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Abstract

Immune checkpoint blockade therapies have shown little or limited success in urologic
cancers due to their immunologically cold nature, and this is especially true for metastatic
castration-resistant prostate cancers (mMCRPC). In several cases of primary, and
metastatic cancers, tumor cell mass (up to ~30-50%) is comprised of M2 tumor-associated
macrophages (M2-TAMs). The increased abundance of immunosuppressive M2-TAMs in
diverse primary and metastatic tumors has been correlated with worse prognosis.
Additionally, M2-TAMs in the tumor microenvironment (TME) of mCRPC interact with
enriched reactive stroma and promote tumor growth and metastasis. The sparsity of
effective interventions in urologic cancers, especially for late-stage disease, coupled with
a myeloid-rich and poor lymphocyte infiltrated TME, provides the rationale for novel
myeloid-targeting immunotherapies.

In Chapter 1, we have identified increased glutamine metabolism in TAMs in mCRPC
patients. Targeting glutamine metabolism in rodent models of urologic cancers validated
the role of myeloid cell glutamine metabolism in tumor growth. We demonstrate that
profoundly reprogrammed TAMs and tumor-associated monocytes (TIMs) can mediate
direct anti-tumor responses in myeloid-rich tumors with low T-cell infiltration. Additionally,
for the first time, we report that glutamine antagonism in TAMs increases tumor cell
phagocytosis and alters glycolysis, TCA cycle, and purine metabolism. Moreover, we also
show that drug-induced glutamine inhibition in TAMs could increase inflammatory and
proliferative pathways.

In Chapter 2, we identified the therapeutic benefit of targeting the CD47-SIRPa axis in
urologic cancers. We demonstrate increased CD47-SIRPa signaling in prostate
adenocarcinoma and renal cell carcinoma patient samples and increased concomitant

Calreticulin (“eat me”) signaling. We show that targeting CD47-SIRPa causes increased



phagocytosis of prostate cancer cells by TAMs using co-culture of peripheral blood
mononuclear cell (PBMC)-derived macrophages and prostate cancer cells. Additionally,
we show that in vivo blockade of this axis strongly suppresses tumor growth and improves
survival in animals. Finally, we also elucidate significant reprogramming of TAMs and
increased proliferation of CD8 T cells in the absence of a CD47-SIRPa signaling.

Overall, our studies demonstrate therapeutic glutamine metabolic inhibition and blockade
of CD47-SIRPa leads to extensive remodeling of TAMs consistent with improved anti-

tumor responses in urologic tumors.
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Introduction

An Unmet Need for Novel Immunotherapies in Urologic
Cancers

Advances in cancer immunotherapy has had significant impacts on metastatic cancer. While
metastatic cancers such as melanoma, lung cancer, and renal cell carcinoma show dramatic
responses to immunotherapy, prostate and urothelial carcinoma have generally failed to show
any significant response (Table 1) [1]. Prostate cancer is the most commonly diagnosed cancer
that accounts for 21% of all cancer cases in men in the U.S. Prostate cancer is also the second
most common cause of cancer-related death in the U.S., accounting for 34,500 deaths in men in
2022 [2]. Despite advances in detection, screening, and therapy over the past few decades, the
mortality rate due to prostate cancer remains very high [3]. The immunologically ‘cold’ and
immunosuppressive tumor microenvironment (TME) with low mutational burden and poorly
infiltrated T cells remains the key challenge for prostate cancer immunotherapy [1]. Ex vivo
immune cell analysis of tumor specimens from prostate cancer patients suggests that tumor-
infiltrating lymphocytes are skewed towards T-regulatory (Treg) and T helper 17 (Th17)
phenotypes, which suppress autoreactive T cells and hamper anti-tumor responses [4]. The
tumor-infiltrating immune cells that may contribute to prostate cancer progression include T cells,
B cells, mast cells, and NK cells. For example, tumor infiltrating CD4+ T cells are associated with
tumor progression and metastasis [5]. Also, infiltration of CD8+ T cells in invasive margins of
prostate cancer may be related to the poor prognosis of patients [6]. Similarly, increasing TAMs
in prostate cancer are associated with poor survival in prostate cancer patients [7]. More recently
composition of the gut microbiota has been proposed to affect responses to chemotherapy and

immunotherapy in prostate cancer patients [8].



Immune checkpoint blockade (ICB) therapies have revolutionized the treatment landscape of
many cancers with durable responses in some cases. Tumor mutational burden (specifically
related to mutations in mismatch repair pathway genes), the density of tumor infiltrating CD8+ T
cells, and expression of immune checkpoint molecules determine the relative success of ICB
therapies in traditionally categorized immunologically “hot tumors” as compared to
immunologically “cold tumors” [9]. Novel immmunotherapies mainly target immune tolerance via co-
inhibitory checkpoints and enhance endogenous anti-tumor immune responses via various
mechanisms to target malignant cells. These approaches have shown remarkable clinical activity
in terms of progression-free survival and overall survival across several tumor types with fewer
side effects as compared to chemotherapeutic interventions [10].

The highly immunosuppressive tumor immune microenvironment with a predominance of
immunosuppressive TAMs in prostate tumors has compelled the formulation of therapies that
could enhance immune infiltration by antigen-presenting cells and effector T cells [11]. Also,
androgen deprivation (AD) therapy, a common therapeutic strategy in advanced prostate cancer,
transiently mitigates T cell tolerance and induces T cell priming to prostatic antigens [12]. Hence,
it is possible that AD therapy in combination with immunotherapy could have synergistic anti-
tumor effects. Recent understanding of prostate tumor immune microenvironment fueled by a
combination of single-cell transcriptomics and metabolomics approaches and the approval of
drugs such as Sipuleucel-T and ICB provides a viable alternative treatment modality for mMCRPC
to prevalent methods such as ADT and chemotherapy [13]. Despite being immunologically ‘cold’
by definition, a subset of prostate cancer exhibits an immunogenic phenotype [14]. Indeed, a
subgroup of patients with high PD-L1 tumor expression, CDK12 mutations, high tumor mutational
burden, or tumors with high microsatellite instability (MSI) and mismatch repair-deficient (IMMR)
have recently demonstrated excellent responses to (ICB) and their combinations with other
agents [15]. Therefore, immunotherapy targeting a myeloid-rich TME remains an appealing

treatment option for prostate cancer to optimize the management of this disease.



