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Abstract

Methylthioadenosine phosphorylase (MTAP) deficiency occurs in various malignancies and is
associated with poor survival in cancer patients. However, the mechanisms underlying tumor
progression due to MTAP loss are yet to be elucidated. Utilizing integrated analyses of

the transcriptome, proteome, and secretome, we demonstrated that MTAP deficiency alters
tumor-intrinsic, immune-related pathways and reprograms cytokine profiles toward a tumor-
favorable environment. Additionally, MTAP-knockout cells exhibited a marked increase in

the immune checkpoint protein PD-L1. Upon co-culturing primary T cells with cancer cells,
MTAP loss-mediated PD-L1 upregulation inhibited T cell-mediated killing activity and induced
several T cell exhaustion markers. In two xenograft tumor models, we showed a modest
increase in average volume of tumors derived from MTAP-deficient cells than that of MTAP-
proficient tumors. Surprisingly, a remarkable increase in tumor size was observed in humanized
mice bearing MTAP-deficient tumors, as compared to their MTAP-expressing counterparts.
Following immunophenotypic characterization of tumor-infiltrating leukocytes by mass cytometry
analysis, MTAP-deficient tumors were found to display decreased immune infiltrates with
lower proportions of both T lymphocytes and natural killer cells and higher proportions of
immunosuppressive cells as compared to MTAP-expressing tumor xenografts. Taken together,
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our results suggest that MTAP deficiency restructures the tumor immune microenvironment,
promoting tumor progression and immune evasion.

Keywords
tumor suppressor; PD-L1; immunosuppression; humanized mice; CyTOF

INTRODUCTION

Advancements in the field of oncoimmunology have revolutionized the progression of
cancer research, especially in the areas of delineating tumor heterogeneity and development
of innovative treatments. Compared to traditional therapies, immune checkpoint inhibitors
(ICls) targeting the PD-1/PD-L1 axis have demonstrated remarkable success across a broad
range of advanced cancer types 14 and have been proven to potentiate more long-lasting
clinically beneficial effects 4. Despite the pronounced advantages of ICls, there are still
many challenges that impede effective clinical treatment and management of disease.
Beyond immune-related adverse events that can occur during treatment, the objective
response rates (ORR) for PD-1/PD-L1 inhibitors only fare around 20%-30% > 6. This
problem is exacerbated by a lack of predictive biomarkers for identifying patients who
would most benefit from ICIs. The issue is further marred by the controversy surrounding
the use of PD-L1 expression as an ICI biomarker, further obfuscating the ability to optimally
select and treat patients with ICls 7+ 8.

One of the potential reasons underlying the low ORR to PD-1/PD-L1 inhibitors may be
attributed to the tumor immune microenvironment 2. “Hot” tumors are characterized by high
T cell density and IFN-vy level, and this immuno-active phenotype has been leveraged as a
biomarker to predict favorable patient response to ICls. In contrast, “cold” tumors contain
low proportions of immune infiltrates, impairing the effective elimination of malignant
cells. Such tumors are also immunologically characterized by higher densities of tumor-
associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), or regulatory
T cells (Tregs), and higher secretion of anti-inflammatory cytokines e.g., IL-10 and VEGF.
Patients with these types of tumors exhibit poor clinical outcomes 10. The dysregulation of
immune responses and recruitment of immune suppressor cells concomitant with cytokine
reprogramming promote an immunosuppressive cellular landscape, ultimately contributing
to unresponsiveness to immunotherapy 1.

Methylthioadenosine phosphorylase (MTAP) is an enzyme involved in the polyamine
biosynthesis pathway, catalyzing the phosphorylation of methylthioadenosine (MTA) for
the regeneration of methionine and adenine 12. In addition to its fundamental function in
metabolism, MTAP also regulates protein arginine dimethylation through modulation of
levels of its substrate metabolite MTA, which has been demonstrated to suppress PRMT5
activity 13-15, Notably, MTAP is frequently deficient in various cancer types 12: 13, In
immunogenic malignancies, such as lung cancer and renal cell carcinoma (RCC), MTAP
loss was associated with worse prognosis partly through upregulating IGF1R activity and
vimentin protein abundance, consequently aggravating tumor progression and malignancy
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16,17 Investigation of the intratumor microenvironment showed elevated level of MTA
compared to adjacent non-malignant tissues 18. This elevation was reported to suppress T
cell proliferation and effector function, NK cell cytotoxicity, and MHC Il transactivation
19-21 implicating a role for MTAP deficiency in tumor immune response. Given the limited
information regarding the role of MTAP in the tumor microenvironment (TME), there is a
great need to elucidate the mechanism underlying MTAP-mediated tumor immunity.

