The algorithm was executed with 1000
permutations to estimate the proportions of TICs. This allowed us to
quantify specific immune cell types within the tumor
microenvironment. In parallel, we performed ssGSEA (15) using R
version 3.6.2 with the GSVA (16) package version 1.38.2. The ssGSEA
analysis was conducted using 28 subpopulations of TILs gene sets
(17), referred to as “Charoentong_TIL_28 immunophenotype” in this
study. This method enabled the assessment of the enrichment scores
for each TIC subpopulation, providing insights into the immune
landscape of the tumors. Furthermore, we calculated the “Tumor
Immune and Dysfunction and Exclusion (TIDE) score,”
“Dysfunction” score, and “Exclusion” scores using the TIDE web
application (http://tide.dfci.harvard.edu/) (18). These scores measure
tumor immune response, immune dysfunction, and immune
exclusion, respectively.

2.10 Hierarchical clustering

We utilized an unsupervised hierarchical clustering algorithm
for the transcriptome analysis data, which included GO terms BP
process ssGSEA scores and TIC fractions. This analysis used R
version 3.6.2 with the pheatmap package version 1.0.12. To generate
the hierarchical clustering, we calculated the squared Euclidean
distance between the samples. This distance measure quantifies the
dissimilarity between samples based on their transcriptome profiles.
We then applied an agglomerative algorithm with Ward’s method,
which iteratively merges clusters to minimize the within-

cluster variance.
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2.11 Molecular diagnosis

Regarding the IDH mutations observed in GBM, they were
identified using the Sanger method. Polymerase chain reaction
(PCR) was performed using tumor DNA from 13 cases in the
UTH cohort. For IDHI mutations, KOD FX Neo (Toyobo, Osaka,
Japan) DNA polymerase was utilized, while for IDH2 mutations,
AmpliTaq GoldTM DNA Polymerase with Buffer I (Applied
Biosystems, Waltham, MA) was employed. Supplementary
Table 2A presents the primer sequences, annealing temperatures,
and lengths of the amplified PCR fragments for IDH mutation
analysis. Sequence analysis of the PCR product was performed by
FASMAC Corporation (Kanagawa, Japan). Mutation analysis was
performed with DNADynamo software (BLUE TRACTOR
SOFTWARE Ltd, North Wales, UK).

For the assessment of MGMT promoter methylation, MSP was
employed. Tumor DNA was subjected to bisulfite conversion using
the EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA)
following the provided protocol. The primers were designed to
amplify the CpG-rich region of the MGMT promoter region based
on a previous publication (19). Supplementary Table 2B provides
the primer sequences, annealing temperatures, and lengths of the
resulting PCR fragments for MGMT promoter methylation
analysis. Following PCR, electrophoresis was performed to
determine the presence or absence of methylation in the MGMT
promoter region. Episcope® Methylated GCT116 gDNA (Takara
Bio Inc., Shiga, Japan) was used as a methylation control, and
Episcope® Unmethylated GCT116 DKO gDNA (Takara Bio Inc.,
Shiga, Japan) was used as an unmethylated control for
methylation determination.

2.12 Immunohistochemistry

Immunohistochemistry (IHC) was performed on 4um-thick
sections prepared from formalin-fixed paraffin-embedded (FFPE)
samples. Automated IHC staining was conducted at Kyodo Byori
Co., Ltd. (Kobe, Japan), using specific antibodies diluted with
BOND Polymer Refine Detection (Leica Biosystems, Newcastle,
UK) on the Leica Bond-MAX automated immunohistochemistry
staining system, following the manufacturer’s instructions. The
antibodies used were targeted against CD4, CD8, CD20, CD68,
and CD163. Each section was digitally imaged using the BIOREVO-
9000 fluorescence microscope (Keyence, Osaka, Japan), and the BZ-
IT Analyzer image analysis software (Keyence, Osaka, Japan) was
utilized to quantify the area of IHC positive staining and calculate
the THC positive staining area per unit tumor area (Um2).

2.13 TIL culture

Under sterile conditions, surgically resected tumor specimens
from the UTH cohort were divided into three parts: one for RNA-
Seq, one for FTD and one for TIL culture. For TIL culture, tumors
were minced using scalpels immediately after resection. The minced
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tumor tissues were then incubated for 2-3 weeks at 37°C in RPMI
1640 medium (Nacalai Tesque) supplemented with CTs™ Immune
Cell Serum Replacement (5%, Gibco, NY, USA), HEPES buffer
solution (10mM, Dojindo, Kumamoto, Japan), MEM Non-essential
Amino Acids Solution (Wako, Osaka, Japan), Sodium Pyruvate
(ImM, Wako, Osaka, Japan), 2-mercaptoethanol (Invitrogen, CA,
USA), penicillin/streptomycin (Nacalai Tesque), Interleukin-2 (IL-
2) (6000U/mL, PeproTech, NJ, USA), and an Indoleamine 2,3-
dioxygenase inhibitor (IDOi) called 1-methyl-L-tryptophan
(100uM, Sigma-Aldrich, MO, USA). The tissue and culture
medium were placed in a 24-well plate (Corning, Corning, NY).
The cultivation period for TIL was set to 2-3week. The lymphocyte
count in the TIL culture medium was determined using flow
cytometry. Live cells were identified with 7-AAD Viability
Staining Solution (BioLegend, #420404), and mononuclear cells
within that subset were gated and counted using flow-count beads,
Flow-Count Fluorospheres (Beckman Coulter, #7547053). Stained
cells were analyzed on a Gallios flow cytometer (Beckman Coulter),
and data were processed using Kaluza (Beckman Coulter). Positive
TIL proliferation was defined as obtaining 3.0x10° or more TILs per
well (Supplementary Figure 1A). The TIL culture rate was
calculated as the ratio of the number of wells with positive TIL
proliferation to the total number of cultured wells. This measure
assessed TIL culture’s success rate in terms of obtaining viable and
proliferating TILs.

2.14 Interferony (IFNy) Enzyme-Linked
Immuno-Sorbent Assay (ELISA)

To aassess the tumor reactivity of cultured TIL, FTD was
thawed and examined for the viability of the tumor cells. Only
FTD with satisfactory viability of tumor cells was utilized.
Subsequently, the FTD was co-cultured with TIL for 20-24 hours.
TIL and FTD were also independently cultured for 20-24 hours as
background controls. At the time of thawing, FTD was evaluated for
viability. After incubation, the culture supernatant was collected,
and the levels of IFN7y were measured using an ELISA kit (Thermo
Fisher Scientific, Waltham, MA, USA) following the
manufacturer’s protocols.

The tumor-reactive IFNY was calculated using the following
formula:

Tumor — reactive IFNy
= IFNY (TIL + FTD) — [IFNY (TIL) + IFNy (FTD)]

Here, IFNYy (TIL+FTD) represents the amount of IFNY in the
supernatant of the TIL+FTD co-culture, IFNYy (TIL) represents the
amount of IFNYy in the supernatant of TIL alone, and IFNy (FTD)
represents the amount of IFNY in the supernatant of FTD alone.

The tumor-specific immune response was considered positive if
the amount of tumor-reactive IFNY exceeded 100 pg/ml
(Supplementary Figure 1B). Each patient’s tumor-reactive
immune response rate was defined as the ratio of the number of
wells exhibiting a tumor-reactive immune response to the total
number of cultured wells.
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2.15 Statistics

The statistical analyses for continuous variables were performed
with the Wilcoxon rank-sum test. In the comparison of three
groups for continuous variables, the Kruskal-Wallis test was
performed. The analyses for nominal variables were performed
with Fisher’s exact test. Statistical significance was set at P < 0.05
and FDR < 0.05 except for the differential gene expression and gene
set enrichment analysis. All statistical analyses and plotting were
performed using R 3.6.2. or JMP Pro 16 (SAS Institute Japan,
Tokyo, Japan).

3 Results
3.1 DEGs in MGMT-H and MGMT-L tumors

The MGMT gene is epigenetically silenced through its promoter
methylation, leading to decreased MGMT expression. However,
factors other than MGMT promoter methylation, such as p53, SP-1,
and NF-xB, are also known to regulate MGMT expression (3).
Interestingly, some cases with MGMT promoter methylation
exhibit high MGMT expression (Figure 1A). Given the lack of
standardized methodology for methylation analysis (3), we
classified the samples into two groups based on MGMT mRNA
expression levels: MGMT-H (high expression) and MGMT-L (low
expression). The classification used the median value of MGMT
mRNA expression as the threshold (Figure 1B; Supplementary
Table 1). This binary classification approach allows us to compare
the characteristics and outcomes between the high and low MGMT
expression groups across different cohorts.

In our comprehensive gene expression analysis of the TCGA-
GBM cohort, we compared the RNA-seq data of MGMT-H and
MGMT-L tumors. Our analysis revealed 3761 DEGs between them.
Among these DEGs, 2637 were up-regulated, and 1124 were down-
regulated in MGMT-H tumors (Figure 1C). We performed pathway
and process enrichment analysis using the GO Biological Process in
the Metascape database to gain insights into the biological functions
associated with these DEGs. The DEGs up-regulated in MGMT-H
tumors were found to be closely related to immune response
processes, including “adaptive immune response,” “complement
activation,” and “response to chemokine” (Figure 1D). On the other
hand, the DEGs up-regulated in MGMT-L tumors were primarily
involved in gene replication, expression, and regulation processes,

» «

such as “brain development,” “covalent chromatin modification,”
and “mRNA metabolic process” (Figure 1E). Furthermore, we
conducted IPA to gain further insights into the underlying
mechanisms and downstream effects of the observed gene
expression changes (Figure 1F). The IPA analysis indicated that
factors such as IFNG, TNF, IL21, CCL2, and CCL11 are expected to
be up-regulated in the MGMT-H group. This suggests enhanced
lymphocyte migration through activating these factors in MGMT-
H tumors. Our findings highlight the distinct biological functions
and pathways associated with MGMT-H and MGMT-L tumors,

particularly in immune response and gene regulation processes.
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3.2 GSEA analysis of MGMT-H and
MGMT-L tumors

In the Metascape analysis, each DEG’s gene expression levels
were not considered. To conduct a more comprehensive analysis,
we performed GSEA, which incorporates gene expression levels.
GSEA analysis was conducted on MGMT-H and MGMT-L tumors
using the MSigDB Biological Process category. Among the top 30
activated processes in MGMT-H tumors (Supplementary
Table 3A), immune-related processes were predominant.
Conversely, the top 30 activated processes in MGMT-L tumors
were primarily associated with gene replication, expression, and
regulation (Supplementary Table 3B).

To further investigate these top 30 biological processes, we
performed ssGSEA on each patient. The ssGSEA scores of these
biological processes were compared between MGMT-H and
MGMT-L tumors (Figure 2). T cell-related immune processes,
such as “T cell-mediated cytotoxicity” and “lymphocyte
chemotaxis,” were found to be activated in MGMT-H tumors
(Figure 2A). These findings suggest that MGMT-H tumors
exhibit a more potent anti-tumor immunity induction against
GBM cells than MGMT-L tumors. Additionally, B cell-related
immune processes, including “complement activation,”

» «

“regulation of humoral immune response,” “positive regulation of
B cell activation,” and “regulation of complement activation,” were
also activated in MGMT-H tumors. These results indicate a
potential connection between B cell immunity and anti-tumor
immunity in MGMT-H tumors or suggest the formation of
tertiary lymphoid structure in the tumor. Furthermore, the
process of monocyte migration (“monocyte chemotaxis”) and the
process associated with antigen recognition for phagocytosis by
macrophages and antigen-presenting cells (“phagocytosis
recognition”) were activated. These results suggest the activation
of T cell-mediated anti-tumor immunity in MGMT-H tumors. In
line with the Metascape analysis, immune-related processes were
not found to be activated in MGMT-L tumors. Instead, processes
associated with GBM tumor characteristics, such as cell division,
gene expression, and histone modification, were found to be
activated (Figure 2B).

3.3 Immune cell profiling and phenotyping
of MGMT-H and MGMT-L tumors

Subsequently, we conducted immune cell profiling to quantify
the abundance and identify the specific types of immune cells
infiltrating the tumors. We utilized the LM22 signature matrix
within the CIBERSORTx platform for this analysis, which covers 22
immune cell types (Figure 3A). However, it is important to note that
the LM22 immune subsets do not provide information regarding
the phenotype, activation, or differentiation status of the immune
cells. To overcome this limitation, we implemented the ssGSEA
method using a set of 28 subpopulations of TILs gene sets, referred
to as the “Charoentong TIL 28 immunophenotype” (17)
(Figure 3B). This approach allowed us to examine T cell
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FIGURE 1
Gene expression patterns characteristic of MGMT-H/L groups. (A) The relationship between the methylation of the MGMT promoter region and

gene transcription is depicted in panel. (B) The samples were classified into two groups, namely low expression and high expression, based on the
median value of MGMT expression. (C) The M-A plot illustrates the differential expression of genes (DEGs) that are either up-regulated or down-
regulated in the TCGA GBM dataset. This plot shows the relationship between the average concentration (log mean expression) and fold-change
(log fold change) across the genes. Genes with dots located above 0 on the y-axis indicate lower expression in MGMT-H patients compared to
MGMT-L patients, while genes with dots located below 0 on the y-axis indicate higher expression in MGMT-H patients compared to MGMT-L
patients. Each gene is represented by a black dot on the plot. The magenta dots indicate significant DEGs that meet the criteria for a significant
adjusted P value of less than 0.05 and an FDR g-value of less than 0.05. A Metascape enrichment analysis was conducted to identify statistically
enriched ontology terms (specifically, Gene Ontology Biological Process terms) using the set of DEGs. A bar graph was generated to display the
enriched terms associated with the upregulated gene set in MGMT-H (D) and MGMT-L (E). Each term is represented by a bar, and the color of each
bar corresponds to the p-value associated with the enrichment. The color gradient reflects the significance of the enrichment, with darker shades
indicating more significant p-values. (F) The Ingenuity Pathway Analysis (IPA) was utilized to generate graphical pathways based on the DEGs. In the
graphical pathways, factors expected to be highly expressed in MGMT-H are represented by a black legend, while factors expected to be highly
expressed in MGMT-L are represented by a blue legend. The network analysis revealed that genes related to adaptive immune reactions, such as
IFNG and TNF, were highly upregulated in MGMT-H. Consequently, this led to an upregulation of lymphocyte chemotaxis in MGMT-H. In contrast,

genes such as IL37, RICTOR, NR1IH2 were highly expressed in MGMT-L.

Frontiers in Immunology 64 frontiersin.org


https://doi.org/10.3389/fimmu.2024.1328375
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kushihara et al.

B MGMT-H
ssGSEA (Z score) MGMT-L
A S5 4 3 2 0 1 2 3 4

m S — -
@ o — .
3 L — .
“@ e — ok
(5) — %
© ——— - s
Y] — T *
®) o — o
© T al— *
(10) —— - *
an e — rer
12) o — . o
13 i l——— #an
(14) — - n.s.
(15) — *
(16) — ™
17 . — = ki
) T ————— ns.
(19) —ol— ok
(0) e — *
Q@n ol — Hokk
(22) —Q - ns.
(23) . *
24 - ns.
(25) =T *
(26) o —— *
@7 - ns.
(28) i — **
(29) T a—— ok
30) e ns.

(1) COMPLEMENT ACTIVATION
(2) REGULATION OF HUMORAL IMMUNE RESPONSE

(3) HUMORAL IMMUNE RESPONSE MEDIATED BY CIRCULATING IMMUNOGLOBULIN

(4) REGULATION OF COMPLEMENT ACTIVATION
(5) PHAGOCYTOSIS RECOGNITION

(6) ANTIMICROBIAL HUMORAL RESPONSE

(7) B CELL RECEPTOR SIGNALING PATHWAY

(8) ANTIMICROBIAL HUMORAL IMMUNE RESPONSE MEDIATED BY ANTIMICROBIAL PEPTIDE

(9) POSITIVE REGULATION OF B CELL ACTIVATION

(10) MONOCYTE CHEMOTAXIS

(11) ATP SYNTHESIS COUPLED ELECTRON TRANSPORT

(12) IMMUNOGLOBULIN PRODUCTION

(13) MITOCHONDRIAL ELECTRON TRANSPORT NADH TO UBIQUINONE
(14) NEGATIVE REGULATION OF LEUKOCYTE MEDIATED CYTOTOXICITY
(15) RESPONSE TO CHEMOKINE

(16) COTRANSLATIONAL PROTEIN TARGETING TO MEMBRANE

(17) ANTIBACTERIAL HUMORAL RESPONSE

(18) CHRONIC INFLAMMATORY RESPONSE

(19) MEMBRANE INVAGINATION

(20) T CELL MEDIATED CYTOTOXICITY

(21) RESPIRATORY ELECTRON TRANSPORT CHAIN

(22) NEGATIVE REGULATION OF INTERLEUKIN 12 PRODUCTION

(23) GOBP NEUTROPHIL CHEMOTAXIS

(24) POSITIVE REGULATION OF T CELL PROLIFERATION

(25) LYMPHOCYTE CHEMOTAXIS

(26) REGULATION OF B CELL ACTIVATION

(27) REGULATION OF ANTIGEN PROCESSING AND PRESENTATION
(28) NADH DEHYDROGENASE COMPLEX ASSEMBLY

(29) ELECTRON TRANSPORT CHAIN

(30) NEGATIVE REGULATION OF LEUKOCYTE MEDIATED IMMUNITY

FIGURE 2

10.3389/fimmu.2024.1328375

W MGMT-H
MGMT-L
ssGSEA (Z score)
B 4 3 2 1 0 1 2 3 4 5
61 e — . -
(G2 T o
() v e —— -

Gy —— SRS
(35) e . Ak

(36) Iop—_ i ok
37 T — *x
(38) T — *
(39) e 9 h
(40) — *
) T ————— B o
“2) = LU -
) ————— *
(44) ——— ns.
(45) T ————— o
(46) T s ok
“7) T x
(48) a— =y sox
(49) = = ns.
(50) jg— —— ns.
(51) T o
(52) —— Hkk
(53) T e — hidd
(54) — . ns.
(55) T — ok
(56) — b Hx
7 e — . o
(58) -_—— ns.
(59) h e T Hokx
(60) - ok

(31) MRNA EXPORT FROM NUCLEUS

(32) SPINDLE ASSEMBLY|

(33) HISTONE METHYLATION

(34) RNA EXPORT FROM NUCLEUS

(35) NUCLEAR EXPORT

(36) PEPTIDYL LYSINE METHYLATION

(37) DNA DEPENDENT DNA REPLICATION MAINTENANCE OF FIDELITY
(38) REGULATION OF CHROMOSOME ORGANIZATION

(39) MRNA TRANSPORT

(40) DNA REPLICATION

(41) ESTABLISHMENT OF RNA LOCALIZATION

(42) REPLICATION FORK PROCESSING

(43) REGULATION OF MRNA PROCESSING

(44) MITOTIC SISTER CHROMATID SEGREGATION

(45) CHROMATIN REMODELING

(46) PROTEIN K48 LINKED DEUBIQUITINATION

(47) CHROMATIN ASSEMBLY OR DISASSEMBLY

(48) DNA GEOMETRIC CHANGE

(49) SISTER CHROMATID SEGREGATION

(50) DNA DEPENDENT DNA REPLICATION

(51) PROTEIN LOCALIZATION TO MICROTUBULE ORGANIZING CENTER
(52) REGULATION OF HISTONE METHYLATION

(53) PEPTIDYL LYSINE TRIMETHYLATION

(54) REGULATION OF CHROMOSOME SEGREGATION

(55) HISTONE H3 K9 METHYLATION

(56) DNA CONFORMATION CHANGE

(57) RNA LOCALIZATION

(58) NEGATIVE REGULATION OF CHROMOSOME ORGANIZATION
(59) COVALENT CHROMATIN MODIFICATION

(60) PROTEIN METHYLATION

The ssGSEA values in the top 30 most highly expressed gene sets in each of the MGMT-H/L groups in MSigDB C5 Biological Process gene sets.
ssGSEA was performed using gene sets associated with the top 30 most highly expressed genes in MGMT-H (A) and MGMT-L (B) tumors. Wilcoxon

test, *: P <0.05; **: P <0.01; ***: P <0.001; n.s.: P 20.05.

phenotypes and functional states more comprehensively by
incorporating these gene sets. By leveraging these specific gene
sets, we gained insights into T cells’ phenotypic and functional
characteristics within the tumor microenvironment. This
methodology provides a more detailed understanding of the
diverse T cell populations and their functional states in the
tumors under investigation.

In the CIBERSORTX analysis, we observed that the scores for
CD8 T cells were significantly higher (p = 0.015), while the scores
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for naive CD4 T cells were significantly lower (p = 0.028) in
MGMT-H tumors compared to MGMT-L tumors (Figure 3A).
However, there were no significant differences in other immune cell
populations between MGMT-H and MGMT-L tumors.
Furthermore, when utilizing the Charoentong 28 TIL
immunophenotype gene set analysis, we found that the ssGSEA
scores for activated CD8 T cells (p = 0.040), type 1 T helper cells
(p = 0.026), activated B cells (p = 0.015), and macrophages (p =
0.017) were significantly higher in MGMT-H tumors compared to
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MGMT-L tumors (Figure 3B). These findings reinforce the notion
that immune responses are actively engaged and enhanced in
MGMT-H tumors. Taken together, these results support the
notion that MGMT-H tumors exhibit heightened immune
activation and potentially more robust anti-tumor immune
responses compared to MGMT-L tumors.

Furthermore, we utilized the TIDE web application (http://
tide.dfci.harvard.edu) (18) to assess immune evasion signatures
(Figure 3C). The dysfunction scores, which reflect the degree of T
cell dysfunction, were slightly higher in MGMT-H tumors
compared to MGMT-L tumors, although the difference did not
reach statistical significance (p = 0.405). These findings indicate that
MGMT-H tumors exhibit a higher level of T cell infiltration that
may have undergone functional impairment or dysfunction.

10.3389/fimmu.2024.1328375

3.4 Validation with the CGGA GBM cohort

We extended our analysis to validate the pathways enriched in
MGMT-H or MGMT-L tumors and the highly expressed
infiltrating immune cell phenotypes using the CGGA GBM
cohort. We observed that MGMT expression was generally higher
in MGMT promoter unmethylated tumors compared to methylated
tumors. However, it is worth noting that some MGMT promoter
methylated tumors still exhibited high levels of MGMT expression
(Figure 4A). Therefore, similar to the discovery cohort, we classified
samples into low and high groups based on the median value of
MGMT expression (Figure 4B).

Using the MSigDB C5 BP gene sets that are highly expressed in
each of the MGMT-H/L groups identified in the comparison
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FIGURE 3

Tumor-infiltrating immune cells in MGMT-H/L tumors. (A) The levels of immune cell infiltration were compared between MGMT-H and MGMT-L
tumors using CIBERSORTx-Absolute scores. (B) The immunophenotypes in MGMT-H/L tumors were compared by ssGSEA using gene sets reported
by Charoentong et al. (17) (C) The Tumor Immune Dysfunction and Exclusion (TIDE) analysis method was employed to assess the parameters of
TIDE, Dysfunction, and Exclusion in the two groups, MGMT-H and MGMT-L. Wilcoxon test, *: P <0.05; n.s.: P 20.05.
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FIGURE 4

Validation Analysis in CGGA cohort. (A) MGMT mRNA expression in CGGA human GBM correlated with the methylation of MGMT promoter region.
(B) The samples were classified into two groups, namely low expression and high expression, based on the median value of MGMT expression. Gene
sets from the MSigDB Biological Process category that significantly different between MGMT-H and MGMT-L tumors in TCGA cohort were applied
to CGGA cohort. (C) The set of genes within MSigDB C5 BP that were highly expressed in the MGMT-H group detected in the TCGA database were
validated in CGGA. (D) The set of genes within MSigDB C5 BP that were highly expressed in the MGMT-L group detected in the TCGA database
were validated in CGGA. (E) Immunophenotypes highly expressed in the MGMT-H group detected in the TCGA database were validated in CGGA.
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between the MGMT-H/L groups in the TCGA GBM cohort, we also
performed ssGSEA analysis in the CGGA GBM cohort. ssGSEA
values of those gene sets were used to compare the two MGMT-H/L
groups in the CGGA GBM cohort (Figures 4C, D). Consistent with
the findings in the TCGA cohort, 19 out of 24 gene sets enriched in
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MGMT-H tumors displayed higher ssGSEA scores in MGMT-H
tumors compared to MGMT-L tumors in the CGGA GBM cohort
(Figure 4C). Similarly, 22 out of 25 gene sets enriched in MGMT-L
tumors showed higher ssGSEA scores in MGMT-L tumors
compared to MGMT-H tumors (Figure 4D). Furthermore, Digital
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cytometry results in the TCGA GBM cohort were also validated in
the CGGA GBM cohort. Specifically, we calculated the absolute
scores of T cell CD8 and T cell CD4 naive using CIBERSORTx and
the ssGSEA scores of activated CD8 T cell, type 1 T helper cell,
activated B cell, and macrophage using the Charoentong TIL 28
immunophenotype gene set. These values were used for MGMT-H/
L intergroup comparisons (Figure 4E). Notably, we obtained similar
results in the CGGA GBM cohort, further supporting the
consistency of our findings across different datasets. Overall, the
validation in the CGGA GBM cohort provides robustness to our
results, confirming the enriched pathways and immune cell
phenotypes characteristic of MGMT-H and MGMT-L tumors
identified in the discovery cohort.

3.5 Immunophenotyping of GBM using
selected gene sets

The distinct gene sets are summarized in Table 2 that
characterize MGMT-H and MGMT-L GBM tumors by analyzing
the TCGA cohort and validating the findings using the CGGA
cohort. Based on the gene sets enriched in MGMT-H and MGMT-L
tumors, we immunophenotyped the GBM tumor
microenvironment through hierarchical clustering (Figure 5). In
Figure 5A, we observed a subgroup of cases with higher scores for
immune-related gene sets, including activated CD8 T cell, type 1 T
helper cell, activated B cell, and macrophage. The TIDE and
Dysfunction scores were high in these cases, while the Exclusion
scores were low. These results suggest an increased immune

10.3389/fimmu.2024.1328375

response and infiltration of immune cells into the tumor
microenvironment in these cases. Conversely, there was another
subgroup of cases with higher scores for GBM tumor-related
processes, such as cell division, gene expression, and histone
modification. These results indicate a dominance of tumor-
specific processes in these cases. Consistent with the TCGA
cohort, we observed a similar pattern in the CGGA GBM cohort
(Figure 5B). Immune-related gene sets were more activated in
MGMT-H tumors compared to MGMT-L tumors, while GBM
tumor-related process gene sets were more activated in MGMT-L
tumors compared to MGMT-H tumors. Overall, these findings
demonstrate the distinct immunophenotypes and gene expression
profiles associated with MGMT-H and MGMT-L GBM tumors,
highlighting the complex interplay between the tumor
microenvironment and tumor-specific processes.

3.6 Molecular diagnosis and
immunohistochemical analysis

The results of the analysis in the TCGA and CGGA cohorts
were also validated in the UTH cohort.

In the UTH cohort, consisting of 13 GBM patients, all cases were
IDH wild-type, with MGMT promoter methylation observed in 6
cases and unmethylation in 7cases (Supplementary Table 4). We
divided them into MGMT-H group (6 patients) and MGMT-L
group (7 patients) based on their MGMT expression levels
(Figures 6A, B). First, the results of the digital cytometry analysis
were also validated in the UTH cohort. Consistent with the findings

TABLE 2 The distinct gene sets that characterize MGMT-H and MGMT-L GBM tumors.

High expression gene sets in MGMT-H High expression gene sets in MGMT-L
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FIGURE 5

Heat map analysis using factors that have been selected from the TCGA-GBM and CGGA cohorts’ analysis. (A) TCGA primary GBM cohort. (B) CGGA

primary GBM cohort

in the TCGA cohort, the CIBERSORTXx analysis revealed a higher
abundance of CD8 T cells in MGMT-H tumors compared to
MGMT-L tumors (p = 0.015) (Figure 6C). Otherwise, there were
no significant differences between MGMT-H/L groups in naive CD4
T cell, activated CD8 T cell, type 1 helper T cell, activated B cell, and
macrophage. However, in activated CD8 T cell, type 1 helper T cell,
activated B cell, and macrophage, numbers tended to be higher in the
MGMT-H group. Validation was then performed on the results of
the gene set in the MSigDB C5 Biological Process. Although
statistical significance was not reached, GSEA analysis also showed
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a trend of more activated immunological phenotypes in MGMT-H
tumors (Figures 6D, E). To further investigate the infiltration of
immune cells into the tumors, we performed immunohistochemical
analysis on FFPE tissues from the UTH cohort. Specifically, we
examined the presence of CD4", CD8", CD20", CD68", and CD163"
cells within the tumor microenvironment (Figure 7A;
Supplementary Table 4). As anticipated, the immunohistochemical
analysis revealed a higher infiltration of CD8" (p = 0.012) and CD4"
(p = 0.039) cells in MGMT-H tumors compared to MGMT-L
tumors (Figure 7B). No significant difference was observed
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The gene expression profiles of MGMT-H/L tumors in UTH dataset. (A) MGMT mRNA expression in human GBM correlated with the methylation of
MGMT promoter region. (B) Samples were divided into two groups, low and high, according to MGMT median expression level. (C) CIBERSORTx and
ssGSEA analysis using gene sets that were significantly different in the TCGA-GBM cohort. ssGSEA value were compared between MGMT-H/L
tumors using MSigDB C5 Biological Process Gene sets that were significantly different between MGMT-H (D) and MGMT-L (E) in the TCGA-GBM

cohort. Wilcoxon test, *: P <0.05; **: P <0.01; n.s.: P 20.05.

between the two groups for CD20, CD68, and CD163 (p = 1.000, p =

0.927, p = 0.523). These results from the UTH cohort corroborate

the findings from the TCGA cohort, indicating a consistent pattern
of increased infiltration of CD8" and CD4" cells in MGMT-H
tumors. These results suggest a potential association between
MGMT expression levels and the immune cell composition within

the tumor microenvironment.
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3.7 Tumor-specific immune response

To investigate tumor-specific T cells within the tumors, we
conducted TIL culture experiments in UTH cohort. Tumor samples
were finely minced into small 2-3 mm pieces using a surgical scalpel
and then cultured with IL-2 for 2 to 3 weeks in a 24-well plate. The

proliferation of TILs was observed in 11 out of 13 cases, with 6 out
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FIGURE 7
Immunohistochemical analysis of MGMT-H/L tumors. (A) FFPE slides were subjected to immunostaining for CD4*, CD8*, CD20*, CD68", and
CD163" cells within the tumor. Representative examples of each marker were presented at a magnification of x200. (B)The area of positive signals
was automatically measured by the BIOREVO-9000 fluorescence microscope (Keyence, Osaka, Japan), and the BZ-Il Analyzer image analysis
software (Keyence) was utilized to quantify the area of IHC positive staining and calculate the IHC positive staining area per unit tumor area(uma2).
The ratio of positive cell area to GBM tumor area was calculated and compared between the MGMT-H/L groups.

of 6 MGMT-H tumors and 5 out of 7 MGMT-L tumors showing
successful TIL expansion. From a total of 407 wells used for TIL
cultures, we achieved the expansion of TILs to reach a cell count of
3x10° or more per well in 150 wells (Supplementary Table 4).
Consequently, the overall TIL culture rate was determined to be
36.9%. When considering the MGMT-H and MGMT-L tumors
separately, the TIL culture rate was 47.5% and 26.1%, respectively
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(Figure 8A). However, the difference between these two groups did
not reach statistical significance (p=0.098).

Following the expansion of TILs, we examined their reactivity
to autologous tumors by assessing their production of IFNy during
co-culture with tumors cryopreserved as FTD (Supplementary
Table 4). Out of the 150 wells with TIL proliferation, co-culture
experiments with tumors could not be conducted in 6 wells from 2
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Tumor-infiltrating lymphocytes and their reactivity to the tumors. (A) The TIL culture rate was calculated as the ratio of the number of wells with
positive TIL proliferation to the total number of cultured wells. (B) The tumor reactivity of cultured TILs was determined by IFNy production after
incubation of TILs and fresh tumor digest (FTD). The culture supernatant was collected, and the levels of IFNy were measured using an ELISA. Each
patient’s tumor-reactive immune response rate was defined as the ratio of the number of wells exhibiting a tumor-reactive immune response to the

total number of cultured wells.

cases due to insufficient cryopreserved tumor specimens. Therefore,
co-culturing with the tumor was performed in 144 wells, including
94 wells from 5 cases of MGMT-H tumors and 50 wells from 4 cases
of MGMT-L tumors (Supplementary Table 4). The concentration of
IFNY in the culture supernatant was measured using ELISA, and
wells exhibiting IFNY levels of 100 pg/ml or higher were considered
to indicate a tumor-specific immune response. We observed the
production of IFNyin 12 wells from 6 cases, including 11 wells from
5 cases of MGMT-H tumors and 1 well from 1 case of MGMT-L
tumor (Supplementary Table 4). These results demonstrate that
tumor-specific immune responses were significantly higher in
MGMT-H tumors than in MGMT-L tumors (p =
0.012) (Figure 8B).

To provide a comprehensive view of the findings, we integrated
the transcriptome data, immunohistochemical analysis, and TIL
culture data into a heat map comparing MGMT-H and MGMT-L
tumors (Figure 9). The heat map illustrates the co-expression of
activated CD8 T cells, type 1 helper cells, activated B cells, and
macrophages in specific cases within the MGMT-H tumors.
Notably, these MGMT-H tumors also tended to elicit a tumor-
specific immune response.

In summary, our study revealed that MGMT-H tumors
displayed activation of adaptive immunity, particularly involving
CD8 cells and type 1 helper T cells, which contributed to the
induction of a tumor-specific immune response. These findings
highlight the importance of understanding the immunological
landscape of MGMT-H tumors and suggest potential targets for
immunotherapy interventions to enhance tumor-specific immune
responses in GBM.

4 Discussion

Understanding the interaction between the tumor and the
immune system is crucial for developing effective treatments for
GBM, particularly for patients with an unmethylated MGMT
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promoter and high MGMT expression, who face limited
treatment options and a poor prognosis. This study investigated
the relationship between MGMT expression or MGMT promoter
methylation and tumor immunity. Consistent with a recent analysis
of GBM’s molecular profile and specific immunological markers,
which revealed higher expression of CD8 and CD68 in GBM cases
with an unmethylated MGMT promoter compared to the
methylated counterpart (9), our comprehensive genetic analysis
consistently demonstrated enhanced immune responses in GBM
with MGMT-H tumors. This was evident through the up-regulation
of gene signatures associated with tumor-infiltrating immune cells.
Significantly, TIL culture experiments indicated a greater presence
of tumor-reactive T cells in MGMT-H tumors compared to
MGMT-L tumors. These findings suggest that MGMT-H tumors
have the potential for antitumor immune responses mediated by
CD8 T cells.

Based on our study results, Supplementary Figure 2 presents a
schematic diagram illustrating the expected tumor immune status
in MGMT-H/L, respectively. Our study contributes to the field in
two novel aspects. Firstly, we demonstrate for the first time that
MGMT-H tumors exhibit a more significant infiltration of type 1
helper T cells and activated B cells. These immune cell subtypes are
crucial in orchestrating effective immune responses against tumors
(20-22). Identifying these cell types in MGMT-H tumors adds to
our understanding of the immune landscape and highlights
potential targets for immunotherapeutic interventions. Secondly,
our in vitro TIL culture experiments provide novel insights by
demonstrating that MGMT-H tumors harbor more tumor-reactive
T cells. This observation extends beyond the mere abundance of T
cells in MGMT-H tumors and confirms the functional reactivity of
the existing T cells toward the tumor. Our results were consistent
with the previous report that the combination of neoantigen quality
and T lymphocyte infiltrates was associated with the longest
survival of GBM patients (23).These findings hold significant
implications for developing immunotherapies tailored to exploit
the existing immune response in MGMT-H tumors.
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Integrated analysis of tumor microenvironment of MGMT-H/L GBM. In the UTH cohort, a heat map analysis using factors that have been selected
from the TCGA-GBM and CGGA cohorts’ analysis, IHC result and TIL culture result. Patients in the MGMT-H group had higher expression of
immune-related genes and higher expression of activated CD8 T cell, type 1 helper cell and activated B cell. In addition, such patients tended to

have a higher incidence of tumor reactive immune response.

One notable finding in this study is the up-regulated signature of
activated B cells detected in MGMT-H tumors (Figure 3B; Table 2).
Antigen presentation is critical in activating naive CD8 T cells, and
antigen-presenting cells, including B cells, are instrumental in this
process (24). The emerging research has highlighted the involvement
of B cells in antigen presentation within the tumor microenvironment
(22). Furthermore, the presence of tertiary lymphoid structures (TLS)
has been identified within tumors, including GBM (25, 26). TLS is an
organized immune cell structure that resembles to secondary
lymphoid organs and contributes to local immune responses. TLS
formation has been associated with improved responsiveness to
immunotherapy in various cancer types, such as melanoma (27).
Considering these findings, the increased signature of activated B cells
in MGMT-H tumors suggests their potential role in antigen
presentation and the formation of TLS within the tumor
microenvironment. Zhou et al. stratified glioma into three distinct
tumor subtypes with the gene expression profile of TLS genes (28).
The C subtype glioma with high immune infiltration was poor
prognosis without immune checkpoint blockade therapy. These
findings may have implications for understanding the immune
response and potential immunotherapeutic strategies in GBM.
Further research is needed to investigate the precise mechanisms
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and functional significance of activated B cells and TLS in MGMT-H
tumors and their potential impact on the efficacy of immunotherapy.

Despite CD8 T cells showing activation of anti-tumor immunity
in MGMT-H tumors, previous studies have indicated that the
achieved immune response is insufficient to control the growth of
GBM based on clinical data (1, 29). Past reports indicate that even in
cases presenting MGMT-H with MGMT-unmethylated status,
efficacy with Nivo alone cannot be anticipated (6). It is speculated
that MGMT-H tumors may contain immunosuppressive factors that
hinder the cytotoxicity of CD8 T cells. One such factor is the presence
of highly expressed macrophages in MGMT-H tumors, known as
tumor-associated macrophages (TAMs) (30-32). TAMs have
different functional classifications, with anti-inflammatory TAMs
being predominant in GBM (33). These anti-inflammatory TAMs
suppress T cell function and pro-inflammatory TAM activities,
contributing to the immunosuppressive microenvironment (33, 34).
Targeting anti-inflammatory TAMs is a reasonable strategy to
modulate the immunosuppressive environment and enhance the
therapeutic effect and CSF-1R may be one such example. Inhibiting
CSF-1R signaling can reduce anti-inflammatory TAMs and promote
a pro-inflammatory phenotype, improving anti-tumor immune
responses (30, 31). However, further research is needed to
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determine the safety, efficacy, and optimal treatment combinations
for CSF-1R-targeted therapy in GBM. The complex tumor
microenvironment and interactions between immune cell
populations present challenges in developing effective
immunotherapies. Nonetheless, targeting TAMs may hold promise
for immunotherapy in GBM.

To clarify the relationship between MGMT expression or MGMT
promoter methylation and tumor immunity, further investigations are
needed. One approach could be creating an orthotopic murine model
by injecting GBM cell lines with MGMT knockout or overexpression.
This model would allow quantification of intratumoral immune cell
infiltration, for example, by assessing TIL expression levels through
techniques such as flow cytometry, IHC or RNA-Seq. By comparing
the degree of MGMT expression or promoter methylation, with the
level of immune cell infiltration, we can gain insights into the
association between MGMT and tumor immunity.

This study has several limitations that should be acknowledged.
Firstly, the cases included in the experiment were obtained from a
single institution, resulting in a relatively small sample size.
Including a larger number of cases from multiple institutions in
future studies is imperative. Secondly, the transcriptome analysis
conducted in this study focused on tumor bulk samples, limiting the
ability to analyze individual immune cells’ specific functions and
interactions. Although TAMs originate from brain-resident
microglia and blood-derived monocytes, deconvolution of
immune cells from bulk RNA-Seq data cannot discriminate
between microglia and monocytes, nor can it identify astrocytes
that are enriched in GBM with microglia. Incorporating single-cell
analysis techniques would be valuable in evaluating the detailed
expression levels and functions of each immune cell. Thirdly, the
immunohistochemical staining method employed in this study only
targeted specific markers, such as CD8 T cells. Multi-color analysis
for type 1 helper T cells, activated B cells, and macrophages are
necessary. Furthermore, analyzing the three-dimensional spatial
relationship between these immune cells within the tumor
microenvironment would provide insights into their cell-cell
interactions. Lastly, the analysis in this study was limited to
transcriptome analysis, and it is important to supplement the
findings with whole exome sequencing data and methylome
analysis. This will allow us to explore the relationship between
MGMT status and factors such as neoantigens, gene mutations, and
methylation patterns. Addressing these limitations in future studies
will provide a more comprehensive understanding of the
relationship between MGMT and the immune landscape in GBM.

5 Conclusions

Our study presents novel findings by characterizing the
immune cell composition of MGMT-H tumors, highlighting the
infiltration of activated CD8 T cells, type 1 helper T cells, activated B
cells, and macrophages and revealing the presence of tumor-
reactive T cells by TIL culture experiments. These results offer
valuable insights into future immunotherapeutic strategies
specifically targeting MGMT-H tumors.
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One of the most deadly and aggressive cancers in the world, pancreatic ductal
adenocarcinoma (PDAC), typically manifests at an advanced stage. PDAC is
becoming more common, and by the year 2030, it is expected to overtake
lung cancer as the second greatest cause of cancer-related death. The poor
prognosis can be attributed to a number of factors, including difficulties in early
identification, a poor probability of curative radical resection, limited response to
chemotherapy and radiotherapy, and its immunotherapy resistance.
Furthermore, an extensive desmoplastic stroma that surrounds PDAC forms a
mechanical barrier that prevents vascularization and promotes poor immune cell
penetration. Phenotypic heterogeneity, drug resistance, and immunosuppressive
tumor microenvironment are the main causes of PDAC aggressiveness. There is a
complex and dynamic interaction between tumor cells in PDAC with stromal
cells within the tumour immune microenvironment. The immune suppressive
microenvironment that promotes PDAC aggressiveness is contributed by a range
of cellular and humoral factors, which itself are modulated by the cancer. In this
review, we describe the role of innate and adaptive immune cells, complex tumor
microenvironment in PDAC, humoral factors, innate immune-mediated
therapeutic advances, and recent clinical trials in PDAC.

KEYWORDS

PDAC, TME, immune surveillance, immune suppression, EMT, macrophages, TNF-o

Abbreviations: PDAC, Pancreatic Ductal Adenocarcinoma; TME, Tumor microenvironment; ADM, acinar-
to-ductal metaplasia; IL, Interleukin; CAF, Cancer Associated Fibroblast; TAMs, Tumor associated
Macrophages; TANs, Tumor associated Neutrophils; ECM, Extracellular Matrix; Tregs, Regulatory T cells;
Bregs, Regulatory B cells; MDSCs, Myeloid derived suppressor cells; TP53, Tumor Protein P53; CDKN2A,
Cyclin-dependent kinase inhibitor 2A; SMAD4, Mothers against decapentaplegic homolog 4, or DPC4;
BRCA2, BReast CAncer gene 2; EMT, Epithelial-to-Mesenchymal Transition; mPDAC, metastatic PDAC.
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1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the
deadliest solid tumours in humans. It is the most frequent form
of pancreatic cancer, 90% of all pancreas neoplasms, which is
characterised by tubular adenocarcinoma of the ductal glands (1,
2). Pancreatic cancer and pancreatic ductal adenocarcinoma are
sometimes used interchangeably. Only 11% of patients with PDAC
survive for at least 5 years (3). Over 400,000 people die from PDAC
every year, the seventh most common cancer-related cause of death
worldwide (4). A usually poor prognosis is projected for the more
than 450,000 patients who receive annual diagnosis (5). It is
predicted that pancreatic cancer-related death will overtake lung
cancer as the second most prevalent cause of cancer-related death in
the United States by 2030 (6). Along with the aggressive tumour
biology, the pancreas’ central placement within the abdominal
cavity, the lack of a distinct organ capsule, and the abundance of
nearby blood and lymphatic arteries all contribute to the tumor’s
ability to spread locally and elsewhere such as liver, lung, bone and
brain (7). The pancreas, a comparatively clean organ, with very few
lymphocytes, is located in the retroperitoneum and has no direct
contact with the outside world; instead, it communicates with the
digestive tract solely through the pancreatic duct. Therefore, very
few lymphocytes can be seen in healthy pancreatic tissue (8, 9). In
contrast to other malignancies, the incidence of pancreatic cancer is
still rising while survival rates are barely improving.

A few recent reviews in the field describe the immunosuppressive
TiME in PDAC and the TME targeted therapeutic approaches (10),
pro- and anti-tumour properties of immune cells (11), the effector
immune cells with potential biomarkers and targets (12), and the need
for reprogramming of the stroma for the development of new
therapeutic strategies (13). In this review, we have examined the
immune landscape in human PDAC more holistically and how that
affects survival and treatment for PDAC patients. This review also
includes some of the important areas such as humoral immune factors,
its significance, and the coexistence of classical and basal-
like phenotypes.

1.1 Therapy

The main therapeutic modalities for PDAC are surgical resection,
chemotherapy, and radiotherapy. In most cases, the only form of
treatment that has a chance of being curative is radical surgical
resection (14, 15). Less than 25-30% of all PDAC patients are
considered candidates for partial pancreatectomy at the time of
diagnosis (16). Nearly 80% of PDAC patients cannot have a
curative resection due to the stromal microenvironment which
plays a role in malignant transformation, local invasion, and
distant metastasis (17, 18). The development of immune
checkpoint blockade (ICB) therapy has revolutionized cancer
treatment, but the PDAC immunotherapy regimen, whether used
alone or in combination with chemotherapy, has not shown
encouraging results in patients with metastatic PDAC (mPDAC)
(19). Borderline resectable or locally advanced PDAC patients, have
significantly better survival rates in those patients who received
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neoadjuvant therapy (20, 21). The neoadjuvant therapy regimen
includes chemotherapy with 5-fluorouracil (FOLFIRINOX/
FOLFOX), gemcitabine (gemcitabine/nab-paclitaxel) or
chemoradiotherapy before surgery. The CA19-9 level is considered
a specific biomarker for tumor resectability and overall survival (22).

Conventional cytotoxic therapies such as chemotherapy and
radiation therapy have not increased the chances of survival for
patients with pancreatic cancer. Since 2011, 5-fluorouracil/leucovorin
with irinotecan and oxaliplatin (FOLFIRINOX) and nab-paclitaxel
with gemcitabine have been the preferred treatments for mPDAC.
Response rates for these treatments range between 23% and 31%,
progression-free survival time ranges from 5.5 to 6.6 months, and
overall survival times range from 8.5 to 11 months. The only targeted
treatment for PDAC that the US Food and Drug Administration
(FDA) has approved is erlotinib, an epidermal growth factor receptor
(EGFR) inhibitor, in combination with gemcitabine hydrochloride in
patients with metastatic, locally advanced, or unresectable PDAC.
The absolute benefit of gemcitabine and erlotinib, however, is also
negligible for up to 2 weeks (23).

Despite advancements in pancreatic cancer research, screening,
and treatment strategies, PDAC has a poor prognosis and resistance
to many treatments, including immunotherapy (24). A large matrix
of stromal cells is strongly connected with the poor prognosis of
PDAC (25). PDAC is characterised by a desmoplastic stroma, a
fibrotic TME with respect to normal pancreatic tissue as illustrated
in Figure 1. Additionally, different epigenetic modifications as well
as mutations in protooncogenes and tumour suppressor genes are
seen in the stromal cells surrounding the tumour as well as the
tumour epithelium (26, 27). The compact dysplastic stroma of
PDAC is a significant barrier to chemotherapeutic agents. Thus,
stroma-targeting therapy has been recognised as a prospective
approach to enhance the effectiveness of chemotherapy, and
hence, patient survival rates (28).

A major component of the stroma in PDAC, hyaluronic acid
(HA), interacts with cell surface receptors CD44 and receptor for
HA-mediated motility (RHAMM) to promote tumour cell survival
and to initiate signalling pathways associated with tumour cell
proliferation, migration, and invasion (29-32). Hence, the
targeting of HA is regarded as a promising therapeutic approach
in the context of PDAC. PEGylated hyaluronidase (PEGPH20)
refers to a PEGylated nanoscale complex that consists of
recombinant human hyaluronidase (33, 34). Several studies have
demonstrated that PEGPH20 has the ability to degrade HA,
remodel tumour vasculature, and enhance the effectiveness of
chemotherapeutic drugs (33, 35, 36). The study HALO-109-202, a
phase II clinical trial, examined the effects of combining PEGPH20
with Abraxane (an albumin-bound paclitaxel nanocomplex) and
gemcitabine in 279 patients diagnosed with mPDAC. The results
demonstrated a significant increase in progression-free survival and
overall survival among patients with elevated levels of HA (37).
However, the phase III clinical study failed to considerably improve
the PDAC patients’ overall survival.

Collagen represents another significant constituent within the
extracellular matrix (ECM) of tumours. High levels of fibrillar
collagens found in the stroma of PDAC play a critical role in
promoting tumour cell survival and tumour progression. This
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FIGURE 1

Schematic representation of the PDAC TME compared to normal pancreatic tissue. Fibroblast activated in the tissue to CAFs are the dominant cell
type in PDAC along with M2 TAMs and MDSC. The dense desmoplastic reaction and collapsed blood vessels provide barriers to cytotoxic T cell
infiltration. PDAC, pancreatic ductal adenocarcinoma; ECM, extracellular matrix; PSC, pancreatic stellate cell; CAF, cancer-associated fibroblast; Treg,
regulatory T cell; Breg, regulatory B cell; TAM, tumour-associated macrophage; TAN, tumour-associated neutrophil.

process is mediated by the involvement of discoidin domain
receptor 1 and 2 (DDRI and DDR2). Huo et al. revealed that
there was a significant correlation between elevated expression
levels of DDR1 and an increased risk of unfavourable prognosis
in PDAC patients (38). A small molecule inhibitor targeting DDR1
resulted in a decrease in fibrillar collagen deposition and an
enhancement in the efficacy of chemotherapy in orthotopic
mouse models of PDAC (39). KI-301690, a small molecule that
disrupts DDRI1 signaling, is a selective DDRI1 inhibitor. A
combination treatment with gemcitabine significantly inhibited
the growth of pancreatic cancer cells (40).