Macrophage Polarization

Macrophages are heterogeneous innate immune cell populations of myeloid lineages with a wide
distribution in lymphoid and non-lymphoid tissues, wherein they play critical roles in phagocytosis,
inflammation, tissue repair, and remodeling [16]. Together with dendritic cells (DCs) and B cells,
macrophages represent the class of professional antigen-presenting cells (APCs), equipped to
process and present peptide antigens to T cells via major histocompatibility complex || (MHCII),
thus acting like a bridge between innate and adaptive immunity [17]. The enormous plasticity of
macrophages allows them to acquire different phenotypes and functions primarily affected by their
ontogeny and the resident tissue microenvironment [18].

Macrophage polarization is an estimate of macrophage activation at a given space and time [19].
Different polarization states of macrophages depend on the diversity of the environmental cues,
duration, and kind of cytokine or chemokine exposure or effector molecules that they encounter
[19]. Historically macrophage polarization states are defined as ‘classically activated’ or M1 and
‘alternatively activated’ or M2, each related to specific immune responses, among which both
progression and resolution of inflammation constitute the key determinant [20]. The understanding
of M1 and M2 macrophage polarizations has been primarily based on in vitro studies and
utilization of knock-out (KO) mice that have often overlooked the complex microenvironment in
vivo [21]. Hence, the M1/M2 paradigm fails to mimic in vivo macrophage polarization or activation

states [22].

M1 Macrophage Polarization

Mackaness introduced the term macrophage activation (classical activation) in the 1960s to
describe the antigen-dependent but non-specific enhanced microbicidal state of macrophages in
response to secondary bacterial challenge [23]. M1 or classically activated macrophages produce

a large amount of pro-inflammatory cytokines, are strongly microbicidal and tumoricidal due to the



increased production of reactive nitrogen and oxygen intermediates, mediate pathogen-
resistance and promote Th1 responses [24]. Within the tumor context, M1 macrophages trap
phagocytose and lyse tumor cells [25].

The stimuli for M1 macrophage polarization are classified based on their ability to induce
prototypic inflammatory responses and cell-surface activation markers and differ substantially. M1
macrophages are activated by Th1 cytokines (IFN-y, and TNF-a), immune-modulatory cytokine,
GM-CSF, pathogen-associated molecular patterns (PAMPs), and damage-associated molecular
patterns (DAMPs) [26]. IFN-y is produced by innate and adaptive immune cells and is the main
Th1 cytokine associated with the M1 macrophage polarization [27]. IFN-y signals via a rapid and
transient induction of Janus kinase (JAK)-signal transducer and activator of transcription (STAT)
and interferon-stimulated genes (ISGs) [21]. IFN-y activated macrophages are potent producers
of pro-inflammatory cytokines (TNF and IL-6), are hyper-responsive to various stimuli (e.g., TNF,
type | IFN, and pathogenic microbial motifs), show refractiveness to anti-inflammatory cytokines
(IL-10, IL-4, and IL-13), and resist tolerance [27].

Microbial PAMPs initiate the innate M1 activation program that includes macrophage activation
via signaling through pattern recognition receptors (PRRs). The M1 macrophage polarization-
inducing PAMPs include bacterial cell wall lipopolysaccharide (LPS, a Toll-Like Receptor (TLR) 4
ligand), single-stranded RNA (TLR3 ligand), and non-methylated CpG DNA (TLR9 ligand) [28].
The best studied M1 macrophage signal, bacterial LPS, activates MyD88 and MaL/Tirap (Toll-
interleukin 1 receptor domain-containing adaptor protein)-dependent production of pro-
inflammatory cytokines (e.g., IFN-B, IL-12, TNF, IL-6, and IL-1B), chemokines (e.g., CCL2,
CXCL10, CXCL11), MHC members, and co-stimulatory molecules [29].

DAMPs are endogenous danger molecules released from damaged or dead cells that activate
macrophages by interacting with PRRs. Cytosolic or nuclear proteins such as Hight mobility

group box 1 (HMGB1), IL-33, histones, heat-shock proteins (HSPs), and extracellular matrix



proteins constitute DAMPs. The common non-protein DAMPs are monosaccharides,
polysaccharides, purine metabolites, ATP, uric acid, heparin sulfate, and nucleic acids [30].
Granulocyte-macrophage colony-stimulating factor (GM-CSF), produced by various cells,
including macrophages and parenchyma cells, signal via JAK2/STAT5, ERK, and AKT [31]. GM-
CSF causes enhanced antigen-presentation, complement- and antibody-mediated phagocytosis,
microbicidal capacities, leukocyte chemotaxis, and cell adhesion. Specifically, GM-CSF induces
monocytes and macrophage cytokine production of IL-6, IL-8, G-CSF, M-CSF, TNF-a, and IL-1p
[32].

M1-polarized macrophages are strong producers of pro-inflammatory cytokines and augment T-
cell responses via increased expression of MHC class II- and co-stimulatory molecules like CD40,
CD80, and CD86. M1 macrophage-released cytokines (IL-1, IL-6, and IL-12) help mediate T
helper (Th1 and Th17) cell differentiation, while specific chemokines (CXCL9, CXCL10, and

CXCL11) are important Th1 cell recruiters to the inflammation sites [21].

M2 Macrophage Polarization

M2-polarized or alternatively activated macrophages are involved in parasitic, helminthic, and
fungal pathogenesis [19]. In addition, their role is established during allergy, atopic diseases,
fibrosis, wound healing, angiogenesis, tissue repair, remodeling, and homeostatic maintenance
of adipose tissues [33]. M2-polarized macrophages are induced in response to Th2 cytokines (IL-
4, IL-10, IL-13 IL-33, and TGF-B) [34]. The IL4/STAT®6 signaling is the key pathway involved in
M2 macrophage polarization. In addition to STAT6, other transcription factors involved in M2
polarization include IRF4, PPAR-6, and PPARG-y [26]. The immunosuppressive attributes of M2-
polarized macrophages are due to the increased production of cytokines (IL-10 and TGF-§3) and
chemokines (CCL1, CCL17, CCL18, and CCL22) that are involved in the recruitment of

unpolarized macrophages and their subsequent polarization into an M2 state [19]. M2



macrophages are also strong producers of IL-8, CCL2, IP-10, macrophage inflammatory protein
(MIP)-1B, and CCL-5 or RANTES that are potent recruiters of neutrophils, monocytes, and T
lymphocytes in an inti-inflammatory or regulatory response [35]. In addition, these macrophages
express cell surface receptors such as mannose-receptor (Mrc1, CD206), scavenger receptor
(CD163), C-type lectin receptor (CD209), resistin-like molecule alpha 1 (FIZZ1), dectin-1, and
chitinase-like protein (Ym1/2) that are associated with immunosuppression, and tissue

remodeling [36].