Herein we characterized the transcriptome and secretome of MTAP-deficient tumor cells
to investigate the contribution of MTAP to tumor-intrinsic immune-related pathways.
Following co-culture studies of cancer cells with immune cells, we characterized the
immune cell population in human tumor xenografts in humanized mice through mass
cytometry (CyTOF) analysis. Both our /n vitro and /n vivo studies suggest the specific
contribution of MTAP deficiency in remodeling immune profiles and immune evasion,
bridging knowledge gaps in oncoimmunology and aiding better insights into potential
therapeutic options for patients with MTAP-deficient tumors.

MATERIALS AND METHODS

RESULTS

Detailed information on reagents and antibodies, cell lines and cell culture, RNA sequencing
and pathway analysis, reverse phase protein array, Luminex assays, Western blot assays,
immunofluorescent staining, /7 vivo animal experiments, in vitro PBMC- or T cell-mediated
cancer cell killing assays, PBMCs or tumor-infiltrating leukocyte profile analysis by CyTOF
or flow cytometry, estimation of infiltrated immune population and statistical analysis are
described in the Supplementary Information.

MTAP deficiency alters tumor-intrinsic immune-related pathways

We previously demonstrated the importance of MTAP expression in suppressing epithelial-
mesenchymal transition, invasion, and migration of kidney cancer cells 16. A similar
suppressive phenomenon was also recapitulated in a MTAP-deficient lung cancer cell

line, CL1-5, upon ectopic expression of MTAP. Conversely, aggressive phenotypes were
induced after knockout of MTAP in CL1-0 cells, a MTAP-proficient lung cancer cell line
(Supplementary Figure S1) 17. To further explore the molecular contribution of MTAP
deficiency to these cellular processes, we performed RNA-sequencing on three pairs of
cancer cell lines: 1) mock control (Mock) and MTAP-overexpressing (V5-tagged MTAP)
CL1-5 lung cancer cells; 2) MTAP-intact (MTAP-WT) and MTAP-knockout (MTAP-KO)
CL1-0 lung cancer cells; and 3) MTAP-WT and MTAP-KO 786-0O kidney cancer cells,
followed by Gene Set Enrichment Analysis (GSEA). Analysis of these datasets identified
20 top hallmark gene sets associated with MTAP status (Figure 1A). Of these gene sets,
we noticed several gene sets associated with immune response-regulating signaling such as
TNFa signaling via NFxB, inflammatory response, 1L6-JAK-STAT3 signaling, interferon
7 response, interferon a response, and IL2-STAT5 signaling (Supplementary Figure S2).
Pathway enrichment analysis of differentially expressed genes from MTAP-WT versus
MTAP-KO CL1-0 cells showed that CXCR4, IL-5 and IFN-y signaling pathways were
significantly enriched with MTAP expression (Figure 1B). Likewise, proteomic network
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analysis of reverse phase protein array (RPPA) profiles demonstrated that aberrant immune
responses mediated by tumor-intrinsic signaling pathways (e.g., PI3K/AKT, MEK/ERK, and
JAK/STAT) were noted in MTAP-KO cancer cells (Figure 1C). We further identified several
oncogenic molecules with immune modulatory effects as central hubs of MTAP-mediated
signaling networks (Figure 1D). These results drew our attention to further investigate the
functional ramifications of MTAP deficiency in tumor immunity.

MTAP-deficient cancer cells exert immunosuppressive effects

Tumor-intrinsic signaling pathways have been shown to promote immunosuppression by
induction of immunoregulatory cytokines 22. Given this phenomenon, we utilized Luminex
assays to compare the expression levels of multiple cytokines secreted by MTAP-WT and
MTAP-KO cancer cells. Cytokines with anti-tumor properties including GM-CSF, IL-1a,
IL-1B, IL-12, and IFN-y were abundantly secreted in MTAP-WT cells, while pro-tumoral
cytokines such as RANTES, HGF, VEGF, IL-6, IL-8, and IL-9 were more plentiful in tissue
culture supernatants produced by MTAP-KO cells (Figure 2A and Supplementary Figure
S3A). These taken together suggests that a distinct immunosuppressive cytokine milieu is
present with MTAP-deficient cancer cells.

In addition to a shift in cytokine profiles, tumor cells undergo immune escape through
upregulating the expression of immune checkpoint inhibitory ligands such as programmed
death-ligand 1 (PD-L1). To assess the contribution of PD-L1 on MTAP-mediated immunity,
we first analyzed the protein levels of MTAP-WT and MTAP-KO cells. Both Western blot
(Figure 2B) and immunofluorescence (Figure 2C and Supplementary Figure S3B) assays
demonstrated an elevation of PD-L1 upon MTAP knockout. To confirm that this increased
level PD-L1 was functional, PD-L1 cell surface protein expression was detected by flow
cytometry. Figure 2D shows that cell surface PD-L1 was more abundant in MTAP-KO cells
than that in MTAP-WT cells.