Hedgehog (Hh) signalling pathway is typically characterised by
an increased activity in PDAC via the activation of pancreatic stellate
cells (41). This pathway has been shown to play a role in the
regulation of stroma deposition (42). Multiple strategies have been
developed with the aim of treating PDAC through the inhibition of
the Hh signalling pathway, with the ultimate goal of eradicating the
tumour stroma (43). Cyclopamine, a steroidal alkaloid of natural
origin, has been found to effectively inhibit the Hh signalling pathway
by binding to the Smoothened (SMO) protein (44). In the PDAC
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xenograft mouse model, it was found that the fibronectin
content was decreased and tumour vascularization was increased.
Co-administration of cyclopamine with paclitaxel-loaded
nanoparticles resulted in a significant enhancement of tumour
growth inhibition (45). The anti-tumor efficacy was mediated by
increased tumor infiltration of CD8" T cells without concomitant
infiltration of immune suppressive cells, and by the coordinated
action of Paclitaxel and IFN-y (46). Another polymeric conjugate of
docetaxel and cyclopamine has been examined for its anti-cancer
effect in murine PDAC (47). This combination therapy resulted in
greater inhibition of orthotopic pancreatic tumor growth.

The majority of PDAC patients have non-resectable tumours by
the time they develop symptoms such as weight loss, abdominal
pain and jaundice (48). Early detection of PDAC improves survival
rates, but its low prevalence makes screening the general population
impractical. Screening subgroups may include people with germline
mutations, pancreatitis, mucinous pancreatic cysts, and elderly
new-onset diabetics (49). For accurate diagnosis, high-resolution
ultrasound, endoscopic ultrasound (EUS), computed tomography
(CT), and magnetic resonance imaging (MRI) are needed.
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1.2 Biomarkers and oncogenic mutations

Advanced PDAC has few treatment options, making early
detection crucial for prognosis. Thus, developing diagnostic
biomarkers for high-risk populations is important. CA19-9, the only
FDA-approved biomarker for the diagnosis and monitoring of PDAC,
is probably the most extensively validated biomarker that has
diagnostic, prognostic and surveillance value (50, 51). CA125, CA72-
4, CA50, CA199, and CA242 are other antigens used as biomarkers (52,
53). A single diagnostic potential for any of these biomarkers could not
be established; however, when used along with CA 19-9, they may help
distinguish between benign and malignant pancreatic lesions. Similarly,
CA19-9, when combined with CEA, appears to have a better
prognostic value, particularly in advanced PDAC (54).

Typically, PDAC is characterised by the presence of oncogenic
mutations in genes such as KRAS and loss-of-function mutations in
tumour suppressors such as TP53, CDNK2A, SMAD4, and BRCA2.
These biomarkers and genomic mutations have the potential to
function as targets or prognostic indicators, depending on the
expression. PDAC originates from a series of precursor lesions, such
as pancreatic intraepithelial neoplasia (PanIN), intraductal papillary
mucinous neoplasm (IPMN), and mucinous cystic neoplasm (MCN)
(55). In most cases, KRAS mutations emerge in PanIN-1 lesions and
drive the initiation process, while CDKN2A mutations emerge in
PanIN-2 and drive the disease forward. Mutations in TP53 and
SMAD4, are frequently found in PanIN-3 and invasive tumours (56,
57). Approximately 95% of pancreatic tumours exhibit RAS mutations,
with KRAS alterations being the most prevalent, accounting for 85% of
cases. Additionally, KRAS stimulates the nuclear factor kB (NF-kB)
pathway, which is linked to the development of a strong inflammatory
response (58). Besides mutations in KRAS, inactivation of CDKN2A is
observed in approximately 90% of PDAC cases, while SMAD4/DPC4
alterations are present in approximately 55% of cases (59). Also, a
significant proportion of PDAC cases, ranging from approximately
50% to 70%, exhibit mutations in the TP53 gene (60). The SMAD4
gene is deactivated in approximately 60% of cases of PDAC (61). This
gene plays a crucial role as an effector in the transforming growth factor
B (TGF-B) signalling, which is also disrupted in 47% of PDAC cases
(62, 63). Dysregulation of various critical processes-related signalling
pathways, such as apoptosis and cell proliferation, occurs because of
these mutations.

1.3 Classification of PDAC subtypes

Genomic profiling at a large scale has shown that PDAC has two
different histological types: “classical” and “basal-like”. As shown in
Figure 2, the “Classical” or progenitor subtype was distinguished by
the expression of epithelial markers and a good prognosis, while the
“Basal-like,” squamous or quasi-mesenchymal subtype was
characterised by the expression of mesenchymal markers and
aggressive/metastatic properties. There is still disagreement over
how to actually use the subtype classification for clinical decision-
making in PDAC, despite the fact that these molecular subtypes of
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PDAC may offer new avenues for precision medicine approaches
(65). Collisson et al. conducted transcriptome analyses on tissue
samples of PDAC, as well as human and murine PDAC cell lines, and
identified three distinct molecular subtypes of PDAC, namely the
classical, quasi-mesenchymal, and exocrine-like subtypes (66). The
classical subtype is distinguished by the activation of genes associated
with epithelial and adhesion functions. In contrast, the quasi-
mesenchymal subtype predominantly exhibits the expression of
genes related to mesenchymal characteristics. Additionally, the
exocrine-like subtype is characterised by the upregulation of genes
associated with digestive enzymes. It is noteworthy that these
subtypes exhibit relevance in terms of survival, as the classical
subtype is associated with the most favorable prognosis, while the
quasi-mesenchymal subtype is linked with the poorest prognosis (66).
Moreover, it has been observed that PDAC cell lines belonging to the
classical subtype exhibit resistance to gemcitabine therapy but show
sensitivity to erlotinib.

Moffitt et al. later achieved successful molecular subtyping of
both the epithelial cells and stroma of PDAC, leading to the
identification of two distinct subtypes: normal and activated
PDAC stroma. Notably, the activated subtype was associated with
a poorer prognosis. The two subtypes specific to tumour were
denoted as Classical and Basal-Like (67). The classical subtype is
distinguished by the presence of overlapping genetic signatures,
such as GATAG6. The Basal-like subtype is correlated with a more
unfavorable prognosis compared to the Classical subtype. However,
it exhibits a more favorable response to adjuvant therapy.

In 2018, Puleo et al. examined the influence of the tumor
microenvironment (TME) in PDAC. They categorised PDAC into
five distinct clinical subtypes: Pure-basal-like, Stroma-activated,
Desmoplastic, Pure-classical, and Immune-classical. Yet another
classification distinguishes PDAC into Basal-like A/B, Classical A/B
and Hybrids. Basal-like tumors are more aggressive; Basal-like A is
associated with metastatic disease, and Basal-like B with resectable
disease. Classical A/B tumors are frequently found in the early stage
while Hybrids reveal the presence of multiple expression
signatures (68).

Recent studies observed the coexistence of basal-like and classical
subtype in PDAC. The intratumoral coexistence, which is increased
during disease progression, inversely affects the prognosis and
treatment based on subtypes. A comprehensive study of the
dichotomous role of AP1 transcription factors (JUNB/AP1 versus
cJUN/AP1) in PDAC subtype heterogeneity sheds light on the
plasticity and stability of classical and basal-like neoplastic cells
(69). It also highlights the importance of anti-tumor necrosis factor
o (TNF-or) with gemcitabine chemotherapy which may provide a
valuable strategy for a better treatment response in PDAC. The co-
expression of tumor subtypes has been observed in approximately
90% of tumors using a multiplex immunofluorescence pipeline, based
on the protein expression of PDAC subtype markers (70). The
extensive intratumoral heterogeneity needs further characterisation
in terms of intrinsic and extrinsic factors that dictate subtype
heterogeneity. This will open up new prognosis and treatment
options for PDAC patients (71).
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Schematic and H&E sections PDAC (Scale: 200 um) to distinguish between Classical and Basal like subtypes in PDAC (64), summarising the

clinicopathological differences, genetic signatures and therapy responses.

2 TME complexity in PDAC
2.1 PDAC heterogeneity and plasticity

The cellular and humoural components make up the
heterogeneous PDAC TME. In the cellular component, there are
immune cells, endothelial cells, pancreatic stellate cells (PSCs),
cancer-associated fibroblasts (CAFs) and myofibroblasts (Figure 3;
Table 1). The humoural component is made up of collagen,
fibronectin, and multiple soluble factors, including cytokines,
chemokines, growth factors and complement components
residing in the ECM (94-97). The interaction between these two
components is essential for promoting tumour growth and the
emergence of therapeutic intervention resistance. The development
of an immunosuppressive TME, which allows the tumour to elude
immune surveillance, is a feature frequently observed in PDAC.

The human pancreas is comprised of exocrine (acinar), epithelial
(ductal), and endocrine (at, 3, 8, €) cells. The plasticity of the pancreas
is believed to be responsible for maintaining its homeostasis and
promoting regeneration. Both acinar and ductal cells in the healthy
pancreas can give rise to PDAC, though acinar cells appear to be
more prone to oncogenic transformation (98). Acinar cells undergo a
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plastic trans-differentiation process known as acinar to ductal
metaplasia (ADM), which can progress to PanINs, and eventually,
adenocarcinoma (99), in response to specific macro- and
microenvironmental stimuli, such as tissue damage, inflammatory
factors, or stress conditions (98, 100), and become more vulnerable to
activating mutations in the proto-oncogene KRAS. PanINs are the
most frequent precursor lesions that are linked to the development of
invasive PDAC among premalignant lesions with distinct
histopathological features such as microscopic mucinous pancreatic
ductal lesions with flat to papillary, micropapillary, or cribriform
formation with severe nuclear atypia, loss of polarity, macronucleoli,
and abnormal mitotic figures (86).

2.2 Inflammatory signatures

The etiology of PDAC would not be complete without highlighting
the importance of inflammatory signals for initiation and progression
of tumorigenesis. Inflammation and increased immune cell infiltration
are common risk factors for human pancreatic cancer. Tumor-
promoting inflammation, (101) is an integral part of neoplastic
progression in PDAC. Chronic inflammation of the pancreas, known
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PDAC'’s dense desmoplastic stroma and tumour microenvironment are depicted schematically here. The PDAC stroma is largely made up of CAFs,
Macrophages, MDSCs and other immune cells. Exosomes produced from PDAC cells recruits and activates CAFs. Cytokines, TGF-8, IL-1, PDGF, SHH
are cruicial for CAF activation. N2 TANs, myCAF, Tregs and Bregs have protumourigenic role. iCAF-inflammatory CAF, myCAF-myofibroblastic CAF,

apCAF-antigen presenting CAF.

as pancreatitis, is a significant risk factor for the development of PDAC
(102); the importance of environmental factors that cause chronic
inflammation (e.g., smoking, heavy alcohol consumption, diet, and
obesity) in pancreatic cancer is well established (103, 104).
Inflammation promotes tumour formation, growth, progression, and
metastasis (105).

The TME inflammatory cells and cancer cells are known to
secrete several cytokines, such as IL-6, IL-10, IL-13, VEGF, and TGF-
B (106). The anti-inflammatory TGF-3 and IL-10, as well as the pro-
inflammatory IL-1, IL-6, IL-17, and TNF-0, play a significant role in
PDAC. Depending on the cross-talk between cancer cells and
inflammatory cells, the ratio of pro- to anti-inflammatory cytokines
in the TME constantly changes. Ling et al. demonstrated in a
genetically engineered mouse model that oncogenic KRAS leads to
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a constitutive activation of NF-xB through IL-1or and p62 (107).
Consequently, cancer cell-intrinsic inflammatory signalling networks
generate a protumorigenic TME via the expression of cytokines that
promote angiogenesis and the recruitment of immune and stromal
cells. Several interleukins, including IL-6, were among those
dysregulated by the depletion of NF-kB signalling. IL-6 class
cytokines (e.g., IL-6, LIF, OSM, IL-11) are among the few regarded
as master regulators of inflammation associated with cancer (108).
Blocking the inflammatory cytokine IL-6 may improve the efficacy of
anti-PD-L1 therapy by modulating immunological features of PDAC
in murine models (109). It may enhance T cell trafficking and alter
the tumor’s T cell population, as the ability of a patient to respond to
checkpoint inhibitors is significantly impacted by T cell infiltration
into tumours (110).
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TABLE 1 The immune cells in the tumor microenvironment of pancreatic ductal adenocarcinoma.

Action Reference
Phenotype
Release various growth factors, cytokines; promote tumor cell invasion, promote ADM and PanIN (72)
induce angiogenesis, suppress antitumor immunity, and facilitate tumor (73)
TAMs cell metastasis (74)
Classified into two subtypes: M1 and M2 (75)
Enhanced expression and release of IL-1f, TNF-a, IL-6, or IL-12 Antitumor and pro- (75)
inflammatory phenotype
M1
IL-10, TGF-B, IL-6, PGE, CCL2, CCL17, CCL20 Protumor and anti-inflammatory (75)
properties, (76)
M2 Inhibit CD8" T cells activity, (77)
increases nodal lymphangiogenesis and
poor prognosis
IFN-B, TGF-B signalling Differentiates into N1 or N2 (78)
TANs
1L-12, CXCL9, CXCL10, and CCL3 Recruitment and activation of CD8" T (79)
cells, tumour suppressing
N1
VEGF, MMP-9 Tumour promoting by suppressing CTL (80)
N2
Antigen presentation Located in stroma and rarely in PDAC (81)
DCs infiltrating PDAC increases with TILs infiltration (CD4"* and CD8") TME, improve overall survival
DC
IL-6, IL-11, TGF-P signaling Immune evasion by recruitment of Tregs | (82)
ECM proteins include collagen, laminin, fibronectin Inhibitory TiME (83)
IL-6, CXCL2, CXCL12, and CXCL8
CAFs
Expressing alpha-smooth actin and produce growth factors, cytokines leads to desmoplastic reaction (84)
and ECM components
PSCs
(Continued)
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TABLE 1 Continued
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Action Reference
Phenotype
Production of ROS, inhibit the antitumor functions of T cells | (85)
secretion of peroxynitrite and Arginase-1 and NK cells
MDSC Induction of Tregs
Depletion of cysteine
Secrete immunosuppressive cytokines such as IL-10 and TGF-8 immune evasion (86)
FOXP3 protein expression and high levels of IL-2 receptor alpha barrier for successful (87)
chain CD25 tumor immunotherapy
Tregs
Exhibit impaired killing of autologous PDAC cells due to NKG2D and Leads to recurrence-free survival (88)
DNAM-1 deficiency (89)
NK Increased percentage of NK cells in peripheral blood
cells
IFN-y, TNF-0,, granzymes, FasL Immunogenically hot tumor, which can (81)
,\ . respond better to immune (90)
+ checkpoint inhibitors 91)
T cells
IFN-y, IL-2, increase CTL activity and IL-4, IL-5, IL-13, decrease Anti-tumor immunity and 91)
CTL activity tumour tolerance
CD4+
T cells
Infiltration of CD20" B lymphocytes Prognostic value diverged according to (92)
their spatial distribution in the tissue
B cells
1L-10, IL-35, IL-18 Enhance immunological tolerance (93)
Bregs

3 Immune suppressive
microenvironment in PDAC

3.1 Myeloid cells

The immunosuppressive TME and cell types, a hallmark of
pancreatic cancer, are thought to promote tumour invasion and
growth. Myeloid cells develop from hematopoietic stem cells in the
bone marrow through myelopoiesis. They are characterised by the
expression of CD45 and CD11b surface markers. Subsequently, they
undergo differentiation into discrete subpopulations, namely
macrophages, granulocytes, mast cells, and dendritic cells, all of
which are integral constituents of the innate immune system.
Myeloid cell abundance in tumours correlates with worse clinical
outcomes (111, 112).

The macrophages present within the tumour are commonly
known as tumor-associated macrophages (TAMs). Two main
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phenotypes of macrophages, known as M1 and M2, are known for
their ability to display plasticity. M2 polarised macrophages display
immunosuppressive traits and a restricted adaptive immune
response. Induction of an MIl-like phenotype is typically seen to
enable adaptive immunosurveillance. TAMs inhibit T-lymphocyte
responses (113) and secrete cytokines that promote the tumor
phenotype and metastasis (73, 114). In addition to their ability to
directly induce T-lymphocyte apoptosis (115), TAMs produce
arginase-1(72), a metalloenzyme that metabolizes and depletes the
environment of arginine, an essential compound for T-lymphocyte
proliferation (116, 117). Another major TAM subpopulation includes
SPP1" and C1QC" TAMs, which on further characterization, showed
enrichment for epithelial-to-mesenchymal transition (EMT) and a
high angiogenesis score in SPP1* TAMs, while CIQC" TAMs were
enriched for antigen presentation and phagocytosis (118).
Granulocytes can be further categorised into three subtypes:
eosinophils, basophils, and neutrophils. In the context of the TME,
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it is common for neutrophils and monocytes to exist in an immature
state, which is commonly referred to as immature myeloid cells or
myeloid-derived suppressor cells (MDSCs).

Myeloid cells and other immune cells infiltrate the PDAC TME,
resulting in a state of local inflammation (119) in which tumour cells
interact with infiltrating immune cells. However, for a transformed
cell to survive, it must attain an immunosuppressive phenotype, such
as downregulation of MHC class I expression and upregulation of
programmed cell death receptor ligand-1 (PD-L1) and CD47, which
hinder the anti-tumor immune response by engaging and
suppressing the activated T cells and relaying ‘don’t eat me’ signal
to the phagocytic macrophages, respectively (120, 121). Constitutively
active KRasG12D regulates autophagy-induced MHC class I
downregulation, which is a major mechanism that PDAC cells
employ to escape immune surveillance (122, 123). Table 1 provides
the immune cell composition and its effect in the PDAC TME.

3.2 Cancer-associated fibroblasts

In addition to myeloid immune cells, fibroblasts in stromal
components, known as Cancer-associated fibroblasts (CAFs), are
an important TME component, including myofibroblastic CAFs
(myCAFs), immunogenic CAFs (iCAFs), and antigen-presenting
CAFs (apCAFs). PDAC has a unique fibrotic TME with
desmoplastic stroma, abundant in ECM proteins produced by
CAFs that represent a significant proportion of the cellular
composition in the PDAC stroma, ranging from 15% to 85% of
stromal cells (124) (Figure 3). CAFs, immune cells, cytokines and
chemokines accumulate in the TME of primary and metastatic
PDAC, exacerbating the development of an immunosuppressive
phenotype (86, 125). CAFs create a physical and metabolic barrier
via ECM proteins, thereby diminishing the effectiveness of
therapeutic interventions against PDAC by increasing the
interstitial tumor pressure that impairs vascular function (126-
128). Additionally, CAFs facilitate tumour growth and invasion
(129-132) and contribute to chemotherapy resistance by the
presence of hyaluronan (18, 33, 127). The role of CAFs in
immunosuppression (133), tumour metabolism (134), and
secretion of inflammatory factors such as IL-1B, potential initiator
of NF-xB signalling (135), have been studied. Therefore, the
elimination of CAFs from the TME has the potential to serve as a
possible therapeutic approach for the treatment of PDAC (131, 136).

3.3 Extracellular matrix

Increasing desmoplasia, which frequently matches or exceeds the
tumor’s epithelial component, is a hallmark of PDAC progression.
The ECM provides physiological signals to neighboring cells in all
tissues. The accumulation of ECM proteins is prevalent in solid
tumours including PDAC and is referred to as a desmoplastic
reaction (137). TME can modulate interstitial fluid pressure (33,
126) and reduce the density of blood vessels within tumours (33).
Collagens, integrins, proteoglycans, glycoproteins, and proteases
dominate the ECM of PDAC. These components interact with
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cancer cells through a variety of mechanisms (138, 139). Collagens
Type I, IIl and IV are the most prevalent of these constituents.
Collagens are active components in PDAC stroma with not for just
structural support, but have a direct effect on the growth, survival,
and spread of cancer cells (140); patients with higher level of fibrillar
collagen have lower overall survival rate (141). o6, an epithelial
integrin, is upregulated in PDAC (142). Galectin-1 (GAL1), along
with other glycoproteins such as periostin and fibulin, has been found
to be upregulated in the PDAC TME and is poorly expressed in long-
term (10 years) PDAC survivors (143).

CAFs, which originate primarily from PSCs and bone-marrow
derived mesenchymal stem cells, are a major regulator of the ECM
(144). PSCs are primarily located in the vicinity of pancreatic glands
and possess the capability to produce ECM proteins, matrix
metalloproteinases (MMPs), and MMP inhibitors, which play a
crucial role in regulating ECM turnover (145). PSCs can be
activated by pro-inflammatory cytokines, oxidative stress,
hypoxia, hyperglycemia, and heightened interstitial pressure
(146). Activated PSCs can secrete growth factors such as TGF-f1,
PDGF and VEGF (147) to promote pancreatic cancer cell growth,
decrease apoptosis, and increase invasion (148). PSCs are the
primary source of collagen in tumour stroma, secreting ECM
proteins such as o-smooth muscle actin and collagen. Reducing
myofibroblasts and ECM in PDAC in vivo can inhibit tumour
growth and improve chemotherapy sensitivity.

4 Interplay between innate and
adaptive immune mechanisms
in PDAC

PDAC is immunologically heterogeneous; this heterogeneity
exists between cells within PDAC. CD8" cytotoxic T lymphocytes
(CTL) and CD4" T cells are the effector tumor infiltrating
lymphocytes (TILs) observed in resected cancer tissue and are
believed to participate in the host immune response against cancer
which is considered a positive prognostic marker (149). Out of the
total T lymphocytes (CD3), >80% are CD8" T and CD4" T Cells
(150). The immune cells that target tumors are CTLs. CTLs use the
Fas-FasL and perforin-granzyme pathways as major effector
mechanisms of cytotoxicity; loss of Fas expression in PDAC
tumours result in cancer immune evasion (151). PSCs produce
elevated amounts of ECM, driving a fibrotic tissue that entraps
infiltrated T cells, alongside immunosuppressive cytokines and
expression of PDL-1. Pancreatic cancer cells avoid T cell killing by
downregulating Fas, exhibiting low tumour mutational burden,
expressing PDL-1 and secreting growth factors and cytokines that
recruit immunosuppressive cells. CTLs are localised along the
invasive margin of the tumour border or trapped in the
surrounding fibrotic tissue but are not present within the tumour
core. Moreover, infiltrated CD8" T cells in PDAC tumours often
display minimal signs of activation (152). MDSCs express PDL-1 and
suppress T cells functions by several mechanisms, including depletion
of arginase 1, the release of reactive oxygen species, and secretion of
cytokines. Tregs directly suppress T cells, express cytotoxic T-
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lymphocyte-associated protein 4 (CTLA-4) and secrete cytokines
such as TGF-f and IL-10. TAMs play a role in sequestering T cells
at the periphery and secrete immunosuppressive cytokines (91).
Tumour-derived cytokines and chemokines drive recruitment of
myeloid cells to the TME. These cells, which include TAMs and
MDSCs, block the recruitment and priming of T cells, resulting in T
cell exclusion within the TME (153).

There is considerable infiltration of CD20" B lymphocytes in
the TME of human PDAC, unlike normal pancreatic tissue (92).
There is a distinct spatial heterogeneity for B cells either in ectopic
lymph nodes like tertiary lymphoid structures, or interspersed at the
tumour-stroma interface. In addition, B cells produce anti-tumor
antibodies and present tumor antigens to T cells to improve the
cancer immunosurveillance. B cells in the TME respond to tumor-
associated antigens by secreting IgG1 antibodies to activate the
complement system, and phagocytosis by NK cells and
macrophages (154). Alternatively, regulatory B cells (Bregs),
dispersed inside the TME, contribute to the dampening of anti-
tumor immune responses by secreting anti-inflammatory cytokines
(IL-10 and IL-35), which promote tumor growth and metastasis
(93). It appears that innate immune cells such as macrophages and
neutrophils have a larger role to play in PDAC than the adaptive
immune mechanisms.

4.1 Regulatory T cells

In PDAC, regulatory T cells (Tregs) play a major role in tumour
immune suppression. Through immunohistochemistry, they can be
identified based on forkhead box protein 3 (FOXP3) expression and
high levels of IL-2 receptor o chain CD25 in tumour tissues. There is
sufficient evidence that Tregs are the primary barrier to an effective
tumour immunotherapy (87). In fact, Tregs are significantly
increased in the blood of PDAC patients as well as in the
pancreatic tissue (155). They are recruited to tumour sites, where
they inhibit antitumour cytotoxic response by binding to DCs and
preventing DCs from activating CD8'T cells (156). From the
premalignant to the invasive stages of PDAC, Tregs aid in
suppressing the immune response against PDAC cells (157). In
addition, it appears that a high Treg prevalence in PDAC is linked
to a poor prognosis and weak PDAC differentiation (158). Single cell
RNA seq studies revealed that activated TME is defined by the
presence of Tregs, FGF, TAMs (SPP1", GRN™), M2 like
macrophages; in contrast, patients with normal stroma show M1-
like macrophages, increased effector and exhausted T-cells (159).

Using the KC mouse model, a model where KRAS genetic
changes are brought in for the development of pancreatic cancer,
the immune cell infiltration at different stages of PDAC,
including normal pancreas, PanINs, and invasive carcinoma,
were examined (160, 161). Tregs and MDSCs predominated
the immune infiltrate in the early PanIN stages. When the
disease reached the PDAC stage, CD4" and CD8" cells were
infrequently found and the existing CD8" cells were not
activated, suggesting an immunosuppressed TME (160). Strong
inverse correlations between MDSCs and CD8" T-lymphocytes at
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all disease stages imply that MDSCs are a key player in tumour
immunosuppression (160).

Clinically, pancreatic cancer frequently contains T lymphocytes
which surround the pancreatic lesion; CD8” cells are elevated in the
circulation of PDAC patients (162). PDAC has a high percentage of
CD4" Tregs, which support an immunosuppressive phenotype.
They are typically found in the stromal regions of the tumour
and rarely in conjunction with tumour epithelial cells (157). Treg
accumulation is correlated with the progression of both the major
preneoplastic lesions, PanINs and IPMN, in clinical samples of pre-
malignant lesions (157). In murine models of PDAC, an association
between Treg infiltration and the growth of pancreatic cancer is
established. When syngeneic C57BL/6 mice are subcutaneously
injected with mouse pancreatic tumour cells from Pan02, the
spleen and tumour-draining lymph nodes of these mice exhibit a
marked increase in Tregs (163). The CCR5 receptor, which is
preferentially expressed by Tregs, is ligated by tumour cells in
murine as well as human PDAC (164). Growth of PDAC is
inhibited by CCR5 mediated blockade of Treg accumulation.

4.2 Regulatory B cells

Tumor-infiltrating B lymphocytes in PDAC differentiate into
Regulatory B cells (Bregs) that produce IL-10 or IL-35 with the help
of other immune cells such as Tregs and MDSCs, cytokines IL-18,
CAFs, tumor-associated antigens, damage-associated molecular
patterns, hypoxia, pancreatic microbiota, and metabolites in the
TME (165, 166). A high number of IL-10/IL-35-producing Bregs
are observed in the PDAC stroma of KPC and KC murine models
and PDAC patient samples (93). IL-18 promotes Breg
differentiation and enhances immunological tolerance, leading to
the development and metastasis of PDAC (46). In addition to IL-18,
other chemokines such as CXCL13 and CCL21, are responsible for
B-cell migration and accumulation within tumors (93).

5 How tumour cells shape innate
immune response in
PDAC progression

5.1 Tumour intrinsic chemokines
and cytokines

Cancer stem cells (CSCs) in PDAC have the ability to self-
renew, differentiate into numerous lineages, initiate tumourigenesis,
and resist conventional cancer therapy. CSCs are characterized by
specific cell surface markers, CD44"CD24"ESA™ (167). Pro-
inflammatory cytokines are involved in the CSC self-renewal
process (168). Following the development of pancreatitis, the
number of CSCs in the circulation greatly increased. However,
treatment with the anti-inflammatory drug, dexamethasone, lowers
the level of CSCs in the circulation. Thus, inflammation plays an
important role in the spread of pancreatic CSCs and perhaps even
in PDAC metastasis.
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Tumour-derived cytokines and chemokines in PDAC set up the
immunosuppressive cellular network by attracting myeloid cells to
the TME. TAMs and MDSCs contribute to T cell exclusion from the
TME by inhibiting their recruitment and priming. By secreting
cytokines, chemokines, and other factors such as GM-CSF, CSF-1,
IL-3, CXCL12, and CCL2, TAMs and MDSCs can shape the TME in
ways that promote or inhibit tumour growth and survival.

Acinar cell trans-differentiation into duct-like cells, known as
acinar to ductal metaplasia (ADM), is the first histologically distinct
event during PDAC pathogenesis (98, 99, 169). ADM is required for
pancreatic regeneration by the acinar cells and is accompanied by a
loss of polarity or contact between cells or with the ECM. However,
pro-inflammatory cytokines prevent the acinar reversibility in the
presence of oncogenic Kras and advance ADM to lesions PanIN
(99). TNF-o. and RANTES (Regulated on Activation Normal T Cell
Expressed and Secreted) are two pro-inflammatory cytokines
secreted by TAMs that cause ADM by triggering NF- «B
signalling and the expression of MMPs (170, 171).

The functional relevance of the chemokines in PDAC and their
association with the NF-«kB pathway has been studied (172). TAMs
also secrete IL-6 and promote STAT signaling resulting in tumour
growth and progression (173, 174). The initial secretion of
cytokines such as PDGF and TGEF-, recruits additional lymphoid
and myeloid subsets into the TME, which then secrete more TGF-
81, CTGF, high mobility group box protein 1 (HMGBI1), IL-10, IL-
lo, IL-1f, IL-8, TNF-0, and CCL18 depending upon their
activation status (175), resulting in chronically inflamed tissues.
Signaling through a family of G-protein coupled receptors is an
additional important stimulus for the infiltration of these immune
cells into the PDAC tissue (176).

Numerous chemokines are described in relation to PDAC
pathogenesis and therapy resistance. PDAC cells produce
chemokine CCL2 or monocyte chemotactic protein 1 (MCP1), a
proinflammatory chemokine that binds to CCR2 and CCR4 under
normal conditions (177). CCL2 is found to be highly expressed in
Basal like subtype compared to Classical subtype and recruits TAMs
to the TME (178). This basal expression is further increased when the
cells are stimulated with IL-1, TNF-o or FAS ligand (179).
Furthermore, the regulation of CCL2 expression in PDAC cells are
attributed to the NF-«xB pathway (177, 179, 180). CXCLS8, or IL-8, is a
chemokine produced by many cell types. IL-8 also binds to CXCR1
and CXCR2, with a higher affinity for CXCR1. In addition to
angiogenic functions, IL-8 mediates phagocytosis and chemotaxis.

6 PDAC aggressiveness and
immune suppression

6.1 Innate immune-driven
PDAC aggressiveness

Immune cell fractionation in PDAC revealed a higher
proportion of innate immune cells than adaptive immune cells
(8). PDAC tissue contains an abundance of macrophages, MDSCs,
DCs, and neutrophils. Single-cell RNA sequencing (RNA-seq) data
revealed that macrophages are the predominant immune cells
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among the CD45" population in PDAC (8). Neutrophils also
contribute to significant portion of the immune cell infiltrate
observed in PDAC (181). Neutrophils are transformed into
tumour-associated neutrophils (TANs) after migrating into
tumour tissues. TANs were identified as Ly6G'CD11b" cells
(182), and further classified as N1 (tumour suppressing) or N2
(tumour promoting) phenotype (100) and are associated with poor
prognoses in PDAC (183). Neutrophils are recruited to the PDAC
TME via multiple tumour-secreted chemokines including CXCL1,
CXCL2, CXCL5, and CXCL8. They respond to these chemokines by
the expression of the CXCR1 and CXCR2 CXC receptors. Tumour
size in PDAC correlates with the level of CXCR2 expression (184).
Myeloperoxidase” (MPO™) neutrophils and CD11b"Ly6G" MDSCs
infiltration into tumours is reduced in CXCR2 knockout PKF [mice
with conditional Kras®'*P mutation and knockout of TGF-B
receptor type II (Tgtbr2), (LSL-KrasG12D/+; Tgfbr2flox/flox,
Ptfla-Cre] mice compared to control animals (185). CXCLI,
CXCL2, and CXCL5 secretion from tumour cells is elevated in
the KPC (LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx1-Cre) mouse
model, in comparison to the normal pancreas (186). Another study
demonstrated that CXCL5 has the greatest increase in human
PDAC and correlated with both tumour-infiltrating CD15"
granulocytes and neutrophil elastase” (NE*) granulocytes (187).
Neutrophil depletion has been shown in multiple PDAC studies to
reduce tumour growth and metastasis. Importantly, in wound
healing and transwell assays in vitro, neutrophils derived from
PDAC patients significantly promoted the migration and invasion
of pancreatic cancer cells, whereas neutrophils derived from healthy
individuals did not (188). In addition, Neutrophil to Lymphocyte
Ratio correlates with a poor prognosis in patients with resectable
and unresectable pancreatic cancer (187, 189-191). PDAC patient
outcomes also correlate with the presence of neutrophils within the
tumour. Neutrophil marker CD177 is inversely associated with
overall survival in patients with PDAC (192). Patients with PDAC
who have tumour-infiltrating neutrophils with high levels of
CD66b™ have significantly lower survival rates (181). In human
PDAC tissues, TAN-derived TGF- induces EMT in human lung
cancer tissues through the TGF-/Smad pathway, contributing to
carcinogenesis (193, 194). Another study indicates that inhibition of
CXCR2 decreases TAN accumulation, and inhibits PDAC
metastasis in mice (186, 195).

DCs are uncommon in the TME of pancreatic cancers and are
located at the tumour’s periphery (196). Systemically, PDAC
patients have decreased levels of blood DCs (197). Notably,
higher levels of circulating DCs are associated with improved
survival in PDAC patients (197, 198). In addition, surgical
removal of the pancreatic tumour improved blood DC function,
supporting a tumour-derived effect on immune function of DCs
(199). During disease progression, the immune response of the host
to pancreatic cancer is reported to shift from immune surveillance
to immune tolerance. CXCL17 and intercellular adhesion molecule
2 (ICAM2) appear to mediate this polarisation (200). In addition,
tumour-derived cytokines such as TGF-f3, IL-10 and IL-6 have been
shown to inhibit DC survival and proliferation (201). The
proliferation of immature myeloid cells in the bloodstream and
spleen may further compromise the immune response. The level of
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circulating MDSCs is increased in PDAC, which may promote
tumour progression (202, 203). MDSCs inhibit DC activation in
pancreatic cancer by producing nitric oxide (NO) (204).

Innate lymphoid cells (ILCs) are innate immune cells that
bridge between innate and adaptive immune system. Group 2
ILCs (ILC2s) are activated by IL-33, which have differential roles
in PDAC development and progression; ILC2 activation recruits T
cells to boost anti-cancer immunity in PDAC tissues via
recruitment of CD103" DCs (205). However, yet another study
demonstrated that IL-33-treated ILC2s produced IL-10 and played
a protective role in islet allograft survival (206). These results
indicate that ILC2s are a highly dynamic cell type and their
phenotypes and functions are controlled by the TME. In the
TME, immunosuppression is observed where hypoxia converts
ILC2s to IL-10" ILCregs, helping to form a tolerogenic state in
pancreatic cancer (9). ILCs recruit CD8" T and memory T cells in
PDAG; ILCs are also able to help CD108" B cells migrate to tumour
locations (207).

6.2 Innate-immune driven immune
suppression in PDAC

PDAC is notoriously resistant to immunotherapy, such as
cytokine therapy, adoptive T cell therapy, and checkpoint
blockade strategies (208-210) Failure of these therapies has been
attributed to a lack of CD8" T cells and severe immunosuppression
in the TME of PDAC (45, 211, 212). The presence of excessive
fibrosis in the TME hinders the infiltration of adaptive immune
cells (127).

At the early PanIN stages, Tregs and MDSCs dominate the
immune infiltrate. As the disease progresses, CD4" and CD8" cells
are inconsistently found; existing CD8" cells display a lack of
activation, suggesting an immune suppressed TME (160). At all
stages of disease, there is a strong inverse correlation between
MDSCs and CD8" T-lymphocytes, suggesting that MDSCs are a
mediator of tumour immunosuppression (160).

Conventional DCs (cDCs) have been identified as important
mediators of antigen priming and T cell activity, with Batf3/Irf8-
dependent CD103" CD24" cDCls responsible for CD8" CTL cross-
priming. Moreover, Irf4-dependent CD11b" CD172a" ¢DC2s are
implicated in the priming of CD4" T helper cells (Th) (213). cDCs
have also been implicated in T cell-dependent tumour killing and
immunotherapy response (214-218). Nonetheless, it has been
reported that the levels of circulating MDSCs are elevated in
pancreatic cancer, which may promote tumour progression (202,
203); MDSCs produce NO, which inhibits DC activation (204).
Depending on microenvironmental stimuli, DC can differentiate
into distinct subpopulations, leading to proliferation of myeloid
DCs that induce Thl cell activation, or plasmacytoid DCs that
facilitate immunosuppressive T cell development. Tumour-derived
cytokines have been reported to induce a tolerogenic plasmacytoid
DC phenotype (201). Furthermore, recent data suggest the existence
of a specific subset CD11b" DCs that foster an immunosuppressive
TME, which favors metastatic progression through the expansion of
Tregs and suppression of CD8" T cells (219). These findings
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indicate that PDAC is characterized not only by a reduced
number of DCs, but also by complex modulation of DC
subpopulations, which affects tumour development.

6.3 Complement system

The complement system is a crucial mechanism that connects
innate immunity to adaptive immunity and aids the body in
combating foreign pathogens and abnormal host cells (220). The
complement system can be activated by three distinct pathways:
classical, alternative, and lectin. The three pathways converge on the
cleavage of complement component C3 into subunits C3a and C3b
(C3 convertase) and C5 into fragments C5a and C5b (C5 convertase).
As inflammatory mediators or anaphylatoxins, C3a and C5a, cause
inflammation by causing histamine release and by activating immune
cells such as neutrophils, eosinophils, and macrophages (221).
Malignant tumours have increased complement protein expression
(222). Activation of the complement system in the TME promotes
tumourigenesis (222). PDAC tissue shows an upregulation of C3 and
C5, producing more anaphylatoxins (223, 224), C3a and C5a, which
upregulate inflammatory mediators and cytokines and cause direct
stimulation of TNF-o. and IL-1 (220). In addition, these
anaphylatoxins increase the recruitment of macrophages in the
TME (225).

The complement system has an important role to play in
PDAC. The expression of complement regulatory proteins/
receptors, CD46, CD55, and CD59, is well established in PDAC
cell lines (226). Properdin, the only known up-regulator of the
alternative pathway, is highly expressed in the early stages of PDAC;
its decreased expression in samples from patients with late-stage
PDAC has been reported (227). Neutrophils are known to secrete
properdin, which is stored in their granules (228). Elevated
properdin expression in PDAC patients with increased neutrophil
infiltration is more likely to associate with classical subtype and
higher overall and disease-free survival. Properdin induces
apoptosis in basal-like pancreatic cancer cell lines, suggesting its
anti-tumourigenic role in PDAC (229). Studies have also reported
that properdin can recognize cancer cells and play a protective role
during tumourigenesis (230). Alternatively, properdin level is
strongly down-regulated in PDAC serum (231). The inhibition of
complement activation promotes cancer cell immune evasion and

seems to hamper the efficacy of cancer immunotherapy.

7 Targeting innate immunity in PDAC

Existing therapies for patients with PDAC include surgical
resection, chemoradiation therapy, and immunotherapy; however,
only a small percentage of patients benefit from these treatments.
Single-cell RNA-seq studies on the PDAC TME show innate
immune cell dominance, which can be directly activated by many
cytokines without antigen presentation, unlike adaptive immunity.
Given the predominant infiltration, decreased antigenicity, and
instant activation, innate immunity may be more important than

adaptive immunity in the PDAC immune TME.
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On the basis of a growing comprehension of the role of TME in
PDAC, neutrophils have emerged as a possible therapeutic target.
Targeting neutrophils in PDAC has shown encouraging results in a
number of preclinical studies that utilised CXCR2 inhibitors or Ly6G
antibodies (187). The preference for CXCR2 as a target may possibly
arise from the fact that blocking CXCR?2 affects not just the CXCL5/
CXCR2 axis but also additional CXCR2 ligands, such as CXCL1-3
and CXCL6-8.

TAM:s are one of the most important regulators in the PDAC
TME. Depletion of TAMs could dramatically decrease
tumourigenesis (232); inhibiting M2 macrophage polarisation is
essential for preventing PDAC development, enhancing antitumour
immunity, and even clinical treatment (233). New developments in
macrophage adjustment have been put forth, such as blocking CSF-
1/CSE-1R, CD40 agonists, and other agents, which are helpful in re-
educating TAMs from their M2 state to M1. It is currently possible
to effectively halt tumour growth and cure tumours owing to an
expanding variety of macrophage-targeting strategies. When
combined with standard therapy and immunotherapeutic drugs,
the blocking of CSF-1/CSF-1R activation can be a potential strategy
for treating PDAC by decreasing the TAM population (234).
Reprogramming the M2 phenotype of TAMs can significantly
change the immunological status of the TME and reactivate the
immune system’s antitumour activity.

The phase II clinical testing of multiple antibodies against CSF1/
IR in PDAC patients has been undertaken (235). The efficacy of
cabiralizumab (Five Prime), a humanized IgG4 mAb against CSFIR,
together with the anti-PD1 antibody, nivolumab, in patients with
advanced/metastatic PDAC who progressed after first-line
chemotherapy (NCT03336216) was evaluated (236). Similarly,
another phase Ib/II trial evaluated a fully humanised IgG2
monoclonal anti-CSF1R antibody, AMG 820 (Amgen), in
combination with pembrolizumab, on patients with metastatic
PDAC (NCTO02713529). Both trials failed to reach their
effectiveness goals despite exhibiting target-specific alterations, such
as the decrease in monocytes. The failure may have been related to
the normal stroma association of the CSF1/CSF1R signaling and non-
specific targeting based on the expression of CSFIR seen across all
myeloid cells. In another phase Ib/II trial that included patients with
metastatic PDAC, limited activity was observed with the anti-CSF1
antibody, lacnotuzumab (Novartis), given in combination with anti-
PD1 spartalizumab (NCT02807844) (237).

HA is highly overexpressed by tumour cells and CAFs in PDAC;
enzymatic depletion of HA using PEGylated hyaluronidase
improves therapeutic effectiveness (37). Based on the expression
levels of HA, clinical phase I/Il study (NCT01839487) revealed
robust response rates for patients. However, when combined
together, nab-paclitaxel and gemcitabine failed to prolong
progression free survival (238).

High levels of integrin molecule CD11b/CDI18 on myeloid, cell
surface, which is essential for their trafficking and cellular activities within
inflammatory tissues, make them amenable to therapeutic targetting.
ADH-503 is a small-molecule agonist that partially activates CD11b,
causing TAMs to repolarize, fewer immunosuppressive myeloid cells to
infiltrate the tumour, and improve DC responses. As a result, checkpoint
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inhibitors are now effective in PDAC models that were previously
resistant to their effects and antitumour T cell immunity is improved.
These results show that molecular inhibition of CDI1b alters
immunosuppressive myeloid cell responses and may overcome the
limitations of existing clinical approaches to immunotherapy
resistance (239).

DC vaccination has emerged as a novel strategy to prime host
anti-tumour immunity (240). Specifically, the combination of a DC
vaccine with gemcitabine led to eradication of orthotopic tumours
and provided durable protection against PDAC in mouse
models (241).

ECM plays a significant role in PDAC tumour growth,
metastasis, and resistance to therapy. Accumulating preclinical
studies with patient-derived specimens suggest that targeting the
dense desmoplastic ECM proteins of PDAC may offer the potential
for clinically useful treatments. In clinical practice, it has not yet
been possible to successfully target the ECM to improve
overall survival.

8 Recent clinical trials

Antibodies against immune checkpoints, such as anti-PD-1/PD-
L1 and anti-CTLA-4, brought transformation in the treatment of
several malignancies, but failed to elicit effective anti-tumour
response in PDAC patients (19). A phase II clinical trial
(NCT02879318) assessed the safety and efficacy of combination
chemotherapy (Gemcitabine and nab-paclitaxel) with immune
checkpoint inhibitors (durvalumab; PD-L1 inhibitor) and
tremelimumab (CTLA-4 inhibitor), which did not improve survival
rate significantly (242). Modified FOLFIRINOX (Folinic acid,
fluorouracil, irinotecan, and oxaliplatin) with Sintilimab (human
IgG4 monoclonal antibody for PD-1) used in a clinical trial
(NCT03977272) did not show any survival benefit (243). Another
phase II trial (NCT032124250) evaluated the efficacy of nivolumab
(anti-PD-1) and/or sotigalimab (CD40 agonistic antibody) with
gemcitabine/nab-paclitaxel (chemotherapy) in patients with first-
line metastatic PDAC (244). The overall survival rate was 57.7% in
nivolumab/chemotherapy group compared to 48.1% observed in
sotigalimab/chemotherapy and 41.3% in nivolumab/sotigalimab/
chemotherapy treatment regimen. Granulocyte-macrophage
colony-stimulating factor (GM-CSF)-secreting allogeneic pancreatic
tumour cell (GVAX) immunotherapy and ipilimumab did not
improve overall survival, but clear biologic effects on peripheral
and intratumoural immune cells were observed, such as increase in
T cell activation markers, peripheral T helper and cytotoxic effector
memory cells, and decrease in naive cytotoxic T cells and increase in
M1 macrophage content (245). A Phase Ib/II study (NCT02331251)
using gemcitabine, nab-paclitaxel, and pembrolizumab to evaluate
the safety and efficacy in mPDAC improved the overall survival rate
in naive chemotherapy patients (246).

A phase 1b clinical trial (NCT03307148) targeting PSCs with
all-trans-retinoic-acid (ATRA) can reprogram pancreatic stroma to
suppress PDAC growth (247). ATRA as a stromal-targeting agent
with gemcitabine-nab-paclitaxel is safe and tolerable and will be
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evaluated in a phase II randomized controlled trial for locally
advanced PDAC.

The clinicaltrials.gov registry provided with recent clinical
trial data on PDAC having interventional therapy (Table 2).
NCT02993731 is the largest cohort of patients with mPDAC
administered nab-paclitaxel with gemcitabine. The addition of
napabucasin to nab-paclitaxel with gemcitabine did not improve
efficacy in patients with previously untreated mPDAC (248).
CXCR2 antagonist that blocks neutrophil migration and reduces
circulating neutrophil counts was studied in a clinical trial,
(NCT02583477). In NCT02501902, the tolerability and antitumor
activity of palbociclib plus nab-paclitaxel treatment in patients with
PDAC did not meet the prespecified efficacy (249). The safety and
efficacy of LMB-100, an immunotoxin that targets mesothelin with
and without nab-paclitaxel was studied in NCT02810418 (250).
This study resulted in increased numbers of active circulating CD4
and CD8 T cells, and identified specific changes in serum cytokines
and peripheral CD4 T cell subsets associated with capillary leak
syndrome, the major toxicity of immunotoxin therapies.
NCT03611556 showed similar safety but a trend towards
improved outcome (251). In NCT02289898, addition of
demcizumab did not improve the efficacy in comparison with

10.3389/fimmu.2024.1323198

placebo (252). NCT01893801, provided encouraging results with
high response rate and improved median survival (253). In
NCT01658943, selumetinib plus MK-2206 did not improve
overall survival in patients with mPDAC for whom gemcitabine-
based chemotherapy had failed (254). The baseline immune status
predicts PDAC disease course and overall survival in NCT01280058
(255). Tremelimumab monotherapy is ineffective for metastatic
PDAC (NCT02527434) (256). New therapeutic options are being
studied in the clinical trials: NCT02981342, NCT02558894,
NCT02178709. The availability of these results and other ongoing
research will help improve the future trials in PDAC patients.

9 Conclusions and perspectives

The abundant desmoplastic stroma is inextricably linked to the
immune landscape of human PDAC. This dense extracellular
matrix contributes to the low immunogenicity of PDAC, thereby
impeding the infiltration of effector T cells and fostering an
immunosuppressive TME. There exists an urgent demand to
enhance our understanding of the intricate interplay among
tumour cells, immune cells and stromal components within the

TABLE 2 The clinical trial data collected from clinicaltrials.gov with keywords as pancreatic ductal adenocarcinoma and interventional study.

Clinical Intervention/Treatment Number of Overall survival 95% Progression free
trial ID patients analysed Cl (Months) survival
95% Cl (Months)
Phase III NCT02993731 Napabucasin Plus Nab-paclitaxel 565 11.43 6.70
With Gemcitabine
Nab-paclitaxel With Gemcitabine 569 11.73 6.08
Phase II NCT02981342 | Abemaciclib 33 2.71 1.68
Abemaciclib 33 3.29 1.81
1Y3023414
Gemcitabine 33 Data not estimable 3.25
Capecitabine
Phase II NCT02558894 | Durvalumab (MEDI4736) monotherapy 33 3.1 1.5
tremelimumab+MEDI4736 32 3.6 1.5
Phase II NCT02178709 | Folfirinox 43 15.7 *
Phase I- NCT02583477 | MEDI4736 in combination with nab- 3 * *
Phase II paclitaxel and gemcitabine
MEDI4736 in combination 18 2.8 1.6
with AZD5069
Phase I NCT02501902 | Palbociclib Nab-Paclitaxel Approx 30-60 patients i i
Phase I- NCT02810418 | Immunotoxin (LMB-100) Approx 35-40 patients > **
Phase 1T Nab-Paclitaxel
Phase I- NCT03611556 | Oleclumab 213 oex oex
Phase 1T Durvalumab
Gemcitabine
Nab-paclitaxel
Oxaliplatin
Folinic acid
5-FU
(Continued)
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TABLE 2 Continued

Clinical Intervention/Treatment

trial ID

Number of

patients analysed

10.3389/fimmu.2024.1323198

Overall survival 95%
Cl (Months)

Progression free
survival
95% CI (Months)

Phase 1T NCT02289898 | Demcizumab
Abraxane
gemcitabine

Placebo

207 * *

Phase I-
Phase 1I

NCTO01893801 | nab-paclitaxel
Cisplatin

gemcitabine

Akt Inhibitor MK2206
Selumetinib

Phase II NCT01658943

25 16.4 10.1

58 3.9 1.9

mFOLFOX

62 6.7 2.0

Phase IT NCT01280058 | WT Reo virus
Carboplatin

Paclitaxel

Carboplatin
Paclitaxel

Phase IT NCT02527434 | Tremelimumab monotherapy
MEDI4736 monotherapy
MEDI4736 + tremelimumab

combination therapy

* Data not available.
** Sequential assessment.
*** Dose escalation study.