Tissue-Resident Macrophages (TRMs)

Earlier work of van Furth and Cohn showed that significant populations of macrophages were
derived from blood monocytes, which led to the establishment of a mononuclear phagocyte
system (MPS) [37]. According to the linear MPS model, ontogenically committed bone-marrow
precursor cells develop into circulating blood monocytes from which tissue macrophages are
derived [38]. The recruitment of circulating monocytes to the tissues occurs via blood circulation
under the chemotactic gradient of monocyte chemoattractant protein-1 (MCP-1) or CCL2 via the
ligation of CCR2 expressed on monocytes [39]. In addition, several cell adhesion molecules,
including integrins, selectins, mucin-like glycoproteins, and the immunoglobulin superfamily, are

involved in this recruitment process [40].

The concept that bone-marrow-derived circulating monocytes were the sole precursor of tissue-
resident macrophages (TRMs) was later challenged due to the evidence of macrophage
proliferation in tissues and the presence of macrophage populations in the yolk sac before
primitive hematopoiesis [41]. More recently, fate mapping studies and single-cell transcriptomics
have revealed that macrophages are derived early in embryogenesis from the yolk sac and can

contribute to adult pools of TRMs [42]. Because of their embryonic origin, TRMs have a long and



deep relationship with the tissues where they are located. These mutual interactions involve
locally derived factors with strong tissue specificity. Because local tissue conditions fluctuate,
these macrophages are highly dynamic in nature. TRMs are heterogeneous immune cell
populations that carry out tissue-specific and niche-specific functions, like homeostatic functions,
cell debris clearance, tissue immune surveillance, response to infection, and resolution of
inflammation [43]. The heterogeneity of TRMs results from their developmental origin, local
unique niche-specific factors, inflammatory status in the tissue of residence, and the time spent
in the tissues [44]. This heterogeneity is reflected in vivo as different tissue-resident macrophages
exist in different tissues. These include microglia (brain), alveolar macrophages (lungs),
Langerhans cells (skin), osteoclasts (bone), peritoneal macrophages (peritoneum), and adipose
tissue macrophages (fat) [45].

Adhering to the historical paradigm of M1 vs. M2 polarization of macrophages, TRMs are
classified as M2-like, with a fundamental role in tissue homeostasis which involves their role
during the development and resolution of inflammation [22].

While in vitro M2 macrophage polarization largely depends on IL-4 and IL-13, the M2-like
phenotype of TRMs depends on broader M-CSF availability in vivo [46]. M-CSF is a key
macrophage survival and renewal signal that also helps in the proliferation and differentiation of
myeloid cells, including monocytes, macrophages, and osteoclasts [47]. Just as IL-4 induces M2
macrophage polarization in vitro, TRMs proliferate in the presence of IL-4 [48]. Despite these
similarities, TRMs have different roles, proliferation capacities, and gene expression profiles [48].
We still need to fully understand the differential regulation of M2-like and TRMs. In addition, how
these macrophages are replaced and differentiated during tissue homeostasis, infection, or

diseased state is not established.

Tumor-Associated Macrophages (TAMs)



The TME is a complex and dynamic ecosystem containing cells, blood vessels, and an
extracellular matrix (ECM) that supports cancer progression. The dynamic reciprocal relationship
between cancer cells, and components of the TME promotes tumor cell survival, local invasion,
and metastasis during early tumorigenesis [49]. In response to a hypoxic and acidic condition, the
TME coordinates a program that promotes angiogenesis to ensure nutrient supply and replenish
oxygen. During this process, tumors are infiltrated with diverse innate and adaptive immune cell
populations that perform pro- and antitumoral functions [49].

Macrophages are among the most abundant non-neoplastic and most common innate immune
cells in the TME. Indeed, macrophages can account for up to 50% of tumor mass in certain
cancers [50]. Based on the historical definition of macrophage polarization, anti-tumor M1-like
and pro-tumor M2-like macrophages coexist within a tumor. Additionally, the opposing effects of
M1- and M2-like macrophages within the TME directly impact the existing anti-tumor therapies
that aim to improve anti-tumor immune responses [21]. However, during tumor progression, the
TME promotes M2-like macrophages through hypoxia and expression of cytokines to support
tumor growth and progression. However, while some features are shared in M1 and M2 TAMs,
recent studies highlight the unique transcriptional profile distinct from either purely skewed cell
type. Hence, the classical definition of M1- or M2-macrophages cannot be precisely validated for
TAMs in terms of their phenotypes due to the complexity and comprehensiveness of roles and

heterogeneity of TAM populations [51].

Historically, bone-marrow-derived circulating monocytes recruited to the tumor sites to promote
cancer progression are TAMs. These circulating monocytes are recruited mainly under the
influence of the chemokine CCL2 produced from tumor cells, which signals through CCR2
expressed on monocytes. In mice, tumor-infiltrating monocytes (TIMs) almost exclusively express
high levels of Ly6C. These Ly6CM9" monocytes continuously renew the non-proliferating TAM

populations and contribute to the heterogeneity of TAMs [52]. In addition to the CCL2/CCR2 axis,