PD-L1 on cancer cells contributes to the hindrance of cytotoxic T cell activation via PD-1
engagement and subsequent deactivation of T cells. With this in mind, we next examined
the role of MTAP deficiency in PD-L1-mediated immunosuppression. Peripheral blood
mononuclear cells (PBMCs) isolated from healthy donors were treated with anti-CD3/CD28
antibodies to activate T cell populations and then co-cultured with either MTAP-WT or
MTAP-KO tumor cells. After co-culturing, the viability of MTAP-KO cells was observed

to be higher than that of MTAP-WT cells (Supplementary Figure S3C). In addition to

the cancer cells themselves, we also examined the T cells after co-culture. We observed
downregulated expression of CD107 and IFN-y, two T cell activation markers, after
incubation with MTAP-KO cells (Supplementary Figure S3D), implying that an interaction
with MTAP-KO cells leads to T cell exhaustion. To assess the role of MTAP on cancer cell
fitness in the tumor immune microenvironment, MTAP-WT or MTAP-KO cancer cells were
co-cultured with unstimulated PBMCs and subjected to flow cytometry for simultaneous
assessment of necrosis and apoptosis. Consistently, a significant reduction in both types of
cell death was observed in MTAP-deficient cells (Figure 2E), suggesting the regulatory role
of MTAP deficiency in immunosuppression.

Immunology. Author manuscript.
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MTAP deficiency attenuated immune responses

Given our observations /n vitro, we next utilized xenograft mouse models to assess the role
of MTAP on immunity /n vivo. This was accomplished through subcutaneous injections

of two pairs of MTAP-expressing and MTAP-deficient lung cancer cells into either
immunodeficient NSG-SGM3 mice or human CD34* hematopoietic stem cell-engrafted
NSG-SGM3 mice (NSG-SGM3 humanized mice). The average volume of tumors derived
from MTAP-deficient cells injected into NSG-SGM3 mice was shown to be modestly
greater than that of MTAP-proficient tumors (Figure 3A and Supplementary Figure S4A).
However, a remarkable increase in tumor size was observed in humanized mice bearing
MTAP-deficient tumors, as compared to their MTAP-expressing counterparts (Figures 3B
and 3C). This observation implies that MTAP-deficient tumors co-opt the immune system to
promote tumor growth.

As PD-L1 was upregulated upon MTAP loss (Figure 2) and the dramatic growth of
MTAP-deficient tumors in NSG-SGM3 humanized mice, we asked if immune checkpoint
inhibitors would be able to effectively target MTAP-deficient tumor growth. To test this, we
subcutaneously injected MTAP-KO CL1-0 lung cancer cells into NSG-SGM3 humanized
mice. After tumors were palpable in all animals, cohorts of mice were randomly divided
and then injected intraperitoneally every 2 days with vehicle or 100 pg atezolizumab, an
anti-PD-L1 antibody, for 21 days (n = 5 mice/group). In our study, we did not observe a
significant amount of growth inhibition seen in the anti-PD-L1 antibody group compared
to the untreated group (Figure 3D), in agreement with previous observations that PD-L1

expression was found to only weakly correlate with response rates to PD-1/PD-L1 inhibitors
7,8

Due to our observations that MTAP-deficient cancer cells were less sensitive to anti-tumoral
immunity and were able to co-opt the immune system in our animal model, we further
investigated the molecular mechanism by which MTAP-deficient cancer cells modulate
immune response. MTAP-WT and MTAP-KO CL1-0 lung cancer cells co-cultured with

or without unstimulated PBMCs were subjected to RNA-sequencing, and the differentially
expressed genes in either MTAP-WT or MTAP-KO cancer cells were further analyzed for
enriched pathways respectively (Supplementary Figure S4B). Within MTAP-WT cells co-
cultured with PBMCs (WT+PBMC), the top-ranked pathways centered on IL-12 signaling
which is exhibited in anti-tumoral immunity 23. In contrast, pathways implicated in cancer
progression were enriched in MTAP-KO cells exposed to PBMCs (KO+PBMC, Figure

3E). Looking more in depth at the effect of MTAP in MTAP-WT and MTAP-KO cells
through GSEA analysis, MTAP-KO cells exhibited reduced response to type I and type

Il interferon as well as reduced response to 1L-12 (Supplementary Figure S4C). This was
also accompanied by downregulation of IFN-y-mediated signaling (Supplementary Figure
S4D), supporting the observations /in vivo that MTAP-deficient tumors are able to exploit the
immune environment and escape immunosurveillance, thereby promoting progression.