36 7.3 4.9

37 8.8 52

20 3.98 *

The overall survival (OS) and progression free survival of these clinical trials are given in the table.

context of pancreatic cancer. Enhancing our understanding of these
interactions will be essential for improving therapeutic approaches
for human PDAC.

The communication between the tumour cells and the TME is
mediated by many factors including extracellular vesicles (EVs).
Exosomes which are EVs with a diameter of 30-150 nm are secreted
by tumour cells as well as the stromal cells in the TiME during
tumour progression (257). PDAC-derived EVs distinctly regulate
angiogenesis by inducing cell proliferation, mobility and secretion of
pro-angiogenic factors. Cancer-associated thrombosis is yet another
complication in PDAC via the expression of tissue factors. PDAC
derived exosomes regulate pancreatic functions including lipidosis
and glucose intake inhibition. The immunosuppressive Treg
expansion is also mediated by EVs in PDAC through upregulation
of the expression of FOXO transcription factors and nuclear
translocation in FOXP3™ Tregs (258). The chemoresistant cells
produce exosomal cargos that aggravate chemoresistance in
sensitive cells leading to anti-apoptotic effect. Advanced PDAC
patient serum has exosomes that can enhance liver and lung
metastasis (259). There exists a crosstalk between tumour cells and
TME mediated by EVs. PDAC-derived small EVs induce the
polarisation towards M2 macrophages and inhibit effector T-cell
response that promote immunosuppression and anti-tumour
immunity. The potential of exosomes to stimulate the immune
system of PDAC patients can be used as nanocarriers of
immunotherapeutic agents (260). Therefore, understanding about
this crosstalk can help develop targeted immunotherapy (261).

The immunosuppression in PDAC is multi-factorial. PDAC is
characterized by an abundance of MDSCs and M2 TAMs. In
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contrast, the presence of CD8" T cells is significantly low. The
varied role of TME in PDAC can be treated by a multi-modal
strategy that targets tumour promoting properties and improve the
survival rate (262). The chemotherapy with immunotherapy
combination tried thus far did not improve survival in mPDAC.
Hence, site specific delivery of immunotherapeutics is currently
under development. The ongoing clinical trials that evaluate the
combination immunotherapy may elucidate mechanisms to bring
down the immune suppression by TiME. The clinical trials may be
evaluated further for the infiltration of adaptive immune cells like
effector T cells. Patient specific biomarker identification and
targeted therapy may improve the clinical outcomes. More
clinical studies targeting the TiME in PDAC can enhance the
potency of chemotherapy/immunotherapy treatment regimen. In
general, it is thought that conceptual breakthroughs in
understanding the overall TME of PDAC could facilitate the
development of novel therapeutic approaches that target
numerous processes simultaneously, resulting in combined benefits.
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MYC activation is a known hallmark of cancer as it governs the gene targets
involved in various facets of cancer progression. Of interest, MYC governs
oncometabolism through the interactions with its partners and cofactors, as
well as cancer immunity via its gene targets. Recent investigations have taken
interest in characterizing these interactions through multi-Omic approaches, to
better understand the vastness of the MYC network. Of the several gene targets
of MYC involved in either oncometabolism or oncoimmunology, few of them
overlap in function. Prominent interactions have been observed with MYC and
HIF-1a, in promoting glucose and glutamine metabolism and activation of
antigen presentation on regulatory T cells, and its subsequent metabolic
reprogramming. This review explores existing knowledge of the role of MYC in
oncometabolism and oncoimmunology. It also unravels how MYC governs
transcription and influences cellular metabolism to facilitate the induction of
pro- or anti-tumoral immunity. Moreover, considering the significant roles MYC
holds in cancer development, the present study discusses effective direct or
indirect therapeutic strategies to combat MYC-driven cancer progression.
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1 Introduction

MYC is a proto-oncogenic transcription factor that governs a
myriad of cellular processes including cell proliferation, survival,
DNA damage repairs, histone modifications, and cellular
metabolism (1). MYC is a family of transcription factors, i.e.,
MYC(c-MYC), MYCN (N-Myc) and MYCL (L-Myc), all of these
contain a basic helix-loop-helix structure (bHLH) and leucine
zipper (LZ) structural motifs with 6 conserved regions known as
the MYC homology boxes (2). MYC family shares similar functions
but has distinct tissue specificity; c-MYC is ubiquitously expressed
in a broad variety of tissue development, n-MYC in neural and
hematopoietic tissues, and L-MYC in lungs. The bHLH structure
allows the interaction of MYC with DNA, while the LZ structure
allows interaction with its partner transcription factor MAX. This
MYC-MAX heterodimer interacts with numerous elements to
either promote or repress transcription of gene targets (3).

Dysregulation of MYC implicates a wide array of diseases
including neurodegenerative diseases (4), immune disorders (5),
and cancers (6). Of the known hallmarks of cancer, MYC
dysregulation has been reported to result in angiogenesis (7), cell
replicative immortality (8), cell invasion and migration (8),
alterations in cellular energetics (9), insensitivity to growth signals
(10), and evading immune recognition and programmed cell death
(6, 11). Because of its multifaceted dysregulation, MYC-driven
cancers are often associated with poor prognosis (12-14). The
involvement of MYC in both metabolism and immune evasion is
highly concerning, especially in the context of malignant
transformation. MYC promotes cell proliferation under
conditions that would typically prove fatal for normal cells by
manipulating glucose metabolism and eluding immunosurveillance
by releasing metabolites within the tumor microenvironment
(TME) (15, 16). While this facet has great implications for tumor
progression, it also poses a particular threat in both tumorigenesis
and potential tumor recurrence (17, 18).

Estimating up to 70% of cancers are affected by MYC aberration
(19, 20), MYC therefore has been perceived as one of the most
valuable targets for cancer therapy. However, direct
pharmacological inhibition of MYC has remained challenging due
to its lack of enzymatic activity or binding sites. Hence, this has
raised interest in exploring the interactome of MYC to identify
druggable targets, thereby modulating MYC-dependent
transcriptome. A prototype of this approach is Omomyc, a MAX-
interfering peptide. Omomyc was found to halt breast cancer
progression, and regressed lung cancer in preclinical models (21).
Currently, clinical trials are underway to determine the safety and
efficacy of this drug in non-small cell lung cancer and colorectal
cancer (ClinicalTrials.gov identifier NCT04808362). The success of
this proof-of-concept inhibition of protein-protein interactions of
MYC encourages the development of many such small molecules in
therapeutically targeting MYC.

In this review, we enumerate the recent studies that characterize
the targets and partners of MYC involved in cancer metabolism and
immunology. Further, we discuss current evidence of the overlap
between cellular functions governed by MYC and how one function
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may influence another. This guides us to further unravel how MYC
orchestrates cancer growth by mediating metabolism and
oncoimmunology. Lastly, in the growing interest of mitigating the
‘undruggable’ nature of MYC, we discuss currently available
therapeutic strategies to combat MYC, a central target in the
grand scheme of cancer.

2 Key MYC partners and targets

MYC structure consists of several domains that allow binding
interactions of coactivators, heterodimers, or ligases. Each of these
interactors facilitates the function of MYC in carrying out various
biological processes. Its organization begins with a transcription
activation site, which is a conserved region known as the MYC
homology box (MBI and II), followed by a proline, glutamine,
threonine-rich region, two more MYC homology boxes (MBIII and
IV), and lastly, a basic HLH-LZ, at the carboxy-terminal (22).
Because of the various regions available for interactions, and the
implication of MYC in various cellular processes and molecular
functions, there is a growing interest in unraveling the vast network
of MYC and its interactome. In Figure 1, we summarized the text-
mined sources of MYC protein-protein interactions with
key partners.

Investigating the mechanisms of action revealed crucial insights
into MYC functions; MYC utilizes its transcription activation
domain to recruit cofactors containing chromatin modifiers,
specifically histone acetyltransferases (HATs). One such cofactor,
p300 (EP300) HAT, was identified as having a novel functional
interaction with MYC (3). Moreover, p300 was also found to
interact with N-MYC in regulating cell proliferation in MYCN-
amplified neuroblastoma cell lines (23). Conversely, MYC
transcriptionally represses gene expression of its targets by
interacting with transcription factors such as MIZ-1 and NFY-B,
which facilitates the recruitment of histone deacetylases (HDACs)
(24). This finding highlights the multifaceted role of MYC, whereby
it acts as a regulator by binding to the promoter region of target
genes and modulates DNA methylation through the recruitment of
HATSs and HDAC:s.

MYC is considered a systemic regulator of diverse functions,
because of the multidomain structure and the requirement of
chromatin-modulating cofactors. MYC functions as a molecular
switch of activating and/or repressing the transcription of its gene
targets, depending on the position at which specific cofactors bind.
The transactivation domain spans the MB1 and MB2 regions (22).
Within this domain, cofactors that are shown to bind and activate
gene transcription include FBW?7 (25, 26), TAF1 (27), TBP (27), p-
TEFb (28) TRRAP (3, McMahon et al., 1998), GCN5 (29), TIP60
(30), TIP48 (31), p400 (32), and SKP2 (33). These transactivating
cofactors promote the transcription of target genes related to cell
proliferation and survival, including CDK4 (34), CDC25A (35), and
E2F1. Moreover, beyond sustained proliferative signaling, MYC has
roles in various other hallmarks of cancer mediated by its gene
targets. For instance, in promoting angiogenesis, MYC binds to the
promoter region of VEGFA, thereby increasing its production (36).
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Helix-Loop-Helix, MB1-MB4 — MYC binding boxes. Created with BioRender.com.

Moreover, MYC regulates invasion and migration by inducing the
transcriptional activation of LGALSI (37).

Conversely, the repression of MYC gene targets is triggered by
cofactors binding in and between the regions of MB2 and MB3, and the
bHLHLZ region. Cofactors that contribute to transrepression of MYC
gene targets include TIP48/49, DNMT3a (38), PRC2 (39), HDACI
(40), HDAC3 (41), KDM4B (42), and MIZ-1 (43, 44). In the initiation
and progression of cancer, the expression of tumor-suppressing genes
is usually repressed. Likewise, the expression of NDRG2 (45), PTEN
(46), CDKN2C (46), CDKN1A (46), p21 (47, 48), p15 (48, 49), N-
cadherin (48), is repressed by MYC, and therefore suppresses tumor
suppressing functions, leading to cancer progression (50). Another key
determinant of MYC global transcriptional amplification and systemic
activity is its abundance and regulation (2). Patange et al’s investigation
reveals that the overexpression of MYC results in prolonged bursts of
transcriptional activation by altering the binding affinity of
transcription factors involved in the pre-initiation complex to RNA
polymerase II (51). Together, the abundance of MYC and a balance of
these transactivators or transrepressors, dictate the fate of
cancer progression.

Of these hallmarks, cancer metabolism and oncoimmunology have
garnered interest from several researchers due to the rising
opportunities in therapeutic development. In this direction, MYC is
a systemic regulator of diverse functions by employing various
interactors. The MYC interactome extends further into
oncoimmunology and oncometabolism by transcribing or repressing
specific gene targets. Key interacting partners, stability partners,
cofactors, and gene targets of MYC involved in tumor progression
illustrated in Figure 2, in which their details are summarized in Table 1.
Some of these key partners are discussed in the contexts of
oncometabolism and oncoimmunology in the next section.
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3 MYC roles in oncometabolism
and oncoimmunology

The regulatory network of MYC is extensive, spanning across
gene targets and cofactors involved in various aspects of cancer
development, including cellular metabolism and immunology.
Aberrant cell proliferation not only requires altered energy
metabolism but also evasion from immunosurveillance. Recent
evidence suggests that metabolism is a key element that controls
immune evasion (84-86). The following sections summarize the
role of MYC in regulating key elements of oncometabolism

and oncoimmunology.

3.1 MYC and cancer
metabolic reprogramming

In the case of regulated cell growth and proliferation, nutrient
availability is essential. Hence, there needs to be a system in place to
“sense” the level of available nutrients, to regulate the metabolism of
available resources and maintain the balance of homeostasis. In
mammals, systemically, this regulation occurs with the storage of
glucose as glycogen in the liver, and the metabolism of fat by
lipolysis, in response to starvation. At a cellular level, the availability
of nutrients affects the activation of mTOR, and subsequently MYC
expression. In the availability of nutrients, mTOR is activated in cells,
which phosphorylates PI3K-AKT and therefore inhibits FOXO, a
MYC antagonist (65). The activated mTOR also enhances MYC
translation and function in transcribing genes favoring cancer
progression (87). However, nutrient shortage inhibits mTOR
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TABLE 1 Key partners and interactors of MYC involved in cancer.

Interaction - . .
Interactor Type Interaction Site Role in Cancer Reference
AKT1 Interaction partner MBI1 Energetic and Metabolic Pathways and Developmental Signaling (52)
T that inhibits MYC t tivation, liferation,
ARF Interaction partner Between MB1 and MB2, HLH umor suppress.or at inhibits ransactivation, profiteration, (53)
and transformation.
ASH2L Interaction partner Between MB3b and MB4 Epigenetic regulation (54)
AURKA Stability partner MB1 Promotes tumor invaéion, migration, proliferation. Protects MYC from 55)
proteasomal degradation
BPTF Cofactors NK' Cancer cell proliferation, cell cycle progression (56)
BRCA1 Gene Tumor suppressor, DNA repair activit (57, 58)
Target/ Antagonist PP ’ P ¥ ?
BRCA2 Gene Target - Genomic Instability/DNA repair activity (59)
BRD4 Cofactors MBI1 Promotes MYC-activated gene transcription. (60)
CDCA7 Interaction partner C-Terminus Tumorigenesis (61)
CDK2 Stability partner MBI1 Regulates MYC-mediated suppression of senescence. (62)
CUL1 Gene target - Ubiquitin mediated proteolysis and cell cycle progression (63)
DNMT3a Transrepression Between MB2 and MB3a Repress.es the transcriptior% of c#]l cycle dependent kinase inhibitors, (38)
partner promoting tumor cell proliferation.
FOXO Antagonist - Metabolism, adapting to Hypoxia (64, 65)
. Regulates Ubiquitin mediated degradation of MYC. Prevents MYC-
FBW7 Stability partner MBI1 X R (25, 26)
activated tumor progression.
FBX028 Stability partner MB2, MB4 Promotes Ubiquitination of MYC (66)
HDAC3 Transrepression MB3a Binds to MYC .to repress FOXA2 gene transcription, leading @)
partner to tumorigenesis.
HHEX Interaction partner HLH Regulates tumor hyperproliferation, metabolism, and transformation. (67)
HIF1A Antagonist - Metabolism and Proliferation (68)
(Continued)

Frontiers in Immunology

100

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1324045
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Venkatraman et al.

TABLE 1 Continued

10.3389/fimmu.2024.1324045

Interaction - : .
Interactor Type Interaction Site Role in Cancer Reference
HUWE1 Stability partner Between MB1 and MB2 Promotes Ubiquitination of MYC (69)
Indirect int ti i
KAT5 Stability partner n .lre? .m eraf ton via i Invasion and Migration (70)
Ubiquitin-mediated proteolysis
LKB1 Interaction partner NK' Energetic and Metabolic Pathways and Developmental Signaling (52)
MAD Cofactors bHLHLZ Cell Proliferation, Differentiation, Tumorigenesis (71)
Heterodimerization . . .
MAX bHLHLZ Proliferation and Tumor Progression (72, 73)
partner
MIZ1 Interaction partner bHLHLZ Tumorigenesis (44)
Cofact
p27 orac or§/ MB4 Proliferation and Tumor Progression (74, 75)
Antagonist
p300 Cofactors MB4 Proliferation, Invasion and Migration (23)
p400 Cofactors MB2 Facilitates Gene Expression of MYC targets (32)
Antagonist/ . . . .
P65 Transactivation - Immune Checkpoint expression, Inhibiting Apoptosis (76, 77)
Transactivation . :
p-TEFb MBI1 Facilitates Gene Expression of MYC targets. (28)
partner
SIN3 Stability partner MB3a Recruits HDACI to exert deacetylase activity. Induces the degradation 78)
of MYC.
SKP2 Stability partner MB2, HLH Ubiquitin mediated proteolysis and cell cycle progression (33)
SNF5 Transactivation HLH Facilitates Gene Expression ?f MYC ta.rgets. The protein itself has tumor (79, 80)
suppressor roles by suppressing tumorigenesis.
TAF1 Transactivation Between MBI and MB2 Ess'ential for form'ing the transcripti(?n 'initiation complex TFIID, to @7)
partner activate MYC-activated gene transcription.
TBP Transactivation Between MBI and MB2 Ess.ential for form‘ing the transcriptic.m ‘initiation complex TFIID, to @7
partner activate MY C-activated gene transcription.
TIP48/49 Cofactor MB2 Essential .cofa.lctor for oncogenic transformation induced by G1)
MYC activation.
TIP60 Transactivation ME2 Mediatt')r to recruit Histone Acetyltransferases to MYC to facilitate gene (30)
partner expression of MYC targets.
TRRAP Cofactors MB2 Facilitates Gene expression of MYC targets (3, 81)
VEGFA Gene Target - Angiogenesis (82)
WDR5 Interaction partner MB3b Tumorigenesis (83)
YAP1 Interaction partner NK' Energetic and Metabolic Pathways and Developmental Signaling (52)

NK' ~ Interaction Site Not Known; (-) No Physical Interaction.

activation, which thereby yields active FOXO, that limits MYC
expression and function (65).

In the process of neoplastic transformation, cancer cells require
an increase in glucose uptake to energize their rapid proliferation.
Interestingly, this glucose is fermented to produce lactate in the
presence of oxygen in a process called the Warburg Effect to yield
energy in the form of adenosine triphosphate (ATP). Several
investigators revealed that this increased consumption of glucose
is due to the oncogenic levels of MYC, as evidenced in Burkitt’s
lymphoma (88) and MYC-driven liver carcinoma (89). This occurs
by MYC upregulating various elements of the glycolytic cycle, such
as the expression of glucose transporter, GLUT1 (90), glycolytic

Frontiers in Immunology

enzymes hexokinase 2 (HK2), phosphofructokinase-M1 (PFKM-1)
(91), enolase-1 (ENO1) and lactate dehydrogenase A (LDHA) (92).
As a result, the increased glucose uptake and metabolic glycolysis
driven by MYC, leads to an accumulation of lactate. While often
misconstrued as a waste product, tumors take advantage of the
lactate produced by the Warburg Effect to promote various pro-
oncogenic functions such as immunomodulation and angiogenesis
(93). Consequently, a plausible alternative strategy is to inhibit
MYC-driven metabolic reprogramming. For instance, Cargill et al.
(94) reported the therapeutic potential of a small molecule inhibitor
of a glycolytic enzyme, PFKFB3, in inhibiting the downstream
effects of MYC in small cell lung cancer. Moreover, Zuo et al.
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(95), explored the use of vitamin D activated-long noncoding RNA
MEGS3 to suppress glycolysis by promoting c-MYC degradation in
colorectal cancer. As mentioned earlier, MYC exerts control over
multiple targets within the glycolytic process, these findings support
a potential therapeutic approach by targeting specific components

10.3389/fimmu.2024.1324045

that abate MYC-driven glycolysis. The role of MYC in cancer
metabolism is depicted in Figure 3.

In promoting glucose uptake and metabolism, NAD" ions are
produced as metabolites, which are utilized in amino acid synthesis.
Cancer cells exhibit a reliance on amino acids, which promote their

MYC activated
Cancer Cells

Cancer associated
Fibroblast

1 Glycolysis
1 Glutaminolysis
T CAFEx

CAF metabolic reprogramming

MYC activated CD8+ T-cell

Cancer Cells
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T PD-L1 expression
1 PD-L1 endocytosis

Macrophages
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CD8+ T Cells
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microenvironment
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FIGURE 3

promotes Warburg Effect within tumor cells. Created with BioRender.com.

The role of MYC-driven transcriptional activation on cancer and immune cell metabolism and its influence on anti-tumor immunity. Top-left panel
shows CAF metabolic reprogramming as a result of activated MYC in tumors exporting miR-105 which is imported into CAFs and inhibits MXI1. Top-
right panel shows the inactivation of CD8" T cells by MYC activated export of PD-L1 from tumor cells bound to PD-1 receptors on CD8" T cells.
Middle left panel shows how the acidification of the microenvironment triggers p38 and c-Jun signaling pathways in CD8" T cells which promotes
interferon-mediated inactivation of CD8* T cell function. Middle right panel shows lactate released in the tumor microenvironment from tumor cells
polarizes the differentiation of M1 macrophages to M2 macrophages. The bottom panel shows how MYC activated transcription of key enzymes

GLUTT, LDHA,
SLCTAS5, ENOT
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survival and proliferation, especially under nutritional constraints.
Therefore, malignant cells hijack mechanisms to upregulate amino
acid production (96).

Just as MYC is a key driver of the metabolic switch in the
presence of oxygen (normoxia), HIF1A is a key driver of the
metabolic switch in the absence of oxygen (hypoxia) (97). In
hypoxic conditions, MYC activity is usually inhibited by HIFla
by impeding the heterodimerization of MYC/MAX complex. HIF1la
and MXII1 bind to MAX, thereby yielding unbound MYC destined
for degradation (68). This impediment to MYC activity
subsequently affects MYC target genes involved in mitochondrial
biogenesis, apoptosis, and metabolic reprogramming (98). HIF1A
also impedes MYC activity by upregulating the expression of
FOXO3a which binds to MYC gene target promoters (99).
Notably, however, when MYC is overexpressed, it overcomes the
inhibitory effects of HIF1A. Although MYC and HIF1A antagonize
each other functions, they share common gene targets in glycolysis,
including HK2, PFK1, ENO1, and LDHA. Additionally, when both
MYC and HIF1A are overexpressed, they collaborate in promoting
angiogenesis and activating the expression of their gene targets
(100). Thus, both HIF1A and MYC are key therapeutic targets for
cancer progression.

MYC reprograms amino acid metabolism by activating the
serine and glutamine synthesis pathways. Under nutrient-
deprived conditions, MYC upregulates the expression of five
major enzymes in serine biosynthesis, i.e., phosphoglycerate
dehydrogenase (PHGDH), phosphoserine aminotransferase 1
(PSAT1), phosphoserine phosphatase (PSPH), serine
hydroxymethyltransferases 1 and 2 (SHMT1 and SHMT2). The
transcriptional upregulation of these genes facilitates nucleic acid
production and cell cycle progression (101, 102). Another amino
acid in high demand during tumor development is glutamine. MYC
upregulates glutamine synthetase (GS) to promote glutamine
anabolism (103), and paradoxically, it enhances glutamine
catabolism by upregulating SLC1A5 and SLC7A5 amino acid
transporters (104). To facilitate the conversion of glutamine to
glutamate, MYC upregulates the expression of glutaminase (GLS)
(105) and represses the expression of miR-23 which interrupts GLS
translation (106). The availability of amino acids has emerged as a
promising therapeutic target. As a result, there has been a
significant focus on developing inhibitors that specifically target
enzymes involved in amino acid synthesis. For example,
pharmacological inhibition of MYC-driven GLS by CB-839 has
recently shown encouraging results in suppressing various cancers
in vitro and in vivo (107-109), and currently examined in a phase 1
clinical trial of solid tumors (NCT02071862).

3.2 MYC and cancer immune evasion

The immune system is a highly regulated defense mechanism
instated to recognize and eliminate pathogens, or dysregulated cells,
to maintain a healthy body. As cancer cells propagate
uncontrollably, they acquire traits to evade immune recognition.
This happens by downregulating self-antigen presentation,
promoting an immunosuppressive TME through the release of
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cytokines, recruiting pro-tumoral immune cells, and increasing
the expression of inhibitory immune checkpoint molecules. MYC
is reportedly a grand orchestrator of cancer growth and immune
evasion, as it regulates most of these traits by modulating its gene
targets (110).

In establishing a tumor-proliferative environment beneath the
surveillance of anti-tumor immune cells, tumor cells must recruit
and modulate regulatory immune cells. In a lung adenoma model in
vivo, Kortlever et al. (72) revealed that MYC cooperated with KRAS
to reprogram stromal cells via epithelial-derived CCL9 and IL-23,
resulting in CCL9-mediated macrophage recruitment, PD-LI-
dependent discrimination of T and B cells, and IL-23 mediated
exclusion of adaptive T and B cells and innate immune NK cells.
Deactivating MYC was found to reverse this reprogramming and
reinstate normal anti-tumor immune function (111). Noted that
MYC is upregulated in tumor-associated macrophages (TAMs),
which is involved in suppressing immunosurveillance (112).
Moreover, in head and neck squamous cell carcinoma (HNSCC),
therapeutic inhibition of MYC promoted intrinsic anti-tumor
immune responses through the cGAS-STING signaling pathway,
and CD8" T-cell infiltration of HNSCC in vivo (113). Together, this
evidence shows how MYC creates the TME through the release of
cytokines or modulating gene expression to promote pro-tumoral
immune cell infiltration and suppress immunosurveillance.

Importantly, MYC also governs the expression of immune
checkpoint molecules and self-antigens to switch off immune cell
recognition of tumors. Particularly in osteosarcoma, Jiang et al.
(114), observed that pharmacological inhibition of MYC resulted in
reprogramming the tumor immune microenvironment through the
release of T-cell recruiting chemokines and crosstalk of co-
stimulatory immune checkpoint molecules CD40 and CD40L.
Moreover, a recent study by Dhanasekaran et al. (115), reported
that MYC transcriptionally repressed MHC-1 antigen presentation
and therefore repressed T-cell immune response in MYC-driven
hepatocellular carcinoma. This phenomenon was
pharmacologically reversible by the dual-inhibition of immune
checkpoint molecules, PD-L1 and CTLA-4. MYC directly
regulates the expression of CD47 and PD-L1 through
transcriptional activation (116). Other than upregulating the
expression of PD-L1 as cell surface receptors, expressed PD-LI is
also packaged into vesicles for export into exo-PD-L1 (117). This
exo-PD-L1 promotes immune escape by PD-1/PD-L1 mediated
cytotoxic T-cell inactivation through direct interaction or indirectly
by exo-PD-LI uptake in tumor-promoting immune cells (Figure 3).
Recent investigations have reported evidence of exo-PD-L1 in
various cancers including prostate, breast, melanoma, and
pancreatic cancer (118). Besides the regulation of immune
checkpoint molecule expression, MYC is also involved in post-
translational modification of immunosuppressive glycans. Smith
et al. (119), recently demonstrated that MYC regulates Siglec
ligands through the transcriptional regulation of ST6GALNAC4
and the induction of a glycan so-called disialylated Gal31-3GalNAc
(disialyl-T antigen). Disialyl-T functions as an inhibitory glyco-
immune checkpoint molecule that “switches off” immune response
in T-cells by engaging pro-tumoral macrophages. This shows that
MYC systemically extends itself in creating an immunosuppressive
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environment by recruiting pro-tumoral macrophages, repelling
anti-tumor immune cells, releasing cytokines, and modulating
immune checkpoint molecules, by transcriptionally activating key
gene targets.

Cumulatively, MYC systemically extends itself in creating an
immunosuppressive environment by recruiting pro-tumoral
macrophages, repelling anti-tumor immune cells, releasing
cytokines, and modulating immune checkpoint molecules, by
transcriptionally activating key gene targets.

3.3 MYC at the intersection between
oncometabolism and oncoimmunology

Since MYC plays an essential role in regulating key targets
involved in both metabolic reprogramming and immune evasion, it
is likely that MYC induces one hallmark to influence the activation
of another. Studies to date support this notion. Figure 3 summarizes
the role of MYC at the interplay between cancer metabolism
and oncoimmunology.

MYC promotes the Warburg Effect by upregulating glucose
transporters and key glycolytic enzymes, the yield of H' ions from
NADH reduction influences the microenvironment by lowering the
pH. This acidic environment facilitates cancer cells to invade the
tumor stroma (120). This acidification of the microenvironment
also suppresses CD8" T lymphocyte functions, thereby promoting
an immunosuppressive microenvironment. More specifically, this is
mediated by activation of the p38, JNK/c-Jun signaling pathways,
which promotes interferon production (121). Moreover, the lactate
produced from tumors polarizes M2-tumor-associated
macrophages (122). This is facilitated by the recognition of
extracellular lactate levels with GPR132, and the subsequent
upregulation of HIF-1a and activation of STAT3 signaling (123,
124). HIF-1oe and MYC reciprocally regulate the expression of each.
MYC is often seen to interact with HIF-1la in regulating T-cell
metabolism by transcriptionally regulating genes involved in
glucose and glutamine transport. Moreover, HIF-1o. cooperates
with MYC to shape the tumor immune microenvironment (100,
125). Similarly, Marchingo et al. (126), unraveled metabolic
proteome changes including SLC7A5 and SLC1A5 during T cell
activation governed by MYC. These are some of the ways MYC
influences oncoimmunology by promoting glucose or amino
acid metabolisms.

Conversely, modulating the tumor immune microenvironment
also influences cellular energetics. This is particularly evidenced in
the metabolic reprogramming of T lymphocytes after antigen
activation. Wang et al. (127), reported the antigen activation of T
lymphocytes drove the upregulation of genes encoding enzymes
and transporters involved in glycolysis and glutaminolysis as
governed by MYC. This antigen-activated MYC-driven metabolic
reprogramming is responsible for T cell proliferation. Another
investigation by Tsai et al. (128) focused on how immunoediting
of the TME in early-stage tumorigenesis reprograms cancer
metabolism in a way that supports immune evasion. The results
suggested that interferon-gamma (IFNYy) released from T cell
immunosurveillance stimulated STAT3-dependent MYC
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upregulation in melanoma cells, which subsequently activated
genes involved in glycolysis and oxidative phosphorylation while
suppressing IFNYy-induced cellular senescence (128). Besides T cells,
cancer-associated fibroblasts (CAFs) are known to play an
important role in regulating antitumoral immunity by recruiting
the infiltration of effector T cells and modifying
immunosuppressive cells (129, 130). CAFs also influence the
metabolism of cancer cells through the secretion of various
metabolites that fuel cancer proliferation (131). In breast cancer,
MYC promotes this interaction through extracellular vesicles (EVs)
containing miR-105 transported from cancer cells to CAFs (132).
MiR-105 suppresses the expression of endogenous MYC inhibitor
MXI1, thereby sustaining MYC activation in CAFs and
subsequently facilitating glucose and glutamine metabolisms
(132). Increased metabolism in CAFs yields increased lactate
levels in the TME which offers an advantage for cancer cells and
impedes effector T-cell function (133). While the influence of cancer
metabolism on the immunosuppressive TME is well characterized,
there are fewer studies exploring the reciprocal communication
between cancer and stromal cells through EV molecular cargos.

Besides the dynamic abundance of MYC effecting global
transcriptional changes involved in oncometabolism and
oncoimmunology, MYC can modulate gene targets that induce
metabolic changes influencing cancer immunity and possess dual
roles in cancer development. We have compiled the summarized
information in Table 2, highlighting a few notable gene targets of
the exhaustive list of MYC-regulated genes involved in both
oncometabolism and oncoimmunology. Further studies focusing
on the gene targets and MYC-regulated gene network at the
immune-metabolic crossroad shall offer novel alternative
strategies to attenuate tumor invasiveness and treatment
resistance caused by MYC aberration.

4 Targeting MYC to tackle
oncometabolism and
oncoimmunology: 2 birds 1 stone?

MYC has previously been labeled “undruggable” due to its lack
of an enzymatic active site and inaccessibility to its nuclear
localization (20, 159). Various approaches have been employed to
address the undruggable MYC through its actionable interacting
partners and gene targets as illustrated in Figure 4.

Investigators exploited the heterodimerization between MYC
and MAX to inactivate MYC-activated transcription. One study
showed that pharmacological inhibition of MYC by 10058-F4
resulted in changes in lipid and amino acid metabolism in
neuroblastoma cell lines (160). Additionally, another MYC-MAX
perturbagen, Mycro3 resulted in enhanced CD8"T cell function in
surveilling cancer cells and inducing anti-tumor immune response
(161). Another approach is the inhibition of MYC transcription by
bromodomain-containing 4 (BRD4), using inhibitors such as JQ1
and OTX-015 (162). In medulloblastoma, the transcriptional
inhibition of MYC by OTX-015 alters cancer glycolysis and
amino acid metabolism (163). Moreover, the use of JQ1 in
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TABLE 2 Key gene targets of MYC in cancer metabolism and oncoimmunology.

Main . . . .
Role in Oncometabolism Role in Oncoimmunology Reference
Hallmark
. Required in the production of lactate in Inhibits immur-1e killing and prc‘)motes in?munos-uppression by in'creasing ©2)
LDHA Metabolism . . lactate production and influencing the microenvironment. Negatively
anerobic glycolysis. . . . (134, 135)
regulates immune infiltration.
. A glucose transporter responsible for the Associated with increases' in neutrophil, plfltelet, mor'wcytes,.and
GLUT1 Metabolism . lymphocyte count. Negatively correlates with tumor-infiltrating T -cells but (90, 136, 137)
uptake of glucose into cells. - : . L
positively correlates with neutrophils and dendritic cells
Responsible for converting 3’
ENO1 Metabolism biphosphoglycerate Promotes anti-tumor immunity by promoting PD-L1 proteolysis. (90, 138)
to 3’biphosphopyruvate
Overexpression is associated with the presence of immunosuppressive
i 1ls such as CD68 hage, FOXP3 ulatory T cells,
SLC1A5 Metabolism Glutamine Transporter immune cells such as + macrophage X + reguia o'ry cetts (84) (139)
CD20+ B cells, and PD1+ lymphocytes. SLC1AS5 is also required for MYC
induction of cytokine-stimulated NK cells.
. . . Maintains extracellular acidification while maintaining intracellular pH.
. Glutamine Transporter and amino acid e . . X
SLC38A5 | Metabolism Acidification of the microenvironment turns off? anti-tumor (140, 141)
coupled Na+/H+ exchanger .
lymphocyte function.
When secreted by tumor-associated
macrophages it Interlinks glutamine . .
IL-23 I 1 Cytokine that t: -t 1 h 111, 142
mmunology | o and immune evasion in ytokine that recruits pro-tumoral macrophages ( )
kidney cancer.
T intrinsic CD47 regulates glycolysi
. {mor intrinsic reguiates glycolysis Inhibitory Immune Checkpoint Molecule which turns off immune response
CD47 Immunology | in colorectal cancer cells by i (143, 144)
e in NK and T cells
stabilizing ENO1.
Regulates glycolysis by improving . . . .
Inhibitory I Checkpoint Molecule which t ff
PD-L1 Immunology | PFKFB3 expression in renal cell 'n fottory tmmuine hieckpoint Aolecule which turns Oft immune response (143, 145)
. in NK and T cells
carcinoma cells.
Exogenous VEGF alters metabolism of
triple negative breast cancer cells by An immunosuppressive growth factor that impedes the development of T
VEGF I 1 146-149
munology modulating MAPK-ERK and PI3K- cells and impairs maturation of dendritic cells. ( )
AKT pathways
. . Produces IL-9 during TH9 differentiation involved in pro-inflammatory
Transcribes genes that encode glycolytic L . . . .
signaling and anti-tumor immunity. HIF1A also partners with mTOR to (125,
HIF1A Immunology enzymes (such as HK2, TPI, ENOI, and R
. . promote CD8 memory T cell generation. HIF1A also upregulates PD-L1 on | 150-152)
PKM) and glutamine metabolism.
tumor cells.
STING driven interferon signaling drives STING induced interferon signaling is crucial in inducing anti-cancer
STING Immunology | metabolic reprogramming of pancreatic immune response. STING activation enhances antigen presentation and (153-155)
cancer cells. therefore activation of T cells.
C ical signaling of TGF- dulat:
mil:;l:;lcic :elgl:o lrr:in(;nin b Bum:e lillaatei; TGF-B is a cytokine that promotes cancer progression by impairing T cell
TGFB Immunology . P ,g g, ¥ uPreg & proliferation and expansion. TGF-p in cancer associated fibroblasts also (156-158)
genes involved in glycolysis and K . .
. . promotes immune evasion through ECM signaling.
oxidative phosphorylation.

neuroblastoma, melanoma cells promoted tumor immunogenicity
and potentiated immune checkpoint blockade therapy (164).
However, over the decades, MYC-targeted strategies against
cancers have yet to see success in clinical trials due to the half-life
of MYC and the rapid metabolism of the small-molecule inhibitors
(20, 165). One significant challenge has been translating in vitro
findings in vivo (166), until recently.

In the advent of overcoming the limitations of current MYC
inhibitor designs, Omomyc, a 90 amino acid mutant MYC peptide
that disrupts the MYC-MAX dimerization, rose to clinical
development (167). Omomyc has exuded various pro-apoptotic
effects in various cancers, and the potential of immune
reprogramming of tumors (168). However, the effect of Omomyc
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treatment on the metabolic reprogramming of cancers is yet to be
determined. Because of its potent reduction of tumor burden,
Omomyc stands as the first direct MYC inhibitor to ascend in
dose-escalated phase 1 and phase 2 clinical trials of patients
with non-small cell lung, colorectal, and breast cancer
(NCT04808362). More recently, another phase 1 clinical trial
(NCT06059001) has been initiated in metastatic pancreatic
cancer. This success should encourage further improvements in
this design to effectively target MYC and systemically shut down
MYC-driven oncogenic pathways.

The growing body of evidence of the vastness of the “onco-
MYC network” and its grave implications on cancer progression
point to MYC being an ideal therapeutic target. Considering the
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overlap in function of the gene targets of MYC between
oncometabolism and oncoimmunology, we believe that targeting
MYC directly or indirectly may systemically impact both hallmarks.
Several investigators have untangled the MYC network to identify
indirect putative targets to combat MYC-driven effects. For
example, the inhibition of LDHA, a direct gene target of MYC, by
FX11, not only suppresses MYC but also inhibits MYC-induced
metabolic changes (169). Moreover, inhibition of MYC-regulated
glutaminase (GLS) by CB-839 also has a similar effect in reversing
MYC-driven metabolic changes such as nucleotide metabolism in
ovarian and glioblastoma (109, 170). Moreover, this has shown
promise for clinical development in various cancers including
colorectal and leukemic cancers (NCT02861300; NCT02071927).
The approach of tackling MYC gene targets has also been
successful in modulating the immune evasive nature of tumors.
For instance, dual inhibition of MYC targets PD-L1 and CTLA-4
reverses MYC-driven immunosuppression through pro-
inflammatory macrophages in hepatocellular carcinoma (115).
Moreover, MYC partners with epigenetic modulators such as
histone acetylases (HAT) and DNA methylases (DNMT), in the
transcriptional activation of immunosuppressive gene targets of
MYC (171). Targeting, MYC-epigenetic modulators may reverse
this phenomenon and exude anticancer effects. In this direction,
Topper et al. (172), tested this hypothesis by combining epigenetic
modulators including 5’-azacytidine and entinostat to assess its
effect on tumor burden. As a result, this combination increased the
number CD8'T and natural killer cells in the TME, promoted
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immunosurveillance of tumors, and reduced MYC-driven
interferon signaling. These indirect pharmacological inhibitions
are effective in modulating the downstream effects of MYC-driven
tumors (172). These indirect pharmacological inhibitions are
effective in modulating the downstream effects of MYC aberration
as aforementioned, the therapeutic potentials of targeting gene
targets at the crossroad between oncometabolism and
oncoimmunology (Table 2) warrants further investigations.

5 Challenges and perspectives

Despite the success of Omomyc in preclinical models, the
development of MYC-targeted therapy has miles to go until we
reach the growing demand of patients who require effective
treatment. The main challenge posed against all small molecule
inhibitors against MYC is the rapid metabolism of the drug, and the
quick half-life of MYC regeneration. One reported limitation of
Omomyc is the fast distribution and catabolism, thereby limiting its
use in preclinical and in vivo models (173). Other challenges include
the multiple disordered conformations of the putative binding
regions of MYC (174). Thus, this warrants further development
in the design of MYC inhibition. Recent investigations approach
this issue by using in silico tools to facilitate drug design. Using in
silico tools offers a wealth of information to guide the development
of a MYC-targeted therapeutic strategy. This ranges from
identifying potential binding sites on MYC and predicting
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different drug binding conformations using molecular docking to
identifying close targets or partners upstream or downstream of
MYC. For instance, Yu et al. employed conformational simulation
of intrinsically disordered MYC to identify binding sites and “multi-
conformational” molecular docking. This guided the identification
of seven compounds that bind to MYC in vitro and inhibited cell
proliferation in ¢-MYC overexpressing cell lines (175). Moreover, in
2018, a novel inhibitor, 7594-0035 was reported to specifically target
MYC indicated for the treatment of refractory multiple myeloma.
The novel inhibitor was identified using the drug database
ChemDiv and molecularly docked to the crystallized structure of
the MYC-MAX heterodimer complexed with DNA (PDB ID:
INKP) (176). This evidence shows promise in unmasking the
elusive binding pockets of MYC by simulating the interaction
between the MYC-MAX heterodimer and small molecule
structures, to develop better direct inhibitors of the
MYC oncoprotein.

The advent of machine learning and artificial intelligence opens
opportunities for investigators to design novel peptides, predict
novel binding sites on MYC, and explore indirect key partners or
regulators of MYC that may be therapeutically targeted
alternatively. One successful example of this approach is the
discovery of novel inhibitors by Xing et al. (177). that target
BRD4 which regulates the transcription of the MYC gene
(Figure 4). In their investigation, a structure-based virtual
screening approach with machine-learning algorithms was
performed to learn the structure of the BRD4 protein and predict
the likelihood of the compound inhibiting BRD4 based on its
binding pattern. This led to the discovery of 15 new BRD4
inhibitors which were experimentally validated (177). This
approach could be extended by integrating machine learning and
molecular docking to identify binding pockets within MYC at
which predicted inhibitor structures may bind. Another approach
utilizes novel in silico tools to predict miRNAs capable of regulating
MYC and its partners; nonetheless, only a few miRNA regulators of
MYC expression, such as miR-19, have been validated (178). This
presents an avenue of research yet to be claimed to expand the
available therapeutic options for inhibiting MYC.

A promising approach in employing in silico tools to discover
pharmacological inhibition of MYC is using pharmacogenomic
connectivity analysis of cancer transcriptomes and drug
sensitivity data. To this effect, the iLINCS consortium facilitates
“pharmaco-multi-Omics” analysis by integrating data from
transcriptomic, proteomic, phospho-proteomic, and genomic
sources to drug sensitivity data from chemical perturbation or
gene knockdown signatures (179). This approach may not only
supplement our understanding of the potential interactors of MYC,
but also of the potential mechanism of action of these small
molecules against MYC. An example of this approach being
successful is seen in an excellent investigation led by Howard
et al. (180). In the interest of repositioning pharmacological
inhibitors toward the inhibition of eIF4A1 against triple-negative
breast cancer, Howard et al. (180) surveyed and screened the
Prestwick Chemical Library for potential therapeutics against
elF4A1, where iLINCS pharmacogenomics was implemented to
elucidate the mechanism of action of these candidate molecules.

Frontiers in Immunology

10.3389/fimmu.2024.1324045

They identified that in the inhibition of eIF4Al, c-MYC is also
suppressed, thus warranting further exploration of the interaction
between eIlF4A1 and c-MYC (180). While this investigation showed
how ¢-MYC itself is an indirect target of some small molecules,
future investigations may build on this information and identify
other small molecules that impede c-MYC activity.

6 Conclusion

MYC activation is characteristic of various aggressive tumor
types. This aggression is typically mediated by the crosstalk of
cancer metabolism and cancer immunity. MYC is central to both
hallmarks by partnering with various cofactors or transcription
factors and by its gene targets. This thus presents MYC as a
promising therapeutic target for cancer therapy. This review
explores how MYC bridges these hallmarks by inducing
metabolic reprogramming that influences an immunosuppressive
microenvironment, and conversely, promoting immune evasive
markers to influence immune cell and cancer cell metabolism.
Moreover, the gene targets of MYC are often seen to be involved
in both hallmarks and would therefore present as ideal alternative
targets to combat MYC-driven effects. Direct inhibition of MYC
has been challenging due to the short half-life of MYC oncoprotein
and the high metabolism of the small molecule inhibitors, which
has impeded the development of MYC inhibitors in clinical
trials. However, Omomyc overcame these limitations, exuded
potent anti-cancer effects, and has ascended toward clinical
development for multiple cancers. This review surmises that
MYC inhibition would be beneficial in systemically combating
metabolic reprogramming and immune evasion in various
cancers. Thus, we encourage more pharmacological strategies
should be centered around MYC inhibition. Moreover, future
investigation attention should be drawn toward elucidating
the molecular mechanism behind MYC inhibition in both

oncometabolism and oncoimmunology.
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Bone is a common organ for solid tumor metastasis. Malignant bone tumor
becomes insensitive to systemic therapy after colonization, followed by poor
prognosis and high relapse rate. Immune and bone cells in situ constitute a
unique immune microenvironment, which plays a crucial role in the context of
bone metastasis. This review firstly focuses on lymphatic cells in bone metastatic
cancer, including their function in tumor dissemination, invasion, growth and
possible cytotoxicity-induced eradication. Subsequently, we examine myeloid
cells, namely macrophages, myeloid-derived suppressor cells, dendritic cells,
and megakaryocytes, evaluating their interaction with cytotoxic T lymphocytes
and contribution to bone metastasis. As important components of skeletal tissue,
osteoclasts and osteoblasts derived from bone marrow stromal cells, engaging in
‘vicious cycle’ accelerate osteolytic bone metastasis. We also explain the concept
tumor dormancy and investigate underlying role of immune microenvironment
on it. Additionally, a thorough review of emerging treatments for bone metastatic
malignancy in clinical research, especially immunotherapy, is presented,
indicating current challenges and opportunities in research and development
of bone metastasis therapies.

KEYWORDS

bone metastatic cancer, tumor immune microenvironment, TME, immune cell,
immunosuppression, metastasizing
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1 Introduction

Bone metastasis is a common target organ of metastasis for
several solid tumor types, including lung, breast, prostate,
colorectal, thyroid, and gynecological tumors, and melanoma.
Statistically, approximately 70% of patients with metastatic
prostate and breast cancer develop bone metastases (1). Once
cancer has spread to the bone, it is usually difficult to cure and is
accompanied by a variety of accompanying complications such as
pain, increased risk of fractures, and hypercalcemia (2).

Early studies of bone metastatic cancer present a phenomenon
known as the “vicious cycle,” in which interactions between tumor
cells and bone cells exacerbate the development of bone metastatic
cancer (3). Tumor cells release substances such as parathyroid
hormone-related protein (PTHrP), which stimulates osteoblasts to
produce nuclear factor B receptor-activated ligand (RANKL), which
further activates osteoclasts and leads to osteolysis. In turn, the
multiple factors produced by osteolysis further promote tumor
growth and more bone loss (4). This study reveals the impact of
the bone microenvironment on the interactions between tumor cells.

The tumor microenvironment (TME) is a composite of various
components (5), including the immune microenvironment.
Meanwhile, the bone plays an important role as an immune
organ in the body. The immune microenvironment of bone
metastatic cancer is characterized by immune cells, such as T
cells, macrophages, dendritic cells (DC), megakaryocytes, and
myeloid-derived suppressor cells (MDSCs) (6). MDSCs are
derived from immature myeloid progenitor cells and inhibit the
immune function of T cells and NK cells in the TME (7). In
addition, the bone microenvironment contains two key cell types:
osteoblasts and osteoclasts. Osteoblasts are derived from multiple
potential mesenchymal stem cells in the bone marrow stroma (8).
Most prostate cancer bone metastases are osteogenic, with tumor
cells tending to promote osteogenic activation of osteoblasts,
whereas osteoclasts are derived from monocytes and are
responsible for bone resorption (9). In osteolytic tumors such as
bone metastases of the breast, lung, and kidney, tumor cells tend to
promote the osteolytic function of osteoclasts.

Key factors in the immune microenvironment may include the
local cytokine environment, the presence of helper stromal cells,
specific types of immune cells, all of which play an important role in
tumor-specific interactions (10). Different types of immune cells
exert different functions in the immune microenvironment of
metastatic bone cancer. Immune cells, such as NK cells and
cytotoxic T cells, are capable of directly killing tumor cells using
different mechanisms, whereas other immune cell subtypes, such as
regulatory T cells (Tregs), a subtypes of CD4+ T helper cells, M2-
type macrophages, tolerogenic DC, and MDSCs, inhibit adaptive
immune responses to tumors, thereby promoting tumor
progression and metastasis (11).

In metastatic cancer of the bone, specific cells in the bone and
immune cells share a common environment (12), therefore this
paper reviews the different types of cells and their effects in the
immune microenvironment, and discusses areas for future
development in this field.
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2 Lymphatic immune cells

2.1 T cells

T cells originate from hematopoietic stem cells and lymphoid
progenitors stored in the bone marrow and differentiate
into primary lymphoid organs waiting to be activated by
antigens. Partial tumor-infiltrating lymphocytes (TIL) in tumors
have tumor cell-killing function (13). However, in the
immunosuppressive microenvironment of bone metastatic cancer,
T cells can be suppressed, leading to depletion or inactivation of T
cells (14). Furthermore, the microenvironment of bone metastatic
cancer also attracts other T cell subtypes, such as Tregs and other
CD4+ T cells, which can support tumor growth and metastasis (11).
For example, T cells can promote the development and maturation
of osteoclasts, which can lead to the malignant cycle of bone
metastatic cancer. In bone metastatic cancer, T cells are recruited
and activated by tumor secreted factors such as PTHrP, interleukin
(IL)-7, and IL-8, and recruited T cells can secrete tumor necrosis
factor-o. (TNF-o.) or RANKL to induce bone resorption (15), which
allows T cells to also participate in the vicious cycle process. Of
course, this osteoclast-promoting effect is unique to nonactivated T
cells (16).

T cells can be classified according to their function as cytotoxic
T lymphocytes (CTL) and helper T cells (Th), where Th cells can be
further classified as Thl, Th2, Th9, Th17, Th22, Tth, and Tregs,
depending on their function. Recent studies have shown that Thl,
Th2, Th17, and Tregs are involved in the occurrence and
development of tumor cells in bone metastases (17-21).