several other chemoattractants (CCL5, CCL7, CCL8, CCL18, CCL20, CXCL12) and cytokines
(CSF-1, VEGF, and PDGF) may have similar redundant roles in the recruitment of monocytes to
the TME [35]. Many of the chemotactic factors also act as activators of transcriptional programs
that contribute to functional changes in macrophage function. CSF-1, for example, attracts
monocytes and increases macrophage survival and polarizes TAMs to an immunosuppressive
M2-like phenotype. In contrast to M-CSF, GM-CSF activates macrophages and reprograms them
to an anti-tumoral M1-like phenotype [53]. However, TAMs can have tissue origin, as studies
suggest that TAMs could originate from the yolk sac and fetal liver, as demonstrated in pancreatic
cancer and glioma, suggesting the coexistence of macrophages from different origins [54]. We
still do not have a complete understanding of functions driven by the multiple origins of TAMs
(e.g., bone marrow-derived vs. tissue resident). Yet, macrophage populations acquire different
functional states depending on the tumor type. For example, while pancreatic resident
macrophages of embryonic origin locally proliferate in situ and are pro-tumoral as they promote
pancreatic ductal adenocarcinoma (PDAC) progression with fibrosis-modulating functions, the
impairment of circulating monocyte infiltration alone had limited impacts on tumor progression
[55]. Moreover, the recruited BM-derived macrophages appear anti-tumoral and show an
increased antigen-presenting phenotype. Such distinct functionalities are observed in cases of
lung cancer and non-small cell lung carcinoma (NSCLC), wherein tissue-resident TAMs
significantly correlated with tumor growth in vivo. At the same time, the accumulation of TAMs
derived from circulating monocytes was shown to cause enhanced tumor dissemination [56].
Thus, a comprehensive understanding of TAM heterogeneity and functionality is needed to
understand their precise role in cancers. Indeed, TAMs are highly heterogeneous cells with both
pro-tumoral and antitumoral functions. Each population carries a unique landscape based on the

tumor type, stage, and immune composition of the tumors they infiltrate.



TAMs have primarily been associated with pro-tumoral functions, including promoting tumor
growth, invasion, remodeling of extracellular matrix, and crosstalk with various immune cells as
well as stromal and endothelial cells. These functions can aid in tumor metastasis, progression,
and chemotherapeutic resistance. Due to lineage plasticity, these TAMs have been termed M2-
like and can be reprogrammed to become antitumoral by becoming more inflammatory and

behaving more M1-like [57].

The features of M1-like TAMs include secretion of pro-inflammatory cytokines such as IL-12,
TNF-a, and CXCL10, production of nitric oxide (NO), reactive oxygen species (ROS) and
increased expression of antigen presentation-related markers such as higher MHCII, CD86, and

CD80 [21].

With the advent of single-cell RNA (scRNA) sequencing, it has been possible to start deciphering
the molecular connection between the diversity of TAMs and their functionality. Ma et al.
highlighted from 2 pan-cancer studies at least 7 different TAM sub-populations based on their
molecular and reported functional diversity. Namely, angiogenic TAMs (angio-TAMs), tissue-
resident macrophage-like TAMs (RTM-TAMs), interferon-induced TAMs (IFN-TAMs), lipid-
associated TAMs (LA-TAMs), immune regulatory TAMs (Reg-TAMs), inflammatory cytokine-

enriched TAMs (Inflam-TAMs), and proliferating TAMs (Prolif-TAMs) [57].

Angio-TAMs, LA-TAMs, and Reg-TAMs demonstrate shown some features of M2-like TAMs,
which promote tumor growth, angiogenesis, or immunosuppression. Angio-TAMs are subdivided
based on the high expression of angiogenesis-promoting factors or cytokines- VEGFA, SPP1,
VCAN, FCN1, and THBS1. Angio-TAMs were identified from colorectal carcinoma (CRC), breast
carcinoma (BRCA), NSCLC, nasopharyngeal carcinoma, and PDAC [58]. Reg-TAMs have been
identified in pan-cancer tissues expressing higher levels of CX3CR1, MRC1, and ARG1. These

are the closest to resemble alternatively activated macrophages and have been characterized to
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have immunosuppressive functions [59]. LA-TAMs, the third recently characterized
immunosuppressive TAMs, have higher gene signatures of lipid-related genes like APOE, ACPS5,
APOC1, TREM2, FABP5, and transcription factor MAF. They are also enriched for oxidative
phosphorylation pathways or lipid catabolic pathways associated with immunosuppression and
tolerance in gastric cancer, CRC, hepatic carcinoma (HCC), PDAC, and BRCA patients [60].
Moreover, studies have ascertained that LA-TAMs can promote tumor progression and actively

suppress anti-tumor immune responses [61].

Inflam TAMs, IFN-TAMs, and Prolif-TAMs have shown anti-tumor and pro-inflammatory features.
Recruitment of other myeloid cells and lymphocytes during the tumor-associated inflammatory
response has been categorized as a function of inflam-TAMs. The expression signatures of
inflam-TAMs include inflammatory cytokines, IL1B, CXCL1, CXCL2, CXCL3, CXCL8, and CCL3
[62]. Transcription factors like NFKB1, REL, and NFE2L2 are other markers identified to
characterize inflam-TAMs. They have been identified in gastric cancer, esophageal carcinoma,
PDAC, and CRC [63]. IFN-TAMs are the closest to expressing M1-like markers like antigen
presentation signatures, i.e., CD86 and MHCII/, and interferon-regulated genes like PDL1,
CXCL10, and ISG15 characterized in pan-cancer types [60]. Prolif-TAMs are another
proinflammatory function categorized TAM in pan-cancer types, especially gastric, CRC, prostate,
and fibrosarcoma [60]. High expression of MK167, cell cycle genes, CDK1, CDC45, and HMGB1
are used to categorize this subset. If these cells are a transient population with a quick turnover

to another subtype or whether they behave as precursors remains to be determined.

Finally, RTM-TAMs resemble the resident tissue macrophage at the organ site and have a high
embryonic precursor signature. For example, MARCO, VSIG4, and FOLRZ2 are markers of RTM
TAMs reported in hepatocellular carcinoma and liver metastasis of CRC resembling Kupffer cells

[60].

11



TAMs directly influence the properties of both the tumor and the TME. Because of their enormous
plasticity and depending on environmental cues, the subsets as mentioned above are in no way
exhaustive or exclusive [57].

Additionally, the functions of TAMs come from their ability to promote immune suppression, which
has profound effects on other immune cells in the TME. For example, TAMs secrete PGE2, IL-
10, and TGF-B, inhibiting the cytotoxic activity of T- and NK cells [64]. TAMs play a key role in
Treg recruitment via the release of CCL5, CCL20, and CCL22, while the bidirectional interaction
of TAMs and Treg promotes Treg activity via secretion of immunosuppressive cytokines IL-10
and TGF- B. Indeed, the same immune-mediators produced by TAMs also inhibit the maturation
of dendritic cells (DCs) [64]. M2-like TAMs are also known to starve T cells due to their activity of
the arginase and indoleamine 2,3-deoxygenase (IDO) pathway [65].