MTAP deficiency reshapes immune cell responses to tumor cells

We next performed Luminex assays to ascertain whether cytokine secretion patterns were
altered corresponding to the phenotypes observed in NSG-SGM3 mice after either MTAP-

Immunology. Author manuscript.
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WT or MTAP-KO tumor cells were co-cultured with PBMCs. Compared to the secretion
patterns of tumor cells only (Figure 2A and Supplementary Figure S3A), almost all cytokine
levels were evidently increased when tumor cells encountered immune cells (Figure 4A

and Supplementary Figure S5A), but the magnitude of the increases were distinct between
MTAP-WT and MTAP-KO cells. Anti-tumoral IL-1a, IL-1p, IL-12 and IFN-y as well as
IP-10, MIP-1a and MIP-1 levels were higher in WT+PBMC, while pro-tumoral IL-6, IL-8
and IL-9 as well as Eotaxin and I1L-22 (specific in lung cancer cells, CL1-0 and H1650)
levels were higher in KO+PBMC.

As cytokines can be produced by either tumor cells or immune cells and some may be
mediated through direct interactions between tumor and immune cells, we designed two
modes of tumor cells/PBMCs co-culture, direct and transwell, and collected supernatants
from cells in both co-cultured separated conditions respectively for Luminex assays to
distinguish the source of cytokines (Supplementary Figure S5B). Although the levels

of IL-12, IFN-vy, IL-1a, IL-1B, MIP-1a, MIP-1f and IP-10 were consistently higher

in WT+PBMC than in KO+PBMC under direct co-culture condition, the cytokine
concentrations under transwell co-culture conditions were relatively low, indicating the
importance of cell-cell interaction. After separating tumor cells from PBMCs, most cytokine
levels became greatly reduced except for IP-10 which was secreted predominantly by
tumor cells (Supplementary Figures S5C-S51). Overall, these findings suggest that MTAP
deficiency may be reprogramming the communication between tumor cells and immune
cells toward pro-tumoral state.

To dissect the phenotypic profiles and biological functions of PBMCs influenced by
MTAP-deficient tumor cells, PBMCs co-cultured with MTAP-WT or MTAP-KO CL1-0
lung cancer cells were subjected to CyTOF analysis which allows for simultaneous single-
cell measurement of multiple immune cell markers. We employed two CyTOF panels
(Supplementary Figure S6A) to capture the distribution of immune cell populations in
co-cultured PBMCs. The gating strategy for identification of immune cells is shown in
Supplementary Figure S6B. Although the difference of each sub-population of immune cells
between WT and KO groups was not significant (Figure 4B), we did see moderately higher
mean intensities of key marker molecules of immune activation involved in mediating anti-
tumor response including Granzyme A, Perforin, CD40L, OX40, Glucocorticoid-induced
TNFR-related protein (GITR), CD278 and CXCR3 in CD45™ cells co-cultured with WT
cells. Conversely, pro-tumoral immune markers CTLA-4, Foxp3 and IL-10 were induced in
CD45™ cells co-cultured with MTAP-KO cells (Figure 4C). Importantly, similar significant
findings were detected in PBMCs co-cultured with RCC 786-0 WT/KO cells, suggesting
that CD4* T cells, CD8* T cells and natural killer (NK) cells become increasingly
deactivated/exhausted with less cytotoxicity and as well as an increased population of
Tregs (Supplementary Figure S7A). Together, our data revealed that MTAP deficiency
overall leads to immunosuppression /n vitro through modulating a pro-tumoral immune
environment.

Immunology. Author manuscript.
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MTAP deficiency impairs intratumoral immunity to support tumorigenesis

We further systematically analyzed the tumor-infiltrating leukocyte (TIL) populations

from tumors of humanized mice by CyTOF (Supplementary Figures S7B and S7C) and
found decreased infiltration of CD45" cells in MTAP-deficient (CL1-0 KO and CL1-5
Mock) tumors compared to MTAP-expressing (CL1-0 WT and CL1-5 MTAP) tumors
(Supplementary Figure S7D). In addition to decreased immune infiltration, CyTOF analysis
revealed that the TIL population consisted of decreased T cell, B cell and NK cell sub-
populations. The TIL population in MTAP-deficient tumors also comprised of increased
dendritic cell (DC) and monocyte/macrophage sub-populations (Figures 5A and 5D).
Further profiling of immune cell markers (Figures 5B and 5E) also demonstrated that the
expression levels of immune cell-expressed pro-tumoral immune markers PD-L1, Arginase
1, CD34, Nectin-2 and CD47 were elevated in CL1-0 MTAP-KO tumors compared to CL1-0
WT tumors (Figure 5C). The intensities of anti-tumoral immune markers CD169, CXCR3
and OX40L were higher in immune cells isolated from CL1-5 MTAP tumors than in those
from CL1-5 Mock tumors (Figure 5F). These results support that MTAP deficiency in
tumors could prevent immune cell recruitment and activation, converting tumors to a more
immunosuppressive “cold” state.