2.1.1 Cytotoxic T lymphocytes

CTLs are closely associated with the anticancer immune
response, as these cells expresses a CD8 glycoprotein on its
surface, and are also known as CD8+ T cells (22). They are
activated to kill tumor cells by interacting with DC that present
tumor-specific antigens (23).

Interferon-y (IFN-y) produced by CTL plays a key role in
determining the antitumor ability of CTLs. Production of IFN-y
contributes to the tumor expression of MHC-I, making them more
easily recognizable by CTLs (24), and directly inhibits tumor cell
proliferation and induces apoptosis, thus exerts a direct role in the
fight against cancer (25). IFN-y from other sources also plays an
important role in CTLs. PD-L1 deficiency in myeloid cells in bone
metastatic cancers upregulates immunostimulatory genes, thereby
contributing to macrophage polarization towards the M1 type and
enhances IFN-y signaling, which promotes the recruitment and
activation of CTLs (26). Additionally, the presence of IFN-y reduces
tumor-associated bone loss and inhibits osteoblast development
(27). However, IFN-vy also inhibits tumor cell killing by immune
cells. Specifically, IFN-y inhibits CTL function by upregulating the
expression of programmed death ligand 1 (PD-L1) on the surface of
tumor cells; thus, increasing its binding to the programmed cell
death-1 (PD-1) receptor on the surface of CTL cells (28). [FN-y can
also activate interferon regulatory factor 2 (IRF2), a CTL
transcription factor in the TME, thus changing CTL from an
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activated state to a depleted state and forcing tumor cells to evade
immune surveillance (29).

CTLs are also affected by osteoclasts in bone metastatic cancer.
Osteoclasts have been shown to undergo apoptosis and produce
apoptotic vesicles during cyclic bone remodeling in bone metastatic
cancer, thus inhibiting the infiltration and activity of CTLS (30).
Conversely, osteoclasts exert a positive regulatory effect on CTLs.
Lyn(-/-) mice, with more numerous osteoclasts, had reduced bone
tumor growth despite enhanced osteolysis, due to the increased
tumor-killing function of CTLs as a result of the increase in
osteoclasts (31).

Furthermore, in addition to playing an important role in tumor
metastasis to bone, CTLs also exert multiple critical functions in
different types of bone metastatic cancers. Overexpression of
estrogen-related receptor alpha (ERRa) in breast cancer bone
metastases activates the tumor-killing effect of CTLs, through the
production of chemokines C-C chemokine receptor type 17
(CCL17) and C-C chemokine receptor type 20 (CCL20), which
allows CTLs to evade the control of transforming growth factor-8
(TGF-B) (32). The up-regulation of IL-27 in bone metastasis of
prostate cancer can lead to up-regulation of genes related to T-cell
activation (33). The signal transducer and activator of the
transcription 6 (STAT6) pathway is important in CTL immune
suppression, which can be independent of Tregs (34). Snail(+)
tumor cells can secrete Human follistatin-like protein 1 (FSTL1)
not only to directly promote tumor bone metastasis, but also to
generate CD45(-) activated leukocyte cell adhesion molecule
(ALCAM)(+) cells, which can be surrounded by CD8+ T cells
with weak CTL activity that contribute to the development of bone
metastatic cancer (35).

10.3389/fimmu.2024.1335366

2.1.2 Th cells

Th cells are immune T cells that produce cytokines involved in
the adaptive immune response (36). Th cells play an important role
in the mechanisms regulating of entry tumors into the bone
environment and subsequent adaptive immune processes.
Activated Th cells also release a variety of factors, such as IL-6,
IL-11, IL-15, RANKL, and TNF-o, which promote
osteoclastogenesis and bone resorption and provide a favorable
environment for tumor bone metastasis (37, 38) (Figure 1). IL-7 is
involved in T-cell proliferation and activation and can prompt CD8
+ and CD4+ T cells to produce factors such as RANKL and TNF-o.
(39). These factors play a role in bone metastasis in the bone
environment. However, activated CD4+ T cells also produce IFN-y,
which can inhibit osteoclast activity (40). Thus, Th cells influence
the bone environment by releasing multiple factors and are also
involved in regulating immune infiltration of tumors. Some studies
have also implicated Th cells in the process of bone metastasis (41).
Of particular note, in breast cancer, inhibition of poly ADP-ribose
polymerase 2 (PARP2) increases the risk of bone metastasis, as this
leads to an increase in immature myeloid cells in the bone marrow,
which inhibits Th cell recruitment and creates an
immunosuppressive microenvironment (42).

As mentioned previously, naive Th cells can differentiate into
different subtypes, including Thl, Th2, Th17, and Tregs, which
exert different in the tumor immune response. This further
highlights the importance of Th cells in bone metastatic cancer.
Thl cells in bone metastases of melanoma are affected by intestinal
microbes, and when intestinal microbes are depleted, Thl cell
growth is inhibited, accelerating tumor growth and osteolysis

(17

). Despite the increase in CD4+ T cells within prostate cancer
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FIGURE 1

Th cells, Tregs, macrophages, MDSCs, DC cells inhibit CD8+ T cell killing on tumors and promote tumor cell metastasis to bone through

multiple factors.
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bone metastases, they are insensitive to immune checkpoint
therapy, because CD4+ T cells differentiate into the Th17 rather
than the Thl line, mechanically because bone tumors promote
osteoclast-mediated bone resorption, releasing TGF-f3, which
inhibits the development of the Thl line (18). Wang et al. used
genetically engineered hematopoietic stem cells (HSC) to deliver a
small molecule inhibitor of TGF-B to the bone marrow, which
resulted in the differentiation of CD4+T into Thl and Th2 cells
(19). LysM(Cre)/Tgtbr2 knockdown significantly inhibits the
proliferation, angiogenesis, and osteoclast activation of metastatic
cancer (43).

2.1.3 Tregs

Regulatory T cells (Tregs) are an important subpopulation of
CD4+ T cells that are essential for the induction and maintenance of
normal peripheral tolerance and the prevention of autoimmunity
(20). Tregs can inhibit the function of many cells in bone metastatic
cancers, including CD8+ T cells and Thl cells, thus generating an
immunosuppressive microenvironment (21). The specific
mechanism is exerted through IL-10, IL-35, and TGF-f activity
(44, 45) (Figure 1). Additionally, Tregs significantly inhibited the
proliferation of CD4+CD25- T cells by directly contacting and thus
blocking the delivery of costimulatory signals (46).

Increased Treg infiltration in prostate cancer often leads to a
poor prognosis. In the immune microenvironment of bone
metastasis from prostate cancer, Tregs can translocate to the bone
marrow through C-X-C chemokine receptor 4 (CXCR4)/C-X-C
Motif Chemokine 12 (CXCL12) (47). In addition to its
immunosuppressive effects, Forkhead box protein P3 (Foxp3)+
Tregs are a key source of RANKL (48). As mentioned previously,
RANKL produced by T cells can promote osteolysis to bone
metastasis (37) (Figure 1). Bone marrow DC, in turn, promote
the proliferation of Tregs through the receptor activator of NF-
KappaB (RANK)-RANKL axis (47, 49). Thus, Tregs form a positive
feedback axis for tumor bone metastasis and osteolysis through the
RANK-RANKL axis.

Expression of CD73 on the surface of Tregs can also promote
tumor metastasis (50). During the immune response, Th17 cells can
be transformed into Tregs, which results from activation of the
aromatic hydrocarbon receptor (AHR) by TGF-f3 (51). Activation
of TNFR2 in Tregs by TNF can promote the expansion of
immunosuppressive Tregs (52). The Tregs bone metastatic cancer
microenvironment also interacts with osteoblasts and osteoclasts.
For instance, osteoblasts can inhibit the function of CTLs by
creating a suitable environment for Tregs through aerobic
glycolysis (53). Tregs regulate osteoclast differentiation through
cytotoxic T lymphocyte antigen (CTLA-4) in cell-to-cell contacts
(54), thus altering the immune microenvironment of bone

metastatic cancer.

2.2 Natural Killer cells

Natural killer cells (NK cells) rapidly recognize and destroy
cancer cells (55). For example, NK cells can release perforin and
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granzyme, mechanisms that lead to apoptosis of cancer
cells (56).

However, several factors can influence the function of NK cells.
In the early stages of bone metastasis, estrogen receptor (ER)-
positive luminal cancers release signal peptide, CUB domain and
EGF-like domain containing 2 (SCUBE2), which may help to
induce osteoblasts to differentiate into osteoclasts, thereby
inhibiting NK cells activity and providing favorable conditions for
tumor colonization (57). In breast cancer, overactivation of the
Janus kinase (JAK)/STAT signaling pathway has been widely
reported (58, 59). However, inhibition of the JAK/STAT signaling
pathway decreases the antitumor immune function of NK cells in
metastatic tumors (60). Gut microbial deprivation also inhibits the
proliferation of NK cells in bone metastatic tumors (17). This
phenomenon suggests that intestinal microbes may play a role in
modulating the immune response. Furthermore, in the case of
neuroblastoma bone metastases, IL-2 therapy has been shown to
be effective, suppressing tumors by increasing NK cell activity (61).
Overexpression of PTHrP promoted bone metastasis of small-cell
lung cancer in a mouse model, which may be related to NK cell
depletion, but the exact mechanism needs to be further
investigated (62).

3 Myeloid immune cells
3.1 Macrophages

Macrophages are an important component of the mononuclear
phagocyte system (MPS) and are key cells in the tumor immune
system (63). The main immune cells that infiltrate tumors are
macrophages, also known as tumor-associated macrophages
(TAM) (64). There is growing evidence that these macrophages
play an important role in the immune microenvironment of bone
metastatic cancer and play a key regulatory role in tumor
progression, angiogenesis, invasion, and metastasis (65-67).

3.1.1 Impact on adaptive immunity

Macrophages can polarize into M1 and M2 types in the TME
(68-70). M1 macrophages can produce reactive oxygen species
(ROS), have high antigen presentation potential, and can recruit
CTLs (71-73). Although M2 macrophages are usually considered
pro-tumorigenic, M2 macrophages can recruit Tregs and Th2 cells
by secreting anti-inflammatory factors that induce adaptive
immune incompetence of the body against tumors (74, 75).

The chemokine CCL20 is highly expressed in macrophages, as is
the homologous C-C chemokine receptor type 6 (CCR6) expressed
on T cells. Macrophages in bone metastatic cancers inhibit the
immune response of T cells to tumors through regulation of the
CCL20-CCR6 axis (76). Furthermore, TAM-derived CCL17,
CCL18, CCL22, IL-4, IL-10, TGF-B, and prostaglandin E2 (PGE
2) can inhibit the antitumor function of T cells (77-83). In bone
metastases of prostate cancer, fusion of tumor cells with myeloid
cells, including macrophages, further suppresses the immune
response while promoting tumor growth (84) (Figure 1).
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3.1.2 Impact on tumor metastasis

Macrophages can promote the growth of tumor cells in bone in
several ways (85), and inhibition of macrophages reduces the
incidence of tumor bone metastasis (86). Targeting anti-CD115
antibodies reduces the number of macrophages in tumors and
therefore reduces osteolytic lesions in transplanted breast cancer
cells (87). The interaction between macrophages and prostate
cancer cells contributes to upregulation of cathepsin K expression
in macrophages, which promotes tumor progression within
metastases (88). CD137, a member of the TNF receptor
superfamily, can promote macrophage migration into the TME
and stimulate macrophage transformation into osteoclasts by
enhancing Fral expression, thus promoting tumor bone
metastasis (89). Furthermore, CCL5 secreted by TAMs
contributes to bone metastasis of prostate cancer (90). CCL2 can
help prostate tumor growth and bone metastasis by recruiting
macrophages and osteoclasts (91) and macrophages also promote
breast cancer bone metastases in an IL-4R-dependent manner, and
inhibition of IL-4R effectively reduces the occurrence of bone
metastases (92). Furthermore, CXCL5 and colony stimulating
factor 1 (CSF-1) are associated with macrophage-driven bone
metastasis (87, 93-95) Cyclooxygenase-1 (COX-1) positive
macrophages can play an important role in prostate cancer bone
metastasis (96) (Figure 1).

These studies highlight the important role of macrophages in
immunomodulation and bone metastasis and provide useful
information to better understand the onset and progression of
bone metastatic cancer.

3.2 Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSC) are distinct
immunosuppressive cells in tumors. MDSCs consist of a
heterogeneous population of immature myeloid cells (IMCs) with
immunosuppressive functions (97). MDSCs have been found to be
widely infiltrated in a wide variety of cancers and have a significant
ability to suppress T cell responses, leading to a poor prognosis.
Such cells have attracted increasing attention in the academic
community (81). Furthermore, MDSCs play a crucial role in
bone (98).

3.2.1 Impact on adaptive immunity

MDSCs inhibit T cell proliferation by suppressing the immune
response of T cells in several ways: (i) by generating arginase-1
(ARG-1)-dependent depletion and chelating L-cysteine depletion
of L-arginine to inhibit T cell proliferation; (ii) by interfering with
the signaling of the IL-2 receptor and generating ROS and NO to
inhibit T-cell function; (iii) by expressing ADAM 17 (which
contains structural domains of de-integrins and
metalloproteinases17) and galactose lectin 9 that interfere with
T-cell metastasis and pro-apoptosis activity; and (iv) by inducing
Treg proliferation, which promotes bone metastasis growth (99-
101). MDSCs also inhibit NK cell function via TGF-f, and IL-10
(102-104) inhibits dendritic cell differentiation and antigen
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presentation through IL-10, vascular endothelial growth factor
(VEGF), NADPH oxidases (NOX2), and ROS (103, 105-108).
Recent studies have shown that MDSC-produced exosomes can
overactivate or deplete CD8+ T cells, thus suppressing immune
function (109). In bone metastasis of breast cancer, MDSCs
express PD-L1, which not only inhibits T cell function, but also
promotes osteoclastogenesis, thus facilitating the progression of
bone metastatic cancer (16) (Figure 1).

3.2.2 Impact on tumor metastasis

In the metastatic bone cancer microenvironment, MDSCs not
only have immunosuppressive effects, but also accelerate bone lysis
and destruction. MDSCs can promote bone tumor metastasis
through a variety of mechanisms (98, 110). Tumors recruit
MDSCs through the CCL2/CCL12-CCR2, CCL3/4/5-CCRS5,
CCL15-CCR1, CX3CL1/CCL26-CX3CR2, CXCL5/CXCL2/
CXCL1-CXCR2, CXCL8 (IL-8)-CXCR1/CXCR2, CCL21-CCR7,
CXCL13-CXCR5 pathways, promoting immunosuppression in
the TME, while, MDSCs also promote tumor metastasis via the
CCL5/CCR5,CCL15-CCR1,CXCL5/CXCL1-CCR2, CXCL8 (IL-8)-
CXCR1/CXCR2 pathways (111). MDSCs also secrete TGF-f,
S100A8/A9, VEGF and exosomes to interact with the immune
system, endothelial cells, fibroblasts, and liver stellate cells, thus
making the bone microenvironment suitable for tumor
implantation (112). Furthermore, in a 4T1 mouse metastasis
model, inhibition of interferon regulatory factor 7 (IRE7)
enhanced the prometastatic activity of MDSCs. Conversely, IRF7
overexpression can counteract the effects of MDSCs and restore the
activity of CD8+ T cells and NK cells to reduce metastasis (113).
MDSCs can also promote tumor metastasis by enhancing B-
adrenergic signaling and the IL-6/STAT3 pathway (114). The
prometastatic effects of MDSCs are also closely related to
osteoclasts. MDSCs derived from bone metastatic cancers can be
induced to become osteoclast progenitors and can differentiate into
osteoclasts (115). In addition to becoming osteoclasts themselves,
they can also induce osteoclastogenesis, and in bone metastatic
cancers, MDSC-produced nitric oxide (NO) not only mediates
immunosuppression, but also mediates osteoclast generation (98,
99). Due to the fact that bone metastasized tumors express hypoxia-
inducible factor (HIF)-1ca at a higher level than primary tumors,
which plays an important role in osteoclast formation (98, 99), and
NO in turn up-regulates HIF-10 through various mechanisms, such
as phosphatidylinositol 3-kinase and schizogen-activated protein
kinase (116). Tumor cell levels of PTHrP and GL I-Kruppel 2(Gli 2)
can be induced by MDSCs, which are also involved in
osteoclastogenesis (110) (Figure 1).

3.3 Dendritic cells

DC are a class of immune cells that originate in the bone
marrow and are widely distributed in various tissues (117-119).
They play a key role in the induction and regulation of innate and
adaptive immune responses by antigen presentation (117-120). DC
efficiently phagocytose apoptotic cells and cross-present viral,
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tumor, and autoantigens to CD8(+) T cells (121, 122). In tumors,
the role of DC is crucial, as they are capable of initiating an effective
T cell response, attracting T cells to the tumor site, and maintaining
the function of effector memory T cells (22, 123). Circulating DC
readily migrate to the bone marrow due to the high expression of
vascular cell adhesion molecule-1 (VCAM-1) and endothelial
selectin in the microvasculature of the bone marrow, which is
critical for metastatic bone cancers (124).

3.3.1 Impact on adaptive immunity

DC can differentiate into two subpopulations: myeloid DC
(mDC) and plasmacytoid DC (pDC) (123). Although the
importance of DC in antitumor immune responses is well known,
cancer cells can still promote an immunosuppressive phenotype by
affecting DC. In metastatic bone cancer, DC in the TME inhibit the
tumor-killing activity of CD8+ T cells by producing cytokines such
as IL-10, VEGF, TGF-B, and NO (125). IL-6 produced by tumor
cells can contribute to the differentiation of hematopoietic stem and
progenitor cells (HSPC) into monocyte-dendritic progenitor cells
(MDPs) (126). Furthermore, high expression of CDla(+) and CD83
(+) has been reported to be negatively correlated with the
development of bone metastases (127). In breast cancer bone
metastases, pDC can persistently activate Th2, increase
infiltration of Tregs and MDSCs, and produce osteolytic
cytokines, leading to severe bone destruction (128). Mitochondrial
transcription factor A (TFAM) deletion improves the presentation
of antigens by DC through the cGAS-STING pathway, reversing
immunosuppression in the TME (129). Furthermore, DC can
induce the production of the PTHrP-derived peptide, PTR-4,
which maintains CTL activation and thus improves tumor
killing (130).

3.3.2 Impact on tumor metastasis

DC also play a key role in promoting tumor metastasis. TGF-f3
produced by tumors inhibits dendritic cell migration from the
tumor site to lymphatic drainage, increasing the risk of tumor
metastasis (131) (Figure 1).

3.3.3 RANK-RANKL and dendritic cells

The RANK-RANKL axis is closely related to DC. RANKL was
first identified in 1997 using human bone marrow-derived DC
(132), and RANK signaling in DC leads to immune tolerance in
many cases (132-135). For example, RANKL from tumors of the
genital tract induces an immature and tolerogenic phenotype in DC
(136). DC are critical in antitumor combination therapies with anti-
CTLA-4 and anti-RANKL antibodies (137). Thus, RANK signaling
in DC may contribute to immune tolerance in bone metastatic
cancers. RANKL produced by pDC can directly affect MDSCs by
inducing their differentiation into osteoclasts, which promotes bone
destruction and growth of breast cancer cells (138) (Figure 1).
Furthermore, infiltration of pDC in cancer is associated with
elevated levels of chemokines and cytokines that are directly or
indirectly related to immunosuppression and osteoclastogenesis
(138). These soluble factors also induce RANKL expression,
which further stimulates osteoclastogenesis.
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In conclusion, the dual role of DC in metastatic bone cancer is
important for understanding the dynamic balance of the immune
microenvironment and the metastatic mechanism of tumors. These
findings are expected to provide new ideas for future
immunotherapeutic strategies to improve immune system control
of bone metastatic cancer.

3.4 Megakaryocytes

Megakaryocytes (MKs) are a class of cells derived from bone
marrow-resident hematopoietic stem cells (HSC), which play a role
in platelet production by responding to thrombopoietin (TPO) and
exert a regulatory role in platelet production through their response
to TPO. In addition to their effects on platelet production, MKs also
affect osteoclasts and osteoblasts, thus regulating the bone
microenvironment (139-142). Therefore, MKs also play a key
role in bone metastatic cancer. MKs can inhibit osteoclast
function while promoting osteoblast proliferation (143). In a
mouse model, intracardiac injection of TPO-treated prostate
cancer cells reduced the formation of bone metastases (144).
Furthermore, the number of MKs in the bone marrow increased
after intracardiac injection of highly osteogenic breast cancer cells
(145, 146), suggesting that MKs play a key role in bone metastasis.

4 Osteoclasts and osteoblasts in bone
metastatic cancer

4.1 Osteoclasts

Osteoclasts are a specialized class of cell types derived from
monocytic macrophages (147). Their development and function are
regulated, in part, by CSF-1 and RANKL (148). RANKL and CSF-1
bind to RANK in mature osteoclasts to induce the process of bone
resorption. Furthermore, the balance between RANKL and its
osteoprotegerin receptor (OPG) plays a key role in the regulation
of osteoclast function. Knockdown of OPG in mice resulted in a
decrease in bone density, while overexpression of OPG increased
bone density (149).

During osteolytic bone metastasis, tumor cells continuously
secrete a variety of osteoclastogenic cytokines in the bone, including
CSF-1, PTHrP, RANKL, IL-8, IL-11, prostaglandin E, matrix
metalloproteinase 1 (MMP-1), stromal cell communication
network (CCN), and TNF-o (150-156). These factors directly
stimulate osteoclast-mediated bone resorption and lead to the
release of bone-derived tumor growth factors such as TGEF-f,
insulin-like growth factors (IGF), platelet-derived growth factor
(PDGF), and bone morphogenetic protein (BMP) in the bone
matrix, which promotes tumor growth in bone metastases
(157, 158). TGF-B, a factor released after bone matrix lysis,
stimulates the tumor’s secretion of PTHrP directly (159). This
osteolytic cascade response is driven by the production of PTHrP.
PTHrP plays a dual role in bone reconstruction. First, PTHrP
upregulates monocyte chemoattractant protein-1(MCP-1) in
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osteoblasts, a key mediator of osteoclastogenesis, leading to the
formation of osteoblastic lesions (160). Second, PTHrP stimulates
osteoclast formation by improving osteoblast production of
RANKL and CCL2 (142). Thus, a mutual promotion between
tumor cells and osteoblasts, in which tumor cells promote
osteolysis, and osteolysis then releases tumor growth factors that
promote tumor growth, becomes a key therapeutic challenge. Breast
cancer cells secrete an integrin-binding sialoprotein (IBSP) in bone,
which attracts osteoclasts and creates an osteoclast-rich bone
microenvironment (161). The R-responsive protein 2 (RSPO2)
ligand in breast cancer cells interacts with RANK to promote
osteoclast-mediated osteolysis (162). Furthermore, an ATP-
dependent transporter protein called ABCC5 also mediates
osteoclast-mediated bone resorption in breast cancer bone
metastases (163). Inhibition of AEPase activity in breast cancer
cells reduces osteoclast differentiation while attenuating osteolytic
lesions caused by breast cancer bone metastases from breast cancer
(164). Furthermore, early growth response-1 (EGR1) plays a direct
role in the regulation of angiogenesis and osteoclastogenic factors in
prostate cancer bone metastasis (165). Induction of tumor cells
stimulates osteoclasts to secrete the IL-20RB ligand IL-19, which
activates JAK1/STAT3 signaling and thus promotes proliferation of
bone metastatic cancer cells (166). Furthermore, galactose lectin-3
(Gal-3) is located on the surface of osteoclasts and regulates the
microenvironment of osteolytic bone metastatic cancer in the
presence of RANKL (167). In bone metastatic cancers, CD47 on
the surface of multiple cells regulates osteoclasts by modulating
nitric oxide synthase activity, thus increasing the risk of tumor bone
metastasis (168).

Exosomes secreted by tumor cells promote osteoclast
differentiation and activation, leading to bone damage and
remodeling of the bone metastasis microenvironment. The
exosome miR-21 from SCP28 cells promotes osteoclast formation
by regulating the expression of PDCD4 protein (155). In breast
cancer bone metastasis, the miR-124/IL-11 axis plays a crucial role
in the survival and differentiation of osteoclast progenitor cells
(169). Furthermore, osteoblastic tumor exosomes can also induce
osteoclast differentiation (170). For prostate cancer cells,
extracellular vesicles (EVs) promote osteoclast formation in the
presence of RANKL (171). Furthermore, tumor EVs of atypical
cancer origin can also promote bone metastasis in hepatocellular
carcinoma (172).

The mechanical environment of the bone is also critical for
bone metastatic cancer. The activities of osteoblasts and cancer cells
are regulated by the mechanical environment. Early changes in the
mechanical environment can activate osteoclasts, which can lead to
extensive osteolytic bone loss triggered by advanced bone metastatic
cancer (173).

However, it is important to note that tumors also exert a dual
effect on osteoclasts in the bone environment. In bone metastasis,
tumor cell-secreted CST6 enters osteoclasts and inhibits the activity
of the cysteine protease cathepsin B (CTSB), leading to the up-
regulation of sphingosinekinasel (SPHK1), which inhibits RANKL-
induced activation of p38 and suppresses osteoclast maturation
(174) (Figure 2).
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To inhibit tumor growth, some clinical strategies can be

<

achieved by breaking this “vicious cycle”. For example,
procoxacin reduces prostate cancer bone metastasis by disrupting
the feedback loop of the TGF-B/C-Raf/MAPK pathway and
inhibiting osteoblast and osteoclast activity (175). Denosumab is a
fully human IgG2 monoclonal antibody that specifically targets
RANKL. It binds to RANKL with high affinity and specificity and
inhibits the binding of RANKL to osteoclast precursors and
osteoclast surface RANK, thus inhibiting osteoclast differentiation
and activity, and disrupting the “vicious cycle” in tumor bone
metastasis. This helps to inhibit excessive bone resorption and
reduce bone destruction (176).

Bisphosphonates are a class of drugs that are absorbed by bone
at sites of active bone metabolism (177). Bisphosphonates inhibit
osteoclast activity and survival, reducing osteoclast-mediated bone
resorption. Furthermore, they can also cause osteoclast apoptosis
and have a direct apoptotic effect on tumor cells (178). Therefore,
bisphosphonate therapy is now the standard of care for patients
with malignant bone disease in a variety of tumor types, including
prostate, breast, lung, and multiple myeloma (179). Furthermore,
STING agonists can also modulate osteoclast function in the TME
and reduce osteolysis, thus slowing tumor progression (180).

4.2 Osteoblasts

Osteoblasts are derived from mesenchymal stem cells whose
primary function is bone formation. The Wnt and Runt-related
transcription factor 2 (Runx2) pathways play a key role in the
maturation and directed differentiation of osteoblasts (181). A
hallmark of osteoblast differentiation is the formation of type 1
collagen, and this process becomes critical when mediated by Shh
signaling directed at prostate cancer. The stromal collagen and Shh
signaling pathways act synergistically and are essential for
osteoblast formation. Although cancer bone metastasis is
generally presented as osteolytic metastasis, the main mechanism
of cancer bone metastasis is osteogenic metastasis (182).

Prostate cancers secrete a variety of factors, such as BMP and
endothelin-1 (ET-1), which promote the maturation of osteogenic
precursor cells, PTHrP, which inhibits osteoblast apoptosis,
aminoproteinases, which indirectly promote bone formation, and
urinary fibrinogen activator (uPA) (183). These conditions
contribute to the enhanced deposition of a new bone matrix.
Furthermore, prostate cancer secreted CCN3 improves the
expression of BMP, Runx2, and osterix in osteoblasts through
glycogen synthase kinase3p (GSK3fB) and [B-catenin signaling
pathways (184).

Although cancer bone metastasis is predominantly osteolytic,
CD137 has been reported to recruit monocytes/macrophages to
migrate into the TME and promote the differentiation of monocytes
or macrophages into osteoblasts during bone metastasis (89).
Hypoxic conditions activate HIF-1q., a specific signaling factor for
osteoblasts. Activation of HIF-1lol signaling increases CXCL12
blood levels, which directly activates the CXCR4 receptor and
promotes the migration of breast cancer cells to bone (185).
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Tumor cells, osteoclasts and osteoblasts in metastatic bone cancer interact with each other at the skeletal site by several means.

Furthermore, in clinical practice, the reduction of androgen
levels is one of the main approaches in prostate cancer treatment.
Osteoblasts have been reported to secrete the adrenal androgen
precursor dehydroepiandrosterone (DHEA), which does not induce
the androgen receptor (AR), but promotes cancer progression and
metastasis (186). Monoamine oxidase A (MAOA) also plays an
important role in prostate cancer bone metastasis. MAOA
stimulates the release of IL-6 from osteoblasts, which creates a
bone microenvironment conducive to the homing, growth and
survival of cancer cells, and also activates osteoclastogenesis
through the production of RANKL and IL-6 by osteoblasts, which
contributes to the development of bone metastases from cancer
(187). Furthermore, VCAM1 has been reported to activate painless
micrometastases by recruiting osteoblast progenitor cells (188).
Studies in animal models have shown that Plumbagin successfully
inhibited breast cancer cell metastasis and osteolysis by significantly
altering the RANKL/OPG ratio in osteoblasts (189) (Figure 2).

5 Tumor dormancy in tumor
metastasis to bone

Tumor metastasis formation is a complex process that includes
local invasion and infiltration of tumor cells, survival, and
extravasation of tumor cells after entering the circulation, as well
as survival and proliferation in target organs (190). After invading
the bloodstream, tumor cells are defined circulating tumor cells
(CTCs) (191). A small percentage of tumor cells can reach distant
organs to colonize (192). Once they reach a distant site, tumor cells
remain dormant until that environment can support tumor growth
and proliferation (193, 194). Numerous clinical studies have found
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that tumors have metastasized to bone early in their development,
entering a dormant state in preparation for future growth (195).
Clinical observations have found that for tumors that are
susceptible to bone metastasis, the number of patients with
skeletal lesions is less than the number of patients with diffuse
tumor cells (DTC) detectable in the bone marrow, a finding that
supports the idea that the bone microenvironment supports tumor
dormancy (196, 197). Therefore, understanding the relationship
between the bone microenvironment and tumor dormancy can
contribute to subsequent treatment and research.

5.1 Metastasis

Perivascular cells highly expressing CXCL12 in vascular
microhabitats in bone marrow sinuses can keep breast cancer cells
dormant in the vasculature through CXCL-12/CXCR4 interaction
(198). Immunohistochemical analysis of bone marrow from breast
cancer patients showed that dormant breast cancer cells preferentially
localize in CXCL12-rich vascular regions (198). CXCR4/CXCL12 also
plays a crucial role in bone metastasis of prostate cancer (199).
However, unlike breast cancer, prostate cancer cells may benefit from
this supportive environment that maintains dormancy, but does not
contribute to tumor growth (193). Furthermore, growth-arrest
specific 6 (GAS6) can induce tumor dormancy in cancer (200).

5.2 Influence of immune factors

The bone microenvironment is also an immune-privileged site
that protects dormant tumor cells from environmental damage and
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resulting immune responses. Tregs in the bone immune
microenvironment can create an immune microenvironment that
supports the growth of dormant tumor cells, allowing them to evade
immune attacks (201). MDSCs in the bone microenvironment can
prevent the removal of dormant tumor cells by inhibiting the
activity of anti-TME CTLs and NK cells (10); Furthermore, bone
marrow mesenchymal stem cells can also protect dormant tumor
cells (195).

6 Immunotherapy for metastatic
bone cancer

Bone metastatic cancers are resistant to a variety of
immunotherapies due to a specific immunosuppressive
microenvironment (10, 202). As a result, current treatment for
patients with bone metastases has focused primarily on palliative
therapies to reduce pain and improve quality of life. Due to the
specificity and importance of multiple immune cells in bone
metastatic cancer, it is particularly crucial to find effective
immunotherapy methods for bone metastatic cancer.

Human PD-1 (CD279), encoded by the PDCD1 gene, is a
transmembrane protein that is expressed as an immunosuppressive
receptor predominantly on monocytes, B cells, NK cells,
macrophages, and activated T-cells (203-206). Its ligands PD-L1
and PD-12 are expressed in DC, macrophages, and tumor cells (207,
208). PD-1 activation can mediate T cell inactivation and block
signaling downstream of T-cell receptor (TCR) activation (209, 210).
In immunotherapy, o-PD-1 drugs, such as nivolumab, can bind to
immune cells such as T cells, B cells, NK cells, macrophages, and
monocytes expressing PD-1, thus blocking PD-1 signaling (203-205).
This helps to keep T cells continuously activated to fight off tumors.
In patients with bone metastases from non-small cell lung cancer,
overall survival increased by 7.9 months in patients with nivolumab
(211), suggesting that o.-PD-1 therapy may be useful to reduce tumor
burden in patients with bone metastases.

Combining a PD-1 blocker (nivolumab) with a CTLA-4 blocker
(ipilimumab) is more effective than PD-1 blockers alone and is a
standard of care for many different cancers (211). In a study of
advanced renal clear cell carcinoma, a lower 12 month OS rate was
found in patients with bone metastases treated with ipilimumab/
nivolumab (41.7%) compared to patients without bone metastases
(82.7%) (212). Another retrospective study of patients with renal
cell carcinoma (RCC) bone metastases treated with ipilimumab/
nivolumab found relatively low efficacy (21%) and median OS (25.6
months) (213), and, generally, patients with bone metastases
responded poorly to the combination of PD-1 and CTLA-4
inhibitors (213, 214). This may be related to the fact that bone
metastatic cancers present an immunologically “cold” phenotype
(215) and an immunosuppressive microenvironment (including
infiltration of multiple immunosuppressive cells such as Tregs).
Thus, eliminating Tregs in the bone metastatic microenvironment
is a promising aspect of immunotherapy. Furthermore, anti-PD-1
immunotherapy can also produce long-term benefits in preventing

Frontiers in Immunology

10.3389/fimmu.2024.1335366

bone destruction and relieving pain in bone cancer by inhibiting
osteoclastogenesis (216).

NK cells kill tumors through multiple mechanisms, including
granzyme B and perforin-mediated apoptosis or Fas-Fas ligand
interactions. When IRF7 levels are restored, the response of host
NK cells can be reactivated (113). Furthermore, gut microbial
supplementation also helps promote NK cell proliferation in
metastatic bone tumors (17). The ability of modified NK cells to
produce IL-2 and IL-15, stimulate proliferation, and increase
resistance to tumors makes them a new option for the treatment
of bone metastatic cancer (217).

Macrophages play a crucial role in the immunotherapy of bone
metastatic cancer.M2-type macrophages inhibit CD8+ T-cell
resistance to tumors through multiple pathways. The use of anti-
CD115 antibodies, trabectedin, clodronic acid, and zoledronic acid
reduces the number of macrophages within the tumor (218).
Macrophages are recruited to tumor sites primarily through the
CCL2/CCR2 axis and CSF-1/CSF-1R signaling, so blocking these
two signaling axes also reduces macrophage infiltration (219-221).

MDSCs are extensively infiltrated in metastatic bone cancers
and have a significant ability to suppress T cell responses. Based on
available evidence, the use of CXCR4 antagonists and
indoleamine2,3-dioxygenasel (IDO1) inhibitors activates CD8+ T
cells and suppresses MDSCs, thus delaying bone metastasis in
mouse breast cancer disease (222). Dickkopf-1 (Dkk1), a secreted
Wnt antagonist, modulates the number and function of MDSCs in
bone metastases in mice (223). Furthermore, multiple chemokine
axes, such as CCR2/CCL2, CXCR2/CXCL5, and CXCR4/CXCL12,
and inhibition of these signaling pathways prevents the entry of
MDSCs from the bone marrow into the TME (10).

In immunotherapy, tolerogenic DC or pDC in tumors can affect
the killing function of CD8+ T cells. By using PDCA1 antibodies,
pDC can be reduced, thus reducing the load of bone metastases in
breast cancer (128). Furthermore, microtubule destabilizers (e.g.,
dolastatin 10 and ansamitocin P3) can convert tolerant DC into
activated DC that stimulate the killing effect of CD8+ T cells, which
in turn fight the tumor (224). DC vaccines have also been
considered a new approach to treating bone metastases by
injecting DC-carrying tumor antigens to activate the immune
response within the tumor (38). In a model of melanoma
metastasis, stimulation of DC with cyclic VHCDR3-derived
peptide (Rb9) inhibited melanoma metastasis (225). CD103
+cDC1 vaccine inhibited primary and metastatic tumor growth,
and IL-12 produced by CD103+DC was critical for NK cell-
mediated tumor control (226, 227) (Table 1).

7 Discussion

Survival of patients with multiple solid tumors that metastasize
to the bone is a great challenge. Previous studies have thoroughly
explained the “vicious cycle” between tumor cells that metastasize
to bone and osteoclasts and osteoblasts, and there are various
therapeutic approaches, including the use of deslumab and
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TABLE 1 The latest treatment for several immune cells.

Treatment

CD8+T o-PD-1,0-CTLA-4
NK cell o-PD-1,IRF7 Agonists,gut microbe,Engineered NK cells(IL-2,
IL-15)
macroph o-PD-1, anti-CD115 antibodies,trabectedin,clodronic acid,
acrophage zoledronic acid, CCR2 inhibitors,CSF1R inhibitors
CXCR4 antagonists,CCR2 inhibitors, CXCR2 inhibitors,JDO1
MDSCs o i
inhibitors,Dickkopf-1
bE PDCAL1 antibodies,DC vaccines,microtubule destabilizers,
VHCDR3-derived peptide
Procoxacin anti-RANKL antagonists. Bisphosphonates.
osteoclast .
STING agonists
osteoblast Procoxacin. Plumbagin

bisphosphonates, that can break the “vicious cycle”. Meanwhile, the
role of various types of immune cells and non-immune cells in the
bone microenvironment during the transfer of tumor cells from
the primary site to the bone has also been well studied. However,
the multiple effects of multiple immune cells on adaptive immunity,
i.e,, on the specific tumor-killing effects of CTLs, after tumor cells
colonize the immune microenvironment following bone are still not
well reviewed, and thus a better understanding of the immune
microenvironment of metastatic bone cancer is crucial for multiple
effects. How to balance the immune cell effects on tumor-killing
function and tumor growth promotion is a central question for the
subsequent exploration of therapeutic approaches for bone
metastatic cancer. Breaking the suppressive function of immune
cells on adaptive immunity and enhancing the tumor-killing effect
of immune cells on promoting CTLs will be the direction of future
research on the immune microenvironment of bone metastatic
cancer. In this review, we describe the multiple effects of various
immune cells in the bone immune microenvironment, including
osteoclasts and osteoblasts, on tumor metastasis and on adaptive
immunity, highlighting the specific mechanisms by which the
various types of immune cells function.

We also discuss tumor dormancy at the skeletal site, including
the various types of immune factors that may influence tumor
dormancy. Many solid tumors develop bone metastases at an early
stage, but the tumor cells are dormant and the bone
microenvironment protects the dormant tumor cells. Studying the
effects of immune cells in the bone microenvironment on dormant
tumor cells can guide clinical treatment for preventing bone
metastasis in solid tumors. How to kill dormant tumor cells while
avoiding harmful effects on the body’s normal bone immune
microenvironment is still a question that needs to be explored.

We also reviewed current and future therapeutic approaches for
the treatment of bone metastatic cancers. Within conventional
immunotherapeutic agents, o-PD-1 agents have been shown to be
helpful in reducing the tumor burden in patients with bone
metastases from non-small cell lung cancers, and because of the
special microenvironment of bone, o-PD-1 immunotherapy also
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has an impact on other factors such as osteoclasts, making the
future of 0.-PD-1 in bone metastatic cancers also worthy of explore.,
as our understanding of the signaling mechanisms between tumor
cells and cells in the bone immune microenvironment increases,
several emerging therapeutic approaches, such as modification of
NK cells, targeting of MDSCs and macrophages, and DC vaccines,
can also be effective and efficient in halting the progression of
skeletal lesions.

In conclusion, the interplay between the intrinsic cells of the
bone, the immune cells, the bone matrix, and the tumor cells is
critical for the progression of the tumor. Once the tumor invades
the bone, how to prevent the immune cells from being called
“accomplices” of tumor progression is still a question. What
factors can break the “vicious cycle” between the four also needs
to be further investigated. What factors promote tumor dormancy
in metastatic bone cancer, and what factors cause dormant tumor
cells to awaken and proliferate. Traditional immunotherapy is not
effective in metastatic bone cancer, and it is worth exploring how to
improve the effectiveness of immunotherapy in metastatic bone
cancer by targeting various types of immune cells. The future of
many emerging therapies is bright, but further research is needed to
exploit the specificities of the bone microenvironment to combat
bone tumors.
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Introduction: Myeloid-derived suppressor cell (MDSC) exhibits immunosuppressive
functions and affects cancer progression, but its relationship with prostate cancer
remains unclear. We elucidated the association of polymorphonuclear MDSC (PMN-
MDSC) and monocytic MDSC (M-MDSC) levels of the total peripheral blood
mononuclear cells (PBMCs) with prostate cancer progression and evaluated their
roles as prognostic indicators.

Methods: We enrolled 115 patients with non-metastatic hormone-sensitive
prostate cancer (hmHSPC, n = 62), metastatic hormone-sensitive prostate
cancer (MHSPC, n = 23), and metastatic castration-resistant prostate cancer
(MCRPC, n = 30). Subsequently, the proportions of MDSCs in each disease
progression were compared. Log-rank tests and multivariate Cox regression
analyses were performed to ascertain the associations of overall survival.

Results: The patients with mCRPC had significantly higher PMN-MDSC
percentage than those with nmHSPC and mHSPC (P = 7.73 x 10> and
0.0014). Significantly elevated M-MDSC levels were observed in mCRPC
patients aged <70 years (P = 0.016) and with a body mass index (BMI) <25 kg/
m? (P = 0.043). The high PMN-MDSC group had notably shorter median survival
duration (159 days) than the low PMN-MDSC group (768 days, log-rank P =
0.018). In the multivariate analysis including age, BMI, and MDSC subset, PMN-
MDSC was significantly associated with prognosis (hazard ratios, 3.48; 95%
confidence interval: 1.05-11.56, P = 0.042).
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Discussion: PMN-MDSC levels are significantly associated with mCRPC
prognosis. Additionally, we highlight the remarkable associations of age and
BMI with M-MDSC levels in mCRPC, offering novel insights into MDSC dynamics
in prostate cancer progression.
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1 Introduction

Prostate cancer is the second most frequently diagnosed cancer and
the fifth leading cause of cancer-related mortality worldwide. The
incidence of prostate cancer was estimated to range from 1 to 4 million
cases per year in 2020 and is projected to nearly double to between 2 to
9 million cases annually by 2040 (1). The number of deaths due to
prostate cancer was 375,000 in 2020 and is estimated to increase by
85%, reaching nearly 700,000 by 2040 (1). Prostate cancer is a
predominantly diagnosed cancer in 112 countries and is the primary
cause of cancer death in 48 countries (2). The incidence and mortality
rates of prostate cancer are positively associated with advancing age,
with 66 years being the average age at diagnosis (3). Androgen
deprivation therapy (ADT) is the primary treatment for cancer with
advanced stages, but its effectiveness wanes over time. Many patients
progress to castration-resistant prostate cancer (CRPC) within 2-3
years, which considerably worsens their prognosis (4, 5).

Recent insights into prostate cancer progression have
spotlighted the role of myeloid-derived suppressor cells (MDSCs)
within the tumor microenvironment (TME). MDSCs are a
heterogeneous group of immature myeloid cells that exhibit
immunosuppressive functions affecting various immune cells, and
humans have two primary MDSC subtypes, which are as follows:
polymorphonuclear MDSC (PMN-MDSC) and monocytic MDSC
(M-MDSC) (6, 7). These cells, by expanding and activating within
the TME, create an immunosuppressive environment that
promotes cancer development by undermining innate and
adaptive immune responses (8). In humans, MDSCs produce
immunosuppressive cytokines, including TGF-3, IL-10, arginase
1, PGE2 (9, 10), stimulating regulatory T cells (11). High MDSC
concentrations have been linked to unfavorable outcomes in various
cancers (12-14). The microenvironment of prostate cancer varies

Abbreviations: ADT, Androgen deprivation therapy; AUC, Area under the
curve; BMI, Body mass index; CI, Confidence intervals; CRPC, Castration-
resistant prostate cancer; HR, Hazard ratios; MDSC, Myeloid-derived
suppressor cell; OS, Overall survival; PBMC, Peripheral blood mononuclear

cells; PSA, Prostate specific antigen; ROS, Reactive oxygen species.
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due to the differences in hormone sensitivity; however, not all
aspects have been fully elucidated (15). Therefore, clarifying the
contribution of MDSCs is crucial for understanding the mechanism
behind the acquisition of castration resistance in prostate cancer.

Several human studies on prostate cancer and MDSC subtypes
have been conducted. A previous study reported elevated M-MDSC
levels in patients with CRPC as compared with those in a healthy
group (16). Another study on M-MDSC and prognosis in patients
with CRPC reported that increased M-MDSC was associated with a
poor prognosis (17). A previous survival analysis involving mCRPC
patients showed that patients without elevated M-MDSC level after
treatment had prolonged overall survival (OS) (18). Contrarily, the
PMN-MDSC levels in prostate cancer patients correlated with
advanced cancer stages and predicted poorer outcomes (19). A
recent study on mHSPC patients indicated that PMN-MDSC is a
negative prognostic indicator, whereas M-MDSC seemed to have no
significant impact (20). Notably, no detailed studies have examined
the background factors associated with MDSC subtype levels by
classifying the prostate cancer patients according to hormone
sensitivity and metastasis. Moreover, research comparing the
prognostic value of the two MDSC subtypes in mCRPC patients
is lacking. A recent meta-analysis explored the prognostic impact of
circulating MDSC levels in patients with prostate cancer, and
reported that those with high circulating MDSC levels had poorer
prognosis as compared to those with lower MDSC levels (21).
However, notable inconsistencies exist in defining the cutoff value
across studies, with some studies employing methods such as
median or mean while others use techniques such as Cox
regression. This lack of standardization complicates the effective
comparison of results among studies. Furthermore, as some studies
did not identify the MDSC subtypes while others focused solely on
M-MDSCs or PMN-MDSC, the absence of MDSC subtypes
identification remains as a challenge (16-19, 21, 22). This
inconsistency in reporting hampers the comprehensive
understanding of the roles and impacts of MDSC.

The present research aimed to assess the association between
MDSC subtypes and prostate cancer progression, considering
hormone sensitivity and metastasis. Additionally, we also sought
to evaluate the association of MDSC subtypes with prostate
cancer prognosis.
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2 Materials and methods

2.1 Patients and data collection

Patients with prostate cancer who provided consent to
participate in this study from August 2019 and March 2023 at
Juntendo University (Tokyo, Japan) were included. Patients with
normalized prostate specific antigen (PSA) levels after 3 months of
ADT with a GnRH antagonist (degarelix) or untreated patients
were diagnosed with mHSPC and included in the study. CRPC was
defined by a castrate serum testosterone level of <50 ng/dl or 1.7
nmol/l, along with either three consecutive PSA increases occurring
at least 1 week apart resulting in at least two >50% increases over the
nadir, with a PSA level of >2.0 ng/ml, or the appearance of new
lesions on radiologic imaging (23). The patients who lacked prostate
cancer activity and MDSC data and those with nmCRPC were
excluded from the analysis.

For each patient, data on their age and body mass index (BMI),
presented as mean + standard deviation, were gathered. Given the
nonparametric nature of the initial PSA (iPSA) levels, they were
expressed as medians along with their respective ranges. For
subsequent analysis, the patients were categorized into two groups
with age of 70 years as the cutoff, BMI of 25 kg/m” as the cutoff, and
iPSA of 20 ng/mL as the cutoff. Additionally, we used the Gleason
scoring system to assess the invasiveness of prostate cancer,
classifying the patients into two groups based on scores of <7 and >8.

The assessment of the presence of metastases encompassed
various sites, including bone, distant lymph nodes, and lung/liver/
other sites during blood collection. Additionally, each patient’s
treatment history, other than ADT, prior to blood sampling was
recorded. This included a variety of treatments, including radical
prostatectomy; radiation therapy [radium-223 and intensity
modulated radiation therapy (IMRT)], heavy particle radiation, and
postoperative salvage; androgen receptor axis targeted therapy
(enzalutamide, abiraterone, apalutamide, and darolutamide); and
chemotherapy, including docetaxel and cabazitaxel.

The study was conducted in accordance with the Declaration of
Helsinki, and approved by the Institutional Review Board of the

10.3389/fimmu.2024.1372771

Juntendo University Institutional Review Board (protocol code:
M19-0158 and H20-0187, date of approval: Nov. 1, 2019 and
Sep. 11, 2020). Written informed consent was obtained from the
patients to publish this paper.

2.2 MDSC measurement

MDSCs were detected from fresh peripheral blood
mononuclear cells (PBMC), isolated from peripheral blood by
density gradient centrifugation using Histopaque®—1077 (Sigma-
Aldrich, Missouri, United States). PMN-MDSCs are particularly
sensitive to cryopreservation; thus, the assays of MDSC were
performed using fresh samples immediately on the day of sample
collection (24, 25). Altogether, 1.0 x 10° single cells were suspended
in 100-ul PBS and incubated with a FcR blocking reagent
(Biolegend, California, United States) for 15 minutes at a room
temperature, followed by an appropriate concentration of
fluorescent-conjugated antibody in 100-ul PBS for 15 minutes at
4°C. PMN-MDSC and M-MDSC were characterized as HLA-
DR"" CD33" CD15" CD14" and HLA-DR®"" CD33* CD15
CD14" as a percentage of live cells in the total PBMC,
respectively. The fluorochrome-labeled antibodies used for
detecting cell surface antigens were CD14-PerCP-Cy5.5, CD15-
APC-Cy7, CD33-PE-Cy7, and HLA-DR-PE-Texas Red (Biolegend,
California, United States). The labeled cells were washed twice and
resuspended in 500-pL bufter with DAPI (1 pug/mL). FACS data
were acquired using the BD® LSR II Flow Cytometer (BD
Biosciences, California, United States) with BD FACSDiva ™
software and analyzed using Flowjo software (Tree Star Incs,
Oregon, United States). The gating strategy for MDSC is
presented in Figure 1.