Another key mechanism of immune suppression by TAMs includes direct cell-to-cell contact with
other immune cells. This is achieved via the suppression of immune responses through the
expression of PD-L1, CD80/86, or death receptor ligands, FasL or TRAIL, that act as agonists
for inhibitory receptors, PD-1, CTLA-4, FAS, and TRAIL-R1/RII, respectively present on effector
immune cells [66]. In addition, B7-H4 and VISTA have similar functions [67].

Expression of the MYC oncogene affects almost 40% of transcript fingerprints of human M2
macrophages, while it is overexpressed in human TAMs [68]. MY C is known to induce expression
of the anti-phagocytic ‘don’t eat me signal’, CD47, and immune checkpoint protein PD-L1,
enabling cancer cells to evade phagocytosis and promote immune suppression by dampening
the effector T cell responses [69].

TAMs exert a more direct regulatory role in promoting metastasis via their response to tumor-cell-
derived WNT signals; TAMs release IL-1 that subsequently activates y&T cells to produce IL-17
that in turn activates neutrophils to a pro-metastatic state in some p53 murine mammary tumors

[70].
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TAM Targeting Strategies:

The evolving knowledge of crosstalk between tumor cells and the TME has helped to develop
strategies against the tumors’ pro-metastatic non-cancer components. The indispensable role of
TAMs in tumor initiation, progression, and dissemination, and their association with poor overall
survival of cancer patients, forms a strong basis for targeting TAMs in anti-tumor therapies [71].
Also, TAMs are regulated by a complex network of signals, growth factors, and molecular
pathways that expose several enzymes and checkpoint proteins as potential druggable targets
[71]. One of the significant clinical challenges remains to block macrophage trophic phenotypes
with their immunosuppressive behaviors and enhance their activation and anti-tumoral activities
[71]. Indeed, the TAM-targeted therapeutic strategies have been focused on the elimination of
TAMs, impairing their infiltration and phenotype conversion of pro-tumoral M2 TAMs to an anti-
tumoral M1 state. Several preclinical studies suggest that the depletion of TAMs boosts the

responses of chemotherapy and immunotherapy and suppresses metastasis [72].

Recruitment of TAMs in Tumors:

Tumor-derived factors such as CSF-1, CCL2, and VEGF are essential mediators in the crosstalk
between TIMs and tumor cells. Immune mediators such as CSF-1 and CCL2 are the primary
recruiters of TAMs to the tumor site but also play a key role in M2-like macrophage polarization
[73]. Small molecule inhibitors and antibodies targeting the CCL2/CCR2 or CSF-1/CSF-1R axis
have proven effective in preventing the recruitment of monocytes and macrophages to the tumor
site, thereby reducing tumor growth and dissemination [71]. Although both CCR2 inhibitors and
anti-CCL2 antibodies have shown anti-tumor efficacy and reduction in metastatic spread,
withdrawal of anti-CCL2 treatment has shown a much stronger infiltration of bone-marrow-derived
monocytes in the tumor, subsequently enhancing lung metastasis of murine breast tumors [74].

Other signaling pathways based on chemokines involved in monocyte recruitment
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(CXCL12/CXCR4) in metastatic tumor spread have been targeted either alone or in combination

with ICB and have been tested in preclinical animal models and are undergoing clinical trials [72].

TAM Depletion Strategies:

In addition to macrophage recruitment, the growth factor CSF-1 is involved in the proliferation,
differentiation, and survival of bone marrow-derived monocytes/macrophages. Genetic ablation
of CSF-1 signaling inhibits tumor advancement and metastasis [75], which forms a strong basis
for targeting CSF-1/CSF-1R signaling. RG7155 (emactuzumab), a humanized antibody specific
to CSF-1R, effectively depletes macrophages in patients with several solid tumors [76]. Recently,
a small molecule inhibitor of CSF-1R, PLX3397 or Pexidartinib, received FDA approval for
tenosynovial giant cell tumors [77]. Following the success of Pexidartinib, several CSF-1R
inhibitors (ARRY-382, PLX7486, BLZ945, and JNJ-40346527) and CSF-1R monoclonal
antibodies (AMG820, IMC-CS4, cabiralizumab, MCS110, and PD-0360324) have been the
subject of investigation in both preclinical and clinical settings [78] . Interestingly, depletion of
TAMs by CSF-1R blockade using small molecule inhibitors has shown increased infiltration of
CD8+ T cells in tumors with improved response to therapies in murine models of several solid
tumors [71]. A small molecule CSF-1R inhibitor, BLZ945, upon CSF1R blockade, reprogrammed
TAMs by lowering the expression of pro-tumorigenic genes and upregulation of genes involved in
antigen presentation and lymphocyte activation [53]. The reshaping of TME following BLZ945
administration induces positive crosstalk among TAMs, IFN-y -producing NK and T cells, and IL-
12-producing dendritic cells, thus sustaining a network of anti-tumor responses [71].

Despite the promising results and progress in targeting recruitment and depletion of TAMs, there
needs to be more efficacy observed in clinical trials for CSF1/CSF-1R or CCL2/CCR2 blockade
[71]. This approach indiscriminately targets all macrophages, effectively removing the
macrophages that are needed to sustain cytotoxic T-cell responses [71]. In addition,

compensatory accumulation of pro-tumoral neutrophils and apparent redundancy of the
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chemokine system are other challenges of this approach that limit the clinical application [71].
Before the discovery of compounds targeting the CSF-1/CSF-1R pathway, drugs that were
cytotoxic to monocytes or macrophages, like Bisphosphonates and Clodronates, were tested, but
their toxicity remains a concern [79]. Trabectedin, an anti-neoplastic drug, is known to induce
TRAIL-dependent apoptosis in TAMs [72]. Trabectedin, an anticancer agent, selectively targets
monocyte and macrophage viability through a TRAIL-caspase-8-dependent mechanism,
simultaneously reducing tumor burden [80]. Trabectedin was approved by the FDA in 2015 for

the treatment of patients with unresectable or metastatic liposarcoma of leiomyosarcoma [81].