Validation of reshaped immune landscape in MTAP-deficient tumors

To validate the differences that we observed in the immune cell infiltrates in response

to MTAP alteration from CyTOF profiling, we performed immunofluorescent staining

on CL1-5 Mock/MTAP and CL1-0 WT/KO tumors from humanized mice. The
immunofluorescence data revealed increased levels of PD-L1, Foxp3 and CD163 in MTAP-
deficient tumors (CL1-0 KO and CL1-5 Mock), indicating an increased presence of
exhausted T cells, differentiation to Tregs and M2-subtype macrophages respectively. We
also noted decreased expression of the NK cell marker CD56 in MTAP-deficient tumors
(Figure 6A), corroborating the findings from CyTOF analysis which indicated that NK
cells are less prevalent in MTAP-deficient tumors. To further confirm our findings, we
turned to the transcriptomic data of cancer patients from The Cancer Genome Atlas and
to evaluate the enriched pathways in cancer cells and relative abundance of each immune
cell subset in a mixed cell population. This was accomplished through analysis of RNA-
sequencing data of lung adenocarcinoma (LUAD) and kidney renal clear cell carcinoma
(KIRC) cohorts with GSEA, CIBERSORTYX, and xCell software. Data was then segregated
into high and low MTAP mRNA expression groups, respectively. GSEA in transcriptomic
profiles of cancer patients demonstrated that the immune response-regulating signaling
pathways were enriched in high MTAP-expressing tumors (Supplementary Figure S8A),
whereas lymphocytes and NK cells were less activated in low MTAP-expressing tumors
(Supplementary Figure S8B). Utilizing CIBERSORTX, we noticed decreased proportions
of naive B cells, CD8+ T cells (only in LUAD), CD4+ T cells (including memory resting
and activated cells), gamma delta T cells, NK cells (including resting and activated) (only
in LUAD) and M1 Macrophages in low MTAP-expressing tumors, with concurrent higher
levels of regulatory T cells (Tregs), Monocytes and Dendritic cells (resting and activated)
(Figure 6B). In xCell analysis, a similar result was also observed with reduced levels in
subsets of CD4+ memory T cells, CD4+ T cells, CD8+ T cells, NK cells (only in LUAD)
and naive B-cells in low MTAP tumors, concurrently with Monocytes (only in LUAD),

Immunology. Author manuscript.
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M2 Macrophages, and Dendritic cells (only in LUAD) being more abundant in low MTAP
expression group (Figure 6C), supporting our findings in humanized mice (Figures 5A and
5D). In summary, we characterized a newfound role of MTAP deficiency in modulating the
TME though remodeling immune profiles and contributing to immune evasion.

DISCUSSION

MTAP, the enzyme regulator of polyamine, adenine and methionine metabolic pathways, has
been well established as a tumor suppressor 1617 Recent studies have further explored the
role of MTAP to extend beyond its role in metabolism, with findings suggesting a newfound
interaction between proximal cells in the tumor site 19-21. In this study, we define a new

role of MTAP in immunomodulation through demonstrating that MTAP-deficient tumors
intrinsically exhibit altered immune signaling pathways, extrinsically remodel the immune
microenvironment, and subsequently escape immunosurveillance (Figure 7).

Progress in the field of oncoimmunology can be attributed to development of more

suitable animal models, through which comprehensive analyses can be accomplished under
physiologically relevant conditions. Of particular note, the recent advent of humanized mice
has greatly accelerated progress in this field. Compared to other murine models such as
syngeneic models, humanized mice have more applicable translational prospects due to
their inherent features. We took advantage of these features to assess the role of MTAP in
tumor-immune interactions. To the best of our knowledge, we are among the first to study
tumor immune microenvironment-related consequences of MTAP loss /n vivo using NSG-
SGM3 mice. While MTAP-expressing tumors have roughly similar sizes with and without
immune interaction, the size of MTAP-deficient tumors is significantly larger in mice with
immune cells (Figure 3B) than in those without, suggesting that MTAP, or rather the lack of,
significantly contributes to modulating the immune response and drives tumor progression.
These results qualitatively depict the distinct tumor landscapes between MTAP-expressing
and MTAP-deficient tumors.

Since MTAP deficiency influences both elements of the tumor and the surrounding milieu,
another possibility accounting for the immune escape induced by MTAP deficiency may be
the result of the differential activity of pathways controlling the tumor immune response

24 Based on our Western blot and CyTOF analyses, the protein levels of co-stimulatory
molecules OX40/0X40L, CD40L, GITR and CD278 (ICOS) were reduced in immune

cells encountering MTAP-loss cancer cells with a concurrent elevation in co-inhibitory
molecules PD-L1 and CTLA-4. Furthermore, we noted weaker T-cell mediated activity
(Figure 2E, Figures S3C-D). These taken as a whole demonstrate heightened tumor-induced
immunosuppression.