2.3 Statistical analysis

The missing values were handled by excluding cases with any
missing data in our analysis. This approach resulted in the use of a

HLA-DR

- Totel MDSC"13.7%

3 4
10 10

CD33
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FIGURE 1

CD15

Gating strategy for identification of MDSC subsets and example of flow cytometry data. Total-MDSC, PMN-MDSC, and M-MDSC were characterized
as HLA-DR'®"~ CD33*, HLA-DR'°®"/~ CD33* CD15" CD14", and HLA-DR'"/~ CD33"* CD15 CD14", respectively. Each population of the MDSC
subsets was presented as a percentage of the total PBMCs. M-MDSC, monocytic myeloid-derived suppressor cell; PBMC, peripheral blood
mononuclear cell; PMN-MDSC, polymorphonuclear myeloid-derived suppressor cell.
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complete-case dataset for all statistical analyses. The proportions of
M-MDSC and PMN-MDSC, which are MDSC subtypes, were treated
as nonparametric data. We compared these proportions using
Mann-Whitney’s U test to explore their relationship with the
patients” characteristics, including hormone sensitivity and cancer
metastasis. This analysis aimed to understand relation of the M-
MDSC and PMN-MDSC levels with cancer progression, particularly
in the context of hormone sensitivity and metastasis. For prognostic
association analysis, M-MDSC and PMN-MDSC values were divided
into two groups using the Youden index (sensitivity + specificity — 1):
M-MDSCiopyhigh and PMN-MDSCioyigh-

The Kaplan-Meier method was used to assess OS for all patients.
Log-rank tests were used to compare the survival curves by prostate
cancer progression and MDSC level. Additionally, hazard ratios
(HRs) were estimated using the Cox proportional hazards model,
with all confidence intervals (CI) at the 95% level. In addition to the
univariate analysis, multiple models were created to adjust for
potential confounders. In Model 1, age was treated as a category
and adjusted for. Model 2 was adjusted for BMI as a category in
addition to Model 1. Model 3 was further adjusted for the presence of
bone metastases and chemotherapy effects, in addition to model 2.
For further sensitivity analysis, Model 3 was adjusted for potential
confounding between M-MDSC and PMN-MDSC.

For all analyses, a two-tailed P value of <0.05 was considered
statistically significant. When comparing three groups, a corrected
P value accounting for multiple comparisons (P = 0.05/3) was
deemed statistically significant. All statistical analyses were
performed using the R language, version 4.3.0 (R Foundation for
Statistical Computing, Vienna, Austria).

3 Results
3.1 Patient characteristics

During the study period, 119 prostate cancer patients were
assessed (Figure 2). One patient could not be evaluated due to
indeterminate disease status, two were unable to provide MDSC
data, and one patient with non-metastatic CRPC was excluded due
to insufficient data for analysis. After applying the exclusion criteria,
the final patient cohort comprised of 115 individuals, who were

Prostate cancer
(n=119)

Excluded (n =4)

lack of disease activity (n = 1)

lack of monocytic myeloid-derived suppressor cell
data (n=2)

non-metastatic castration-resistant prostate cancer
patient with insufficient sample size (n = 1)

The cases included
in this study
(n=115)

) v

non-metastatic hormone- metastatic hormone- metastatic castration- ‘

sensitive prostate cancer sensitive prostate cancer resistant prostate cancer
(n=62) (n=23) (n=30)

FIGURE 2
Strategy for selecting the study participants.
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TABLE 1 Patients’ baseline characteristics.

Variables nmHSPC (h mHSPC (n mCRPC (n
=62) =23) = 30)
Age, years, mean + SD 70.1 £ 7.7 70.2 £ 6.7 70.8 £ 9.4
<70, n(%) 28 (45.2) 7 (30.4) 11 (36.7)
270, n(%) 34 (54.8) 16 (69.6) 19
BMI, kg/mZ, mean * SD 24.1 £3.1 239 £35 222 %22
<25, n (%) 44 (71.0) 7 (30.4) 24 (80.0)
225, n (%) 18 (29.0) 16 (69.6) 5(20.0)
iPSA, ng/mL, median(range) ff4757.1) (1;).23025.0) 2&9556.8)
<20, n(%) 53 (85.5) 3 (13.0) 11 (36.7)
>20, n(%) 8 (12.9) 19 (82.6) 18 (60.0)
Gleason score
<8, n(%) 43 (69.4) 2 (8.7) 7 (23.3)
>8, n(%) 19 (30.6) 21 (91.3) 22 (73.3)
Metastatic sites
Bone, n (%) - 21 (91.3) 26 (86.7)
Distant lymph nodes, n (%) - 6 (26.1) 11 (36.7)
Lung/Liver/Others, n (%) - 9 (39.1) 10 (33.3)
Prior additional treatments to ADT
Radical prostatectomy, n (%) 0 (0.0) 0 (0.0) 8 (26.7)
Radiation, n (%) 1(1.6) 1(4.3) 14 (46.7)
ARAT, n (%) 0 (0.0) 2 (8.7) 25 (83.3)
Chemotherapy, n (%) 0 (0.0) 0 (0.0) 12 (40.0)
None, n (%) 61 (98.4) 16 (69.6) 0 (0.0)

ADT, androgen deprivation therapy; ARAT, Androgen Receptor Axis Targeted; BMI, Body
Mass Index; SD, standard deviation; iPSA, initial prostate specific antigen; mCRPC, metastatic
castration-resistant prostate cancer; mHSPC, metastatic hormone-sensitive prostate cancer;
nmHSPC, non-metastatic hormone-sensitive prostate cancer; SD, standard deviation.

categorized in non-metastatic hormone-sensitive prostate cancer
(nmHSPC, n = 62), metastatic hormone-sensitive prostate cancer
(mHSPC, n = 23), and metastatic castration-resistant prostate
cancer (mCRPC, n = 30) groups. The detailed demographic and
clinical characteristics of these patients are presented in Table 1.

3.2 MDSC levels and prostate
cancer progression

We investigated the distribution of MDSC percentages in total
PBMCs across different disease states. Notably, the median PMN-
MDSC percentages were 0.50% (0.10%-4.73%) for nmHSPC, 0.59%
(0.04%-12.50%) for mHSPC, and 1.24% (0.02%-14.40%) for
mCRPC, revealing a significant increase in mCRPC (Figure 3A).
These findings suggest that the MDSC levels may correlate with
disease aggressiveness, particularly evident from the significant
differences observed between nmHSPC and mCRPC (P = 7.73 x
107°) and between mHSPC and mCRPC (P = 0.0014).
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Violin and box plots of the percentage of MDSCs according to prostate cancer type. (A) PMN-MDSCs and prostate cancer. (B) M-MDSCs and
prostate cancer. The x-axis shows prostate cancer disease status, whereas the y-axis shows the percentage of MDSCs in the total PBMCs.
Differences were considered significant when p <0.05. mCRPC, metastatic castration-resistant prostate cancer; mHSPC, metastatic hormone-
sensitive prostate cancer; nmHSPC, non-metastatic hormone-sensitive prostate cancer; M-MDSC, monocytic myeloid-derived suppressor cell;
PBMC, peripheral blood mononuclear cell; PMN-MDSC, polymorphonuclear myeloid-derived suppressor cell.

The median values for M-MDSCs demonstrated an upward
trend with disease progression; however, statistical significance was
not maintained after adjusting for multiple testing (i.e., P > 0.05/3),
highlighting the requirement for further investigation into their role
across prostate cancer stages (Figure 3B).

3.3 Factors impacting the MDSC levels

Factors such as age, BMI, Gleason score, and iPSA were analyzed
to understand their impact on MDSC percentages across the different
prostate cancer stages (Figures 4A-D, 5A-D). The relationship
between metastasis and MDSC was exclusively explored in the
mHSPC and mCRPC groups (Figures 4E-G, 5E-G). Furthermore,
the association between additional treatment history and MDSC was
solely assessed within the mCRPC group (Figures 4H-K, 5H-K).

Within the mCRPC group, younger patients showed a
significantly higher M-MDSC percentage, with those aged <70
years having a median value of 1.43% (0.23%-9.29%), as
compared to 0.77% (0.07%-3.19%) for those aged =70 years (P =
0.016) (Figure 5A). Additionally, a higher BMI was correlated with
increased M-MDSC levels, with median values of 0.83% (0.07%-—
9.29%) and 1.81% (0.90%-3.19%) for BMI of <25 and >25 kg/m’,
respectively (P = 0.043) (Figure 5B). These associations were not
observed in the nmHSPC and mHSPC groups.

3.4 Survival outcomes and MDSC levels
The median survival durations for the nmHSPC and mHSPC

group were 834 (71-994) and 732 (28-949) days, respectively.
Conversely, the mCRPC group displayed a notably shorter

Frontiers in Immunology

median survival duration of 262 (10-1059) days. Throughout the
observation period, no mortality events were noted in either the
nmHSPC or mHSPC group. However, in the mCRPC group, 15
deaths were confirmed out of the 30 patients (Figure 6A). Given
these observations, further analysis was undertaken, focusing on the
PMN-MDSC and M-MDSC levels in the patients with mCRPC.

Using the Youden index to identify the optimal threshold for
the area under the curve (AUC) of MDSC, the PMN-MDSC
percentage of 2.135% showed a sensitivity of 86.7% and a
specificity of 53.3% (Supplementary Figure 1). Conversely, the M-
MDSC percentage of 1.365% presented a sensitivity of 46.7% and a
specificity of 80.0% (Supplementary Figure 2).

For the PMN-MDSC subgroups, the median survival durations
were 159 and 768 days for the PMN-MDSC,,, and PMN-MDSCyg,
subgroups, respectively. A log-rank test indicated a significant
difference in survival durations between these two subgroups (P =
0.018) (Figure 6B). However, no statistically significant (P = 0.11)
difference in survival was observed between the M-MDSC,,,, and M-
MDSCgp, subgroups, which suggests that PMN-MDSC, but not M-
MDSC, might be a more critical marker for poor prognosis among
patients with mCRPC (Figure 6C).

3.5 Association between the subtypes
based on the MDSC levels and prognosis

To assess the prognostic significance of MDSC subtypes in
patients with prostate cancer, we utilized the Cox proportional
hazards models and explored influence of different variables on the
risk associated with high PMN-MDSC levels. Each model was
defined and adjusted as follows: Model 1 was age-adjusted to
provide a HR that isolates the effect of MDSC levels from the age
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Violin and box plots of the percentage of PMN-MDSC by each factor in prostate cancer. (A) Age. (B) BMI. (C) Gleason score. (D) iPSA. (E) Bone
metastases. (F) Distant lymph node metastases. (G) Lung/liver/other metastases. (H) Previous radical prostatectomy. (I) Previous radiation therapy.
(J) Previous ARAT treatment. (K) Previous chemotherapy treatment. The x-axis indicates the comparison of prostate cancer disease status in the
three groups, whereas the y-axis indicates the percentage of MDSCs in the total PBMCs. Differences were considered significant when p <0.05
within the respective figures. LN, lymph node; mCRPC, metastatic castration-resistant prostate cancer; mHSPC, metastatic hormone-sensitive
prostate cancer; nmHSPC, non-metastatic hormone-sensitive prostate cancer; PBMC, peripheral blood mononuclear cell; PMN-MDSC,

polymorphonuclear myeloid-derived suppressor cell.

factor; Model 2 extends this and includes adjustments for age and
BMI that offers insights into impact of MDSC levels on the
prognosis independent of these common confounders; and Model
3, our most comprehensive model, which incorporates adjustments
for age, BMI, presence of bone metastases, and chemotherapy
treatments. This model was designed to evaluate the influence of
MDSC in the context of multiple clinically relevant factors.

Our findings suggest that patients with high PMN-MDSC levels
consistently showed poorer outcomes across all models, which
highlights the robustness of the prognostic value of PMN-MDSC.
The results are presented in Table 2, which showed that the univariate
HR for PMN-MDSCygp, patients was 3.41 (95% CI: 1.17-9.99, P =
0.025). The age-adjusted analysis (Model 1) yielded an HR of 3.64
(95% CI: 1.22-10.87, P = 0.021). In Model 2, adjusted for age and
BMI, the HR was 4.62 (95% CI: 1.43-14.87, P = 0.010). Model 3,
which further considered bone metastases and chemotherapy,
showed an HR of 4.46 (95% CI: 1.34-14.85, P = 0.015).

Conversely, we observed a trend showing that higher M-MDSC
levels might be associated with more favorable outcomes, although
this finding was not statistically significant (Table 2). The univariate
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HR was 0.37 (95% CI: 0.10-1.33, P = 0.13). The age-adjusted HR of
Model 1 was 0.25 (95% CI: 0.06-1.00, P = 0.050). Model 2, which
was adjusted for age and BMI, obtained an HR of 0.25 (95% CI:
0.06-1.02, P = 0.053). Model 3, which was further adjusted, showed
an HR of 0.20 (95% CI: 0.04-0.99, P = 0.049).

To further investigate the potential of PMN-MDSC and M-
MDSC as prognostic factors, a sensitivity analysis was conducted
by incorporating both factors into Model 3 (Table 3). Higher PMN-
MDSC levels were significantly associated with poorer outcomes,
with an HR of 3.48 (95% CI: 1.05-11.56, P = 0.042). Contrarily, M-
MDSC was not associated with prognosis (HR, 0.24; 95% CI: 0.04-
1.41, P = 0.11). Additionally, we performed an analysis to examine
the interaction between PMN-MDSC and M-MDSC (Table 4), which
revealed no significant interaction between the two factors (P = 0.50).

4 Discussion

Our study examined the relationship between MDSCs and
prostate cancer progression, focusing specifically on mCRPC. We
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FIGURE 5

Violin and box plots of the percentage of M-MDSC by each factor in prostate cancer. (A) Age. (B) BMI. (C) Gleason score. (D) iPSA. (E) Bone
metastases. (F) Distant lymph node metastases. (G) Lung/liver/other metastases. (H) Previous radical prostatectomy. (I) Previous radiation therapy.

(J) Previous ARAT treatment. (K) Previous chemotherapy treatment. The x

-axis indicates the comparison of prostate cancer disease status in the

three groups, whereas the y-axis indicates the percentage of MDSCs in PBMCs. Differences were considered significant when p <0.05 within the
respective figures. LN, lymph node; mCRPC, metastatic castration-resistant prostate cancer; mHSPC, metastatic hormone-sensitive prostate cancer;
nmHSPC, non-metastatic hormone-sensitive prostate cancer; M-MDSC, monocytic myeloid-derived suppressor cell; PBMC, peripheral blood

mononuclear cell.

found correlations between age, BMI, and M-MDSC levels in these
patients; specifically, younger individuals and those with a higher
BMI showed increased M-MDSC levels. In comparison to nmHSPC
and mHSPC, the mCRPC was significantly increased in the PMN-
MDSC. Additionally, to the best of our knowledge, this is the first
report to identify an association between elevated PMN-MDSC
levels and unfavorable outcomes in patients with mCRPC,
highlighting the critical importance of MDSC measurement.
Aging has been recognized as a multifaceted process
characterized by an increased accumulation of proinflammatory
cytokines, concomitant with alterations in the composition and
functionality of various immune cell types across the adaptive and
innate immune spectra (26). The total MDSCs with age has been
reported as a potential contributor to immunological abnormalities
and pathologies observed in the elderly individuals (27). Verschoor
et al. observed a significant increase in the frequency of total
MDSCs and PMN-MDSCs in the elderly as compared to that
observed in younger adults (28). Another study indicated that,
although the total MDSC levels were higher in elderly individuals
than in younger patients, the M-MDSC levels were significantly
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higher in the younger group, partially aligning with the findings of
our study (29). This could imply that robust immune responses,
perhaps more reactive to tumor antigens, might drive the
compensatory upregulation of M-MDSCs as a mechanism to
mitigate excessive inflammation in younger patients.
Alternatively, the aggressive nature of tumors in younger
individuals could directly and more profoundly stimulate M-
MDSC expansion, reflecting a dynamic and aggressive tumor—
immune interaction.

We observed elevated M-MDSC levels among the mCRPC
patients with a higher BMI. Interestingly, this correlation was not
evident with PMN-MDSC. This observation aligns with findings
from previous studies that reported an association between
increased BMI and higher M-MDSC levels, even in individuals
without metabolic abnormalities (30). M-MDSCs were found to be
expanded in obese/overweight Chinese men; however, the cohort
size was very small, consisting of only eight normal controls and
eight obese/overweight patients (30). In another study involving 27
normal-weight, 23 overweight, and 60 obese individuals, obese
individuals were found to have higher M-MDSC levels (31).
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FIGURE 6

Kaplan—Meier curve of overall survival. (A) Comparison of the survival in each of the prostate cancer pathologies. Only survivors were observed in
nmMHSPC and mHSPC. (B) Comparison of the survival among mCRPC patients stratified by the level of PMN-MDSC. (C) Comparison of the survival
among mCRPC patients stratified by the level of M-MDSC. Statistical significance of the survival distribution was analyzed by log-rank testing
mMCRPC, metastatic castration-resistant prostate cancer; mHSPC, metastatic hormone-sensitive prostate cancer; nmHSPC, non-metastatic
hormone-sensitive prostate cancer; PMN-MDSC, polymorphonuclear myeloid-derived suppressor cell; OS, overall survival.

Evidence from mouse studies suggests that obesity-induced
inflammation prompts macrophages to produce IL-6, resulting in
the elevation of MDSC levels characterized by CD45", CD11b",
Ly6G, and Ly6C" markers (32). Additionally, hypoxic
environments within tumors lead to IL-6 overexpression,
specifically in malignant cells, resulting in the expansion of

TABLE 2 Prognostic factor analysis of MDSCs using univariate and
multivariate Cox regression models.

Subsets of MDSC Model HR (95%Cl) P value

PMN-MDSC univariate | 3.41 (1.17-9.99)  0.025
Model 1 | 3.64 (1.22-10.87)  0.021
Model 2 | 4.62 (1.43-14.87) 0.1
Model 3 | 4.46 (1.34-14.85) | 0.015

M-MDSC univariate = 0.37 (0.10-1.33) 0.13
Model 1 | 0.25 (0.06-1.00)  0.05
Model 2 | 0.25 (0.06-1.02) | 0.053
Model 3 | 020 (0.04-0.99) = 0.049

Model 1: adjusted with age group, Model 2: adjusted with age group and BMI group, Model 3:
adjusted with age group, BMI group, chemotherapy and bone metastasis. CI, confidence
interval; HR, hazard ratio, M-MDSC, monocytic myeloid-derived suppressor cell; PMN-
MDSC, polymorphonuclear myeloid-derived suppressor cell.
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MDSCs expressed as Grl1*/CD11b" in tumors (33). Adipose
tissue, which is a characteristic of obesity, is known to foster
chronic inflammation, potentially inducing an overproduction of
leptin. This leptin overproduction can possibly stimulate the
accumulation of PMN-MDSC and M-MDSC in the bloodstream
and solid tumors (34). These obesity-induced PMN-MDSCs and
M-MDSCs are implicated in suppressing tumor-reactive T cells and
obstructing the entry of activated T cells into the TME, thereby
promoting tumor proliferation. Furthermore, obesity in adulthood
has been linked with worse outcomes among patients with prostate
cancer, increasing their risk of developing advanced-stage disease,
higher rates of recurrence, and greater cancer-specific mortality
rates after diagnosis (35). A comprehensive meta-analysis has
shown a 15% increase in the risk of fatal prostate cancer and 20%
increase in prostate cancer-specific mortality for every 5-kg/m’
increase in BMI (36). These findings suggest that the influence of
obesity on prostate cancer prognosis may be mediated partly by its
effect on the M-MDSC levels and function, further complicating the
interplay between metabolic health and cancer progression.

Our findings indicate that the increase in the PMN-MDSC
levels is more closely associated with the acquisition of hormonal
resistance than with the presence or absence of metastasis. This
insight advances beyond the findings a previous study, which
primarily reported a link between PMN-MDSC levels and
prostate cancer stage (19). Although the mechanisms underlying
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TABLE 3 Sensitivity analysis of the association between prognosis and
MDSCs using multivariate Cox proportional hazards models.

Variables HR (95%Cl) P value
PMN-MDSC 348 (1.05-11.56) = 0.042
M-MDSC 024 (0.04-141) 0.1

Age 036 (0.07-1.74) | 0.20

BMI 035 (0.05-2.62) | 0.30

Bone metastasis 6.05 (0.47-78.59) = 0.17

chemotherapy 3.25 (0.63-16.93)  0.16

BMI, Body Mass Index; CI, confidence interval; HR, hazard ratio; M-MDSC, monocytic
myeloid-derived suppressor cell; PMN-MDSC, polymorphonuclear myeloid-derived
suppressor cell.

CRPC are not yet fully understood, PMN-MDSCs are known to be
an important subset of immune cells that invade the CRPC
microenvironment (37). Additionally, PMN-MDSC-derived
exosomes increase the level of a molecule called circMID1 in
prostate cancer cells via its specific protein (37). This elevation
triggers a series of molecular interactions that contribute to CRPC
progression. Another mechanism is that mCRPC have different
genomic sequences and AR signaling pathway alterations as
compared to HSPCs (38-41). These differences may suggest a
unique response of mCRPC patients to immune changes
associated with aging and BMI as compared to those with
hormone-sensitive prostate cancer.

The most significant outcome of this research is the identification of
an association between PMN-MDSC levels and prognosis in patients
with mCRPC, supported by robust statistical evidence. Contrarily,
decreased M-MDSC levels showed a potential association with an
adverse outcome. This dynamic is potentially rooted in the
differentiation of M-MDSC to PMN-MDSC, a process believed to be
driven by an epigenetic change involving histone deacetylase 2 (HDAC-
2) acting on the retinoblastoma gene (Rbl1) (42). HDAC overexpression
in prostate cancer, which is crucial for functional androgen receptor
signaling (43), suggests their influential role in PMN-MDSC and M-
MDSC dynamics within mCRPC. Our study aligns with emerging
research highlighting MDSC’s critical role in prostate cancer
progression. Specifically, MDSC-mediated IL-23 production bolsters

TABLE 4 Multivariate Cox proportional hazards model including the
interaction between PMN-MDSC and M-MDSC.

Variables HR (95%Cl) P value
PMN-MDSC 450 (1.08-18.65) | 0.038
M-MDSC 031 (0.05-2.07)  0.23

PMN-MDSC * M-MDSC 0.34 (0.02-7.56) 0.50
Age 0.32 (0.06-1.58) 0.16
BMI 0.25 (0.03-2.20) 0.21
Bone metastasis 8.26 (0.54-126.30) = 0.13
Chemotherapy 4.22 (0.72-24.78) 0.11

BMI, Body Mass Index; CI, confidence interval; HR, hazard ratio; M-MDSC, monocytic
myeloid-derived suppressor cell; PMN-MDSC, polymorphonuclear myeloid-derived
suppressor cell.
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castration resistance by preserving AR signaling (44). The possibility
that mCRPC patients with low M-MDSCs is associated with a worse
prognosis suggests that the proportion of M-MDSCs in the total PBMC
population may be relatively reduced because of progressive
differentiation into PMN-MDSCs in the castration-resistant state.
However, this association between M-MDSC and prognosis was not
statistically significance in our analysis. Additionally, the sensitivity
analysis did not reveal any interaction between PMN-MDSC and M-
MDSC. Consequently, a future study involving a larger sample size may
be required to elucidate the dynamics more comprehensively between
M-MDSC and PMN-MDSC.

M-MDSCs are characterized by their high suppressive activity,
primarily through nitric oxide (NO) production via the inducible
nitric oxide synthase (iNOS) (45-47). Contrarily, PMN-MDSCs
exert their immunosuppressive effects through different pathways,
primarily involving reactive oxygen species (ROS) and peroxynitrite
(PNT) productions, mediated by enzymes like nox2 and endothelial
NO synthase (nos3) (48). The association of elevated PMN-MDSC
levels with poorer outcomes among mCRPC patients underscores
the evolving and complex interplay of these cell types in cancer
immunology and progression. A previous study identified
significant infiltration of PMN-MDSCs, particularly in the
stromal compartments of primary and metastatic prostate
cancers, with a greater infiltration noted in the stromal areas of
the metastatic sites than in the primary tumors (49). These findings
underscore the role of the stroma as a significant reservoir for
PMN-MDSCs, supporting their involvement in promoting
vascularization, immune evasion, and possibly metastatic
progression of prostate cancer. In mCRPCs, where patients often
exhibit advanced disease characterized by high tumor burden and
immune evasion, circulating PMN-MDSCs may serve as a herald of
heightened immunosuppressive activity within tumors. The
infiltration patterns described in the previous study suggest that
these cells, once recruited to the tumor stroma, contribute
significantly to the creation of an immunosuppressive niche that
protects tumor cells from immune surveillance and facilitates tumor
growth and metastasis (49).

Our study addresses several critical gaps identified in the current
MDSC research in prostate cancer, particularly mCRPC. Although
previous studies have highlighted significant limitations due to model
fidelity, immune system discrepancies between species, technical
challenges in MDSC profiling, and biological heterogeneity of
prostate cancer, our research implemented robust methodologies to
overcome these challenges and provide meaningful insights into the
role of MDSCs in mCRPC progression (50). Additionally, recognizing
the technical issues, including the impact of cryopreservation on
MDSC phenotyping and functional assays, our study strictly utilized
fresh blood samples, which were processed within 4 hours of
collection (24). This approach ensures the reliability of our study
findings related to MDSC phenotypes and functions, addressing the
concerns raised about the potential biases introduced by sample
handling and preservation. As previous studies have reported the
need for more homogeneous patient groups, this study carefully
selected participants based on well-defined criteria of disease state,
from nmHSPC and mHSPC to mCRPC. This stratification allows for
a meticulous understanding of MDSC dynamics across different
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stages of prostate cancer progression, enhancing the generalizability
of our findings within each specific context.

However, our study presents several limitations. First, the
causative relationship between elevated MDSC levels in mCRPC
patients, as compared to mHSPC patients, remains unclear. Our
analysis was constrained due to the limited number of included
mHSPC patients who transitioned to mCRPC within our study
duration. Second, mCRPC patients have undergone various
treatment lines, making it impossible to standardize the baseline.
Therefore, although we adjusted for confounding factors through a
multivariate analysis, further research is necessary to determine the
appropriate timing for MDSC measurement. Third, sample size
determination in our study was based on consecutive inclusion
within a predefined time frame rather than being calculated
explicitly for statistical power. Thus, the absence of random
sampling or randomization may introduce a selection bias,
potentially impacting the validity and reliability of our findings.
Additionally, the role of M-MDSCs in prostate cancer progression
and prognosis is also complex. Despite observing a trend wherein
higher M-MDSC levels might be associated with more favorable
outcomes, these findings were not statistically significant; hence, it
should be interpreted with caution. This highlights a potential
limitation in the predictive value of M-MDSCs within our study
cohort and underscores the need for further investigation in the
future to clarify their biological impact and clinical utility in
different stages of prostate cancer. Such studies could help in
establishing the potential of M-MDSC levels as a reliable
biomarker for determining prognosis or reflecting other
underlying biological processes in the tumor microenvironment.

In conclusion, our study illuminates an association between
PMN-MDSC levels and prognosis in patients with mCRPC and
underscores the higher proportion of MDSCs in those with mCRPC
than those with mHSPC. Further validation is required to see if the
association can be replicated in other institutions and populations.
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Introduction: The localization, density but mostly the phenotype of tumor
infiltrating lymphocytes (TIL) provide important information on the initial
interaction between the host immune system and the tumor. Our objective
was to assess the prognostic significance of T (CD3"), T regulatory (T eg) (FOXP3¥)
and T memory (Tmem) (CD45ROY) infiltrating lymphocytes and of genes
associated with TIL in prostate cancer (PCa).

Methods: Immunohistochemistry (IHC) was used to assess the infiltration of
CD3*, FoxP3* and CD45RO™ cells in the tumor area, tumor margin and adjacent
normal-like epithelium of a series of 98 PCa samples with long clinical follow-up.
Expression of a panel of 31 TIL-associated genes was analyzed by Tagman Low-
Density Array (TLDA) technology in another series of 50 tumors with long clinical
follow-up. Kaplan-Meier and Cox proportional hazards regression analyses were
performed to determine association of these markers with biochemical
recurrence (BCR), need for definitive androgen deprivation therapy (ADT) or
lethal PCa.

Results: TIL subtypes were present at different densities in the tumor, tumor
margin and adjacent normal-like epithelium, but their density and phenotype in
the tumor area were the most predictive of clinical outcomes. In multivariate
analyses, a high density of Teq (high FoxP3*"/CD3* cell ratio) predicted a higher
risk for need of definitive ADT (HR=7.69, p=0.001) and lethal PCa (HR=4.37,
p=0.04). Conversely, a high density of Tmem (high CD45RO™/CD3" cell ratio)
predicted a reduced risk of lethal PCa (HR=0.06, p=0.04). TLDA analyses showed
that a high expression of FoxP3 was associated with a higher risk of lethal PCa
(HR=5.26, p=0.02). Expression of CTLA-4, PD-1, TIM-3 and LAG-3 were
correlated with that of FoxP3. Amongst these, only a high expression of TIM-3
was associated with a significant higher risk for definitive ADT in univariate Cox
regression analysis (HR=3.11, p=0.01).
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Conclusion: These results show that the proportion of Teg and Tmem found
within the tumor area is a strong and independent predictor of late systemic
progression of PCa. Our results also suggest that inhibition of TIM-3 might be a
potential approach to counter the immunosuppressive functions of Teq in order
to improve the anti-tumor immune response against PCa.

KEYWORDS

prostate cancer, clinical outcomes, prognosis biomarkers, immunohistochemistry,
tumor immune cell infiltration, lymphocytes, regulatory T cells, memory T cells

1 Introduction

Prostate cancer (PCa) remains the second most commonly
diagnosed cancer and the fifth cause of cancer death among men
worldwide despite PCa screening and early effective treatments (1,
2). This may be due in part to the late systemic recurrences
occurring after years of apparent PCa control in aging men who
live longer, thanks to reduced competing cause of mortality. The
management of PCa is challenging because this cancer is a highly
heterogeneous disease (3, 4). Therapeutic options will vary
considerably for patients with low-risk indolent PCa and those
with high-risk life-threatening PCa. One major challenge lies in the
adequate risk stratification to help select the most appropriate
therapeutic strategy and avoid under or overtreatment (5). So far,
the stratification of risk is based on clinico-pathological factors such
as tumor grade (Gleason score) and stage (TNM), PSA level at
diagnosis and presence of adverse pathological features at
prostatectomy (6, 7). However, the risk of recurrence and
progression and the response to treatments vary significantly
between patients with otherwise similar clinico-pathological
characteristics. Therefore, new biomarkers are needed to refine
the prognostication and improve the management of PCa (8).
Moreover, the most common endpoint of biomarker studies in
PCa has been biochemical recurrence (BCR), but few studies have
been able to relate biomarkers with long-term outcomes such as
metastasis and mortality by PCa. It is even more challenging to
identify biomarkers in the primary PCa that could lead to potential
early interventions to reduce late PCa mortality.

The influence of the tumor microenvironment (TME) on the
development and progression of cancer has gained greater interest
during the last decade (9). The TME influences cancer evolution
through diverse mechanisms including tumor differentiation,
stimulation of angiogenesis and promotion of immune evasion

Abbreviations: ADT, Androgen deprivation therapy; APC, Antigen-presenting
cells; BCR, Biochemical recurrence; CRC: Colorectal cancer; CRPC, Castration-
resistant prostate cancer; DC, Dendritic cells; FFPE, formalin-fixed and paraffin-
embedded; IHC, Immunohistochemistry; HR, Hazard ratio; PCa, Prostate cancer;
TLDC, Tagman Low-Density Array; TMA, Tissue microarray; Tmem, Memory T
cells; Treg, Regulatory T cells.
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(10-12) Tumor-infiltrating lymphocytes (TIL) participate in the
host defense against tumor cells but their antitumor activity is
greatly hampered by the immunosuppressive factors found within
the TME which favors immune evasion (13). Several studies have
shown that the density, phenotype and localization of TIL are
associated with clinical outcomes in various types of solid cancers
and that their detailed analysis can provide important prognostic
information (14, 15). The prognostic potential of TIL has been
notably well demonstrated in colorectal cancers (CRC). Studies by
Galon et al. have shown that TIL could predict better than TNM
disease-free survival and overall survival of CRC patients (16, 17).
These studies led to the development of the “Immunoscore” to
complement the current TNM in order to better predict the risk of
recurrence and even response to therapy of CRC patients (18-20).

While the prognostic potential of TIL has been well established
in CRC and some other solid cancers, the study of the relationship
between TIL and the clinical outcomes of PCa has provided
inconsistent results (21-33). These inconsistencies may be due in
part to differences in study designs, to various subtypes of TIL
studied and their localization within the specimen and to the
different methodologies used to measure them. The types of
patients’ cohorts and the length of their follow-up are also very
important parameters to assess the clinical relevance of the findings.
The most recent immunohistochemical (IHC) studies have focused
on regulatory T (T,) cells using antibodies against the
transcription factor FoxP3, the most specific biomarker of the
Tyeq cells. These studies showed an association between FoxP3*
TIL and higher risk of BCR or death from PCa (25, 31, 34).
However, very few studies have characterized the infiltration of
prostate tumors by CD45RO™ cells. CD45RO is a marker of central
and effector memory T (Ty,em) cells and is therefore associated with
an effective immune response. In CRC, the combined analysis of
CD45RO™ Tppem cells and CD8" T cells in specific tumor areas
helped predict cancer recurrence and patients’ survival (17).

To further characterize the intra-tumoral immune response
against PCa and assess the potential prognostic value of TIL, we
analyzed the infiltration of CD3", FoxP3" and CD45RO" cells in the
tumor core, tumor margin and the adjacent normal-like epithelium
area in radical prostatectomy specimens from 98 PCa patients at
increased risk of recurrence and with very mature long-term clinical
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follow-up. We also analyzed the expression of 31 genes associated
with TIL by qRT-PCR using TaqMan® Low Density Array (TLDA)
technology in another set of 50 similar patients with fresh frozen
radical prostatectomy. The combined results show that the balance
between T e and Theg infiltrating cells within the cancer is a strong
independent predictor of systemic cancer progression and lethality
by PCa. They also identify the immune checkpoint TIM-3 as a
potential target to reverse T, dominant immunosuppression
in PCa.

2 Results
2.1 Immunohistochemistry analyses

2.1.1 Cohort description

The infiltration by CD3", CD45RO" and FoxP3" lymphocytes
was analyzed in a series of 98 prostatectomy specimen of PCa
patients at increased risk of recurrence and progression and with a
very long clinical follow-up (median of 15.5 years; mean of 14.0
years). Figure 1 shows the baseline characteristics of this cohort
(THC cohort). The long clinical follow-up of these tumors allows for
a more accurate association of the markers with late clinical events.
These events were defined as occurrence of a BCR, the need for
continuous androgen-deprivation therapy (ADT) and lethal cancer
defined as having a metastatic disease and/or castration-resistant

10.3389/fimmu.2024.1372837

PCa (CRPC) and/or death from PCa. Multivariate Cox regression
analyses were performed to assess the association between the age,
PSA levels, Gleason Group Grade categories, stage categories and
presence or not of positive surgical margins with each of the clinical
endpoints. Supplementary Table SI shows that pT3b/pT4 and
lymph node invasion were independent predictors of definitive
ADT and lethal PCa. Moreover, in this cohort, from the 98 patients,
58 experienced BCR at a median time of 6 years: 31 progressed to
continuous ADT and 20 to lethal PCa. Of the other 27 BCR patients
who did not progress to ADT or lethal PCa, 21 responded to salvage
radiotherapy and 6 received short-term intermittent ADT.

2.1.2 Immunohistochemistry scoring

The number of positive cells per mm* was determined in the
tumor area, at the tumor margin and in the adjacent normal-like
epithelium (Supplementary Figure S1). Positive cells in tertiary
lymphoid aggregates were not considered in the analysis. The
evaluation of the infiltration in the tumor and the margin areas
showed that the highest density of these positive cells was found at
the tumor margin. A qualitative description of the infiltration for
each type of positive cells is provided in Supplementary Data. The
distribution of cell densities for each TIL subtype, in each
compartment and for each patient is represented in Figure 2 with
bars separating the data into quartiles. Examples of the staining
obtained with the antibodies against CD3, CD45RO and FoxP3 are
shown in Supplementary Figure S2.

A B
IHC Cohort
IHC TLDA
COhOI't COhOI't MeanN:lzclz.;?g.Z yrs
Parameter n % n %
Age
98 100.0 50 100.0
mean + SD yrs mean * SD yrs Mean FB/f.IRI::JSSSJ yrs
63.5+5.2 61.9+6.6
PSA
<10 ng/mL (ref) 54 55.1 33 66.0
10-20 ng/mL 29 29.6 6 12.0
>20 ng/mL 15 15.3 11 220
Gleason Group Grade
1 (Gleason 6) 22 225 5 10.0 TLDA c h
2 (Gleason 3+4) (ref) 33 33.7 15 30.0 o ort
3 (Gleason 4+3) 17 17.3 13 26.0 No BCR n=20
4/5 (Gleason >8) 24 24.5 17 34.0 Mean F/U 9.8 +2.1yrs
T Stage
pT2 33 33.7 22 44.0
pT3a (ref) 33 337 8 16.0 BCR n=30
pT3b/pT4* 32 32.6 20 40.0 Mean F/U 9.3 2.6 yrs
N Stage
Negative (ref) 70 714 28 56.0
Positive* 28 286 22 44.0
Margin
Negative (ref) 22 224 27 54.0
Positive 76 776 23 46.0

FIGURE 1

Cohort description. (A) Baseline characteristics of the cohorts used for IHC or TLDA analyses. The number of patients in each category is provided.
The mean age is indicated in years (yrs). (B) Mean follow-up of the cohorts used for IHC or TLDA analyses according to each clinical outcome.
Asterisks indicate clinicopathologic factors significantly associated with definitive ADT and lethal PCa in multivariate Cox regression analyses.

Variables of reference are indicated by: (ref).
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FIGURE 2

Violin plots showing the distribution of the density (cells/mm?) of
(A) CD3" (B) CD45RO™ and (C) FoxP3™* cells in normal-like adjacent
epithelium, tumor margin and tumor areas as determined by
immunohistochemistry analysis of 98 prostate cancer specimens.
Dotted lines show boundaries of Q1 (green), Q2 or median (black)
and Q3 (red) quartiles.

2.1.3 Association with clinical outcomes
Kaplan-Meier analyses were performed to determine the
association between the levels of infiltration by each type of
immune cells in each of the three compartments and the clinical
outcomes. Kaplan-Meier analyses were performed with data
categorized into quartiles and dichotomized as the lowest quartile
vs the three other quartiles (Q1, i.e. low infiltration vs Q2-Q4) or as
the highest quartile vs the three other quartiles (Q4, i.e. high
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infiltration vs Q1-Q3). Ratios between markers were determined
for each compartment. The ratios were divided into quartiles to be
analyzed by Kaplan-Meier curves and in multivariate proportional
hazards Cox regression analyses. The ratios of FoxP3" and
CD45RO" cells over the CD3" cells in the tumor area as well as
the ratios of FoxP3™" over the CD45RO" cells in the tumor area were
significantly associated with clinical outcomes.

Some examples of the Kaplan-Meier curves comparing the
levels of the ratio of FoxP3"/CD45RO™ cells categorized as
quartiles or dichotomized as Q1 vs Q2-Q4 or Q1-Q3 vs Q4 and
of the ratio of CD45RO*/CD3" cells categorized as quartiles or
dichotomized as Q4 vs Q1-Q3 or Q1-Q3 vs Q4 for their association
with outcomes are presented in Figures 3A-H. Figure 3B shows
that a low ratio (Q1) of FoxP3"/CD45RO" cells was associated with
a longer survival without the need for definitive ADT (log-rank
p=0.017) while Figure 3F shows that a high ratio (Q4) of FoxP3"/
CD45RO" cells predicts a shorter time to BCR (log-rank=0.003). At
the opposite a low ratio (Q1) of CD45RO*/CD3" is associated with
a shorter BCR-free survival (Figure 3D, log-rank=0.024) while a
high ratio (Q4) of CD45RO"/CD3™" cells was associated with a
longer lethal PCa-free survival (Figure 3H, log-rank=0.022).

The association between the levels of these cell densities or the
ratios of the cell density and the clinical outcomes was further
studied using univariate and multivariate Cox regression analyses.
Univariate Cox models revealed several associations with outcomes
but since the objective was to assess the independent prognostic
value of TIL, only results from multivariate analyses are presented
here. While looking at the whole population of lymphocytes, we
found that high density of CD3" in the adjacent normal-like
epithelium or at the margin was associated with a lower risk of
BCR (HR=0.45, p=0.04 and HR=0.36, p=0.03, respectively). On the
other hand, a low density of CD3" cells in the tumor area was
associated with a higher risk of lethal PCa (HR=3.77, p=0.04).

The ratios of FoxP3*/CD3*, CD45RO"/CD3" and the FoxP3*/
CD45RO™ provided several significant associations with the
outcomes (Supplementary Table S2). Interestingly, it was mostly
the ratio of the cell densities within the tumor area that were found
to be significantly associated with the clinical events. Figure 4 shows
in a forest plot the various HR values and corresponding p values
for the ratio of these cell populations that had the strongest
association with the outcomes. As presented, a high ratio of
FoxP3"/CD3" cells was associated with higher risk (HR=7.69,
p=0.001) whereas at the opposite a low ratio of FoxP3"/CD3"
cells was associated with a lower risk (HR=0.10, p=0.006) of the
need for definitive ADT. Consistent with this result, a high ratio of
FoxP3"/CD3" cells was also associated with a higher risk of lethal
PCa (HR=4.37, p=0.040). Also, a high ratio of FoxP3"/CD45RO™
cells was associated with a higher risk (HR=2.54, p=0.010) of BCR
whereas a low ratio was associated with a lower risk of needing
definitive ADT (HR=0.10, p=0.007) and also with a lower risk of
lethal PCa (HR=0.17, p=0.058), although the statistical significance
was not reached. Finally, a low ratio of CD45RO"/CD3" cells was
associated with a higher risk (HR=2.18, p=0.017) of BCR whereas a
high ratio was associated with a lower risk (HR=0.06, p=0.040) of
lethal PCa.
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Kaplan-Meier curves showing the definitive ADT-free (A, B), BCR-free (C—F) or lethal PCa-free survival according to the level of the ratio of the
number of FoxP3*/CD45RO" cells (C—F) or CD45RO*/CD3™ cells (C, D, G, H) categorized as quartiles (Q1 to Q4) (A, C, E, G) or dichotomized as to
low value vs high (Q1 vs Q2-Q4) (A-D) or high value vs low (Q4 vs Q1-Q3) (E=H) of the ratios. All data are from the analysis of the infiltration of
these immune cells in the tumor area only. The p value were estimated by the log-rank test.

2.2 Gene expression analyses

2.2.1 Cohort description

A total of 50 frozen radical prostatectomy specimens were
available for the analysis of immune genes. These tumors were
selected in order to have a representation of tumor and peri-tumor
tissues including normal-like glands as we wanted to include in the
analysis immune cells from the peri-tumor area since these might
have important prognosis value. As for the IHC cohort, this cohort
also contains a high proportion of tumors at higher risk of
recurrence and progression and has a distribution of clinical
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outcomes that is similar to that of the IHC cohort (Figure 1).
Despite a shorter < 10 years mean follow-up, a similar proportion
i.e. 30 out of 50 patients experienced BCR and 19 progressed to
ADT of which 10 progressed to lethal PCa. Similarly, for the 11 BCR
patients who did not progress to ADT or lethal PCa, 9 responded to
salvage radiotherapy and 2 received short-term ADT.

2.2.2 FoxP3 is associated with lethal PCa

The RNA extracted from these tumors was tested using TLDA
for the expression of 31 genes associated with T lymphocyte
phenotypes and functions (Supplementary Table S3). The level of
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FIGURE 4

Forest plot of multivariate Cox regression analysis calculated HR to
predict the risk for each clinical outcomes (BCR, ADT or Lethal PCa)
according to low density (Low -green) (Q1 vs Q2-Q4) or high
density (High- red) (Q4 vs Q1-Q3) ratio of the number of cells
infiltrating the tumor area (T). HR was adjusted for age, PSA, Gleason
grade, T stage, N stage, and margin status. The p values are
indicated at the right of the forest plot

expression was normalized over the expression of two housekeeping
genes, i.e. GUSB and PPIA.

Relative quantification values for each gene were categorized as
tertiles (T1 to T3). Data dichotomized as high (T3) vs low (T1-T2)
expression were analyzed in function of the clinical outcomes using
the Kaplan-Meier estimator. This analysis revealed that very few
genes were associated with the outcomes. Among these was FoxP3.
Figure 5C shows that a high expression (T3) of FoxP3 was
associated with a shorter lethal PCa-free survival (log-rank
p=0.008). High vs low expression of FoxP3 was however not able
to significantly predict the survival without ADT nor BCR although
a clear separation of the curves can be observed (Figures 5A, B).

The association of high expression of FoxP3 with a higher risk
of lethal PCa was also observed in univariate Cox regression
analysis (HR=5.26, 95%CI=1.35-20.41, p=0.017). The expression
of this gene was however not predictive of the survival without ADT
or BCR (Supplementary Table S4).

2.2.3 Expression of FoxP3 gene correlates with
that of CTLA-4

We performed a Pearson correlation with each gene of the T,
and the immune checkpoint (ICP) pathway from our selected
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targets to determine which genes where the most strongly
correlated with FoxP3. CTLA-4 was among the genes that were
the most strongly correlated with FoxP3 (r,=0.759, p<0.001). Since
Theg exert their immunosuppressive activity through secretions of
cytokines such as TGFf1, IL-10 and IL-35, we also looked at the
correlation of FoxP3 with the genes encoding these cytokines. As
IL-35 is a cytokine that is part of the IL-12 cytokine family and is
composed of two subunits, i.e. IL-120. and IL-27f chains, we only
correlated FoxP3 with IL-12A as the gene encoding IL-27f3 was not
in our panel. There was a significant correlation of FoxP3
expression with that of IL-10 (r,=0.550, p <0.001), IL-12A (r,=
0.456, p<0.001) and TGFR1 (r,=0.558, p<0.001) (Figure 6).

In view of the importance of ICP in the function of TIL, and
since we found a significant correlation between the expression of
FoxP3 and CTLA-4, we further looked at the correlation between
the expression of FoxP3 with the expression of other important
ICP. LAG-3, (1,=0.513, p <0.001), TIM-3 (r,= 0.441, p<0.001) and
PD-1 (r,=0.545, p<0.001) were all found to be correlated with
FoxP3 (Figure 6). In order to assess the correlation between the
expression of these ICP and the outcomes, a hierarchical
clustering was performed to define two molecular subgroups
based on the expression of the 4 genes (low vs high expression)
(Figure 7A). Kaplan-Meier survival curves were used to determine
the association of these two groups with clinical outcomes. Results
showed that tumors showing a high expression of these genes were
associated with a shorter lethal PCa-free survival (log-rank
p=0.029)(Figure 7D), but they were not significantly associated
with survival without BCR nor ADT (Figures 7B, C). Kaplan-
Meier analyses were also conducted with data from these genes
taken individually (Figures 7E-]). Figure 7E shows that a high
expression of CTLA-4 (T3) tended to be associated with a shorter
BCR-free survival but the difference between the curves were
not statistically significant. However, a high expression of
TIM-3 (T3) was predictive of a shorter ADT-free survival
(log-rank p=0.010) (Figure 7I) but not of BCR and lethal PCa-
free survivals (Figures 7H, J). This association of TIM-3 with
late clinical outcomes was also observed in Cox regression
analysis as a high expression of TIM-3 (T3) was associated with
higher risk of definitive ADT (HR=3.11 (1.25-7.69), p=0.014;
Supplementary Table S4). High expression of LAG3 or PD-1
was not significantly associated with any of the outcomes in
these analyses.

C
® 3
R - T1T2
-~ n @ !
@
8
© 50
g
g
p=0112 % p=0.008
T ) T r )

Time (y)

FIGURE 5

Time (y)

Time (y)

Kaplan-Meier survival analyses showing the association of high (Tertile 3) vs low (Tertiles 1 and 2) expression of FoxP3 gene with survival without
BCR (A), definitive ADT (B) and lethal PCa (C). Log-rank test was used to determine the p values.
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4 (CTLAA4) (E) LAG-3 (LAG3) (F) TIM-3 (HAVCR2) and (G) PD-1 (PDCD1) relative gene expression in 50 PCa samples as determined by TLDA

3 Discussion

T (CD3") and B (CD20") lymphocytes infiltrate prostate
cancers, but it was previously shown that B lymphocytes are not
associated with clinical outcomes (24). We thus deliberately omitted
the analysis of B lymphocytes in this study. CD3" TIL are the
effectors of the adaptative cellular immune response and therefore
their number, phenotype and localization provide important
information on the antitumor response specifically directed
against tumor antigens and have been shown to predict clinical
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outcomes in many types of cancers (19, 35-37). Their presence
reflects the immunogenicity of the tumor caused by the presence of
either shared tumor antigens or mutated antigens. Although the
mutational burden of most PCa is low compared to melanomas or
lung cancers, some PCa show some high levels of TIL which might
reflect some specific characteristics of these tumors (38, 39). It has
been notably shown that tumor with deficient mismatch repair
mechanisms are associated with a higher density of TIL due to the
creation of neoepitopes resulting from the unrepaired DNA
replication errors (40). Similarly, it was found that advanced PCa
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FIGURE 7

Analysis of CTLA-4 (CTLA4), PD-1 (PDCD1), TIM-3 (HAVCR2) and LAG-3 (LAG3) gene expression by TLDA. Heatmap resulting from the unsupervised
hierarchical clustering of the expression of four ICP genes into two clusters corresponding to high and low expression of the genes is presented (A).
Gene expression determined by real time gPCR with Tagman probes is shown in the heatmap. Each horizontal row represents the same gene
product and each vertical row, each patient. Magnitude of expression from high (red) to low (green) is indicated by the colored bar. Kaplan-Meier
survival curves showing the association of high (red) and low (green) expression clusters with survival without BCR, definitive ADT and lethal PCa are
presented in (B—D) panels, respectively. Other Kaplan-Meier analyses were performed to analyse the association between individual ICP gene
expression and the three clinical outcomes. Panels (E-G), (H-J) present these analyses for CTLA-4 and TIM-3, respectively. A high expression of
TIM-3 is significantly associated with a shorter survival without definitive ADT. Log-rank test was used to determine the p value.

with inactivating CDK12 mutations, which affect the expression of
genes involved in DNA damage response, had elevated neoantigen
burden and were more infiltrated with T cells which even showed
some clonal expansion (41, 42). Other characteristics were
associated with a higher density of TIL in PCa. Vidotto et al. and
Kaur et al. showed that tumors with loss of the PTEN tumor
suppressor gene had higher density of FoxP3" cells (33, 43). It was
also found that higher TIL density was more frequent in ERG
positive tumors (24, 33, 44). Hence, there is growing evidence of a
relationship between genomic alterations and immune cell
infiltration in PCa and thus the level of TIL subtypes may reflect
distinct biological behaviors and prognoses.