Remodeling TAMs:

Therapeutic strategies aiming to remodel or reprogram TAMs primarily focus on switching pro-
tumoral TAMs into M1-like anti-tumoral TAMs, a strategy that benefits from the phenotypic
plasticity of TAMs [72]. TNF receptor superfamily member CD40 is expressed on macrophages,
and other antigen-presenting cells play a significant role in macrophage activation. Activation of
CDA40 via agonists increases the production of IL-12 and IFN-y in CD8+ T cells concomitant with
increased anti-tumor activity. However, several clinical trials have reported only moderate efficacy

coupled with toxicity [82].

Cancer cells evade macrophage phagocytosis by overexpressing the ‘do not eat me’ signal
(CDA47) presented to macrophages. Interaction of CD47 on tumor cells with the signal regulatory
protein a (SIRPa) on macrophages results in tumor cell phagocytosis inhibition, hence
pharmacological targeting of CD47 to restore macrophage phagocytosis remains the most
targeted pathway in hematological and solid tumors [83].

The leukocyte immunoglobulin-like receptor B (LILRB) family members are negative regulators of
myeloid cell activation. Antibody-mediated blockade of LILRB2 has led to the phenotypic

conversion of M2-like macrophages for increased inflammatory responses [84].
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Macrophage PI3Ky acts as an important switch between immune stimulation and suppression
during inflammation and cancer. PI3Ky signaling through AKT and mTOR inhibits activation of
NF-kB while stimulating C/EBPJ activation that leads to immune suppression during inflammation
and tumorigenesis [85]. Specifically, activated PI3Ky induces arginase and IL-10 expression and
inhibits expression of MHC | and IL-12 as the key immune suppression mechanism. Inhibition of
PI13Ky in combination with immune-checkpoint blockade has led to cytotoxic CD8+ T cell-mediated
tumor growth reduction and metastasis [85]. An oral PI3KYy inhibitor IPI-549 has shown early
promise by demonstrating tolerability, signs of efficacy, and clinical activity in phase 1/1b across
solid tumor patients [86].

The renewed interest in the metabolic reprogramming of TAMs is due to the wealth of information
that identifies diverse metabolic circuits which contribute to the immunosuppressive activities of
TAMs. In addition to growth factors, cytokine, chemokines, and their receptors, metabolites
(amino acids and lipids) in the TME also contribute to the anti- or pro-tumoral activities of TAMs.
An extensive network of genetic, epigenetic changes and transcription factors determine the
metabolite levels of the TME [87]. The hypoxic and nutrient-starved TME causes recruitment,
metabolic rewiring, and impairment of anti-tumor phenotypes of TAMs [88].

Increased lactate production by rapidly proliferating and chiefly glycolytic tumor cells in TME
cause M2-like polarization of infiltrating macrophages characterized by increased arginase 1
expression [89], leading to immune suppression phenotypes. Blocking glycolysis in tumor cells
thus becomes an important strategy to increase anti-tumor responses of TAMs. However,
glycolysis is fundamental for macrophage activity against tumor cells, and glucose supply is
essential for generating ROS and phagocytosis [88], raising questions about the utility of blocking
the glycolytic pathway. This approach largely dependents on glycolytic inhibitors such as 2-deoxy-
D-glucose (2-DG) that reverse macrophage polarization but is far from specific [90]. Among lipid

mediators that influence the TME, tumor-derived prostaglandin E2 (PGE2) blocks early NK cell
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activation and inflammatory activation of myeloid cells and drives their immunosuppressive
phenotype [91]. The altered prostaglandin pathway in several tumors is linked with poor ICB
efficacy [91]. Inhibitors of murine prostaglandin G/H synthase 2 (PTGS2, also known as COX2)
or antagonists of the PGE2 receptors EP1/EP2 have shown reprogramming of effector immune

cells and enhance the efficacy of ICB therapies [92].

Among amino acid metabolism, tryptophan metabolism remains one of the key targets of anti-
tumor therapies to modulate TAMs. IDO1 (Indoleamine 2,3-dioxygenase-1) expressed on
macrophages and non-immune cells catalyzes the initial oxidation of L-tryptophan and induces
the accumulation of immunosuppressive kynurenine, which not only leads to the suppression of
effector T cells but also causes expansion of immunosuppressive innate and adaptive immune
cells, a key mechanism of immune suppression and tumor cell immune evasion [93]. Since
tryptophan is needed for the optimal functioning of T cells, tryptophan deprivation via IDO1
severely compromises their effector function. Numerous small molecule IDO1 inhibitors have
been developed, of which BMD-986205, Indoximod, and PF-06840003 are currently in clinical
trials [94]. However, many ongoing clinical trials using different IDO inhibitors have shown
contrasting results [95]. ECHO-301/KN-252, an IDO inhibitor, was tested in combination with
pembrolizumab in metastatic melanoma; however, the results were not promising. One key
reason IDO inhibitors are ineffective could be the compensatory expression of similar enzymes,

such as tryptophan 2,3-dioxygenase (TDO) and IDO2 [96].

Glutamine Metabolism Inhibition:

Cancer cells are highly glutamine-addicted, and increased glycolysis is a hallmark of cancer [97].
Glutamine is one of the most abundant non-essential amino acids in the bloodstream that
contributes to virtually every biosynthetic pathway in cancer cells [98]. Cancer cells use glutamine

as a substrate for nucleotide, nicotinamide adenine dinucleotide phosphate (NADPH), and
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glutathione. In addition, cancer cells utilize glutaminolysis to utilize glutamine-derived a-
ketoglutarate (a-KG) that fuels the TCA cycle for the generation of reaction intermediates needed
for protein, lipid, and nucleic acid biosynthesis [99]. Glutamine metabolism thus remains a

preferred metabolic inhibition strategy to remodel the TME and starve cancer cells [100].

Recent reports suggest that glutamine synthase (GS), the only enzyme responsible for de novo
synthesizing glutamine, regulates the immune system by modulating M2-like macrophage
polarization. Pharmacological inhibition of GS skews M2-polarized macrophages towards M1-like
macrophages, characterized by reduced intracellular glutamine and increased succinate with
enhanced glycolytic flux through glycolysis, which could be partially related to HIF-1a activation
[101]. Interestingly, GS-inhibited macrophages have increased capacity of T cell recruitment,
reduced T cell suppressive abilities, and an impaired ability to cause endothelial cell branching or
cancer cell motility [101]. The vital role of glutamine metabolism in the pro-tumoral functions of
TAMs was observed as genetic deletion of macrophagic GS in tumor-bearing mice promoted
metastasis inhibition [101].