Beyond changes we observed in the immune cells, tumor cells with MTAP deficiency

had altered intrinsic cellular activities at transcriptomic and secretomic levels. Of

particular interest, the IL-12/IFN-y/IP-10 axis was distinctly attenuated in MTAP-KO cells.
Predominantly produced by antigen-presenting cells (APCs) such as DCs, macrophages and
B cells, IL-12 signals through IL-12 receptor (IL-12R). This receptor is mainly expressed
on NK cells and activated T cells, allowing downstream JAK2 and TYK?2 to facilitate the

Immunology. Author manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chang et al.

Page 9

phosphorylation of STAT4 and subsequent gene transcription of T-bet and IFN-y 2527,
T-bet, a positive regulator for the differentiation of T helper type 1 (Th1) cells, promotes the
expression of anti-tumor cytokines such as IFN-y, IL-12R, CXCR3, MIP-1a and MIP-1p,
and suppresses pro-tumoral Th2, Th17 and Treg cell differentiation through GATA3, RORyt
and Foxp3, respectively 26: 27, |FN-y secreted by IL-12-activated NK cells and T cells
further boosts I1L-12 production in a positive feedback loop, resulting in abundant cytotoxic
NK cells and T cells infiltrating into tumors and secreting perforin and granzyme to induce
cancer cell death 2628, Moreover, IFN-y contributes to the polarization of macrophages to
M1 phenotype and the production of IP-10, which acts on CXCR3 to trigger the recruitment
of effector immune cells to tumor sites 28. This antitumor immune response, however, is
nearly absent in the TME of MTAP-deficient tumors.

To further characterize the changes in the immune microenvironment, we also analyzed

the intratumoral immune cell composition. Here, we noticed significant decreases in total
TILs, T cells, B cells, NK cells and increases in monocytes, M2 macrophages, Tregs within
MTAP-deficient tumors. DCs, the pivotal initiator and regulator of innate and adaptive
immune responses, were surprisingly more abundant in MTAP-deficient tumors. There are
several possibilities for this phenomenon. First, there were already plentiful infiltrated DCs
in MTAP-deficient tumors, but their antitumor activities are yet to be determined. After
sensing environmental antigens, DCs undergo maturation process, expressing chemokine
receptors and co-stimulatory molecules and elevating antigen processing for the subsequent
T cell priming and activation 29 30, However, the maturation process can be impaired

by tumor-derived VEGF, IL-6, as well as IL-10 from M2 macrophages recruited by tumor-
secreted M-CSF (encoded by CSF1, upregulated in CL1-0 KO+PBMC) 30-34, |eading to
ample but incompetent DCs in MTAP-deficient tumors.

The second possibility is that DCs in the TME of MTAP-deficient tumors fail to migrate to
the tumor-draining lymph nodes (TDLNS) to present antigens to T cells, thus accumulating
in tumors. The migratory ability of tumor-infiltrating DCs into TDLNs depends on the
expression of CCR7 chemokine receptor 3. Ablation of CCR7 expression in DCs resulted in
dampened trafficking to TDLNs in melanoma 36. Thus, cancer cells may interfere with DCs
migration by regulating the CCR7 expression in DCs. For example, tumor-derived LXR-a
has been shown to impede CCR7 expression and CCR7-mediated migration of DCs 37. We
did see an upregulation of the LXR-a-coding gene NRIH3in MTAP-KO cells, suggesting
that the LXR-a/CCR7 axis may be contributing to our observation of increased DCs in the
tumors in our model.

Lastly, there is a theoretical probability that the state of DCs residing in MTAP-deficient
tumors is tolerogenic. Under certain TME conditions, DCs reprogram to regulatory DCs
(DCregs), and such DCregs are able to tolerate antigens and induce the differentiation

of CD4* Tregs 38, which are evidently more abundant in MTAP-deficient tumors. The
induction of DCregs can be triggered by environmental stimuli e.g. PGE2, TGF-$, VEGF,
IL-10, TNF-a 39, all of which may be more abundant in MTAP-deficient tumors in light
of the upregulation of the related genes in MTAP-KO cells compared to those in WT cells
(Figure 3C). This all implies that MTAP deficiency may induce DCs differentiation from
immunogenic to tolerogenic.