Frontiers in Immunology

In this study, we analyzed the infiltration of TIL by
immunohistochemistry using CD3 as a marker to identify the
entire T cell population, FoxP3 to identify the T, cells and
CD45RO to identify T cells with a memory phenotype. We
studied these T cell subtypes in three compartments of the tissue
sections in order to assess whether the localization of these immune
cells had a significant impact on the prognosis. Contrary to many
other immunohistochemical studies that analyzed TIL using tissue
microarrays (TMA) (22-25, 31, 33, 34) our study was performed on
whole sections of FFPE tumors which allowed us to assess more
accurately the number of TIL in the different tissue compartments.
We showed that no matter the phenotype, the number of CD3%,
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FoxP3" or CD45RO" cells was highly variable from one tumor to
the other and these cells were on average more frequent at the
tumor margin, although the difference was not statistically
significant (Figure 2). This is consistent with another study
reported by Yuan et al. which found that the majority of immune
cells were found in the normal-like or pre-invasive tissue areas
rather than in the tumor core (45). The higher density of immune
cells at the tumor margin may reflects the properties of the tumor
microenvironment making access to the tumor core more difficult.
Such accumulation of immune cells outside the tumor core might
provide important prognostic information. However, we found that
it was the density of the T cells within the tumor area and not in the
peritumor area (margin and adjacent normal-like areas) that was
the most informative on the late clinical outcomes suggesting that T
cells within the tumor core have a more important impact on the
tumor evolution (Figure 4, Supplementary Table S2).

Our results showed that a high density of CD3" cells in the
peritumor area was associated with a lower risk of BCR while a low
density of these cells in the tumor area increased the risk of lethal
PCa. This is in contrast with some studies that concluded that a
higher TIL density was associated with poorer prognosis. For
example, McArdle et al. performed a study in a cohort of 80
patients with PCa, in which they analyzed on whole tumor
sections the infiltration of CD4" and CD8" lymphocytes within
the tumor (including the cancer cell nests and surrounding stroma)
but excluding any infiltration in the surrounding normal-like
epithelium. The analysis revealed that a higher infiltration of
CD4" T lymphocytes in the tumor was associated with a shorter
PCa specific-free survival in both univariate (HR= 2.03, 95%
CI=1.15-3.59, p=0.015) and multivariate (HR=2.29, 95% CI=1.25-
4.22, p=0.008) analyses. Infiltration by CD8" T lymphocytes was
however not predictive of PCa specific-free survival (21). A
Norwegian study carried out on 535 primary PCa displayed on
TMA, showed that in multivariate Cox regression analysis, a higher
density of CD8" lymphocytes in both tumor epithelial and tumor
stromal areas taken as one single value, was an independent
negative prognostic factor for BCR-free survival (HR= 1.565, CI
95%= 1.132-2.165, p= 0.007). Also, when the infiltration of CD8"
cells was assessed only in the tumor area, the association remained
significant (HR=1.445, CI 95%1.028-2.032, p=0.032) (23).
Flammiger et al. reported the analysis of a large TMA
encompassing 3261 PCa samples. They found that both a low and
high infiltration by CD3" lymphocytes were associated with a
shorter BCR-free survival when compared with an intermediate
level of infiltration in Kaplan-Meier analyses (p=0.019), a
phenomenon known as the Goldilocks effect (24). This Goldilocks
effect along with the study design including the characteristics of the
tumor series, the choice of TMA vs whole sections to analyze the cell
density in the different tumor compartments, the choice of the
antibodies as well as the known heterogeneity of PCa could all
contribute to generate variable results from one study to the other.
Moreover, looking at the whole T lymphocyte population with
markers such as CD3 or even CD4 and CD8 knowing that these cell
populations are also heterogeneous as they contain subpopulations
with anti-tumor, but also tumor-promoting phenotypes might not
provide accurate prognosis. Looking at TIL corresponding to T cell
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subpopulation with more define characteristics such as Ty, and
Tmem 1S expected to provide more informative data.

We showed in this study that the ratio of immune cells within
the tumor area have important independent prognostic values. We
showed that low ratio of FoxP3"/CD3" or of FoxP3"/CD45RO" cell
density was associated with a lower risk of definitive ADT.
Consistent with the previous finding, to the opposite a high ratio
of FoxP3"/CD3" cell density was associated with a higher risk of
definitive ADT or lethal PCa and a high ratio of FoxP3"/CD45RO"
was associated with a higher risk of BCR. Our results are in
concordance with results of other studies looking at the
prognostic value of T, Davidsson et al. conducted a study using
a TMA comprising tumor samples from 1367 men. The results
inferred that neither infiltration of total CD4" cells nor of CD8"
cells was associated with lethal PCa. However, a higher risk of lethal
PCa was found when comparing the highest with the lowest quartile
of FoxP3" cells (odds ratio=1.98; 95% CI= 1.15-3.40) (25). Likewise,
an Italian study aiming to characterize TIL in tumor and peripheral
stroma areas of tumors of 22 men treated by radical prostatectomy
and salvage radiotherapy concluded that a low infiltration by
CD45" and FoxP3" cells in the peripheral stroma was correlated
to a prolonged BCR-free survival and a better overall survival.
However, there was no correlation between the infiltration by CD3™
and CD4" TIL and clinical outcomes. Higher risks of dying from
prostate PCa was found when comparing the highest with the
lowest quartiles of FoxP3" cells (odds ratio=1.98; 95% Cl= 1.15-
3.40) (26). Kaur et al. also found after analysis of the tumors of 144
African-American men an association between increased FoxP3"
cell density and a higher risk of metastasis in multivariate analysis
(HR=12.89 (1.59-104.40) p=0.02) (33). More recently, Andersen
et al. analyzed the prognostic potential of different immune cells in
two large cohorts of radical prostatectomy specimens available in
TMA (34). They observed that T,.; and M2 macrophages in stroma
and epithelium, respectively, were adverse predictors of BCR in
multivariate Cox regression analyses. A similar association of Tyeg
with BCR was found at the mRNA level in a third cohort therefore

thus further supporting the association of T, with poorer

prognosis (34). Using the same cohort as in tghis study, we
recently reported the analysis of the prognostic value of the
infiltration of tumors by macrophages and dendritic cells (DC)
(46). We also found M2 macrophages were associated with a poorer
prognosis. Indeed, a higher infiltration of CD163" M2 macrophages
in the normal adjacent epithelium as well as a higher infiltration of
CD209" immature DC at the tumor margin were associated with
lethal PCa and BCR, respectively. Deeper analyses showed that the
ratio of CD209" immature DC over CD83" mature DC was even
more predictive of late adverse events, showing that the proportion
of these immune cells must be taken into account to fully evaluate
their prognostic value.

Our study also shows that CD45RO" cell density and the ratio
of CD45RO*/CD3" cells in the tumor area was associated with good
prognosis since a high density of CD45RO" cells was associated
with a lower risk of BCR and a high ratio of CD45RO*/CD3" was
associated with a lower risk of lethal PCa. To the contrary, a low
ratio of CD45RO™/CD3™ density was associated with a higher risk
of BCR. To our knowledge, our study appears to be the first to
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determine the prognostic value of CD45RO" cells by
immunohistochemistry in the microenvironment of PCa. There
was one previous report of CD45RO™ cell infiltration in normal
prostate but not in tumors (47). The infiltration of tumors by
CD45RO" cells was shown to be associated with clinical outcomes
in various types of tumors (35, 48, 49). The independent prognostic
value of CD45RO" cells highlighted by this study underscore the
importance to include this biomarker in future studies looking at
TIL in PCa. Our data also show that the balance between CD45RO™
and FoxP3" cells in the tumor area has an important
prognostic value.

Supporting the results of the immunohistochemistry study, we
found that high expression of FoxP3 gene as measured using TLDA
technology was associated with a shorter lethal PCa-free survival in
Kaplan-Meier analyses (Figure 7) but also in univariate Cox
regression analysis (Supplementary Table S4). Amongst the genes
we studied, CTLA-4 was the one that was the most highly correlated
to FoxP3. The high expression of CTLA-4 by effector T g is well
known and the use of anti-CTLA-4 is a relevant approach to kill
Teg Or at least attenuate their suppressive activity (50-52). Beside
CTLA-4, effector Treg also express other ICP such as PD-1, TIM-3,
LAG-3, GITR and OX40 that are also potential targets to modulate
T,eg functions (50-53). In our analysis of the TLDA results we
found that high expression of CTLA-4, PD-1, TIM-3 and LAG-3
genes together was associated with a shorter lethal PCa-free survival
consistent with the immunosuppressive action of these molecules
on T cells. However, when taken separately CTLA-4, PD-1 and
LAG-3 were not significantly associated with the clinical outcomes
but a high expression of TIM-3 was significantly associated with a
shorter definitive ADT-free survival (Figure 7). Inhibition of TIM-3
might be an approach to consider to counteract the
immunosuppressive activity of FoxP3" cells in PCa as suggested
by some authors (54-56).

This study has however some limitations. The first one concerns
the technical approach. We used in this study a standard THC
technique in which each slide is stained with a single antibody
against a marker specific to a cell population instead of performing a
multiplex analysis for the simultaneous detection of different
markers and corresponding cell populations on a single slide. We
selected the standard IHC approach for practical reasons and to
ease an eventual clinical application as this approach is still the most
frequently used in clinical pathology laboratories. However, when
the objective is to determine a ratio between cell populations, this
approach is less adapted and tedious compared to the use of a
multiplex assay. Moreover, the multiplex assay also have the
advantage to detect various cell phenotypes i.e. cell expressing
combinations of markers. For example, it was reported that some
Theg cells may also express CD45RO (57-59). The use of a multiplex
assay would allow to assess the prognostic value of the density of
such double positive FoxP3*CD45RO™ cell population in addition
of that of the single positive FoxP3" or CD45RO" cell populations.
In this study, we could not detect this double positive cell
population and so we don’t know the frequency of these cells in
the series of tumors we analyzed. But since the FoxP3" cell
population is about 8 times less numerous than the CD45RO"
cell population, the occurrence of some cells expressing both
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markers is not expected to significantly modify the conclusion of
the study. A second limitation of the study is the size of the cohorts.
In several occasions, association with the outcomes did not reach
statistical significance because of the limited size of the cohorts. The
results of this study should be validated in larger cohorts.

In conclusion, we showed in this study that the infiltration of
the tumor area by FoxP3" T,., and CD45RO" Tpnem cells are highly
predictive of late clinical events when they are related to the CD3"
cell population or related to one another using ratio of cell density.
Using ratio of FoxP3" and CD45RO" over CD3" cell density or to
one another is a way to normalize the frequency of these cells in the
tissue which hopefully might offer more reproducible results. Our
gene expression analysis by TLDA supported the association
between a high expression of FoxP3 gene and a higher risk of
lethal PCa. It also identified a correlation between a high TIM-3
gene expression with a higher risk for definitive ADT. These results
let us to suggest that inhibition of TIM-3 might be a relevant
approach to counter the immunosuppressive functions of Ty, in
order to improve the anti-tumor immune response against PCa.

4 Material and methods
4.1 Patient data and tissue samples

Two cohorts of patients treated by radical prostatectomy at
CHU de Queébec-Universite Laval were used for this study
(Figure 1). The first cohort (IHC cohort) was composed of 98
men treated between March 1996 and November 1998. This cohort
is composed of men that had a least one factor that increased their
chance to experience progression, i.e. an extraprostatic extension, a
positive margin, a lymph node invasion or a high-grade tumor. For
each participant, whole sections of a tissue block representative of
the tumor but also containing normal-like adjacent epithelium were
used for THC analyses. The second cohort (TLDA cohort) was
composed of 50 men who underwent radical prostatectomy
between September 2004 and August 2009. Tumor tissues frozen
in optimal cutting temperature (OCT) compound were available for
this cohort and were used for the gene expression analysis using
TLDA. Clinico-pathological data used include patient
demographics, tumor, BCR, ADT, development of metastases and
survival data. Time to lethal PCa was defined as either death from
PCa and/or occurrence of metastasis and/or development of CRPC
status. Further details on the definition of the clinical outcomes used
in this study are presented in the Supplementary Material
and Methods.

4.2 Immunohistochemistry

The most representative formalin-fixed and paraffin-embedded
(FFPE) tumor block was cut to prepare consecutive 5 um-thick
sections which were dried overnight at 37°C. Sections were
deparaffinized and heat-induced antigen retrieval was performed
using a PT Link (Pre-Treatment Module for Tissue Specimens) with
either citrate buffer pH 6.1 (Dako Code K8005: EnVision ™ FLEX,
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Low pH) for CD3 and CD45RO or Tris/EDTA, pH 9 (Dako Code
K8004: EnVision'W FLEX, High pH) for FoxP3. The
immunodetection was performed using the IDetect Super Stain
HRP-Polymer kit (ID labs, London, Ontario, Canada) after
blockade of endogenous peroxidase activity by incubation in 3%
peroxide solution for 10 min. Briefly, slides were incubated with
Super block solution for 10 min to prevent non-specific
background. Sections were then incubated overnight at room
temperature with primary antibodies against CD3 (clone SP7,
dilution 1/500, Abcam, Toronto, ON), CD45RO (clone UCHL-1,
dil 1/6000, Abcam), and FoxP3 (clone 236A/E7, dil 1/600, Abcam).
After washes, slides were incubated for 30 min with HRP-Polymer
Conjugate. After 5 min of staining with DAB (3,3'-
Diaminobenzidine), the slides were rinsed, counterstained with
hematoxylin, dehydrated and mounted using MM 24 low
viscosity mounting medium (Leica Microsystems, Durham, USA).
Slides were digitalized using a Nanozoomer (Hamamatsu
Photonics, Bidgewater NJ, USA) and visualized using the
NDP.view2 software (Hamamatsu Photonics).

For each section, ten fields of view at 20x magnification (surface
area of 0.460 mmz) were randomly selected in the tumor, tumor
margin and normal-like areas. The number of positive cells in each
field of view was determined either manually by two trained
observers (OEM and HL) or by a trained observer (OEM) and
semi-automatically using the Calopix software (TRIBVN
Healthcare, Chatillon, France). For each marker, 10% of the slides
were randomly selected then reviewed and confirmed by a trained
pathologist (BT).

4.3 Gene expression analysis

For these analyses, frozen tumor specimens were selected to
ensure representation of normal-like tissues and tumor margins, so
we selected specimens in which tumor area represented between 30
and 70% of the whole tissue. We also used, as control tissue for gene
expression normalization, six normal prostate tissues from cadaver
organ donors that had no PCa after pathology review. For each of
the 50 eligible tumors, ten slides of 10 um in thickness were used for
RNA extraction. An H&E-stained section was prepared before and
after the ten sections for RNA extraction to ensure that the tumor
was present throughout the tissue depth. RNA extraction was
performed on the ten frozen tumor sections using the Quick
mirVana " miRNA TIsolation Kit from Ambion (ThermoFisher
Scientific) in accordance with the manufacturer’s instructions.
Following extraction, DNA contamination was removed from the
RNA samples using the Ambion DNAfree'" kit (ThermoFisher
Scientific) in accordance with the manufacturer’s instructions. The
RNA was then reverse transcribed into first strand cDNA using the
SuperScript® viLo™ Invitrogen system (Life technologies,
Waltham, MA, USA). TaqMan® Array Micro Fluidic 384-Wells
TLDA cards (Life technologies) were custom designed with pre-
loaded gene-specific primer and probe sets for the analysis of 31
selected immune gene targets and two house-keeping genes for
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mRNA normalization (Supplementary Table S3). Each ¢cDNA
sample, 300 ng at a concentration of 3 ng/ul were added to an
equal volume of 2X TagMan Universal PCR Master Mix (Thermo
Scientific) and 100 pL of the sample-specific PCR mix was added to
the fill reservoir on the TLDA card. The card was centrifuged twice
for one minute at 1200 rpm and sealed using the TagMan Array
Micro Fluidic Card Sealer (Thermo Scientific). The amplification
was performed in a StepOnePlusTM, 7900HT Fast Real-Time PCR
System (Applied Biosystems) using the following cycling
conditions: 2 min at 50°C, 10 min at 94.5°C, 30 s at 97°C, 1 min
at 59.7°C for 40 cycles. The mRNA expression levels were
normalized to GUSB and PPIA (reference genes), and the
expression values of immune gene expression were calculated
using AACT method, as recommended by the manufacturer. Each
tumor gene expression value was then reported as a fold change of
the same gene mean value in normal prostates. This resulting value
was used for statistical analysis.

4.4 Statistics

The characteristics of the patients in each cohort are
summarized by means, standard deviation ( + SD), frequency,
and percentage. Time-to-event period for each outcome was
calculated from the date of surgery to corresponding event date
or to last follow-up date, for right censored cases. Univariate and
multivariate Cox proportional hazards regression models were used
to estimate the hazard ratio (HR) and HR adjusted for age, PSA,
Gleason grade, T (tumor stage), N (nodal stage), and margin status.
The assumption of proportional hazards was evaluated using the
supreme test for all Cox regression models. Kaplan-Meier curves of
markers categorized in either quartiles (or tertiles) and
dichotomized by higher or lower quartiles (or tertiles) were used
to estimate the association with clinical outcomes and the log-rank
test was used to assess the differences between the curves. Pearson
correlations (r,) were used to estimate the correlation between gene
expression targets. Statistical analyses were performed using SAS
Statistical Software v.9.4 (SAS Institute, Cary, NC, USA), with a
two-sided significance level set at p < 0.05.
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Inhibition of insulin-like growth
factors increases production of
CXCL9/10 by macrophages and
fibroblasts and facilitates CD8"
cytotoxic T cell recruitment to

pancreatic tumours
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Maidinaimu Abudula®, Teifion Luckett’, Michael Oberst?,
Ruth Stafferton?, Paula Ghaneh®, Chris Halloran®,
Michael C. Schmid* and Ainhoa Mielgo™

‘Department of Molecular and Clinical Cancer Medicine, University of Liverpool, Liverpool,
United Kingdom, 2Department of Oncology Research, AstraZeneca, One Medimmune Way,
Gaithersburg, MD, United States

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malignancy with an
urgent unmet clinical need for new therapies. Using a combination of in vitro
assays and in vivo preclinical models we demonstrate that therapeutic inhibition
of the IGF signalling axis promotes the accumulation of CD8* cytotoxic T cells
within the tumour microenvironment of PDAC tumours. Mechanistically, we
show that IGF blockade promotes macrophage and fibroblast production of the
chemokines CXCL9 and CXCL10 to facilitate CD8* T cell recruitment and
trafficking towards the PDAC tumour. Exploring this pathway further, we show
that IGF inhibition leads to increased STAT1 transcriptional activity, correlating
with a downregulation of the AKT/STAT3 signalling axis, in turn promoting Cxcl9
and Cxcl10 gene transcription. Using patient derived tumour explants, we also
demonstrate that our findings translate into the human setting. PDAC tumours
are frequently described as “immunologically cold”, therefore bolstering CD8" T
cell recruitment to PDAC tumours through IGF inhibition may serve to improve
the efficacy of immune checkpoint inhibitors which rely on the presence of CD8*
T cells in tumours.

KEYWORDS

pancreatic cancer, tumour microenvironment, CD8+ T cell, IGF, macrophage, fibroblast,
CXCL9/10
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1 Introduction

Pancreatic ductal adenocarcinoma (PDAC), accounting for >
85% of all pancreatic cancers (1), is a devastating disease with current
treatment outcomes remaining notoriously poor and current
treatment modalities lagging far behind those of other solid
malignancies. PDAC is currently the 5 leading cause of cancer-
related death in the UK and is projected to become the second leading
cause of cancer death within the next decade, having already
surpassed breast cancer in the United States (2). Late diagnosis,
early (and high) rates of metastasis and therapeutic resistance (3, 4)
are all key driving factors for disease lethality, with only 11% of
patients achieving a 5-year survival (5). As such, PDAC poses a major
public health concern, and greater emphasis needs to be made on
delineating the complex pathophysiology underpinning this deadly
disease and developing new therapeutic interventions.

A defining hallmark of PDAC, and one of the major
contributing factors for therapeutic resistance, is the complex
nature of its tumour microenvironment (TME) which has been
explored by us and others (3, 6-11). The TME is a complex
environment in which various non-cancerous cell populations co-
exist, co-evolve and interact with tumour cells, having a profound
impact on cancer progression (12). PDAC has been described as
“immunologically cold”, with tumours generally displaying very
limited numbers of cytotoxic CD8" T cells (13). Compounding this,
the pancreatic TME is highly infiltrated by a variety of
immunosuppressive cells, including: “M2-like” tumour-associated
macrophages (TAMs); cancer-associated fibroblasts (CAFs) and
regulatory T cells (Tregs) (14-17). Collectively, these cells work in
concert to mitigate the function of cytotoxic CD8" T cells through
the secretion of a host of immunosuppressive factors, resulting in a
poor anti-tumour immune response (12, 18). Additionally,
immune/stromal derived factors and the characteristically dense
desmoplastic reaction of PDAC serve to impede CD8"
accumulation within the pancreatic TME (6, 19-23). With CD8"
T cells being the backbone of emerging immunotherapeutic
strategies such as immune checkpoint inhibitors (ICIs) and
cancer treatment vaccines, their low abundance within the
pancreatic TME can explain the overall lack of success of these
therapeutic modalities in the treatment of PDAC (24-28). Indeed,
retrospective analysis of surgically resected specimens displays that
a greater abundance of CD8" T cells alongside high levels of
tumour-specific antigens within the TME confers a survival
advantage in PDAC patients (29). Any therapy that is able to
bolster the accumulation of CD8" T cells within the TME of
pancreatic tumours therefore has the potential to improve anti-
tumour immunity.

Previous work published by our group and others shows an
important role for the IGF signalling pathway in promoting cancer
progression and resistance to therapies in a multitude of human
malignancies, including PDAC, triple-negative breast cancer
(TNBC), colorectal, bladder and ovarian cancer (3, 30-33).
Importantly, we previously found that IGF signalling through
stromal components including tumour associated macrophages
(TAMs) and cancer associated fibroblasts (CAFs) contributes to
chemoresistance in the context of both PDAC and TNBC, with
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blockade of the IGF signalling pathway sensitising these tumours to
gemcitabine and paclitaxel respectively (3, 30). Since IGF signalling is
known to influence tumour progression through extrinsic
mechanisms via the tumour microenvironment (TME) (34-37), we
sought to further characterise changes in the PDAC TME upon
blockade of the IGF signalling axis. In addition to this, evidence
suggests an emerging immunomodulatory role of the IGF signalling
axis, which has been subject of a recent review by Pellegrino
et al. (38).

In the present article we show that therapeutic inhibition of the
IGF signalling axis leads to an increased accumulation of CD8"
cytotoxic T cells within orthotopic PDAC tumours.
Mechanistically, using a combination of in vitro assays, an in vivo
preclinical model of PDAC and patient-derived tumour explants,
we provide evidence that inhibition of IGF signalling promotes
TAM/CAF production of the T cell chemokines CXCL9 and
CXCL10 leading to an increase in CD8" T cell recruitment and
trafficking towards the pancreatic TME.

2 Materials and methods

2.1 Generation of primary KPC-derived
pancreatic cancer cells

The murine pancreatic cancer cells KPC FC1242 were generated
in the Tuveson lab (Cold Spring Harbor Laboratory, New York,
USA), isolated from PDAC tumour tissues obtained from LSL-
KrasG12D; LSL-Trp53R172H; Pdx1-Cre mice of a pure C57BL/6
background as described previously (39). FC1242'u¢/%sGreen g
were generated using pHIV Luc-zsGreen lentiviral infection.
FC1242"/%Green ywere cultured in DMEM supplemented with
10% FBS, 1% penicillin/streptomycin, at 37°C, 5% CO2 incubator.

2.2 Cell lines

Jurkat human T lymphocyte cells were cultured in in RPMI
1640 Medium supplemented with 10% FBS and 1% penicillin/
streptomycin, at 37°C, 5% CO2 incubator. Jurkat cells were
switched to DMEM, high glucose, GlutaMAX medium (Gibco,
10569010) with 10% FBS and 1% penicillin/streptomycin, at 37°C,
5% CO2 incubator for 24 hours prior to use in chemotaxis assays.
All cells were routinely tested negative for the presence of
Mycoplasma contamination.

2.3 Mice

6-8 weeks old female C57BL/6 mice were purchased from
Charles River. All animal experiments were performed in
accordance with current UK legislation under an approved
project license PPL P16F36770 (M.C. Schmid). Mice were housed
under specific pathogen-free conditions at the Biomedical Science
Unit at the University of Liverpool.
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2.4 Syngeneic orthotopic pancreatic
cancer models

1 x 10° primary KPC“/#6 e (75Green) cells (FC1242"
zsGreen) jsolated from a pure C57Bl/6 background were implanted
in 30 pL of Matrigel (VWR, 734-0269) into the pancreas of
immunocompetent syngeneic C57Bl/6 six-to 8-week-old female
mice, and tumours were established for two weeks before
beginning treatment. Mice were administered intraperitoneally
either IgG2 control antibody (BioXcell, BE0301) (60 mg/kg), or
IGF-blocking antibody (MEDI-573) (60 mg/kg), kindly provided by
Medimmune (AstraZeneca) at days 14, 17 and 21 post-implantation
before harvesting and formalin fixation of both tumours and
mesenteric lymph nodes, or collagenase digestion of tumours and
subsequent CyTOF analysis at day 22. In a subsequent model,
tumours were established as described above and mice administered
a single intraperitoneal dose of IgG2 control antibody or IGF
blocking antibody at day 23, before tumour harvesting and
collagenase digestion and subsequent FACS analysis at day 25
post-implantation.

2.5 Analysis and quantification of immune
cells in orthotopic PDAC tumours by
mass cytometry

Single-cell suspensions from murine pancreatic tumours were
prepared by mechanical and enzymatic disruption in Hank’s
Balanced Salt Solution (Gibco, 24020091) with 1 mg/mL
Collagenase P (Roche, 11213865001) as described (6, 9). Cells
were centrifuged for 5 min at 1500 rpm, resuspended in HBSS
and filtered through a 500 um polypropylene mesh (Spectrum
Laboratories). Cell suspensions were resuspended in ImL 0.05%
trypsin and incubated at 37°C, for 5 minutes. Suspensions were
further enriched for immune cells by density gradient
centrifugation using Histopaque-1083 (Sigma Aldrich) at 400x g
for 30 minutes at room temperature without brakes. The cloudy
band/interface containing the cells plus the bottom layer was
transferred into new tube and gently washed with PBS. After one
wash with PBS, the cell suspension was washed in double-deionised
water (ddH20; > 18Q)/Maxpar cell staining buffer (1:2 dilution).
The pellet was resuspended in 1 ml of Maxpar cell staining buffer
and cells were stained with Cell-ID ' Cisplatin (Fluidigm) viability
marker in Maxpar PBS (Fluidigm) for 5 min. Cells were washed
with Maxpar cell staining buffer, blocked with Fc Block (BD
Pharmingen, Clone 2.4G2) on ice for 10 min and metal-
conjugated antibody cocktail added and incubated for 40 min at
4°C. See Supplementary Table 1 for list of metal-conjugated
antibodies. Antibodies were used at the concentrations
recommended by the manufacturer. Cells were then washed twice
in cell staining buffer and stained with 125 uM Intercalator "*'Ir
(Fluidigm) diluted 1:2,000 in Maxpar fix and perm buffer
(Fluidigm) overnight at 4°C. Cells were then washed twice in
Maxpar cell staining buffer followed by two washes in 18Q
distilled water (Fluidigm) and resuspended in 0.1X EQTM Four
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Element Calibration Beads (Fluidigm) prior acquisition on the
Helios CyTOF system (Fluidigm). Samples were acquired at a rate
of <500 events/sec. All generated FCS files were normalized and EQ
beads standard (40). Data analysis was performed using Cytobank
software (mrc.cytobank.org, v6.3 and v7.0, Beckman Coulter);
manual gating was used to remove debris, identify single cells
(**'Ir+) and to distinguish between dead cells (**°Pt+). Spanning-
tree progression analysis for density-normalised events (SPADE)
was performed on the data for mapping high dimensional
relationships. Viable CD45" singlets selected by manual gating
were used for SPADE unsupervised clustering using equal
sampling. Manual gating was then performed on the SPADE map
created to determine cell population percentages.

2.6 Fluorescence activated cell sorting

Single-cell suspensions from murine pancreatic tumours were
prepared by mechanical and enzymatic disruption as described
above. Cells were filtered through a 70 pm cell strainer (Miltenyi)
and resuspended in 0.5% BSA/PBS. Cells were blocked for
10 minutes on ice with purified rat anti-mouse CD16/CD32
(Mouse BD Fc BlockTM, BD biosciences, 553142) and then stained
with Syt0x® blue viability marker (Invitrogen, S34857) and
conjugated antibodies against anti-CD45-PE-Cy7 (1:100,
Biolegend, clone 30-F11, 103114) and anti-F480-APC (1:100,
Biolegend, clone BMS, 123116). Cells were incubated with
antibodies for 45 min in the dark on ice and fluorescence
activated cell sorting (FACS) was carried out using FACS Aria
IIIu (BD Biosciences). Cells were sorted directly in RLT bufter + 3-
mercaptoethanol according to the manufacturer’s instruction for
RNA isolation (Qiagen).

2.7 Generation of primary bone marrow
derived macrophages, primary pancreatic
fibroblasts, macrophage and fibroblasts
conditioned media

Primary murine bone marrow derived macrophages (BMDMs)
were generated by flushing the bone marrow from the femur and
tibia of C57BL/6 mice followed by incubation for 5 days in DMEM
containing 10% FBS and 10 ng/mL murine M-CSF (PeproTech, AF-
315-02) as described (3). Primary pancreatic stellate cells were
isolated from C57BL/6 mice pancreas by density gradient
centrifugation, and were activated into fibroblasts by culturing
them on uncoated plastic dishes in Iscove’s Modified Dulbecco’s
Medium (IMDM) containing 10% FBS and 1% L-glutamine (Sigma
Aldrich, G7513). Conditioned media was generated from both
BMDMs and fibroblasts by culturing cells in serum free DMEM
and IMDM respectively for 24 to 48 hours. For chemotaxis assays
fibroblast conditioned media was generated from fibroblasts
cultured in serum free RPMI 1640 medium. Supernatants were
harvested and filtered using 0.22 um filter and stored at 4°C
until use.
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2.8 siRNA knockdown of primary
pancreatic fibroblasts

1 x 10° primary pancreatic fibroblasts were treated in 6 well
plates with either 5 uM scrambled control siRNA (Dharmacon, D-
001810-10-05), or 5 uM ON-TARGETplus siRNA against Igflr
(Dharmacon, L-056843-00-0005) or against Insr (Dharmacon, L-
043748-00-0005), or a combination of both Igflr and Insr (double
knockdown). Transfection was achieved using 3.5 pl of
DharmaFECT 2 transfection reagent (Dharmacon, T-2002-01)
per well according to manufacturer’s instructions.

2.9 In vitro T cell activation assay

Primary murine splenocytes were isolated from spleens of C57BL/6
mice as described previously (6). Dissected spleens were dissociated in
MAC buffer and passed through a 70 um cell strainer to obtain a single-
cell suspension. Cells were centrifuged (300 x g), and red blood cells were
lysed using 1x Red blood lysis buffer (Biolegend). Obtained splenocytes
were cultured in either primary pancreatic fibroblast conditioned media
in which fibroblasts had been treated with either IgG control antibody
(100 pg/ml) or IGF-blocking antibody (100 pg/ml). As a positive and
negative control separate splenocytes were cultured in serum free RPMI
1640 medium with or without Dynabeads Mouse T activator CD3/CD28
(Thermofisher, 11452D). Cells were plated in 96-well plates and
incubated at 37°C for 24 hours. Subsequently, Brefeldin A
(eBioscience; 1:100) was added to the cells for 5 hours. Cells were then
harvested, stained with LIVE/DEADTM Fixable Aqua Stain (1:1000,
Invitrogen, 134957 before subsequent fixation and permeabilisation
using FIX & PERM ™' Cell Permeabilization Kit (Invitrogen). Fixed
cells were then incubated with conjugated antibodies against anti-CD8-
PerCP/Cyanine5.5 (1:100 Biolegend; clone 53-6.7) and IFNY-PE (1:100,
Biolegend; clone XMG1.2) for 45 minutes prior to flow cytometric
analysis on a FACS Canto II (BD bioscience) instrument.

2.10 Human studies

Human studies using primary tissue samples were approved by
the National Research Ethics (NRES) Service Committee North
West — Greater Manchester REC15/NW/0477 and REC19/NW/
0298. All samples included in the analysis were histologically
confirmed as PDAC by an independent team of histopathologists
at the Royal Liverpool University Hospital NHS Trust. All
individuals provided informed consent for tissue donations on
approved institutional protocols.

2.11 Precision cut tumour slicing and ex
vivo culture

Precision cut tumour slicing (PCTS) was performed on fresh

primary PDAC specimens following a protocol adapted from
(7, 41, 42). Briefly, 0.5 cm samples of primary PDAC tissues were
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embedded in 3% UltraPureLMP Agarose (Invitrogen) dissolved in
PBS, onto specimen small dishes. Sectioning was performed using
Leica vibrating blade microtome VT1200 S (Leica), using stainless
steel razor blades (Personal Medical) under buffered conditions
with ice-cold HBSS containing 25 mM glucose (Merck), at the
following adjustable settings: knife angle: 15° sectioning speed: 0.4
1 mm/s; oscillation amplitude: 3 mm; step size: 250 um; retract: 10
pm; continuous stroke. The first slice was immediately fixed in
formalin as a day 0 and embedded in paraffin. Slices were cultured
on inserts (0.4 pm pore size, 30 mm diameter, Millicell®, Millipore,
PICMORG50) placed inside 6 well plates containing 1.1 ml DMEM,
high glucose, GlutaMAX (Gibco, 10569010) with 10% FBS and 1%
Penicillin/Streptomycin with an additional 150 pl of media being
added on top of slices. Inserts were coated with 250 pl of collagen gel
consisting of 3 mg/ml rat tail collagen type 1 (Merck, C3867-1VL),
0.025 N NaOH in PBS. Slices were cultured for 24 hours at 37°C, 5%
CO2 before media was replaced and slices were treated with either
IgG control antibody (100 pg/ml) or IGF-blocking antibody (100
pg/ml) for a further 72 hours of culture at the same conditions.
Treated slices were fixed in formalin and embedded in paraffin prior
to downstream immunohistochemical and immunofluorescent
analysis. Conditioned media from treated slices was filtered at
0.22 um and stored at -20°C until use.

2.12 Chemotaxis assays

In the mouse model experiment primary murine CD8" T cells
were obtained from the spleen of C57BL/6 mice using the murine
CD8a" T Cell Isolation Kit (Miltenyi, 130-104-075) according to
manufacturer’s instructions. 1 x 10° CD8" T cells were added in
serum free RPMI into 5 pum transwell inserts (Corning) and allowed
to migrate into the bottom chamber of the 24- well plate for 15
hours. The bottom chamber was loaded with fibroblast conditioned
media whereby primary murine fibroblasts had been cultured in
fibroblast conditioned media treated with either IgG control
antibody (100 pg/ml) or IGF-blocking antibody (100 pg/ml) for
48 hours. CD8" T cells were treated with or without the CXCR3
antagonist SCH 546738 (10 nM, MedChemExpress), normal goat
IgG control (1 ug/ml, R&D Systems, AB-108-C) or Human/Mouse
IGF-I R/IGFIR Antibody (1 pg/ml, R&D Systems, AF-305-SP) and
their migration towards anti-IGF treated fibroblast conditioned
media measured after 15 hours. As a positive and negative
control, the bottom chamber was loaded with serum free RPMI
+/- recombinant murine CXCL9 (1000 ng/ml, Peprotech).

In the human model experiment, 1 x 10° Jurkat cells were added
in DMEM, high glucose, GlutaMAX media into upper chamber of 5
pm inserts and their migration towards conditioned media generated
from PCTS ex vivo human PDAC slices treated with either IgG control
antibody (100 pg/ml) or IGF-blocking antibody (100 ug/ml) measured
after 15 hours. For both experiments and all treatments, both the top
and bottom chamber was supplemented with recombinant murine IL-
2 (50 U/ml, Peprotech). Migrated cells were recovered from the lower
chamber and counted by using a haemocytometer.
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2.13 RT-qPCR

Total RNA purification was performed with the RNeasy Kit
(Qiagen), and ¢cDNA was generated using the M-MLV Reverse
Transcriptase kit (Invitrogen). 500 ng of total RNA was used to
generate cDNA. qPCR was performed using 5 x HOT FIREPol
EvaGreen qPCR Mix Plus (ROX; Solis Biodyne) on an AriaMx
Real-Time PCR (qPCR) Instrument (Agilent). Three-step
amplification was performed (95°C for 15 seconds, 60°C for 20
seconds, and 72°C for 30 seconds) for 45 cycles. Relative expression
levels were normalized to Gapdh expression according to the

A~(Ct gene of interest = Ct Gapdh) "Bo|d increase in expression

formula: 2
levels was calculated by the comparative Ct method: 2AC4) The
control used to apply 2A 4 was either the IgG control antibody
treatment or the scrambled siRNA control as applicable. The
following QuantiTect Primers Assays (Qiagen) were used to assess
mRNA levels: Mm-Gapdh (Mm_Gapdh_3_SG; QT01658692), Mm-
IL10 (Mm_ IL10_1_SG; QT00106169), Mm-Tgfbl
(Mm_Tgfbl_1_SG; QT00145250), Mm-IL6 (Mm_Il6_1_SG
QuantiTect; QT00098875), Mm-Tnf (Mm_Tnf_1_SG;
QT00104006), Mm-Cxcl10 (Mm_Cxcl10_1_SG; QT00093436),
Mm-Cxcll2 (Mm_Cxcll12_va.1_SG), Mm-Arginase
(Mm_Argl_1_SG; QT00134288), Mm-Collal (Mm_Collal_1_SG;
QT00162204), Mm-Colla2 (Mm_Colla2_1_SG; QT01055572),
Mm-Fnl (Mm-Fnl_1_SG; QT00135758), Mm-Statl (Mm-
Statl_1_SG; QT00162183), Mm-Insr (Mm-Insr_vb.1_SG;
QT01540854), Mm—Igflr (Mm-Igflr_l_SG; QT00155351). Mm-
Cxcl9 (Mm-Cxcl9_Fw CAGCTCTGCCATGAAGTCCG; Mm-
Cxcl9_Rev TCCTTATCACTAGGGTTCCTCG), Mm-Icaml (Mm-
Icaml_Fw GAGCTCGAGAGTGGACCCAA; Mm-Icaml_Rev
TCTCAGCTCCACACTCTCCG), Mm-Irfl (Mm-Irfl_Fw
CGGGCATCTTTCGCTTCGT; Mm-Irfl_Rev
AGGGTCTCATCCGCATTCGAG), Mm-Oas2 (Mm-Oas2_Fw
CAGGAGGGATCTTGTGGCAGG; Mm_Oas2_Rev
TGCCAGATCACTCCAGAAGCG) were purchased from Merck.

2.14 Immunohistochemistry analysis

Deparaffinization and antigen retrieval were performed using
an automated DAKO PT-link. Paraffin-embedded human and
mouse PDAC tissues were immunostained using the DAKO
envision system-HRP. 4 um tissue sections were incubated
overnight at 4°C with the following primary antibodies: CD3
(Abcam, SP7 clone, ab16669, 1:100, high pH antigen retrieval);
CD4 (Abcam, ab183685, 1:500, high pH antigen retrieval); aSMA
(Abcam, ab5694, 1:200 high pH antigen retrieval), CXCL10
(Invitrogen, 10H11L3 clone, 701225, 1:100, low pH antigen
retrieval); Ki67 (Abcam, ab15580, 1:1000, low pH antigen
retrieval); CC3 (Cell Signaling Technology, #9661, 1:200, high pH
antigen retrieval); phospho-Insulin/IGF1 receptors (R&D, AF2507,
1:50 high pH antigen retrieval). Secondary HRP-conjugated
antibodies were incubated for 30 minutes at room temperature.
Staining was developed using diaminobenzidine and counterstained
with haematoxylin.
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2.15 Immunofluorescent analysis

For immunofluorescence staining, 4 um tissue sections were
permeabilised by 0.1% TritonX-100 (Sigma Aldrich) for 2 min at
room temperature. Unspecific bindings were prevented by using
PBS + 10% donkey serum for 1 hour at room temperature. Tissue
sections were incubated overnight at 4°C with the following
antibodies: CD8a (eBioscience, 53-6.7 clone, 14-0081-82, 1:50);
CD8 (Dako, C8/144B clone, M7103, 1:100), Granzyme B (Abcam,
ab4059, 1:100); PD-1 (Abcam, ab214421, 1:500); Ki67 (Abcam,
ab15580, 1:1000); CC3 (Cell Signaling Technology, #9661, 1:200);
CD4 (Invitrogen, 14-9766-80, 4SM95 clone, 1:50); FoxP3 (Cell
Signaling Technology, #12653, 1:100); F4/80 (Biolegend, BM8
clone, 123101 1:50); F4/80 (Cell Signaling Technology, #70076,
1:100), CD206 (Abcam, ab64693, 1:1000); MHC II (Novus
Biologicals, NBP1-43312, 1:100); CXCL9 (R&D Systems, AF-492-
NA, 1:50); phospho-Stat3 (Tyr705) (Cell Signaling Technology,
#4093, 1:100); phospho-Statl (Tyr701) (Cell Signaling
Technology, #9167, 1:300); PDGFRB (R&D Systems, AF1042,
1:50); aSMA (Abcam, ab5694, 1:200). The following day, sections
were washed with PBS and incubated with 5 mg/ml 4’,6-diamidino-
2-phenylindole (DAPI) and fluorescently labelled secondary
antibodies for 2 hrs at room temperature: Donkey anti rat AF488
(Abcam, ab150149, 1:300); Donkey anti-rat AF647 (Abcam,
ab150155, 1:300); Donkey anti-rabbit AF488 (Biolegend, 406416,
1:300); Donkey anti-rabbit AF594 (Biolegend, 406418 1:300);
Donkey anti-goat AF488 (Abcam, ab150129, 1:300); Donkey anti-
goat AF594 (Abcam, ab150132, 1:300); Donkey anti-mouse AF488
(Abcam, ab150105, 1:300). Sections were mounted onto coverslips
using Dako Fluorescent mounting medium (Agilent). Slides were
imaged using Axio Observer Light Microscope with the Apotome.2
(Zeiss). Positive cells were counted manually (using 5-10 field of
view per sample) whereas cell nuclei counting was automated using
QuPath (v0.2.3).

2.16 Immunocytochemistry analysis

Primary pancreatic fibroblasts were grown on cover slips and
fixed with 4% paraformaldehyde in PBS (VWR, ALFAJ19943.K2)
for 10 min at room temperature with gentle agitation. Cells were
washed gently with PBS and permeabilised by 0.1% TritonX-100
(Sigma Aldrich) for 2 min at room temperature. Cells were blocked
in 2% BSA/PBS for 30 min at room temperature with gentle
agitation before subsequent incubation overnight at 4°C with
primary antibody against anti-STAT1 (Cell Signaling Technology,
#9172, 1:100). The following day, cells were washed with PBS and
incubated with 5mg/ml 4',6-diamidino-2-phenylindole (DAPI) and
Donkey anti-rabbit AF594 (Biolegend, 406418 1:300) for 2 hr room
temperature. Following incubation cells were washed with PBS and
mounted onto microscope slides with Dako Fluorescent mounting
medium (Agilent). Slides were imaged using Axio Observer Light
Microscope with the Apotome.2 (Zeiss) with the total STAT1" and
total cell nuclei quantified using QuPath (v0.2.3) software.
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2.17 Immunoblotting

Primary pancreatic fibroblasts or primary BMDMs were lysed
in 62.5 mM Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 1% B-
mercaptoethanol) supplemented with complete protease inhibitor
mixture (Sigma), phosphatase inhibitor cocktail (Invitrogen), 1 mM
phenylmethylsulfonyl fluoride and 0.2 mM sodium orthovanadate.
Following sonication and clarification, protein concentration was
determined using Pierce Protein BCA Assay Kit - Reducing Agent
Compatible (Thermo Fisher) according to manufacturer’s
instructions. 30 ug of cell lysates were loaded and ran on 10%
SDS-PAGE gels. Conditioned media generated from PCTS ex vivo
human PDAC slices was concentrated using SrataClean Resin
(Agilent), loaded and ran on 15% SDS-PAGE gels. After protein
transfer using the Trans-blot Turbo Transfer System (Bio-rad),
PVDF membranes were blocked in 5% BSA-TBST for 1 hr and
blotted overnight at 4 °C with the following primary antibodies:
anti-IGFIR (R&D Systems, AF305-NA, 1:1000); anti-Insulin
receptor (Abcam, ab137747,1:1000); anti-phospho-AKT (Ser473)
(Cell Signaling Technology, #4060, 1:1000); anti-AKT (Cell
Signaling Technology, #9272, 1:1000); anti-phospho-Stat3
(Tyr705) (Cell Signaling Technology, #4093, 1:1000); anti-STAT3
(Cell Signaling Technology, #4094, 1:1000), anti-GAPDH (Sigma,
(9545, 1:10,000); anti-CXCL9 (R&D Systems, AF392, 1:2000), anti-
tubulin (Sigma, T6199, 1:10,000); followed by HRP-conjugated
secondary antibodies for 2 hours at room temperature. Protein
bands were visualised using Pierce ECL Western Blotting Substrate
(Thermo Fisher) on a ChemiDoc MP (Bio-rad) imaging system.

2.18 Picrosirius red staining

Paraffin-embedded human and mouse PDAC samples were
dewaxed and hydrated using a graded ethanol series. Tissue sections
were then treated with 0.2% phosphomolybdic acid and subsequently
stained with 0.1% Sirius Red F3B (Direct Red 80; Sigma Aldrich) in
saturated picric acid solution for 90 minutes at room temperature.
Tissues were then rinsed twice in acidified water (0.5% glacial acetic
acid; Sigma Aldrich) before and after the staining with 0.033% fast
green FCF (Sigma Aldrich). Finally, tissues were dehydrated in three
changes of 100% ethanol, cleared in xylene, and mounted. Picrosirius
red staining was quantified using Image ] software.

Quantification of collagen deposition by primary pancreatic
fibroblasts was measured following a protocol adapted from (43).
Following 72 hours of culture with IgG control antibody (100 pig/ml)
or IGF-blocking antibody (100 pug/ml), primary pancreatic fibroblasts
were fixed in situ with 70% ice cold ethanol and transferred to -80°C
for 30 min. Cells were subsequently stained with 0.1% Sirius Red F3B
(Direct Red 80; Sigma Aldrich) in saturated picric acid solution and
incubated overnight at 4°C with gentle agitation. Unbound dye was
washed away with distilled water and fixed cells were subsequently
treated with 1 M NaOH at room temperature for 10 min with gentle
agitation. 100 pl of dissolved collagen-dye complex was transferred in
duplicate to a 96 well microplate and absorbance measured at 490 nm
on a Varioskan Flash Spectral Scanning Multimode Reader (Thermo
Fisher Scientific). A standard curve was constructed by drying known
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concentrations of rat-tail collagen type I (Merck, C3867-1VL), on the
surface of tissue culture plastic before staining, dissolving and
quantification as described above.

2.19 Statistical analysis

Statistical significance (analysed with GraphPad Prism v8
software) was determined using two-tailed unpaired Student’s t tests
when comparing differences between two experimental groups for
parametric data or Mann-Whitney U test for non-parametric data.
Unless otherwise stated, one-way ANOVA with Dunnett’s multiple
comparisons test was used for all experiments with more than two
groups. For Figures 4] and 4K two-way ANOVA with Dunnett’s
multiple comparisons test was performed. For Figure 5B and
Supplementary Figure 5A one sample t test with a theoretical mean
of 1 was performed. For Figure 5G and Supplementary Figure 1F two-
way ANOVA with Bonferroni’s multiple comparisons test was
performed. A P-value < 0.05 was considered statistically significant
and P values are indicated in the figures using asterisks: *P<0.05;
**P<0.01; **P<0.001; ****P<0.0001; ns denotes not significant.

3 Results

3.1 IGF blockade leads to an increase in
cytotoxic T cell accumulation in
pancreatic tumours.

Mice bearing established orthotopic PDAC tumours were treated
with either IgG2 control antibody or IGF-blocking antibody (MEDI-
573). In line with previous work in our lab and others (3, 44),
treatment with IGF-blocking antibody alone only led to a modest
decrease in tumour weight (Figure 1A). However, further analysis of
these tumours through immunohistochemistry revealed a significant
increase in the number of tumour infiltrating lymphocytes (TILs)
upon IGF blockade as determined by the percentage of CD3" T cells
(Figures 1B, C). Further characterisation of these TILs by
immunohistochemistry and immunofluorescent analysis revealed no
significant difference in the number of CD4" T cells (Supplementary
Figures S1A, B) but a significant difference in the number of CD8"
cytotoxic T cells upon IGF blockade (Figures 1D, E). Of note, the
number of regulatory T cells (Tregs; CD4" FoxP3™) remained
unchanged by IGF inhibition (Supplementary Figures S1C, D).
Corroborating these results, the overall increase in CD8" T cells in
tumours treated with IGF-blocking antibody was also observed in
whole tumour digests using CyTOF mass cytometry (Supplementary
Figures S1E, F). Despite the overall increase in CD8" T cells within
PDAC tumours upon IGF blockade, the proportion of CD8" T cells
concomitantly expressing granzyme B, a marker of T cell functional
activity, remains low after IGF blockade (Figures 1F, G). Additionally,
the fraction of CD8" T cells which are positive for the inhibitory
immune checkpoint PD-1 and the activation marker CD69 is
unaffected by IGF blockade (Figures 1H, I; Supplementary Figures
S1E, F), suggesting that while their overall numbers increase, these
CD8" T cells remain functionally inactive (45). Corroborating this, the
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proportion of CD8" PD1" T cells among all CD8" T cells remains
unaffected by IGF blockade (Supplementary Figure S1G).