Tumor-infiltrating M2 TAMs and myeloid-derived suppressor cells (MDSCs) show elevated
glutamine consumption. Blocking glutamine metabolism by small molecules or inhibiting
glutamine synthesis resulted in decreased tumor growth by modulation of MDSCs [102].
Glutaminolysis is a prominent target in cancer therapy, and its inhibition via GLS inhibitors such
as bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES) and its analogs such as
CB-839, are being actively investigated in GLS-targeting studies [103]. BPTES allosterically
inhibits GLS1 (the GLS isoform that is found in most primary tumors) and slows tumor growth in
vivo. However, the drug requires a higher concentration in vivo and has low solubility, which poses
a challenge to the physiological delivery of the drug in clinical trials [104]. Another allosteric
inhibitor drug, CB-839 or Telaglenastat, has entered clinical trials for patients with advanced RCC,

NSCLC, and leukemias [98]. Telaglenastat has demonstrated efficacy in treating triple-negative
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breast cancer (TNBC), with a marked reduction in glutamine consumption, glutamate production,
and levels of glutathione and other TCA intermediates [105].

Other than targeting a single enzyme (GS), a combination therapy that targets multiple pathways
in cancers may be the most effective when two drugs induce cell death when combined but not
alone. A combination therapy using BPTES (glutamine metabolism inhibitor) and Metformin
(glycolysis inhibitor) resulted in an optimal tumor growth reduction [103]. Several combination
therapies have been utilized for cancer treatment, in which CB-839 has been used in combination
with anti-tumor drugs and ICBs [98].

Many cancer cells have upregulated levels of c-MY C-activated amino acid transporter ACST2 (or
SLC1A5) for increased glutamine uptake [106]. High levels of ASCT2 are correlated with
aggressive tumor growth and short survival time [107]. Also, inhibition of glutamine importers
significantly slows tumor growth of human colon and lung cancers [108]. The development of
blocking antibodies and antibody-drug conjugates are promising approaches to inhibiting
glutamine uptake and regulating the ASCT2 transporter. MED17247 is the only ASCT2 antibody-
drug conjugate currently in phase | clinical trials [98].

Using glutamine mimetics is another approach to decreasing glutamine availability [109].
Glutamine analogs such as DON (6-diazo-5-oxo-L-norleucine) and acivicin showed tumor toxicity
against several tumor types but are no longer in clinical applications due to their toxicity issues
[110]. DON, a substrate analog of glutamine, binds to the active site of GLS. However, lack of
sensitivity and toxicity caused difficulty in progressing clinical trials [110]. Like DON, acivicin and
azacerine are glutamine analogs that interrupt nucleotide synthesis by inhibiting
amidotransferases [111].

A DON-based prodrug, the compound JHUO83, exhibits preferential tumor delivery and is well
tolerated. JHUO83 causes significant tumor growth reduction in murine models of melanoma,
colon cancer, lymphoma, immunotherapy-resistant triple-negative breast cancer (TNBC), and

glioma [112]. The metabolic reprogramming of the TME caused by JHUO83 leads to a potentiated
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CD8+ T cell response, decreased recruitment of immunosuppressive MDSCs, increased
immunogenic cell death, and the repolarization of MDSCs to pro-inflammatory macrophages
[112]. Another DON-based prodrug, sirpiglenastat (DRP-104) is currently being tested as a single
agent or combined with atezolizumab in a clinical trial in patients with advanced solid tumors
[113]. Since sirpiglenastat can simultaneously target multiple glutamine-dependent pathways, its
overall performance in clinical trials might be superior to that of molecules targeting only one
enzyme (e.g., telaglenastat) [114].

Currently, there is a great interest in tumor metabolic status and metabolic dysregulation of cancer
cell populations in the tumor. Metabolomics has contributed to our understanding of the metabolic
pathways in tumors and innate and adaptive immune cell populations that collectively drive the
fate of tumorigenesis [115]. However, such approaches need to be combined with strategies that
identify the heterogeneity of tumor cells, TAMs, and metabolic plasticity that are critical

contributors to cancer cell resistance and significant roadblocks.
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Chapter 1: Glutamine antagonist JHUO083 reprograms
immunosuppressive tumor-associated macrophages to drive
tumor immunity in urologic cancers.

Abstract

Tumor metabolism is emerging as a critical regulator of immune-mediated anti-tumor responses.
Here, we report potent anti-tumor effects of glutamine antagonist (JHUO083) in urologic tumors in
vivo. We also demonstrate that JHU083-reprogrammed tumor-associated macrophages (TAMs)
and tumor-infiltrating monocytes (TIMs) are crucial in mediating significant tumor growth inhibition
(TGI). Using orthogonal approaches, we show that JHU083-mediated glutamine antagonism
induces TNF, inflammatory, and mTORC1 signaling transcriptionally and translationally in
different intra-tumoral TAMs clusters. Additionally, we report that JHUO83-induced glutamine
antagonism increases proliferation in tissue-resident macrophages intratumorally and in different
TAM sub-clusters. Functionally, we report that JHU083-reprogrammed TAMs have increased
tumor cell phagocytosis and diminished pro-angiogenic capacities. In vivo modulation of
glutamine consumption in TAMs results in increased glycolysis, shunting of succinate flux, and
simultaneous disruption in purine metabolism. Although the effect of glutamine antagonism was
less profound in the tumor-infiltrating T cells for their anti-tumor activity, it promoted a stem cell-
like phenotype in CD8" T cells and decreased CD4* Treg abundance. Additionally, we report a
global shutdown in glutamine utilizing metabolic pathways in tumor cells, leading to reduced HIF-

1a, c-MYC phosphorylation, and induction of tumor cell apoptosis, all key anti-tumoral features.
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Introduction

Dysregulated cancer cell metabolism is a hallmark of cancer [116]. Cancer cells have higher
glucose consumption with simultaneous lactate production, independent of oxygen availability,
called the Warburg effect [117]. In addition, cancer cells have altered TCA cycle metabolism as
well as augmented purine and pyrimidine metabolism, and lipid biosynthesis to meet the
bioenergetic demands and cellular proliferation [118]. Cancer cells are also highly addicted to
glutamine, a non-essential amino acid considered essential for cancer cell fitness. Glutamine
synthesis is upregulated in different malignancies, and many tumor cells die if devoid of
exogenous glutamine, suggesting an essential role of this amino acid in tumor progression [119].
Cancer cells utilize glutamine (glutaminolysis) to fuel TCA cycle via o-ketoglutarate (a-KG) for
generation of reaction intermediates that feed anabolic growth via synthesis of building blocks
(proteins, lipids, and nucleic acids) [117]. Cancer cells depend on glutaminase (GLS), a
mitochondrial enzyme, for the conversion of glutamine to glutamate that enters the TCA cycle to
produce o-KG. Also, through the process of anaplerosis, cancer cells utilize glutaminolysis to

replenish a-KG, that is essential for energy metabolism [98].