Immunology. Author manuscript.
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An emerging field in cancer immunology concerning cellular metabolism has garnered much
interest in recent decades. A growing array of evidence substantiates the role of intrinsic
metabolic pathways, metabolites and waste products in shaping both the encompassing
microenvironment and immune response. Thus, immunometabolism has emerged as an
attractive and crucial prospect in understanding how malignant tumor cells utilize metabolic
reprogramming to outsmart the immune system. In our previous finding, we identified
several dysregulated metabolites linked to cancer immunity in the methionine and adenine
cycles upon MTAP overexpression in lung cancer 17. Methionine is the major source for

the production of S-adenosylmethionine (SAM) and its downstream metabolite MTA, both
of which participate in methylation reactions and epigenetic regulation. In hepatocellular
carcinoma, alteration of methionine metabolism manifested by higher levels of SAM and
MTA in tumors which was tightly linked to T cell exhaustion. Exogenous administration

of SAM/MTA also resulted in diminished T cell activity by reprogramming chromatin
accessibilities 40,

Another recent study also demonstrated that tumor cells are capable of outcompeting

T cells for methionine and repress antitumor immunity via lowering the intracellular

levels of methionine and expression of H3K79me2 and STATS5 in T cells 4. Increased
extracellular adenosine, which is converted from adenine, potentiated the escape of tumor
cells from immunosurveillance by inhibiting the functionality of T cells, DCs, NK cells
and neutrophils, while promoting the activity of immunosuppressive cell types such as
MDSCs and Tregs 42. These reports have suggested that the metabolic requirements result
in competition between tumor cells and immune cells and have raised other possibilities for
MTAP deficiency-driven immunometabolism. Future research should be directed to solidify
a mechanistic understanding of the interchange between the metabolome and immune
system and identify molecular targets for the tumor immune microenvironment.

In summary, our studies shed insight on how genetic loss of a metabolic enzyme contributes
to immunological modification of the tumor-immune landscape. The substantial changes of
the tumor immune microenvironment underscore the dominance of MTAP-deficient tumors,
providing a molecular basis to integrate the multi-faceted nature of cancer to develop
efficient therapeutics and paving a future avenue to comprehensively study tumor-immune
interplay.
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with animal studies. The results of Figures 6B and 6C here are in whole or part based upon data generated by
the TCGA Research Network: https://www.cancer.gov/tcga. The figure of graphical summary was created with
BioRender.com.
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Figure1l. MTAP playsarolein tumor-intrinsicimmune signaling.

(A) Gene set enrichment analysis (GSEA) was performed on the transcriptomic data of
Mock versus MTAP-overexpressing (MTAP) CL1-5 lung cancer cells and MTAP-WT (WT)
versus MTAP-KO (KO) CL1-0 lung cancer and 786-O RCC cells using the HALLMARK
gene sets. (B) MTAP-altered immune-related pathways in CL1-0 cells were identified
through MetaCore analytical suite (version 20.4 build 70300). The differentially expressed
genes involved in these pathways were displayed as heatmap graphs (right). (C) Top 10
ranking pathways enriched by differentially expressed proteins measured by Reverse Phase
Protein Array (RPPA) in CL1-0 and 786-0 WT/KO cells. Orange bars: immune-related
pathways. (D) The signaling direction of the immune-related pathway network objects
derived from both RPPA results of CL1-0 and 786-0.
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Figure 2. MTAP deficiency enhances tumor immunosuppr essive effect.
(A) Analysis of cytokines secreted from MTAP-WT and MTAP-KO CL1-0 lung cancer and

786-0 RCC cells by Luminex Multiplex Assays. The semiquantitative results of cytokine
secretion levels were represented as heatmap graphs (n=3). Gray: below level of detection.
(B) Western blot analysis of cellular PD-L1 expression levels in MTAP-WT and MTAP-
KO CL1-0 and 786-0 cells. The number indicates the quantification of three independent
Western blots. (C) Representative immunofluorescent images of cellular PD-L1 expression
levels in MTAP-WT and MTAP-KO 786-0O RCC cells. (D) Flow cytometric analysis
comparing cell surface PD-L1 levels between MTAP-WT and MTAP-KO 786-O cells. The
mean fluorescence intensity (MFI) of PD-L1 in each cell population was quantified by
FlowJo. Isotype: isotype negative control. (E) The viability of MTAP-WT and MTAP-KO
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CL1-0 and 786-0 cells after being co-cultured with PBMCs for 48 hours. Data are presented
as mean + SD (n=3). *, p< 0.05.
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Figure 3. MTAP deficiency promotes tumorigenesis and immune dysfunction.
(A, B) Tumor growth of subcutaneously injected MTAP-WT and MTAP-KO CL1-0 and