Taken together, these data show that IGF blockade leads to an
increase in CD8" accumulation within primary pancreatic tumours.
Despite this overall increase in CD8" T cells within the tumour, the
resulting decrease in tumour size upon treatment with anti-IGF
antibody is modest, which can be explained at least in part by the
fact that these T cells remain functionally inactive.
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3.2 IGF blockade does not affect CD8* T
cell priming, survival or proliferation within
the PDAC TME

The cancer immunity (CI) cycle proposed by Chen and
Mellman (and recently updated (46) describes the series of
stepwise events necessary for an effective anti-tumour immune
response, beginning with the release of cancer neoantigens and
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IGF blockade leads to an increase in cytotoxic T cell accumulation in pancreatic tumours (A) Top, LSL-Kras®*2P/*;1 SL-Trp5377?"/*:Pdx-1-Cre (KPC)
derived FC1242 cells were orthotopically implanted into the pancreas tail of syngeneic C57BL-6J recipient mice. Mice were treated by
intraperitoneal injection with either IgG2 control antibody (60 mg/kg) or IGF-blocking antibody MEDI-573 (60 mg/kg) at days 14, 17 and 21 post
implantation. Pancreatic tumours were harvested at day 22 post implantation. Below, tumour weights at harvest for both treatment groups (n = 5
mice per treatment group), *P < 0.05 using Mann-Whitney U test. (B) Immunohistochemical staining of CD3* T cells in formalin fixed paraffin
embedded tissues from orthotopic murine PDAC tumours treated with IgG2 control antibody or IGF-blocking antibody MEDI-573. Scale bar; 50 um
(C) Quantification of CD3 staining. Data displayed as total CD3+ T cells among all cells. A total of 5-8 fields of view counted/mouse tumour, n = 5
mice per treatment group, *P < 0.05 using Mann-Whitney U test. (D) Immunofluorescent staining of CD8 (green), and nuclei (blue) in formalin fixed
paraffin embedded tissues from orthotopic murine PDAC tumours treated with 1IgG2 (control) antibody or IGF blocking antibody MEDI-573. Scale bar
50 um. (E) Quantification of CD8 staining. Data displayed as total CD8" T cells among all cells. A total of 5-8 fields of view counted/ mouse tumour,
n = 5 mice per treatment group, ***P < 0.001 using unpaired t test. (F) Immunofluorescent staining of CD8 (red), granzyme B (green) and nuclei
(blue) in formalin fixed paraffin embedded tissues from orthotopic murine PDAC tumours treated with 1gG2 (control) antibody or IGF blocking
antibody MEDI-573. Scale bar 50 um. (G) Quantification of functionally active CD8" T cells in IgG control treated and anti-IGF treated orthotopic
murine pancreatic tumours. Data displayed as percentage of CD8%/GranzymeB™ cells among all cells. A total of 5-8 fields of view counted/mouse
tumour, n= 5 mice per treatment group, ns; P > 0.05 using Mann-Whitney U test. (H) Immunofluorescent staining of CD8 (green), PD1 (red) and
nuclei (blue) in formalin fixed paraffin embedded tissues from orthotopic murine PDAC tumours treated with IgG2 (control) antibody or IGF blocking
antibody MEDI-573. Scale bar 50 um. (I) Quantification of PD1" CD8" T cells in IgG control treated and anti-IGF treated orthotopic murine
pancreatic tumours. Data displayed as either percentage of CD8" T cells among all cells or PD1*/CD8* T cells among all cells. A total of 5-8 fields of
view counted/mouse tumour, n= 5 mice per treatment group, ns; P > 0.05, **P < 0.01 using Mann-Whitney U test
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culminating with the targeted CD8" cytotoxic T cell mediated
destruction of tumour cells. In order for CD8" T cells to
accumulate within the tumour, they must first be primed/
activated in the tumour draining lymph node. Following this they
must effectively traffic towards the tumour bed, infiltrate into the
tumour and stroma, and survive within the hypoxic,
immunosuppressive conditions of the TME maintaining their
effector states and function (46). We therefore hypothesised that
aberrant IGF signalling affects one/or multiple steps in this cycle to
impede T cell accumulation within the pancreatic TME.

Immunofluorescent analysis of tumour draining mesenteric
lymph nodes from mice bearing orthotopic PDAC tumours
(Figure 2A) revealed no differences in the numbers of CD8" T
cells upon treatment with IGF blocking antibody (Figures 2B, C). In
addition, no differences in the proportion of proliferative (Ki67") or
functionally active (Granzyme B") CD8" T cells were observed,
suggesting that IGF blockade is unlikely to affect T cell priming
(Figures 2B, D). Following this we sought to further characterise the
CD8" T cells present within primary PDAC tumours following anti-
IGF treatment. Again, no differences in CD8" T cell proliferation
were detected (Figures 2E, F) and additionally, no differences in
their survival (cleaved caspase 3") (Figures 2E, G) were observed
upon IGF blockade.

Collectively, these data show that IGF blockade is unlikely to
affect CD8" T cells priming, does not affect CD8" T cell survival or
proliferation within the PDAC TME and that their increased
accumulation in tumours must be attributed to other factors
affecting different steps of the CI cycle.

3.3 IGF blockade promotes the production
of T cell chemoattractants CXCL9 and
CXCL10 by TAMs and CAFs

TAMs and CAFs remain two of the most abundant non-
cancerous cell populations within the PDAC tumour
microenvironment and both cell populations play a pleiotropic
role in regulating CD8" T cell accumulation within solid tumours
via multiple mechanisms (20, 47-49). In addition to this, previously
published work from our group demonstrated that TAMs and
CAFs are the main extracellular source of IGF ligands within
both the pancreatic and TNBC TME (3, 30). In addition, both
primary murine macrophages and primary murine fibroblasts
express IGF-1R and Insulin receptor (Supplementary Figures S2A,
B) potentially indicative of an autocrine signalling axis. In
accordance, immunohistochemical and immunofluorescent
analysis of murine orthotopic PDAC tumours reveals overall
changes on TAM and CAF populations when mice are treated
with IGF-blocking antibody. Here we demonstrate an increase in
0SMA™ CAFs upon IGF blockade (Figures 3A, B). With regard to
TAMs, no changes in total F4/80" TAM numbers are observed
(Figures 3C, D), yet we demonstrate an increase in MHCII" F480"
macrophages, that have been described as a immunostimulatory
population of TAMs (50, 51), upon IGF blockade (Figures 3D, F).
No changes in CD206" TAMs (Figures 3E, G) are observed upon
IGF blockade.
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Given the role of IGF signalling in the TAM and CAF cell
populations and the observed changes in these two cell populations
upon IGF blockade, as well as the concomitant increases in CD8" T
cells within pancreatic tumours, we hypothesised that aberrant IGF
signalling in TAMs and/or CAFs negatively regulates the
accumulation of CD8" T cells within pancreatic tumours through
TAM and/or CAF derived factors.

To test this hypothesis, we isolated both TAMs (CD45"/F4/80"
cells) and non-immune stromal cells (CD45 /zsGreen’) using FACS
from established orthotopic PDAC tumours that had been treated
with either IgG2 control antibody or IGF-blocking antibody
(Figure 3H). We then analysed the transcriptional expression of a
panel of cytokines and chemokines known to regulate T cell
survival, function or chemoattraction including: 1110, Tgfb, Il6,
Tnfa, Cxcl9, Cxcl10 and CxclI2 (52-64); and extracellular matrix
(ECM) components including: Collal, Colla2 and Fnl in CAFs
known to affect T cell infiltration into the tumour milieu (6, 20, 65—
67)), in response to treatment with IGF-blocking antibody.

Measuring this panel of transcriptional markers by RT-qPCR
revealed significant decreases in TAM expression of II6 (Figure 3I)
upon IGF blockade. Interestingly CAF expression of both Collal
and Colla2 is significantly decreased upon treatment with IGF-
blocking antibody (Figure 3]). Furthermore, borderline significant
increases in expression are observed for Cxcl9 in TAMs (Figure 3I)
and Cxcl10 in CAFs (Figure 3]) upon IGF blockade. An increase in
T cell chemokines could serve to facilitate CD8" T cell accumulation
into the PDAC TME through increased trafficking/recruitment
towards the tumour.

We then sought to corroborate these findings in vitro utilising
both primary murine macrophages and primary murine fibroblasts
isolated from the bone marrow and pancreata of wild type C57BL/
6] mice respectively (Supplementary Figure S2C). Any changes
observed both in vitro and in vivo are likely to be the result of a
direct mechanistic effect of blocking IGF signalling on the cell types
in question as opposed to a potentially indirect change mediated
through the multitude of interacting cells within the TME.

No significant changes were observed in transcriptional levels of
Il6 in either BMDMs or fibroblasts upon IGF blockade
(Supplementary Figure S2D, E). A small but statistically
significant increase was observed in Il10 expression in BMDMs
(Supplementary Figure S2D), as well as an increase in Colla2
expression in fibroblasts upon IGF blockade (Supplementary
Figure S2E). Interestingly, and in accordance with our in vivo
findings, we observed a statistically significant increase in the
transcriptional expression of both Cxcl9 and Cxcl10 in the case of
both BMDMs (Supplementary Figure S2D) and fibroblasts
(Supplementary Figure S2E) upon IGF blockade. Supporting this,
a statistically significant increase in both Cxcl9 (Figure 3K) and
Cxcl10 (Figure 3L) was observed upon genetic ablation of the IGF
signalling pathway through simultaneous siRNA knockdown of
both Igflr and Insr in primary murine fibroblasts. IGF ligands can
elicit signal transduction through both the IGF-IR and insulin
receptor (68, 69), with the IGF-blocking antibody MEDI-573
inhibiting this signalling pathway through scavenging of IGF1/2
ligands. Therefore, targeted genetic ablation of Igflr and Insr serves
as a surrogate for our pharmacological inhibition of IGF signalling,
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with statistically significant knockdowns for both these genes being
observed upon siRNA treatment (Supplementary Figure S2F, G).
Given that pharmacological blockade of IGF signalling elicited a
reduction in 116 in vivo which was not recapitulated in vitro, this
discrepancy led to further analysis of primary murine fibroblasts,
revealing no changes in II6 transcription upon genetic abrogation of
IGF signalling (Supplementary Figure S2H).

10.3389/fimmu.2024.1382538

To our knowledge, this direct increase in CD8" T cell
chemokines, Cxcl9 and Cxcl10 in response to IGF blockade has
not been previously reported in any cell type. Significantly, our
results demonstrate that this increase is conserved across both
primary murine BMDMs and fibroblasts, and translates into
preclinical models of PDAC in vivo. Further strengthening these
data, immunohistochemical and immunofluorescent analysis
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FIGURE 2 (Continued)

IGF blockade does not affect CD8* T cell priming, survival or proliferation within the PDAC TME. (A) LSL-Kras®*2P/* ;1 SL-Trp53/72"* . pgx-1-Cre
(KPC) derived FC1242 cells were orthotopically implanted into the pancreas tail of syngeneic C57BL-6J recipient mice. Mice were treated by
intraperitoneal injection with either IgG2 control antibody (60 mg/kg) or IGF-blocking antibody MEDI-573 (60 mg/kg) at days 14, 17 and 21 post
implantation. Mesenteric lymph nodes were harvested at day 22 post implantation. (B) Top, immunofluorescent staining of CD8 (green), Ki67 (red)
and nuclei (blue) in formalin fixed paraffin embedded mesenteric lymph nodes from mice bearing orthotopic PDAC tumours treated with IgG2
(control) antibody or IGF blocking antibody MEDI-573. Scale bar 50 um. Below, immunofluorescent staining of CD8 (green), Granzyme B (red) and
nuclei (blue) in formalin fixed paraffin embedded mesenteric lymph nodes from mice bearing orthotopic PDAC tumours treated with 1gG2 (control)
antibody or IGF blocking antibody MEDI-573. Scale bar 50 um. (C) Quantification of CD8 staining in mesenteric lymph nodes. Data displayed as
total CD8" T cells among all cells. A total of 3 fields of view counted/mouse lymph node, n = 5 mice per treatment group, ns; P > 0.05 using Mann-
Whitney U test. (D) Quantification of Ki67+/CD8+ T cells and Granzyme B+/CD8+ T cells in mesenteric lymph nodes in IgG control treated and
anti-IGF treated mice bearing orthotopic pancreatic tumours. Data displayed as percentage of Ki67*/CD8" T cells and Granzyme B*/CD8" T cells
among all CD8™" T cells. A total of 3 fields of view counted/mouse tumour, n= 5 mice per treatment group, ns; P > 0.05 using Mann-Whitney U test.
(E) Top, immunofluorescent staining of CD8 (green), Ki67 (red) and nuclei (blue) in formalin fixed paraffin embedded tissues from orthotopic murine

PDAC tumours treated with IgG2 (control) antibody or IGF blocking antibody MEDI-573. Bottom, Immunofluorescent staining of CD8 (green),
cleaved caspase 3 (red) and nuclei (blue) in formalin fixed paraffin embedded tissues from orthotopic murine PDAC tumours treated with 1IgG2
(control) antibody or IGF blocking antibody MEDI-573. Scale bar 50 um. (F) Quantification of proliferating CD8" T cells in IgG control treated and
anti-IGF treated orthotopic murine pancreatic tumours. Data displayed as percentage of CD8*/Ki67" cells among all CD8+ T cells. (G)
Quantification of viable CD8* T cells in IgG control treated and anti-IGF treated orthotopic murine pancreatic tumours. Data displayed as
percentage of CD8*/CC3- cells among all CD8" T cells. A total of 5-8 fields of view counted/mouse tumour, n= 5 mice per treatment group, ns; P

> 0.05 using Mann-Whitney U test.

revealed an overall significant increase in the levels of CXCL9 and
CXCL10 (Figures 3M-0) within the TME of mouse PDAC tumours
upon IGF blockade.

We next sought to explore whether these observed increases in the
T cell chemokines CXCL9 and CXCL10 upon IGF blockade could
incur an increase in CD8" T cell migration at a more functional level.
To model this, we designed an in vitro chemotaxis assay in which the
migration of primary murine CD8" T cells towards fibroblast
conditioned media was measured, whereby primary murine
fibroblasts had been treated with fibroblast conditioned media and
either IgG control antibody (100 pg/ml) or IGF-blocking antibody
(100 pg/ml) (Figure 3P). CD8" T cells preferentially migrated towards
fibroblast conditioned media following IGF blockade (Figure 3Q) in
accordance with transcriptional increases in Cxcl9 and Cxcl10 in these
fibroblasts (Figures 3R, S). In addition to this, pretreatment of CD8"
T cells with the CXCR3 antagonist SCH 546738 (10 nM) significantly
abrogated their migration towards anti-IGF treated fibroblast
conditioned media (Figure 3Q). Additionally, blockade of IGF-1R on
CD8" T cells had no effect on their migration towards anti-IGF treated
fibroblast conditioned media (Supplementary Figure S2I), suggesting
that the increase in migration is not due to IGF signalling on CD8"
T cells themselves. As a positive control we demonstrate a significant
increase in CD8" T cell migration towards RPMI upon the addition of
recombinant CXCL9 (1000 ng/ml) (Supplementary Figure S2J).

Furthermore, flow cytometric analysis of CD8" T cells cultured in
fibroblast conditioned media revealed no differences in CD8" T cell
viability (CD8" Amycan’) or functional status (CD8" IFN-y") regardless
of fibroblast treatment (Supplementary Figure S3A, B), supporting our
in vivo findings that IGF blockade does not affect CD8" survival or
function within the PDAC TME. As a positive control we demonstrate a
significant increase in CD8" T cell activation upon stimulation with
CD3/CD28 Dynabeads (Supplementary Figures S3C, D).

Taken together these results highlight a novel role for IGF in
regulating the production of the T cell chemokines CXCL9 and
CXCL10 by TAMs and CAFs. These data suggest that IGF blockade
promotes CD8" T cell accumulation within the PDAC TME at least
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in part through increased T cell recruitment/trafficking towards the
tumour in a stroma-derived CXCL9/CXCL10 chemokine-
dependent manner.

3.4 IGF blockade reverses phosphorylation
of STAT3 in TAMs and CAFs whilst
promoting STAT1 transcription of Cxcl9
and Cxcl10

Having demonstrated a clear role of the IGF signalling axis in
regulating the expression of the T cell chemokines CXCL9 and
CXCL10 in both macrophages and fibroblasts, we investigated this
pathway further to gain greater mechanistic insight.

The transcription of Cxcl9 and Cxcl10 is a tightly regulated process.
Canonically, this occurs under the control of the transcription factor
STAT1 following activation of the IFN gamma receptor and
subsequent phosphorylation of STAT1 (70-72). It is well established
that activation of the IGF signalling pathway promotes the
phosphorylation and activation of the downstream effector AKT via
the IRS1/2/PI3K/PDKI1 cascade (3, 73, 74). Downstream of this, AKT
activation promotes the phosphorylation and activation of STAT3 (75),
with STAT3 having a pleiotropic role in oncogenesis, via cancer cell
intrinsic and extrinsic mechanisms through promotion of an
immunosuppressive TME in multiple cancer settings (76-80).
Moreover, several studies highlight a role for IGF signalling in
promoting immunosuppression via STAT3 activation, regulating this
through multiple signalling cascades including JAK1/RACK1/STATS3,
as well as the aforementioned PI3K/PDKI1/AKT/STAT3 (81-83).
Furthermore, AKT phosphorylation can indirectly activate STAT3
via mTOR or PKM2 activation (84-87). Critically, there is mounting
evidence to show that STAT3 inhibits the activation and/or nuclear
translocation of STAT1 via multiple reported mechanisms (88-91).

We therefore hypothesised that inhibition of the IGF signalling
pathway in macrophages and fibroblasts would inhibit the
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phosphorylation of STAT3. The inhibition of pSTAT3 would in
turn attenuate STATS3 repression of STAT1 - ultimately facilitating
the transcriptional increases in Cxcl9 and Cxcl10 that we observe
both in vitro and in vivo upon IGF blockade (Figures 3I-O;
Supplementary Figures S2D, E).

In line with this hypothesis, immunofluorescent analysis of
murine orthotopic PDAC tumours revealed an overall decrease in
the expression of pSTAT3™7% in both TAMs (F480"/pSTAT3"
cells) (Figures 4A, B) and CAFs (0SMA'/STAT3" cells)
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(Figures 4D, E) upon IGF blockade. In turn, this marked
reduction in pSTAT3 activity corresponded with an increased
expression of pSTATlTYrml in both cell types (Figures 4A, C, D, F).

Following this we designed further in vitro assays to assess
whether IGF blockade inhibited the phosphorylation of STAT3 in
either primary murine fibroblasts or BMDMs (Figure 4G).
Fibroblasts or BMDMs were treated respectively with either
fibroblast or BMDM conditioned media (known to contain
secretory IGF ligands (3)). We found that IGF blockade inhibits
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FIGURE 3 (Continued)

TAM and CAF derived chemokines CXCL9 and CXCL10 facilitate CD8* T cell recruitment to PDAC tumours upon IGF blockade. (A)
Immunohistochemical staining of aSMA in formalin fixed paraffin embedded tissues from orthotopic murine PDAC tumours treated with IgG2
control antibody or IGF-blocking antibody MEDI-573. Scale bar; 50 pm. (B) Quantification of «SMA staining. Data displayed as total aSMA™ area/
total tumour area. A total of 5-8 fields of view counted/mouse tumour, n = 5 mice per treatment group, *P < 0.05 using Mann-Whitney U test.

(C) Quantification of F480 staining. Data displayed as % F480™ cells among all cells. A total of 5-8 fields of view counted/mouse tumour, n = 5 mice
per treatment group, ns; P > 0.05 using Mann-Whitney U test. (D) Immunofluorescent staining of F480 (green), MHCII (red) and nuclei (blue) in
formalin fixed paraffin embedded tissues from orthotopic murine PDAC tumours treated with IgG2 (control) antibody or IGF blocking antibody
MEDI-573. Scale bar 50 ym. White arrows denote cells which are positive for both F480 and MHCII. (E) Immunofluorescent staining of F480
(green), CD206 (red) and nuclei (blue) in formalin fixed paraffin embedded tissues from orthotopic murine PDAC tumours treated with IgG2
(control) antibody or IGF blocking antibody MEDI-573. Scale bar 50 um. White arrows denote cells which are positive for both F480 and CD206.
(F) Quantification of MHCII"/F480" macrophages in IgG control treated and anti-IGF treated orthotopic murine pancreatic tumours. Data displayed
as percentage of MHCII"/F480™" cells among all cells. A total of 5-8 fields of view counted/mouse tumour, n= 5 mice per treatment group, * P <
0.05 using Mann-Whitney U test. (G) Quantification of CD206*/F480* macrophages in IgG control treated and anti-IGF treated orthotopic murine
pancreatic tumours. Data displayed as percentage of CD206%/F480* cells among all cells. A total of 5-8 fields of view counted/mouse tumour, n=

10.3389/fimmu.2024.1382538

5 mice per treatment group, ns; P > 0.05 using Mann-Whitney U test. (H) LSL-KrasC22/* [ SL-Trp53%72/* pdx-1-Cre (KPC) derived FC1242 cells
were orthotopically implanted into the pancreas of syngeneic recipient (C57BL/6J) mice. Mice were treated with IgG2 control antibody or IGF-
blocking antibody MEDI-573 at days 23. Tumours were harvested and digested at day 25 post implantation with TAMs (CD45%/F4/80* cells) and
non-immune stromal cells (CD457/zsGreen™?) being sorted by flow cytometry and subsequently subjected to transcriptional analysis. (1)
Quantification of 110, Tgfb, IL6, Tnfa, Cxcl9, Cxcll0 AND Cxcl12 mRNA expression levels in zsGreen™/CD45"/F4/80* tumour associated
macrophages isolated from murine PDAC tumours treated with 1IgG2 control antibody or IGF-blocking antibody MEDI-573 (n=3). **P < 0.01 using
unpaired t tests (J) Quantification of Collal, Colla2, Fnl, ll6, Cxcl9, Cxcl10 and Cxcl12 mRNA expression levels in zsGreen™/CD45" stromal
fibroblasts isolated from murine PDAC tumours treated with IgG2 control antibody or IGF-blocking antibody MEDI-573 (n=3). **P < 0.01 using
unpaired t tests. (K) Quantification of Cxcl9 and (L) Cxcl10 mRNA expression levels in primary murine fibroblasts isolated from the pancreata of
wild-type C57BL/6J mice and treated with scrambled control siRNA (5 uM) Igfrl siRNA (5 uM) Igflr (5 pM) or a combination of both Igflr and Insr
siRNAs (5 pM). Expression data displayed as fold change compared to scrambled control siRNA treatment *, P < 0.05; **P < 0.01 using one-way
ANOVA with Tukey's multiple comparisons post hoc test. (M) Left, Immunofluorescent staining of CXCL9 (red) and nuclei (blue) in formalin fixed
paraffin embedded tissues from orthotopic murine PDAC tumours treated with IgG2 (control) antibody or IGF blocking antibody MEDI-573. White
arrows denote CXCL9* cells. Right, Immunohistochemical staining of CXCL10 in formalin fixed paraffin embedded tissues from orthotopic murine
PDAC tumours treated with IgG2 control antibody or IGF-blocking antibody MEDI-573. Black arrows denote CXCL10" cells. Scale bar 50 um.

(N) Quantification of CXCL9" cells in IgG control treated and anti-IGF treated orthotopic murine pancreatic tumours. Data displayed as percentage
of CXCL9* cells among all cells. A total of 5-8 fields of view counted/mouse tumour, n= 5 mice per treatment group, *P < 0.05 using Mann-
Whitney U test. (O) Quantification of CXCL10" cells in IgG control treated and anti-IGF treated orthotopic murine pancreatic tumours. Data
displayed as percentage of CXCL10" cells among all cells. A total of 5-8 fields of view counted/mouse tumour, n= 5 mice per treatment group, **P
< 0.01 using Mann-Whitney U test. (P) Summary schematic for CD8" T cell chemotaxis assay. Fibroblast conditioned media was generated from
primary murine fibroblasts isolated from the pancreata of wild-type C57BL/6J mice and treated with IgG control antibody (100 pg/ml) or IGF-
blocking antibody MEDI-573 (100 pg/ml). Fresh primary murine fibroblasts were cultured in treated fibroblast conditioned media for 48 hours and
conditioned media collected for use in CD8" T cell chemotaxis assays. Migration of primary murine CD8" T cells through a 5 um transwell insert
towards fibroblast conditioned media was measured after 15 hours using a haemocytometer. CD8" T cells were treated with or without the CXCR3
antagonist SCH 546738 (10 nM) before inclusion in migration assay. (Q) Data are presented as the number of migratory T cells as a fold change
compared to the IgG control treated fibroblast conditioned media AFTER 15 hr. n=3, *P < 0.05, **P < 0.01, ***P < 0.001 using one-way ANOVA
with Tukey's multiple comparisons test. (R) Quantification of Cxcl9 and (S) Cxcl10 mRNA expression levels in primary murine fibroblasts isolated
from the pancreata of wild-type C57BL/6J mice and treated with IgG control antibody (100 pg/ml) or IGF-blocking antibody MEDI-573 (100 pg/ml)
for 24 hours. Expression data displayed as fold change compared to IgG control treatment. n=3, ***P < 0.001 using Mann-Whitney U test.

phosphorylation of STAT3 in both macrophages and fibroblasts
(Figures 4H, I). Concomitantly, IGF blockade also inhibited the
phosphorylation of the upstream effector AKT (Figures 4H, I), in
accordance with our previous work (3) and others (34).

Critically, alongside the inhibition of STAT3 phosphorylation
we also observed statistically significant increases in Statl gene
induction in primary murine fibroblasts after 6 hours following
anti-IGF treatment (Figure 4]), with this induction even exceeding
that of fibroblasts treated with IFN-y, a direct activator of the
IFNGR/JAK/STAT1 signalling pathway (92-94). Moreover, both
the indirect induction of fibroblast Stat] transcription through IGF
blockade as well as direct induction with IFN-y, correlated with an
increased transcription of known STAT1-regulated genes Icaml,
Irfl and Oas2 (95), (Figure 4K), indicating an increased level of
STAT1 functional activity. Finally, this increased transcriptional
expression of Statl upon IGF blockade correlated with an increased
protein expression of STAT1 when analysing fibroblasts by
immunocytochemistry (Figure 4L).

Taken together, these data provide mechanistic insight into how
inhibition of IGF signalling in macrophages and fibroblasts leads to
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an inhibition of the AKT/STAT3 signalling axis, subsequent
activation of STAT1 and expression of CXCL9 and CXCL10 with
the dephosphorylation of STAT3 correlating with an increased
expression and transcriptional activity of STATI.

3.5 IGF blockade leads to increased CD8*
T cell recruitment towards human
PDAC tumours

Having demonstrated that blocking IGF signalling increases the
recruitment/trafficking of CD8" T cells towards the PDAC TME via
CXCL9/10 in both in vitro assays and in a mouse PDAC model, we
aimed to validate these findings in a PDAC patient-derived ex-vivo
model. Precision cut tumour slice (PCTS) models have been
developed to allow researchers to culture fresh patient tumour
tissue ex vivo and assess experimental drug regimens as a means
of bridging the translational gap between in vitro and preclinical
experimental findings into a more clinically relevant model of the
human disease. A further advantage of the PCTS technique over
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FIGURE 4 (Continued)

10.3389/fimmu.2024.1382538

IGF blockade reverses phosphorylation of STAT3 in TAMs and CAFs to facilitate STAT1 induction of Cxcl9 and Cxcl10 genes (A) Top,
immunofluorescent staining of F480 (green), pSTAT3 (red) and nuclei (blue) in formalin fixed paraffin embedded tissues from orthotopic murine
PDAC tumours treated with IgG2 (control) antibody or IGF blocking antibody MEDI-573. Bottom, immunofluorescent staining of F480 (green),
pSTAT1(red) and nuclei (blue) in formalin fixed paraffin embedded tissues from orthotopic murine PDAC tumours treated with IgG2 (control)
antibody or IGF blocking antibody MEDI-573. Scale bar 50 ym. (B) Quantification of the number of F480" macrophages displaying active pSTAT3
signalling in IgG control treated and anti-IGF treated orthotopic murine pancreatic tumours. Data displayed as percentage of pSTAT3"/F480™
macrophages among all F480" macrophages. (C) Quantification of the number of F480* macrophages displaying active pSTATL signalling in 1gG
control treated and anti-IGF treated orthotopic murine pancreatic tumours. Data displayed as percentage of pSTAT1*/F480" macrophages among
all F480™ macrophages. A total of 5-8 fields of view counted/mouse tumour, n= 5 mice per treatment group, *P < 0.05, **P < 0.01 using Mann-
Whitney U test. (D) Top, immunofluorescent staining of aSMA (green), pSTAT3 (red) and nuclei (blue) in formalin fixed paraffin embedded tissues
from orthotopic murine PDAC tumours treated with 1gG2 (control) antibody or IGF blocking antibody MEDI-573. Bottom, immunofluorescent
staining of PDGFR (green), pSTAT1 (red) and nuclei (blue) in formalin fixed paraffin embedded tissues from orthotopic murine PDAC tumours
treated IgG2 (control) antibody or IGF blocking antibody MEDI-573. Scale bar 50 pm. (E) Quantification of the number of aSMA" fibroblasts
displaying active pSTAT3 signalling in IgG control treated and anti-IGF treated orthotopic murine pancreatic tumours. Data displayed as percentage
of pSTAT3*/aSMA™ fibroblasts among all aSMA™ fibroblasts. (F) Quantification of the number of PDGFRB" fibroblasts displaying active pSTAT1
signalling in IgG control treated and anti-IGF treated orthotopic murine pancreatic tumours. Data displayed as percentage of pSTAT1*/PDGFRB*
fibroblasts among all PDGFRB* fibroblasts. A total of 5-8 fields of view counted/mouse tumour, n= 5 mice per treatment group, *P < 0.05, **P <
0.01 using Mann-Whitney U test. (G) Schematic to display experimental design of mechanistic study assessing the role of STAT signalling in
controlling response to IGF blockade in BMDMS/Fibroblasts. (H) Immunoblotting analysis of primary murine fibroblasts and (I) primary murine bone-
marrow derived macrophages in response to IGF blockade. Whole cell lysates were probed for both total and phosphorylated AKT, total and
phosphorylated STAT3 as well as GAPDH loading control. (J) Quantification of StatI mRNA expression levels in primary murine fibroblasts and
treated with fibroblast conditioned media supplemented with either IgG control antibody (100 pg/ml), IGF-blocking antibody MEDI-573 (100 pg/ml)
or recombinant IFNy (50 ng/ml) for 1, 2, 4 or 6 hrs. n=3, **P < 0.01, ****P < 0.0001 using two-way ANOVA with Dunnett's multiple comparisons
test. (K) Quantification of Icam1, Irf1 and Oas2 mRNA expression levels in primary murine fibroblasts and treated with fibroblast conditioned media
supplemented with either IgG control antibody (100 pg/ml), IGF-blocking antibody MEDI-573 (100 pg/ml) or recombinant IFNy (50 ng/ml) for 6 hrs.
n=3, ****p < 0.0001 using two-way ANOVA with Dunnett's multiple comparisons test. (L) Immunocytochemistry staining of STAT1 (red) and nuclei
(blue) in primary murine fibroblasts and treated with fibroblast conditioned media supplemented with either IgG control antibody (100 pg/ml), IGF-
blocking antibody MEDI-573 (100 pg/ml) or recombinant IFNy (50 ng/ml) for 6 hrs. Bottom right, quantification of STAT1* area/total cell number in
IgG control, anti-IGF and IFNYy treated fibroblasts. Data displayed as fold change compared to IgG control treatment. n=3, **P < 0.01,***P < 0.001

using one-way ANOVA with Bonferroni's multiple comparisons test.

other widely accepted methods of primary tissue culture, for
example patient derived organoid/spheroid models is that we are
able to preserve the spatial localisation of the various interacting cell
types of the PDAC TME (41).

Figure 5A describes the workflow for each primary PDAC
sample using a protocol adapted from (41) and (42). Before
proceeding with any downstream analysis, the viability of each
PCTS tissue was assessed by immunohistochemistry (cleaved
caspase 3 and Ki67) (Supplementary Figure S4A). In addition, we
confirmed successful inhibition of pIGF-1R/InsR signalling within
slices treated with IGF-blocking antibody as a further quality
control (Supplementary Figure S4A). We also confirmed the
presence of both aSMA expressing fibroblasts and CD206
expressing macrophages within the TME of all PCTS tissues
(Supplementary Figures S4B, C), which are the known top
producers of IGF ligands (3) and our proposed source of
extracellular CXCL9/10 upon IGF blockade.

Recapitulating our in vitro and in vivo findings, we observed a
modest but statistically significant increase in the expression of
extracellular CXCL9 when analysing the conditioned media of
PDAC patients-derived PCTS upon IGF blockade (Figure 5B).
Moreover, we found that human Jurkat T cells migrate
preferentially towards PCTS conditioned media in which the
primary PDAC slices were treated with IGF-blocking antibody
(Figures 5C, D), consolidating our in vitro findings utilising
primary murine fibroblast conditioned media (Figure 3Q).

Following this, immunofluorescent analysis was used to assess
the overall number and status of CD8" T cells within the PCTS
tissue upon IGF blockade. In accordance with our in vivo findings,
IGF blockade does not affect the overall survival of CD8" T cells
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within the PCTS tissue, observing similarly decreased numbers of
CD8" T cells within control IgG and IGF-blocking antibody-treated
slices after 3 days when compared to day 0 control slices
(Figures 5E, H). In addition, there was no difference in CD8"
expression of cleaved caspase 3 or Ki67 within PCTS tissue after
IGF blockade (Figures 5F, G, I). Of note, we also observe a
statistically significant decrease in the expression of collagen
within PCTS tissue upon IGF blockade, as analysed by picrosirius
red staining (Figures 5], K). This is in accordance with our in vivo
findings at the transcriptional level in CAFs (Figure 3]) and in vitro
data at the protein level assessing collagen deposition by primary
murine fibroblasts (Supplementary Figures S5A, B). Supporting this
we also observe a tendency towards a decrease collagen deposition
in vivo, but these data did not achieve statistical significance
(Supplementary Figures S5C, D).

4 Discussion

Previously reported findings from our group and others
demonstrate that stromal-derived IGFs can support tumour
progression in multiple cancer types. TAM/CAF derived IGFs
promote tumour cell chemoresistance to gemcitabine and paclitaxel
in the case of pancreatic cancer, and TNBC respectively (3, 30).
Similarly, CAF derived IGF-1 promotes cisplatin resistance in bladder
cancer (33) as well as the tyrosine kinase inhibitor gefitinib in non-
small cell lung cancer (NSCLC) (36). In addition, CAF-derived IGF-1
stimulates tumour cell invasion and lung metastasis in orthotopic
models of breast cancer through activation of the RhoA/ROCK/p-
MLC pathway (35) and TAM-derived IGFs promotes cancer cell-

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1382538
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Freeman et al.

10.3389/fimmu.2024.1382538

A -
1gG control/ |
. i alGF
Fresh PDAC Vibratome 250 pm slices T i i
| Embed tissue slices
Embed fresh tissue w \U
Secretome analysis
B + migration assays
CXCLS9 secretion (normalised)
s 1gG  alGF
£ 1 -
g — 186 alGF
S~
)
T 2 1.0
is
R
a2
Sz - %
S
E = ’ q—— cxcLe 3
2 oo 11.7kd w9
[ IgG control  alGF Ab i
Ponceau £8
5
Cc D
PCTS migration assay Jurkat T cell migration
Precision cut tumour slices o] ™ laEtionkel
treated with IgG control Ab _ 'g] =8 anti-IGF Antibody
oranti GF1/2 Ab Jurkat T cells .%s |'|
= 3 n
5 um transwell e ; 3 —
=X insert £2 ge
= 52 £3
» Migratory = @ 2 o<
Precision cut + & N
- Jurkat T cell ® £ ~
tumour slice 3% =4
conditioned media ©3 1
Count migratory Jurkat T cells "
using haemocytometer
& &S S
& & & &
F Control IgG
o w o
KD 93
9] =
S [
£ e
)
(o}
o
=
@
a
)
G Control 1gG H PCTS CD8+ T cells 1 PCTS CD8+T cell
9 (fold change) status (fold change)
% mm Control IgG
2 L7 = anti-IGF
— 3 2
@ w83
[v] - ns
= O 4 £ 1.
c 2R <
< z9%
N 793
© s 29
LY} g™
55 £ 0
@ <
g Ny
Day0  IgG control alGF Ab Ki67 cC3
72 hr 72 hr
J Control IgG K 157 PCTS collagen
° ) ud
o o>
T g e
= 2=
@ £Es5 S i
3 %29 S
= e s
= S g 505 o
o a s
S X ©
& Tk
| 0.0
Control IgG

FIGURE 5 (Continued)

stemness and invasiveness in in vitro models of thyroid cancer (37).
As such, extrinsic stromal IGF signalling plays a pleiotropic role in
promoting tumour progression in a multitude of cancers and through
influencing multiple cancer hallmarks.

The data presented herein describe an emerging immunomodulatory
role for the IGF signalling pathway in regulating the recruitment of CD8"
T cells to the PDAC TME. In strong accordance with these findings,
Hashimoto et al. demonstrated an increased accumulation of CD8" T
cells within the TME of PDAC liver metastases upon IGF blockade using
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intrasplenic models of PDAC liver metastasis (44). Moreover, the authors
demonstrate a marked reduction in liver metastasis and prolonged
survival with concomitant inhibition of the PD1/PD-L1 signalling axis,
providing strong rationale for a combinatory approach that
simultaneously targets the TME when designing immunotherapeutic
treatment regimens.

Interestingly, these authors also observe an increase in CD8"
functional activity within the TME upon inhibition of IGF
signalling, demonstrating an increased protein level of IFN-y and
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FIGURE 5 (Continued)

IGF blockade leads to increased CD8" T cell recruitment towards human PDAC conditioned media utilising the precision cut tumour slice model (A)
Schematic detailing the workflow for each fresh PDAC sample and generation of 250 um precision cut tumour slices. (B) Left, densitometry data
displaying expression of CXCL9 in conditioned media of PCTS tissue treated with IgG2 (control) antibody or IGF blocking antibody MEDI-573 for 72
hours, analysed by immunoblotting. Data displayed as fold change compared to the IgG2 control antibody of CXCL9/Ponceau loading control. n=3,
*P < 0.05 using one-sample t test. Right, representative immunoblotting analysis of PCTS CM, using ponceau as loading control. (C) Migration of
Jurkat T cells through a 5 pm transwell insert towards PCTS conditioned media was measured after 15 hours using a haemocytometer. Conditioned

10.3389/fimmu.2024.1382538

media was generated from PCTS samples treated with IgG control antibody (100 pg/ml) or IGF-blocking antibody MEDI-573 (100 pg/ml) for 72
hours. (D) Data are presented separately for each patient displaying the number of migratory Jurkat T cells as a fold change compared to the IgG
control treated PCTS conditioned media AFTER 15 hr. n=5. (E) Immunofluorescent staining of CD8 (green) and nuclei (blue) in formalin fixed
paraffin embedded tissues from day O control PCTS samples, or PCTS samples treated with IgG2 (control) antibody or IGF blocking antibody MEDI-
573 for 72 hours. Scale bar 50 pm. (F) Immunofluorescent staining of CD8 (green), cleaved caspase 3 (red) and nuclei (blue) in formalin fixed paraffin
embedded tissues from PCTS samples treated with IgG2 (control) antibody or IGF blocking antibody MEDI-573 for 72 hours. Scale bar 50 pm.

(G) Immunofluorescent staining of CD8 (green), ki67 (red) and nuclei (blue) in formalin fixed paraffin embedded tissues from PCTS samples treated
with 1gG2 (control) antibody or IGF blocking antibody MEDI-573 for 72 hours. Scale bar 50 um. (H) Quantification of CD8" T cells in Day O control,
IgG control treated and anti-IGF treated PCTS samples. Data displayed as fold change of CD8" T cells among all cells compared to day 0 control
slices. A total of 3-4 fields of view counted/slice, n= 4 slices per treatment group, ns; P > 0.05, **P < 0.01 one-way ANOVA Bonferroni's multiple
comparison post hoc test. (I) Quantification of CC3* CD8" T cells and Ki67" CD8" T cells in IgG control treated and anti-IGF treated PCTS samples.
Data displayed as fold change of either CC3" CD8" T cells or Ki67* CD8" among all CD8" T cells compared to IgG control treatment. A total of 3-4
fields of view counted/slice, n= 6 slices per treatment group, ns; P > 0.05 using two-way ANOVA with Bonferroni's multiple comparisons test.

(J) Picrosirius red staining of collagen fibres in formalin fixed paraffin embedded tissues from PCTS samples treated with 1gG2 (control) antibody
(top) or IGF blocking antibody MEDI-573 (bottom) for 72 hours. (K) Quantification of picrosirius red staining in PCTS samples. Data displayed as fold
change in picrosirius red area over total area stained compared to IgG control treatment. n=4, *P < 0.05 using one-sample t test.

transcriptional increases in GZMB encoding the serine protease
Granzyme B (44). This is in direct contrast to our in vivo findings
where we observe no changes in CD8" T cell survival (cleaved
caspase 3), proliferation (Ki67) or function (CD69, Granzyme B) in
response to IGF blockade. In support of this in vivo data we also
observe no differences in CD8" T cell survival (cleaved caspase 3) or
function (IFN-y) in vitro when T cells are grown in IGF-inhibited
fibroblast conditioned media. This discrepancy likely owes to the

inherently vastly differing TMEs of both the PDAC liver metastatic
site and the primary PDAC site (96, 97).

Building on these findings our study explores the effects of IGF
blockade on the TME at a more mechanistic level providing
convincing data to show that inhibition of the IGF signalling axis
promotes CD8" T cell recruitment to PDAC tumours, at least in
part through increased CXCL9/10 production by tumour associated
macrophages and fibroblasts (Figure 6). IGF blockade inhibits
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phosphorylation/activation of STAT3, which attenuates pSTAT3
repression of STATI, increasing its transcriptional activity and
thereby inducing the expression of both Cxcl9 and CxclI0. In
addition, we provide evidence to show that IGF blockade inhibits
CAF collagen deposition, potentially facilitating CD8" T cell
infiltration into the PDAC TME (Figure 6).

In support of our findings, a recent study by Shang et al. has
shown that inhibition of TRIB3 signalling increases CD8" T cell
accumulation in colorectal tumours in a similar STAT3/STAT1/
CXCL10 dependent mechanism (71). The authors had previously
demonstrated a role of TRIB3 in promoting STAT3 phosphorylation/
activation in NSCLC (98), with targeted therapeutic degradation of
TRIB3 promoting STAT1 protein stability and resultant CxclI0
transcription (71). This ultimately led to an increase in CD8" T cell
accumulation within colorectal tumours and potentiated the effects of
PD-1 based immune checkpoint inhibition. With the majority of
colorectal cancer patients displaying “immunologically cold” tumours
and poor response to ICIs (99), this represents an exciting therapeutic
angle: turning “cold” tumours “hot” through increased recruitment of
CD8" T cells provides a platform to increase efficacy of ICIs in the
context of cancers which have traditionally shown limited response
such as colorectal carcinoma and PDAC.

Indeed, the link between CXCR3 ligands, including both CXCL9
and CXCL10 in promoting anti-tumour immunity is becoming
increasingly recognised, with their expression correlating with
improved patient responses and sensitisation to immune checkpoint
blockade in pan-cancer studies (60, 100, 101). Additionally, the role of
CXCL9-expressing TAMs in the recruitment and positioning of
functional CD8" cytotoxic T cells has been shown to be increasingly
important in orchestrating an effective anti-tumour response, and has
been the focus of a recent review by Marcovecchio et al. (102).
Furthermore, a recent study redefines macrophage polarity on the
basis of their expression of CXCL9 and SPP1, as opposed to traditional
“M1” and “M2” markers, with this signature displaying prognostic
significance across multiple cancer types (103).

The clinical relevance of our study is strengthened by incorporating
a human ex vivo model of PDAC which we employ to faithfully
reproduce both our in vitro and in vivo findings. However, since IGF
blockade alone provides only limited efficacy, future studies should
evaluate the therapeutic potential of combining IGF inhibition with ICI
and chemotherapy. Given that ~50% of CD8" T cells remain positive
for PD-1 after IGF blockade, despite their increased intra-tumoral
accumulation, a concomitant inhibition of the PD-1/PD-L1 signalling
axis alongside anti-IGF treatment and chemotherapy would be a logical
combinatory approach to be explored in future studies. In addition, a
recent study evaluating melanoma tumours utilising multiplexed
imaging mass cytometry with RNAscope in situ hybridisation
revealed that Cxcl9 and Cxcll0 rich milieus also contain high
densities of LAG3™ CD8" (104). Whilst the expression of the
exhaustion marker LAG3" was not evaluated in the present study,
this could represent another logical target of combinatory anti-IGF and
ICI treatment. Given that aberrant IGF signalling is implicated in a
multitude of solid malignancies, further studies should also see if this
immunomodulatory role in regulating CD8" T cell recruitment to
tumours is conserved across multiple cancer types. Additionally, the
decreases in fibroblast collagen deposition in vitro as well as the
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decreases in CAF Collal and Colla2 upon IGF blockade are
recapitulated in our ex vivo culture of primary patient PDAC tissues.
This could suggest an additional role for IGF signalling in regulating
ECM proteins within the TME, with IGF blockade potentially
facilitating CD8" T cell infiltration through a decrease in collagen
deposition, which should be further explored by future studies.
Overall, inhibition of the IGF signalling axis promotes TAM
and CAF production of CXCL9/10 to facilitate CD8" T cell
recruitment to PDAC tumours. The development of strategies to
enhance T cell trafficking towards the tumour is fundamental to
improving therapeutic response to immunotherapy (105).
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Osteosarcoma has a unique tumor microenvironment (TME), which is
characterized as a complex microenvironment comprising of bone cells,
immune cells, stromal cells, and heterogeneous vascular structures. These
elements are intricately embedded in a mineralized extracellular matrix, setting
it apart from other primary TMEs. In a state of normal physiological function,
these cell types collaborate in a coordinated manner to maintain the homeostasis
of the bone and hematopoietic systems. However, in the pathological condition,
i.e., neoplastic malignancies, the tumor-immune microenvironment (TIME) has
been shown to promote cancer cells proliferation, migration, apoptosis and drug
resistance, as well as immune escape. The intricate and dynamic system of the
TIME in osteosarcoma involves crucial roles played by various infiltrating cells, the
complement system, and exosomes. This complexity is closely associated with
tumor cells evading immune surveillance, experiencing uncontrolled
proliferation, and facilitating metastasis. In this review, we elucidate the
intricate interplay between diverse cell populations in the osteosarcoma TIME,
each contributing uniquely to tumor progression. From chondroblastic and
osteoblastic osteosarcoma cells to osteoclasts, stromal cells, and various
myeloid and lymphoid cell subsets, the comprehensive single-cell analysis
provides a detailed roadmap of the complex osteosarcoma ecosystem.
Furthermore, we summarize the mutations, epigenetic mechanisms, and
extracellular vesicles that dictate the immunologic landscape and modulate
the TIME of osteosarcoma. The perspectives of the clinical implementation of
immunotherapy and therapeutic approaches for targeting immune cells are also
intensively discussed.

KEYWORDS

osteosarcoma, tumor-immune microenvironment, immune landscape, mutations,
epigenetics, extracellular vesicles

173 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1394284/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1394284/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1394284/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1394284/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1394284/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2024.1394284&domain=pdf&date_stamp=2024-09-18
mailto:parunya.chaiyawat@cmu.ac.th
https://doi.org/10.3389/fimmu.2024.1394284
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.2024.1394284
https://www.frontiersin.org/journals/immunology

Orrapin et al.

1 Introduction

Osteosarcoma is the most common malignant bone tumor,
primarily affecting children and adolescents. It is a highly aggressive
tumor that commonly results in patient mortality due to metastasis (1).
However, this therapeutic approach is limited by metastatic or relapsing
osteosarcoma as the current regimen is not entirely curable.
Approximate 5-year survival rates are greater than 78% for localized
disease, whereas it drops to 20-25% in those who develop
chemotherapeutic resistance, metastasis, and recurrence (2-5). Despite
therapeutic efforts, there has been minimal improvement in effective
treatment options and clinical outcomes for individuals affected by
osteosarcoma (6, 7). This challenge arises from multifactorial molecular
mechanisms likely involved in drug targets and the development of
resistance (8). Consequently, there is an urgent need to consider new
therapeutic strategies to effectively eliminate osteosarcoma, especially in
the case of metastatic osteosarcoma, and circumvent resistance.

The use of cancer immunotherapy in conjunction with traditional
osteosarcoma management has aimed to improve the quality-of-life
outcomes in osteosarcoma patients. Strategies involving macrophage
modulation, dendritic vaccination, activation of immune-modulating
cytokines, immune checkpoint blockade, adoptive cell therapy [such as
chimeric antigen receptors (CARs) and T lymphocyte receptors
(TCRs)], and combinational immunotherapy have become a focal
point in tumor (9, 10). The tumor-immune microenvironment
(TIME) plays significant roles in determining the efficacy of cancer
immunotherapy (11). This complex ecosystem consists of various
components, including malignant cells, endothelial cells, tumor-
infiltrating immune cells, and stromal cells, each serving distinct
functions. For instance, the types, activity, and quantities of immune
cells within the TIME significantly influence the response to cancer
immunotherapy. Cytokines and chemokines in the TIME modulate
immune cell recruitment, activation, and suppression. Tumor-derived
exosomes can carry immunosuppressive molecules that inhibit
immune responses. Metabolites produced in TIME can impair
immune cell function, support the growth and dissemination of
osteosarcoma cells, and contribute to the emergence of drug resistance.

The presented data emphasize the need to study the immune
system within the biology of osteosarcoma and gain an
understanding of its comprehensive effects, potentially contributing
to the successful implementation of novel immunotherapy. In this
review, we summarize the immunological landscape existing within
osteosarcoma tissue tumors, exploring specific hallmarks modulating
the TIME and their clinical implications. We present a future
perspective and outlook for novel immunotherapeutic strategies in
osteosarcoma, considering the current knowledge centered around
the immune microenvironment.