Mock and MTAP-expressing CL1-5 lung cancer cells in NSG-SGM3 humanized mice
engrafted without (A) or with (B) human hematopoietic stem cells was measured every
three or two days and dissected at Day 27 or 20 (four mice per group). Scale bars: 5 mm.
(C) MTAP protein expression levels in tumors isolated from NSG-SGM3 humanized mice
were assessed by Western blot assays. (D) Human CD34* hematopoietic stem cell-engrafted
NSG-SGM3 mice bearing subcutaneous tumors derived from MTAP-KO CL1-0 lung cancer
cells were treated for 21 days with intraperitoneal injections of PBS or atezolizumab, an
anti-PD-L1 antibody. Tumor volumes were measured and data was presented as mean *
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SD (n=5, top). Tumor weights (bottom, left) and a representative photo of primary tumors
(bottom, right) were shown (n=5, mean + SE). (E) Top 20 ranking pathways enriched by
the 279 genes (orange bars) and 234 genes (purple bars) from the differentially expressed
genes (DEGs) with greater or equal to 2-fold change subjected to pathway analysis by the
MetaCore analytical suite, as described in Supplementary Figure S3B. The pathway order
was ranked by the -log(pValue) of orange bars.

Immunology. Author manuscript.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chang et al.

Jowny-puy

Jownj-0ld

leng

Page 19

= |
= |
Q1
o |
= @ Tcell
= & B cell

@D NKcell
o @D Monocyte
é [ Others
g
(@]
=
=

CL1-0KO®® CL1-OWT =@

54% 46% 52% 48%

CXCR3

CL1-0KO®® CL1-O0WT =B

54%  46% 52% 48% 45%  55% 40% 60% 46% 54%

Figure 4. Immune cell responses wer e reshaped by M TAP-deficient tumor cells.
(A) Secreted cytokine levels of MTAP-WT and MTAP-KO CL1-0 lung cancer and 786-O

RCC cells co-cultured with or without PBMCs were determined by Luminex Multiplex
Assays. The semiquantitative results of cytokine secretion levels were represented as
heatmap graphs. PBMCs were isolated from three different donors. Gray: below level of
detection. (B) Main sub-populations of CD45* PBMCs co-cultured with MTAP-WT and
MTAP-KO CL1-0 lung cancer cells from CyTOF analysis were shown as t-distributed
stochastic neighbor embedding (t-SNE) plots. Others: unspecified CD45" PBMCs. (C)
t-SNE plots displaying the expression levels of immune cell markers in CD45* PBMCs
co-cultured with MTAP-WT or MTAP-KO CL1-0 cells. Bottom bars: the relative intensities
of markers in CD45" PBMCs co-cultured with CL1-0 WT (blue) or KO (red) cells.
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Figure 5. Impaired intratumoral immunity enhances M TAP-deficient tumor growth.
(A, D) Percentage of immune cell populations within CD45* TILs from CL1-0 WT/KO

(A) and CL1-5 Mock/MTAP (D) tumors of humanized mice was assessed by CyTOF
analysis (four mice per group). Others: unspecified human CD45* TILs. (B, E) Main sub-
populations of CD45* TILs from CL1-0 WT/KO (B) and CL1-5 Mock/MTAP (E) tumors
of humanized mice derived from CyTOF analysis were shown as t-SNE plots. (C, F) t-SNE
plots displaying the expression levels of immune cell markers in CD45* TILs from CL1-0
WT/KO (C) and CL1-5 Mock/MTAP (F) tumors of humanized mice. Bottom bars: the
relative intensities of markers in CD45* TILs from CL1-0 WT (blue) and KO (red) tumors,
or CL1-5 Mock (red) and MTAP (blue) tumors.
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Figure 6. Comparison of immune cell populations between M TAP-expressing and M TAP-
deficient tumors.

(A) Representative immunofluorescent images of the protein expression patterns of MTAP,
T cell exhaustion marker PD-L1, Treg cell marker Foxp3, M2-subtype macrophage marker
CD163 and NK cell marker CD56 in tumors from humanized mice. Right: quantification of
the positive-stained cells within tumors. Data are from each tumor of humanized mice and
shown as mean + SD. *, p< 0.05. (B, C) Estimated proportion of immune subpopulations
in lung adenocarcinoma (LUAD) and kidney renal clear cell carcinoma (KIRC) patients
with high or low MTAP mRNA expression from The Cancer Genome Atlas Program was

Immunology. Author manuscript.
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analyzed by computational deconvolution of transcriptomics data using Cibersort (B) and
xCell (C). *, p< 0.05.
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Figure 7. Graphical summary for the mechanism of M TAP deficiency-mediated remodeling of
the tumor immune landscape.

MTAP-deficient progressive tumors tamp down the immune cells’ response via cytokine
reprogramming and immune remodeling. Our study sheds new insight on how genetic loss
of a metabolic enzyme contributes to immunological modification of the tumor-immune
landscape.
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