2 The immune landscape and tumor-
immune microenvironment
of osteosarcoma

Osteosarcomas are malignant tumors that develop in the long
bones of the limbs, including the femur, tibia, and humerus, and
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have special molecular and biological characteristics (12). Bone
contains a highly specialized immune milieu and immune signaling
pathways that are crucial for bone homeostasis. The immune
microenvironment within osteosarcoma predominantly consists
of T lymphocytes and macrophages, with additional subgroups
such as B lymphocytes and mast cells also present. Osteosarcoma
has an immunosuppressive TIME characterized by low T-cell
infiltration. Overall, osteosarcoma samples have intermediate
median immune infiltration scores (ESTIMATE) compared with
melanoma and lung cancer, which have high ESTIMATE scores
and respond well to immune checkpoint inhibitors (ICIs). Studies
of the ICGC and TARGET cohorts show that 10-15% of
osteosarcoma samples have high immune infiltration with high
ESTIMATE scores. However, osteosarcoma cases with a T-cell
presence exhibit low T-cell receptor productive clonality and low
activity. T-cell activity reaches a maximum of 0.3 in comparison
with normal skin (0.15), with a lack of T-cell clonal diversity and
low T-cell clonotypes (<100).

The association between the TIME and clinical outcomes of
osteosarcoma has been widely studied through the analysis of gene
expression profiles in immune cells, immunohistochemical
examination of archived samples, and single-cell RNA sequencing
analysis of osteosarcoma tissues. In osteosarcoma, tumor
antagonizing immune cells, particularly activated CD4+ T cells,
activated CD8+ T cells, central memory CD4+ and CD8+ T cells,
M1 macrophages, natural killer (NK) cells, and tumor-associated
neutrophils (TANs) are detected at relatively lower levels in patients
with shorter survival rates (13-17). B cells, with controversial roles
in cancer, are found at lower levels in patients with poor prognoses
(13, 18). Among these infiltrating immune cells, the levels and
characteristics of macrophages and T cells are significantly related
to key events in the poor prognosis of osteosarcoma, including
metastasis and chemoresistance. Decreased M1 macrophage
infiltration is observed in metastatic lesions of osteosarcoma and
is significantly related to worse overall survival and disease-free
survival (19, 20). Increased infiltration of CD4+ T cells, follicular
helper (Tth) cells, and CD8+ T cells is found in patients who
respond well to chemotherapeutic treatment (21, 22). Higher levels
of memory activated CD4+ T-cell infiltration are associated with
better survival outcomes (23). The TIMEs of osteosarcoma are
summarized in Figure 1.

2.1 Monocytes and tumor-
associated macrophages

Monocytes play a crucial role in the TIME, acting as a link
between the innate and adaptive immune systems during cancer
development (24). They exhibit diverse functions in both pro-
tumoral and anti-tumoral immunity, such as phagocytosis,
lymphocyte recruitment, angiogenesis, and differentiation into
TAMs and monocyte-derived dendritic cells (DCs). Two subtypes
of monocytes, classical (CD14+CD16-) and non-classical (CD14-
CD16+), show distinct functions in osteosarcoma. In primary
osteosarcoma tissues, classical (CD14+D16-) monocytes with an
overexpression of VCAN and S100A8/9/12 exhibit pro-
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The tumor-immune microenvironment of osteosarcoma identified by single-cell RNA sequencing analysis based on primary, locally recurrent, and

metastatic disease.

inflammatory functions, whereas the non-classical (CD14-D16+)
monocytes with high levels of CDKNIC, LILRB2, TGAL, and
CX3CRI expression exhibit the anti-inflammatory effects (25).

The phenotypes of TAMs are linked to clinical outcomes in
osteosarcoma. TAMs expressing CD14 or CD163 are associated with
improved overall survival and metastasis-free survival in multiple
osteosarcoma cohorts (25). However, the relationship between
increased CD68+ TAMs and clinical prognosis in osteosarcoma
patients is controversial. Elevated CD68+ TAMs are linked with
either better overall survival or poorer (26) 5-year event-free survival
(25). Interestingly, TAMs expressing both CCL18 and CD68 are
correlated with lung metastasis and a worse prognosis (27).

TAMs in osteosarcoma consist of a heterogeneity of
subpopulations, classified as anti-tumor M1-prolarized
macrophages and pro-tumor M2-prolarized macrophages. TAMs
infiltrate massively into osteosarcoma tissues and specific
subpopulations are involved in a wide range of tumor progression
pathways. Primary osteosarcoma tissues consist of high infiltration
M2-prolarized TAMs. Liu et al. classified TAMs in treatment-naive
osteosarcoma based on the expression of FABP5, NR4A3, TXNIP,
IFIT1, MCMS5, and MKI67 (25). They found that TXNIP+ TAMs
exhibited M2 polarization with a high expression of M2 markers
(MERTK, MRCI1, STABI, and CDI163), whereas IFIT1+ TAMs
displayed M1 polarization, regulated by STAT1 and characterized
by an increased expression of IFN signaling and proinflammatory
genes (CCL2, CCL3, CCL4, CXCL9, CXCL10, and TNF). M1-TAMs
interacted with Tregs and exhausted CD8+ T cells through ligand
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receptors like LGALS9, PDCDILG, CD274, and SP1. Zhou et al.
also identified a high proportion of M2-like TAMs (CD163, MRCI,
MS4A4, and MAF) in primary osteosarcoma patients receiving
chemotherapy (28).

Hybrid TAM phenotypes also exist, indicating the plastic nature
of TAMs in the TIME of osteosarcoma. Liu et al. found that NR4A3
+ cells, identified as M2-TAMs in primary naive osteosarcoma
lesions, express both M1 and M2 phenotypes simultaneously (25).
By inferring cellular trajectory, it was found that these NR4A3+
TAMs originate from FABP+ TAMs, forming a branched structure
into M1 (IFIT1+ cluster) or M2-TAMs (NR4A3+ and TXNIP+
cluster). Lipid metabolism plays a role in regulating the M1/M2
polarization switch through multiple cellular pathways. The
lipogenic phenotype of TAMs may serve as a metabolic hallmark
influencing tumorigenesis and cancer progression in primary
osteosarcoma. Correspondingly, genes associated with lipid
metabolism are reported to correlate with the TIME and
prognosis in osteosarcoma patients (29). The presence of immune
cells with a high lipid metabolic profile is associated with poor
prognoses in osteosarcoma patients (30).

2.1.1 The roles of TAMs in chemoresistant and
immunosuppressive mechanisms
of osteosarcoma

Activated TAMs, particularly under neoadjuvant treatment,
decrease the sensitivity of osteosarcoma cells to drugs by
inhibiting tumor apoptosis and promoting cell survival (31). This
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effect is attributed to the secretion of IL1f} by TAMs, which leads to
the upregulation of IL1IR1 and ILIRAP expression in osteosarcoma
cells (Figure 2). IL1P treatment has been shown to reduce the
sensitivity of osteosarcoma cells to chemotherapeutic agents in
animal studies. Interestingly, IL1B secretion is triggered by the
cascade signals from neoadjuvant treatment, promoting the
assembly of inflammasomes in TAMs and activating the caspase
pathway that induces the secretion of IL1{3. Furthermore, TAMs are

10.3389/fimmu.2024.1394284

among the main immune cells expressing PD-L1 in the TME (32).
The PD-1-PD-L1 signaling pathway is well-known for its impact on
T-cell exhaustion and the reduction of T-cell function. ICIs, such as
PD-1 or PD-L1 inhibitors, are the mainstay of immunotherapy in
cancer treatment. The expression of PD-L1 and M2 polarization of
TAMs are induced by MerTK-mediated efferocytosis, a critical
macrophage function involved in clearing apoptotic bodies
(Figure 2) (32). Blocking the MerTK-mediated efferocytosis
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FIGURE 2

Roles of TAMs in chemoresistance, immunosuppressive mechanisms, and the metastasis of osteosarcoma.

Frontiers in Immunology

176

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1394284
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Orrapin et al.

pathway significantly suppresses osteosarcoma progression and
immune tolerance. Therefore, inhibiting MerTK could be an
effective approach to enhance osteosarcoma immunotherapy.
Another immunosuppressive mechanism of TAMs involves the
role of CD163+ M2-polarized TAMs in T cell exhaustion (33).
CD163+ M2-polarized TAMs secrete immunosuppressive
cytokines, such as IL-10 and TGF-B, which inhibit T-cell
activation and proliferation, leading to T-cell exhaustion.
Furthermore, CD163+ M2-polarized TAMs can express PD-L1,
which induces an exhausted T-cell phenotype characterized by
reduced cytokine production and proliferative capacity. Han et al.
reported high levels of the exhausted T-cell subset in osteosarcoma,
TIM-3+ PD-1+ T cells, correlated with the frequencies of CD163+
M2-polarized TAMs and tumor IL-10 concentration (33).
Depletion of CD163+ M2-TAMs effectively increased T-cell
proliferation and the production of proinflammatory cytokines.

The presence of CD163+ TAMs has been reported in various
types of solid cancers with similar effects on the induction of T-cell
exhaustion. In colorectal cancers, a high expression of CD163 on
PD-L1 positive TAMs results in increased CD4+ lymphocyte
infiltration, which contributes to upregulate PD-1 expression and
the mediated PD-1/PD-L1 axis (34). In melanoma, CD163+ TAMs
inhibited the recruitment of antitumor CD8+ T cells by suppressing
the accumulation of Ly6C+, Nr4al™® monocytes (MNs) and
CD11c™ inflammatory TAMs (iTAMs). Upon depletion of
CD163+ TAMs, there was a rapid mobilization of Ly6C+,
Nr4al™® MNs, leading to an increased presence of CD11c™
iTAMs. These iTAMs, in conjunction with CD4+ T cells,
provoked the recruitment and activation of antitumor CD8+ T
cells (35).

2.1.2 The roles of TAMs in angiogenesis

Angiogenesis is a crucial mechanism enabling cancer cells to
survive and metastasize to distant organs. In osteosarcoma, it has
been observed that IL-34 can promote M2 macrophage polarization
of osteosarcoma TAMs and induce angiogenesis (36). The
association of angio-TAMs, characterized by high expression
levels of angiogenic markers, has been identified in pre-
chemotherapy biopsies from primary osteosarcoma lesions with
and without metastasis (37). The frequency of angio-TAMs
demonstrates a significant correlation with the malignant
phenotype of osteosarcoma, with genes associated with angio-
TAMs involved in biological processes linked to the malignant
progression of tumors (38). Consistent with previous findings, the
analysis of multiple datasets indicates that as the expression pattern
of angiogenesis genes increases, the malignant degree of
osteosarcoma also increases (39). Interestingly, a comprehensive
quantification of the angiogenesis state may accurately differentiate
prognosis, metastasis, and the therapeutic response for
osteosarcoma patients.

2.1.3 The roles of TAMs in the metastasis
of osteosarcoma

The roles of TAM:s in osteosarcoma metastasis primarily occur
through the production and secretion of various cytokines and
chemokines. The frequency of TAMs is higher in metastatic lesions

Frontiers in Immunology

10.3389/fimmu.2024.1394284

than in corresponding primary lesions (40, 41). TAM-derived
molecules, such as IL-1f and C-C motif chemokine ligand 18
(CCL18), significantly promote osteosarcoma metastasis (41). IL-
1P secreted by M2-TAMs supports osteosarcoma metastasis via the
RASSFIA-Wnt pathway (41). RASSF1A is a direct target of miR-
1810-5p. Therefore, the RASSF1A-Wnt pathway could be targeted
by miR-1810-5p and affected by nuclear factor-kappa B (NF-kB).
CCL18 secreted from TAMs promotes osteosarcoma cell
proliferation and migration via the EP300-UCA1-Wnt-[-catenin
pathway (Figure 2) (27). CCL18 levels increased in the
osteosarcoma tissues and serum of patients associated with lung
metastasis. Furthermore, TAMs promote osteosarcoma cell
metastasis through the stimulation of the epithelial-mesenchymal
transition (EMT) of osteosarcoma cells via activation of the COX-2-
STATS3 axis (40). The inhibition of COX-2 suppresses the metastasis
of osteosarcoma cells in both in vitro and in vivo studies.
Osteosarcoma cells also secrete colony-stimulating factor-1
(CSF1), which can stimulate ERK1/2 phosphorylation in bone
marrow-derived macrophages (BMDMs), polarize BMDMs
toward an M2 (TAM-like) phenotype, and promote BMDM
chemotaxis (Figure 2) (42).

Osteosarcoma cells and TAMs communicate through the
secretion of exosomes. Osteosarcoma cells increases the
polarization of M2 TAMs, and exosomal miR-221-3p, secreted
from M2-TAMs, further exacerbates the proliferation, migration,
and invasion of osteosarcoma cells (43). Notably, SOCS3 is a target
of miR-221-3p. The upregulation of miR-221-3p decreases SOC3
levels and activates the JAK2-STAT3 pathway. In addition,
exosomes secreted from the osteosarcoma cell line can induce M2
polarizations of TAMs through the regulation of the expression of
T-cell immunoglobulin and mucin domain (Tim) family proteins,
particularly Tim-3, which promotes the migration, invasion,
epithelial-mesenchymal transition (EMT), and lung metastasis of
osteosarcoma cells (44).

2.2 Dendritic cells

DCs serve as efficient antigen-presenting cells and play a crucial role
in orchestrating T-cell-mediated antitumor responses. DCs account for
less than 5% of the total tumor-infiltrating myeloid cells in the TIME of
osteosarcoma. A subcluster of DCs in osteosarcoma has been reported
for their anti-tumor functions. Conventional DCs (cDCs) in primary
osteosarcoma can be classified into two subsets: cDC1 (CLEC9A+ and
XCR1+) and cDC2 (CDl1c+, CLEC10A+, and FCER1A+) (25). Both
subsets are widely recognized as key orchestrators of immune responses
to cancer. Further characterization of four DC subclusters based on
CD14/CD163, cDC1, cDC2, and CCR7 marker positivity demonstrates
a higher number of ¢cDC2 found in the TME of metastatic lung lesions
than in primary and recurrent osteosarcoma (28). Furthermore, the
CCR7+ DC subset specializes in directing DC mobilization to lymphoid
organs and exhibits increased migratory speed, potentially indicating a
close association with the metastatic potential of osteosarcoma (28). The
chemokine receptor CCR7, expressed by cDCs, increases their
migratory abilities from peripheral tissues to lymphoid organs, where
these cells can elicit T-cell activation (45). Additionally, CCR7 employs

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1394284
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Orrapin et al.

distinct signaling pathways (such as PI3K-Akt, MAPKs, and RhoA)
downstream to regulate the biased functionality of DCs, chemotaxis,
controlling migratory speed, cytoarchitecture, and endocytosis (46).
CCR7 and its ligand might be the key players that are closely related
to metastatic sites and their axis regulates local anti-tumor activity as a
means of controlling immune cell trafficking to tumors.

An analysis of a single-cell atlas of osteosarcoma and myeloid
cells revealed that mature immunoregulatory dendritic cells
(mregDCs), which are abundant in osteosarcoma samples, play a
significant role in suppressing antitumor immunity in osteosarcoma
(47). The mregDCs, expressing CCR7, LAMP3, and CD83, interact
with Tregs through CD274-PDCD1 and PVR-TIGIT signaling, as
well as their physical juxtaposition. The role of mregDCs in recruiting
Treg cells, leading to an immunosuppressive microenvironment, has
been observed in various cancer types (48). Studies in other cancers
have demonstrated that mregDCs exert immunosuppressive
functions by promoting the migration of Treg into the TME and
interact with Treg through CCR4 binding and the CXCL9/10-CXCR3
axis, among other mechanisms.

2.3 Tumor infiltrating lymphocytes

The heterogeneity of TILs clearly suggests their role in shaping
and controlling interactive networks with other cells in the TIME.
Phenotypic studies and the quantification of TIL subsets have
demonstrated the immune system’s capacity, implying their
involvement in modulating cancer progression and predicting
responses to immunotherapies. scRNA-seq analysis of osteosarcoma
tissues revealed that CD4-/CD8- (double negative; DN) T cells were
one of the major types of lymphocytes, frequently observed in TILs of
primary and advanced osteosarcoma tissues (25, 28). Cheng et al. also
indicated that DN-TILs occupy the initial position in the trajectory
plot and differentiate into CD4+ T cells and regulatory T cells
(Tregs) (49).

2.3.1 Effector T cells

Accumulative evidence emphasizes the predominant
infiltration of exhausted CD8+ T cells in primary osteosarcoma
tissues. Metastatic and recurrent osteosarcoma lesions exhibit a
lower proportion of CD4+ and CD8+ TILs than primary lesions
(28). In naive primary osteosarcoma, the CD8+ T-cell subcluster is
highly observed among tumor-TILs, further characterized based on
the relative expression levels of cytotoxic-associated genes and
regulatory factors. The C1_CD8+ subcluster represented naive
CD8+ T cells, displaying a high expression of JUND and FOSB,
and a low expression of cytotoxicity genes (GZMK, GZMA, GZMB,
and PRF1). The C2_CD8+ subcluster exhibited T-cell exhaustion
signatures, expressing immune checkpoint-related genes (PDCDI,
CTLA4, LAG3, TIGIT, and HAVCR2), CXCL13 chemokine, and
tissue-resident genes (ITGAE and ITGAI). This dysfunctional
subpopulation was also evident in advanced osteosarcoma
lesions, marked by an elevated expression of T-cell exhausted
inhibitory receptors (TIGIT and LAG3) (28). Finally, the
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C3_CD8+ subcluster represented cytotoxic T lymphocytes,
characterized by the expression of CD69 and co-stimulatory
genes, along with the TNF signaling pathways. Additionally,
CD4+ TILs were uniquely observed by relatively high expression
levels of cytotoxic GZMA and co-stimulatory molecules, including
TNFRSF14, TNFRSF25, and ICOS5 (28). This concomitant
expression suggests their ability to stimulate the cytotoxic
activities of neighboring T cells.

2.3.2 Regulatory T-cells

In the TIME, Tregs play a critical role in the evasion of
immunological surveillance and reducing responses to
immunotherapy. Intratumoral Tregs impair effector T-cell
functions by producing the inhibitory cytokines IL-10 and IL-35,
delivering bioactive TGF-3 and inducing the apoptosis of effector T
cells by depleting IL-2 via high-affinity IL-2Ra (CD25) (50). Indirect
suppressive mechanisms involve the elimination of antigen-MHCII
and CD80-CD86 through TCR and CTLA-4-mediated
transendocytosis and trogocytosis events (50). The reverse
signaling of CTLA-4 can induce the activation of the indoleamine
2,3-dioxygenase activity of APC to suppress the function of effector
T cell (51). The study of the heterogeneity and immunosuppressive
function of Tregs in naive primary osteosarcoma demonstrated
greater Treg infiltration than in normal bone, with a positive
expression of FOXP3, CD4, CTLA-4, and TIGIT in Tregs (49).
The abundant expression of TIGIT in Tregs is consistent with a
previous study that identified TIGIT as widely present in various
TIL subsets but most abundant in the Tregs of osteosarcoma (28).
Interestingly, hallmark pathways involved in tumorigenesis and
progression, such as oxidative phosphorylation, angiogenesis, and
the mTORCI pathway, were highly activated in Tregs from
osteosarcoma tissues (49).

2.3.3 B cells

Although only a very small proportion of B cells resided in the
TIME, scRNA-seq analysis revealed unique heterogeneity in
primary osteosarcoma lesions (25). Liu et al. explored five subsets
of the B-cell population and a diversity of naive, memory B cells,
and plasma cells were observed. The naive CD27- B cell was
identified as follicular B cells expressing MS4A1 and CD79A/B,
the phenotypic subtypes that mostly found lymphoid follicles of
tertiary lymphoid structures (TLSs) of osteosarcoma tumor.
Importantly, the naive B-cell cluster also exhibited IGHD (IgD)
and IGHM (IgM) characteristics. This unique phenotype has a
migratory ability to undergo germinal centers. On the other hand,
memory B-cell clusters that were identified as antibody secretory
cells (expressing MZB1 and SDC1/CD138) showed an elevated
relative expression of IGHG3 (IgG) but low IGHD and IGHM. The
activated IgG memory B cells preferentially differentiate to a plasma
cell fate. Additionally, plasma cells were identified with the high
expression levels of immunoglobulin heavy chains, IGHG1, IGHG2,
IGHA1 (IgA), and IGHA2. This subcluster was committed to
mature plasma cells due to the expression of transcription factor
PRDM1/Blimpl (52).
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2.3.4 Natural Killer cells

NK cells are a class of innate lymphoid cells that are recognized
as non-specific cytotoxic immune cells. They possess the ability to
control tumor growth and metastasis without requiring prior
activation or sensitization (53). NK cells can eliminate cancer
cells through complex mechanisms: releasing cytotoxic granules
containing perforin, granzymes, and granulysin; generating
cytokines (such as IFN-y and TNF-o) to activate antitumor
immunity; and death ligands, such as Fas ligand (FasL) and TNF-
related apoptosis-inducing ligand (TRAIL) (54).

In osteosarcoma, NK cells were identified as a common TIL
subset that could be classified into two subclusters based on their
NK cell marker expression (NKG7 and GNLY) (28). One
subcluster, expressing the T-cell markers CD3D and CD8A, was
classified as NK T cells. These cells showed activation and a strong
expression of GZMB, GZMA, and IFN-7, indicating tumor
cytotoxicity in osteosarcoma. The other subcluster, classified as
NK cells, had only a small fraction expressing GZMB, IFN-7, and
PRF1, suggesting a non-activated state in osteosarcoma lesions (28).

2.4 Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are immune cells
derived from the myeloid lineage that play a crucial role in the TME
by suppressing the immune response and promoting tumor growth.
MDSCs originate from bone marrow and consist of immature
myeloid cells that fail to develop into mature cells, eventually
differentiating into polymorphonuclear-MDSCs or monocytic-
MDSCs. In osteosarcoma, MDSCs have been reported to heavily
infiltrate the TME (55). The accumulated MDSCs within the TME
suppress T-cell-mediated immune responses through the high
expression of IL-18 and CXCLI12 (55, 56). Furthermore, scRNA-
seq analysis of six treatment-naive osteosarcoma tumors, combined
with a dataset of 22,035 cells from six osteosarcoma tumors,
demonstrated that MDSCs were among the most abundant in the
immunosuppressive milieu, as evidenced by MDSC hallmark genes
(VCAN, CLEC4E, and CSF3R) (57).

2.5 Chondroblastic osteosarcoma cells

Chondroblastic cells have a valuable role in chondroblast-type
osteosarcoma and are predominantly found in chondroid matrix
production with variable cellularity. Four clusters of chondroblastic
osteosarcoma derived from primary, recurrent, and lung metastasis
were characterized based on the high expression levels of ACAN,
COL2A1, and SOX9 and their distinctive gene expression pattern
(28). Among the chondroblastic osteosarcoma cells, the
proliferating malignant chondroblastic osteosarcoma was
identified by the expression of the gene-regulating tumor cell
cycle, including TOP2A, PCNA, TYMS, and MKI67. On the other
hand, two subclusters were hypertrophic chondroblastic cells that
elevated the expression of the MEF2C, PTHIR, and IHH genes.
Gene expression involving the IL-2-STAT5, Hedgehog, and Notch
pathways was higher in heterotypic subcluster I, whereas the IL-6-
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JAK-STAT-mediated inflammatory pathway was highly expressed
in heterotypic subcluster II. Finally, the last subcluster was
described as trans-differentiated cells in which the osteoblastic
differentiation genes, such as RUNX2, SPPI1, and COLIA, were
highly expressed. Gou et al. revealed two subclusters of
chondroblastic cell populations, namely Osteosarcoma_3 and
Osteosarcoma_8, for which the later subcluster was implicated in
tumor invasiveness. Several genes associated with metastasis, such
as COL6AI, COL6A3, and MIF, were found to be highly expressed,
and gene enrichment analysis showed that the PI3K-AKT pathway
was highly activated.

2.6 Osteoblastic osteosarcoma cells

Traditionally, osteosarcomas are mostly derived from
osteoblasts. It is well known that osteoblasts participate in new
bone formation during the bone remodeling process. Many studies
demonstrated that osteoblastic cells are shown to be important
players in the development of osteosarcoma. The comprehensively
analyzed single-cell dataset of treatment-naive osteosarcoma
represented cancer cell subpopulations based on their divergent
phenotypes in primary tissues (25, 58). Liu et al. investigated five
osteoblastic osteosarcoma clusters (C1-C5) that differentially
expressed the genes corresponding to multifaceted physiological
traits, including inflammatory markers, cell-cycle proliferation, cell
metabolism associated with carbohydrate transmembrane
transporter activity and glucose catabolic processes, extracellular
matrix regulation, and ossification (25) Remarkably, osteoblastic-
C1 and C5 displayed the most malignant stage by showing an
increased expression of genes associated with a poor prognosis.
With the same single-cell dataset, Zeng et al. found that the specific
clusters of osteogenic cancer stem cell (CSC)-like tumor cells had a
chemoresistant-related expression profile annotated by bulk RNA
results (58). These subclusters bridged between tumor and non-
tumor cells by stimulating several growth factors to promote
themselves into a proliferative stage. For osteosarcoma patients
receiving chemotherapy, the transcriptional heterogeneity of
malignant osteosarcoma cells showed six subclusters belonging to
osteoblastic lineages in primary, recurrent, and lung metastatic
lesions (28). Osteoblastic-C1 and -C2 typically expressed
proliferation markers with the cell cycle-regulated transcripts of S
phase genes (C1: PCNA, TYMS, and RRM2) and G2/M phase genes
(C2: UBE2C and HMGB?2). Osteoblastic-C3 was functional in
angiogenesis and the IFN-o and IFN-y signaling pathways,
whereas C4 was involved in MYC and oxidative phosphorylation.
Osteoblastic-C5, enriched in the TGF-f, P53, KRAS, and hypoxia
pathways, and C6 displayed a significant increase of myogenesis
and inflammatory responses as well as immune rejection signaling
pathways (58). These subclusters bridged between tumor and non-
tumor cells by stimulating several growth factors to promote
themselves into a proliferative stage.

Transcriptomic profiling of osteoblastic osteosarcoma cells
demonstrated a higher activation of oxidative phosphorylation,
reactive oxygen species, nTORCI, hypoxia signaling pathways, and
MYC gene targets in lung metastases than primary and recurrent
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tissues. Likewise, the hypoxia, TNF-a, TGF-f, IL2-STAT5, and
mTORCI pathways were functionally enriched in recurrent lesions.
These signaling pathways may contribute to osteosarcoma
chemotherapeutic resistance and tumor relapse.

2.7 Osteoclasts

In addition to osteoblasts, osteoclasts play a crucial role in the
pathogenesis of osteosarcoma by mediated osteolysis. Osteoclasts are
unique multinucleated cells responsible for the resorption of bone
during bone homeostasis (59). Osteoclasts dysfunction is associated
with osteosarcoma pathology by which their elevated osteoclast
activity contributes to sustained proliferation and survival (60).
Through scRNA-seq analysis, four clusters of osteoclasts were
dissected in naive primary osteosarcoma tissues, where progenitor
and mature cells were two major subclusters and hypofunctional and
non-functional osteoclasts were minor subclasses (25). According to
the specific gene expression, myeloid markers (CD74, CD14, HLA-
DRA, and MKI67) were highly expressed in progenitor cells but
decreased in mature osteoclasts. Trajectory analysis showed that the
minor osteoclast subpopulations were located at a terminal position
in pseudo-time where the expression levels of osteoclast markers were
decreased. Cellular interaction analysis suggested that the
differentiation of osteoclasts was regulated by osteoblastic cells
through the TNFSF11-TNFRSF11A interaction. Osteoclasts have
been classified into three major types of progenitor, immature, and
mature osteoclasts in advanced osteosarcoma (28). Progenitor
osteoclasts could differentiate into mature osteoclasts and exhibited
a hyperproliferative phenotype due to the high expression of TOP2A.
Immature osteoclasts were positive for osteoclast and myeloid
markers, whereas mature osteoclasts had high osteoclast marker
expression levels compared with progenitor cells. The distribution
of osteoclast clusters was respective to the progressive stage of
osteosarcoma. Interestingly, osteoclast infiltrations were relatively
lower in lung metastases and recurrent lesions than in primary
lesions. The tissue-specific accumulation suggested a significant
burden of osteoclasts in the TIME of advanced osteosarcoma.

2.8 Tumor-associated stromal cells

2.8.1 Stromal mesenchymal stem cell

The diversity of MSC populations were identified based on the
markers CD10, CD90, and CXCL12 by Zhou et al. Clustering analysis
revealed three MSC subsets through the differential expression of
feature genes involved in metastasis and the following mesenchymal
progenitors: NT5E+-MSCs, WISP2+ -MSC, and CLEC11A+-MSC
clusters. NT5E+-MSCs was shown to stimulate angiogenesis and
metastasis, whereas WISP2+-MSCs and CLEC11A+-MSCs were
associated with the promotion of metastasis and differentiation of
mesenchymal progenitors into mature osteoblasts, respectively (28).
Systematically cell mapping by scRNA-seq analysis revealed the
stem-like population in chemotherapy-resistant osteosarcoma
having stem cell marker CD117, MYC oncogene, epigenetic
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regulator JMJD3, and angiogenesis marker VEGFR2. Interestingly,
the JMJD3+/VEGFR2+ subset concomitantly expressed stem cell
markers CD117, indicating its stem cell quiescence. By using
pseudo-time ordering analysis, it was shown that the JMJD3-
VEGFR2 positive subset expressing CD117 potentially
differentiated toward chondrocyte-like or fibroblast-like cell
lineages. This suggested the stem-like/progenitor cells were
involved in the hierarchy of therapy-resistant osteosarcoma. Based
on this evidence, immunofluorescence staining of chemo-resistant
osteosarcoma lesions was further confirmed by the high level of
JMJD3+/VEGFR2+, and double positive cells were observed in the
those tissue samples (61). The inhibition of VEGFR2 and JMJD3
synergistically impeded osteosarcoma cell propagation and
tumor growth.

2.8.2 Cancer-associated fibroblasts

Within the TIME of treatment-naive osteosarcoma tissue
samples, CAFs contribute to the malignant phenotype of
osteosarcoma cells by stimulating the proliferation and invasion
of osteosarcoma cells (25). Based on the expression of the common
CAF gene signature, CAFs formed the distinct subclusters by which
each of them were involved in (1) tumor angiogenesis and invasion
(MMP9 and MCAM) (2), osteoblast proliferation development and
ossification, and (3) cell cycle and cell proliferation. Notably, these
CAFs exhibited heterogeneous gene expression promoting
angiogenetic behavior through ligand-receptor mediating
angiogenic signaling pathways. scRNA-seq analysis by Zhou et al.
also found diverse CAF clusters isolated from advanced
osteosarcoma lesions, which showed remarkably high levels of the
fibroblast markers decorin (DCN) and lumican (LUM) (28). CAF
clusters were sub-categorized into (1) COL14A1+ ACTA2+ matrix
fibroblasts, (2) smooth muscle-like fibroblasts (increased expression
of DES along with the downregulation of ACTA2 and COL14Al),
and (3) a myofibroblast cluster (a high level of MYL9, LUM, and
ACTA2 expression alongside no expression of COL14A1 and DES)
that exhibited strong osteoblast marker expression (IBSP and
SPP1), suggesting their function as an osteoblast-like phenotype.
These findings implied that most CAF subpopulations were
seemingly dysfunctional in advanced osteosarcoma, where they
lack the common functionality genes inherited in the fibroblast.
COL14A1+ matrix fibroblasts and myofibroblast phenotypes were
predominantly found in primary and recurrent osteosarcomas,
whereas smooth muscle-like fibroblasts were foremost in
metastatic lesions. Previously, it was noted that the expression of
ACTA2 was associated with distant metastasis in lung
adenocarcinoma (62) and the clinical response to the ICI of
gastric cancer patients (63). Therefore, ACTA2 expression in CAF
might be a favorable target for osteosarcoma management as a
prognostic biomarker and/or therapeutic target. Furthermore, the
scRNA-seq datasets of naive (GSE162454) and advanced
(GSE152048) osteosarcomas were compared by Huang et al
Across the different tissue sample types, CAF populations of
recurrent lesions had a higher infiltration level than primary and
lung metastatic samples. In this respect, the pathway enrichment
analysis revealed that the EMT pathway was increasingly activated
in the particular CAFs, with a high expression level of lysyl oxidase
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(LOX) genes. LOX expressed by CAFs was associated with immune
infiltration levels and EMT state, which in turn contributed to a
poor prognosis. Further experiments demonstrated that the
upregulated LOX promoted tumor progression, metastasis, and
poor overall survival in different tumors (64-66). Therefore, the
reconstructed analysis suggested LOX as a promising therapeutic

target for recurrent osteosarcoma.

3 Cell-cell communication in the TIME
of osteosarcoma

Within the complex environment of osteosarcoma, intercellular
communication among different cell types plays significant roles in
tumor development and immunosuprression. During osteosarcoma
development, osteosarcoma cells directly influence osteoclasts by
secreting various signaling molecules that shift osteoclast activity
toward disrupting bone, thereby promoting the onset of
osteosarcoma (Figure 3A). These mechanisms include the
activation of osteoclast through TNFSF11-TNFRSFI11A
interaction triggered by TNSF1 secreted from osteoblastic
osteosarcoma clusters (25, 67). TNFSF functions in the bone
induce osteolysis and the differentiation of progenitor cells into

10.3389/fimmu.2024.1394284

mature osteoclasts. Additionally, the interaction of VEGFA
produced by osteoblastic osteosarcoma cells and CAFs can
stimulate endothelial cell proliferation through VEGF receptor
(VEGFR) binding, leading to a new vascular formation that
supports osteosarcoma cell survival (68).

Osteosarcoma cells also play important roles in
immunosuppression within the TME, mainly through the
inhibition of T-cell functions and the induction of macrophage
polarizarion. In this context, the immunoregulatory NECTIN2-
TIGIT interaction between osteosarcoma and CD8+ T cells induces
TIGIT-mediated T-cell suppression by impairing CD8+ T-cell
proliferation and activation (69). This interaction possibly exerted
immunosuppressive activity by blocking co-stimulatory signaling
via the counterpart CD226, which typically modulates anti-tumor
immunity and inflammatory responses (70). Additionally, a
paracrine loop of CSF1 secreted from osteosarcoma cells in the
tumor niche continuously activates M2-TAM, leading to the
differentiation and polarization of macrophages (71, 72), as well
as aggravates tumorigenesis (73).

Other important cells known for their chemoresistant
phenotypes, osteogenic CSCs, exhibit significant roles in
intercellular communication within the TIME of chemo-naive
osteosarcoma tissues (Figure 3B) (58). Osteogenic CSC clusters
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release growth factors (FGF and CTGF) that induce CAF growth
and vascular endothelial formation by binding to their receptors.
CAF clusters can express various cytokines and factors that
stimulate vascularization and trigger angiogenesis (74). These
signal transductions further induce therapeutic resistance and
tumor progression (75, 76). TGFB-1 secreted by osteogenic CSCs
is involved in the regulation of immune cell function through TGF3
signaling effects by inducing monocyte recruitment and activating
them into the M2-TAM state (77). Moreover, TGF-§ and CXCL12
often orchestrate cancer progression by depleting the T-cell
response through the TGFB1-CXCR4 or CXCL12-CXCR4 axes
(78, 79). Osteogenic CSCs also facilitate TAM-mediated IL-1
production. IL-1B release can lead to the transcription of
signaling pathways previously found to promote chemoresistance
in osteosarcoma (31) and initiate a pro-tumoral response
contributing to metastasis (80, 81). These M2-TAM populations,
in turn, definitely support tumor progression.

Apart from the tumor cells, the TIME of osteosarcoma
presents a wide range of immune cell types that largely
contribute to immunosuppressive milieus (Figure 3C). Myeloid
cells constitute the highest proportion of cells in tumor tissues.
MDSCs play an important role in cellular network regulation by
suppressing T-cell-mediated immune responses, which are
relevant to the clinical outcome of cancer (82). MDSC signaling
to exhausted T cells and Tregs has been investigated in the TIME
of osteosarcoma (83). It was shown that the strong interaction
between the GAL9 ligand and its receptor TIM3 on T cells
promotes the apoptosis of CD4+ and CD8+ TILs (84, 85).
Similarly, highly expressed ICAM1/3 in MDSCs, which bind
with ITG receptors (ITGB2, IL2RG, and ITGAL) expressed on T
cells, contributes to the ROS-dependent inhibition of T-cell
activation. This suppressive activity depends on CD11b-
dependent physical contact via cell-cell contact-dependent
mechanisms (86, 87). MDSCs have also been shown to
indirectly suppress T-cell activation by inducing regulatory T
cells. In the osteosarcoma TIME, this occurs through the
interaction of CD86 molecules on MDSCs, which serve as
ligands for CTLA4 on Tregs. The CTLA4-CD80/CD86 signal is
a well-known ICI pathway, in which high-affinity binding limits
the further activation of effector T cells, thereby maintaining the
suppressive function of Tregs. Previous studies reported that
CTLA4-CD80/CD86 signaling maintains homeostatic
proliferation and a regulatory phenotype of Tregs, and anti-
CTLAA4 blockade treatment provides a reversible effect (88, 89).

On the one hand, ligand-receptor interactions were also
identified between TAMs and subsets of T cells. Both MI- and
M2-TAM phenotypes participate in T-cell inhibitory signaling by
regulating Tregs and inducing CD8+ T-cell exhaustion through
chemokine (CXCL9-CXCL10 signaling through CXCR3) and T-
cell immune checkpoint (GAL9-TIM3 and CD274-PDCDI1
signaling) pathways. These signaling pathways are crucial
suppressors of the cytotoxic immune response. Blockade of the
GAL9-TIM3 and CD274-PDCD1 pathways reinvigorates
exhausted T cells and has shown favorable therapeutic efficacy
in various malignancies (90-93).
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4 Mechanisms modulating the tumor-
immune microenvironment
in osteosarcoma

In recent years, there has been growing focus on the TIME as a
potential therapeutic target in osteosarcoma. Understanding the
mechanisms influencing the TIME in osteosarcoma (Table 1) is
crucial for comprehending tumorigenesis, evolution, progression, and
metastasis. This knowledge provides valuable insights for developing
novel therapeutic approaches, including molecularly targeted therapies
and innovative immuno-oncology strategies, by elucidating the
mechanisms that modulate the TIME in osteosarcoma.

4.1 Mutations

The point mutation burden of osteosarcoma is approximately 1.5
per Mb (100), giving it the greatest mutation burden among pediatric
solid tumors but intermediate overall and much lower than other
type of cancers such as melanoma or non-small cell lung cancer.
Recent investigations involving whole-genome sequencing (WGS)
and molecular profiling in osteosarcoma have revealed substantial
occurrences of structural changes in chromosomes, such as
rearrangements due to chromothripsis (ranging from 20% to 89%),
along with the presence of mutation clusters termed kataegis (found
in 50% to 85% of cases). These phenomena contribute significantly to
osteosarcoma heterogeneity but are associated with limited recurrent
alterations that can be clinically targeted (100-102). The association
of osteosarcoma mutational profiles and the TIME includes clusters
of immune cells ranging from low to high levels of immune infiltrate.
High immune infiltrate is associated with an enrichment of tumor-
intrinsic immunosuppressive pathways, indicating the increased
expression of signals that inhibit T-cell activation (PD-L1, CTLA4,
and IFN-y) and the IDO1 molecule involved in immunosuppressive
cell recruitment (95). Conversely, low immune infiltrate is associated
with a greater number of deleted genes, TP53 being among the top-hit
loss genes (95). This observation aligns with recent studies indicating
that high levels of genome aneuploidy in cancer are associated with
lower levels of immune-related markers (103, 104). Furthermore, the
study demonstrates a significant negative correlation between the
expression levels of poly(ADP-ribose) polymerase 2 (PARP2) and
immune infiltrate in osteosarcoma samples (95).

4.2 Epigenetics

Hypermethylation in promoter regions can epigenetically
silence tumor suppressor genes during oncogenesis.
Simultaneously, abnormal DNA methylation in non-promoter
regions significantly contributes to intratumoral diversity. Deyao
S et al. identified three immune methylation patterns (IMPs) that
can be used to construct a signature scoring model based on six
genes (MYC, COLI3A1, UHRF2, MTIA, ACTB, and GBPI) to
predict osteosarcoma prognosis (99). High-IMP_Risk patients
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TABLE 1 Studies of the alteration of the genomic and epigenetic modulation of the tumor-immune microenvironment in osteosarcoma.

Genomic alterations

Study ‘ Population Findings
Pires, S.F et al. (94) o 28 Brazilian treatment-naive osteosarcoma 445 potentially deleterious SNVs/indels and 1,176 copy number alterations
individuals (CNAs). TP53 was the most frequently altered gene.
. « A protein-protein network enrichment revealed biological pathways associated
with immune response and bone development.
Wu, CC et al. (95) o 48 pediatric and adult patients with high-grade o The median immune infiltrate level in high-grade osteosarcoma with poor-risk
osteosarcoma and adverse survival outcome was lower than other cancer types, with concomitant
. low T-cell receptor clonalities.
« High immune infiltrate represents an enrichment of tumor-intrinsic
immunosuppressive pathways
o Low immune infiltrate showed a high number of deleted genes and negatively
correlated with PARP2 expression levels
Xie, L et al. (96) o 12 high-grade osteosarcoma patients with initial « Initial bone metastasis group carried more single-nucleotide variations.
bone metastasis and 26 patients with initial o Initial pulmonary metastasis exhibited structural variants.
pulmonary metastasis « Initial bone metastasis group exhibited better immunogenicity in the
tumor microenvironment.
Liu, R et al. (97) o Normalized sequencing datasets of osteosarcoma o Osteosarcoma disease-related immune cell populations, mainly Mast cells

from Gene Expression Omnibus (GEO), GSE126209
o 11 expression datasets of osteosarcoma tissues
and the 11 datasets of normal adjacent tissues

activated were enriched in osteosarcoma tissue.

« Nine genes with varying levels of immune cell infiltration were associated with
osteosarcoma, four of which, including SORBS2, BAIAP2L2, SNAPC3, and
ZDHHC21, had a greater disease-free survival probability than the high
abundance group.

Epigenetic alterations

Study ‘ Population Findings
Mills, LJ et al. (98) o 24 treatment-naive osteosarcoma individuals « Low abundance of stromal and immune cells in human osteosarcoma samples
were predicted by a custom signature file for CIBERSORT.
o Most methylation clusters showed positive correlations with mesenchymal
stromal cells and were less influenced by immune cell abundance.
Shi, D et al. (99) o Multi-omics data for osteosarcoma patients from o Three immune methylation patterns (IMPs) of osteosarcoma patients were cluster

the Therapeutically Applicable Research to Generate
Effective Treatments (TARGET) and Gene
Expression Omnibus (GEO) databases

based on methylation levels of CpG sites related to immunologic gene sets.

+ Six gene signatures (MYC, COL13A1, UHRF2, MT1A, ACTB, and GBPI) were
constructed to predict osteosarcoma prognosis.

« Osteosarcoma patients in the high-IMP Risk group had higher infiltrations of
potential immunosuppressive cells, higher infiltrations of naive CD4 + T cells, and
lower infiltrations of activated NK cells, potentially leading to an immunosuppressive
TME status and a poor response to ICI therapy.

exhibited aggressive features, with activated MYC targets and
tumorigenesis-related pathways, whereas low-IMP_Risk patients
showed intense immune responses. High-IMP_Risk patients
might have a stronger immunosuppressive microenvironment,
potentially limiting the efficacy of immunotherapy. Additionally,
high-IMP_Risk patients displayed genetic amplifications in
oncogenes, including MYC and MCLI, that might be potential
therapeutic targets for osteosarcoma treatment.
N6-methyladenosine (m6A) is a prevalent RNA modification
crucial for regulating gene expression. Dysregulation of m6A, often
observed in cancer, can alter mRNA stability, splicing, and
translation, leading to oncogenic changes in gene expression
patterns (105). In osteosarcoma, m6A plays multifaceted roles in
the TME. It affects metabolic dysregulation by regulating glycolysis,
influencing glucose uptake, lactate production, and ATP levels
through interactions with circ-CTNNBI1 and RBM15 (106).
Additionally, m6A-associated non-coding RNAs (ncRNAs)
influence the TIME in osteosarcoma, affecting various immune cell
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populations that potentially impact tumor initiation and progression
(107, 108). Yikang et al. demonstrated that TNS1 antisense RNA 1
(TNS1-ASI) and TFPI2 divergent transcript (TFPI2-DT) expressions
were positively correlated with the levels of memory B cells and naive
B cells in osteosarcoma. Their findings also revealed a correlation
between the expression of various long non-coding RNAs (IncRNAs)
and the levels of immune cells that might be involved with the
immunosuppressive microenvironment. Their findings also revealed
a correlation between the expression of various long InRNAs and the
levels of immune cells that might be involved with the
immunosuppressive microenvironment. For instance, LINC00910
expression showed a negative association with CD8+ T cells, and
LINC00538 had a positive correlation with resting dendritic cells but
a negative correlation with activated dendritic cells (107).
Furthermore, the mé6A-related IncRNAs had prognostic
significance: IncRNAs in cluster 1 were associated with lower
survival rates than those in cluster 2, which was notably enriched
with immune plasma cells (108).
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4.3 Extracellular vesicles

Extracellular vesicles (EVs), released by tumor cells, are
membranous structures containing proteins, nucleic acids, and
other biomolecules. These EVs facilitate intercellular
communication within the TIME and with distant cells. Their
role in cancer progression involves the modulation of cellular
processes, the promotion of angiogenesis, immune evasion, and
the creation of a supportive milieu conductive to tumor
advancement (109-111). In osteosarcoma, EVs play a crucial role
in reprogramming various cell types, especially MSCs, within the
TIME (112). The osteosarcoma-derived EVs increase the
angiogenic activities of endothelial cells, induce macrophage
dedifferentiation, and increase the number of osteoclast-like cells
and CAFs in both local and metastatic sites (113, 114).
Furthermore, these EVs can induce a tumor-like phenotype in
non-transformed cells, indicating their involvement in oncogenic
transformation (115). Osteosarcoma EVs have been shown to
promote epigenetic changes in MSCs, which are highly
susceptible to EV-mediated transformation (112). As MSCs are
considered potential cells of origin for osteosarcoma (116), their
reprogramming by osteosarcoma EVs might be an early event in
osteosarcoma development. Baglio et al. elucidated that membrane-
associated TGF-3 was highly observed in exosomes derived from
highly metastatic osteosarcoma. Once internalized by MSCs, it
induced the proinflammatory cytokine IL-6, thereby promoting
pro-metastatic and pro-tumorigenic phenotypes in vivo (117). This
finding highlights the significant role of exosomal proteins in the
development and progression of osteosarcoma.

Tumor EVs carrying tumor-specific antigens (TSAs) and major
histocompatibility complex (MHC) can act as decoys or directly
activate T cells, with improved antigen presentation when
interacting with mature dendritic cells (DCs). This underscores
the complex mechanisms employed by EV's in immune evasion and
modulation within the osteosarcoma microenvironment. The
downregulation of MHC molecules and TSAs poses a significant
challenge in osteosarcoma treatment by hindering the immune
system’s ability to recognize and target cancer cells (118-120).
Tumor EVs carrying TSAs serve as decoys, redirecting anti-tumor
immunity away from cancer cells. These EVs can be taken up by
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immune and non-immune cells, potentially disrupting the immune
response. Interestingly, EVs containing TSA-MHC complexes can
directly activate T cells, and their effectiveness in antigen
presentation is significantly increased when attached to the
surface of mature DCs (119, 120).

5 Therapeutic perspectives

A deepening understanding of the biological characteristics of
osteosarcoma and rapid advancements in understanding the
osteosarcoma-TIME have accelerated the development of
immunotherapies. Promising monotherapy or combination
approaches involving tumor vaccines, ICIs, immunomodulators,
and genetically modified T cells, aim to increase treatment efficacy
while minimizing side effects, offering hope for improved outcomes.
The immune cocktail therapy, which combines various
immunotherapeutic strategies, has shown promise in modulating
the cancer-immunity cycle for more effective osteosarcoma
treatment. We summarize the ongoing or planned clinical
experiments exploring these strategies in Table 2.

Although immunotherapy holds potential for treating
osteosarcoma, its efficacy is currently limited by insufficient T-cell
infiltration and an immunosuppressive TME (121). Oncolytic viruses
have demonstrated potential in overcoming resistance to PD-1
blockade by increasing CD8+ T-cell infiltration (122). Additionally,
angiotensin inhibitors have been proposed to mitigate extracellular
matrix sclerosis, thereby improving tumor responsiveness to
checkpoint immunotherapy in solid tumors (123). Biodegradable
nanoparticles may function as adjuvants, targeting specific sites and
eliciting inflammatory chemokines within the TIME, consequently
promoting T-cell infiltration (124, 125).

6 Conclusion

Overall, the modulation of the TIME in osteosarcoma involves a
complex interplay between genomic, immunologic, and epigenetic
mechanisms, as well as intercellular communication among
different cell types in the TME. Understanding these intricacies at

TABLE 2 Ongoing or planned clinical trials of immunotherapies for osteosarcoma.

Approach Clinical settings Phase NCT
number
PD-1 inhibitor + CTLA-4 inhibitor Recurrent/refractory I+11 NCT02304458 Completed
HER-2 inhibitor + chemotherapy Newly diagnosed/recurrent I NCT04616560 Suspended
B7-H3 CAR T cells Recurrent/refractory solid tumors 1 NCT04483778 Active,
including osteosarcoma not recruiting
GD2 CAR-modified VZV-specific T cells + fludarabine Recurrent/refractory 1 NCT01953900 Active,
+ cyclophosphamide not recruiting
TCRaB+/CD19+ depleted haploidentical HSCT + zoledronate Relapsed with pulmonary or bone metastases 1 NCT02508038 Recruiting
TIL T cells + PD-1 inhibitor + CTLA-4 inhibitor Recurrent/refractory I NCT03449108 Active,
not recruiting
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the single-cell level and within the spatial landscape of the TME is
crucial for developing novel therapeutic strategies, including
targeted therapies and immunotherapies, to improve outcomes in
osteosarcoma treatment.
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