Myeloid cells are one of the major components of the tumor microenvironment (TME). The ability
of myeloid cells to adapt to various environmental cues is related to the dramatic metabolic
remodeling that drives their development, differentiation, and activation [120]. Tumor-associated
macrophages (TAMs) are highly heterogeneous macrophage populations due to their rapid
adaptability into diverse phenotypic, metabolic, and functional states in response to environmental
signals from the TME [120]. Conventionally while M1-like macrophages are increasingly glycolytic
coupled with excess lactate secretion and NADPH, lipid, and nucleotide biosynthesis, M2-like

macrophages utilize oxidative metabolism (OXPHOS) for bioenergetic demands [120]. However,
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this overly simplistic description of metabolic status does not suffice for TAMs due to their plasticity
and heterogeneity, although TAMs are largely biased towards an M2 phenotype [121].

In addition to playing a significant role in cancer cell proliferation, glutamine metabolism is also
known to contribute to macrophage activation [101]. TAMs of both human and murine origin have
elevated levels of glutamine transporters and metabolic enzymes, showing increased glutamine
consumption [122]. Glutaminolysis is an important feature of alternatively activated or M2-like
macrophages accompanied by fatty acid oxidation [123]. GLUL (glutamate-ammonia ligase) is
upregulated in most human cancers, and it favors M2 polarization by catalyzing the conversion of
glutamate to glutamine in vitro [124]. Indeed, inhibition of GLUL favors polarization of M2-like
TAMs to M1-like TAMs that is accompanied by increased glycolytic flux and succinate availability,
suggesting a metabolic interplay between glucose and glutamine metabolism in the regulation of
TAM function [101]. Both a-KG and succinate levels determine the macrophage polarization
phenotype. While a higher o-KG/succinate ratio favors M2-like macrophages, a lower o-
KG/succinate ratio favors M1-like macrophages [123]. Similarly, extracellular glutamine
supplementation is also known to promote M2-like macrophage polarization [101]. Moreover,
genetic deletion of glutamine synthetase (GS) promotes tumor vessel pruning, vascular
normalization, accumulation of cytotoxic T cells, and inhibition of metastasis, providing a critical
role of glutamine metabolism in angiogenesis, immune suppression, and metastasis in the TME
[101]. These observations point out the fundamental role of TAMs as one of the key players in
shaping the TME and in tumor progression and provide a strong rationale for targeting glutamine

metabolism in TAMSs.

Prostate cancer is less glycolytic, highly lipogenic, and dependent on oxidative phosphorylation
than other solid tumor types, however recent evidence suggests that prostate cancer is dependent
on glutamine metabolism for growth [125]. Along the same line, GLS1 expression in prostate

cancer strongly correlates with tumor stage and disease progression [126].
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Indeed, therapeutic strategies for targeting glutamine metabolism in prostate carcinoma have long
been investigated due to the high glutamine addiction of these tumors. The broadly active
glutamine antagonist DON (6-diazo-5-oxo-L-norleucine) was used as glutamine antagonist
against multiple malignancies including prostate carcinoma, but dose-limiting gastrointestinal
toxicities led to the termination of its clinical development [127]. Similarly, glutamine deprivation
using glutamine antimetabolite and earlier attempts to inhibit GLS were met with significant
toxicities [128]. However, the renewed interest in glutamine utilization blockade in malignancies
including prostate cancer has emerged due to a better understanding of cancer cell metabolism
and the advent of more selective GLS inhibitors with proven safety and tolerability [129].

Despite eliciting gastrointestinal and neurotoxicity in patients, the glutamine antagonist drug,
DON, showed improved tumor toxicity, therapeutic efficacy, and significant effects on improving
immunotherapies [127]. Potent anti-tumor activity of DON-induced glutamine antagonism is due
to inhibition of multiple glutamine-utilizing enzymes like glutaminase, multiple glutamine
amidotransferase involved in nucleotide synthesis, amino acid synthesis, hexosamine production,
and glutamine transporters [127].

Orally, bioavailable novel glutamine antagonist prodrug JHUO083 is a derivate of DON that
significantly addresses its observed toxicities and is well tolerated. JHUO83 shows significant
tumor growth inhibition (TGl), attenuates metastatic progression and improves animal survival in
different syngeneic murine models of melanoma, colon cancer, lymphoma, immunotherapy-
resistant triple-negative breast cancer (TNBC), and glioma [130]. Metabolic targeting of the TME
with JHUO083 has shown the tumoricidal effect on tumor cells, while a potentiated CD8* T cell
response was due to the differences in metabolic plasticity of these cells. In a landmark study, Oh
et al. demonstrated in the murine 4T1 breast cancer model decreased recruitment of
immunosuppressive myeloid-derived suppressor cells (MDSCs), increased immunogenic cell
death, and the repolarization of MDSCs to pro-inflammatory macrophages within the TME. This

study suggests that MDSCs are the prominent cells affected by JHUO83 [112]. However, a
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detailed understanding of the metabolic and functional aspects of the reprogramming of
intratumoral TAMs upon glutamine antagonism remains to be elucidated [112].

Herein we provide translational relevance of increased glutamine metabolism in TAMs in human
metastatic castration-resistant prostate cancer (NCRPC) samples from bone metastases and
evidence of efficacy of targeting glutamine metabolism in three pre-clinical murine syngeneic
urologic tumor models. Using JHUO083-induced glutamine antagonism in these myeloid-rich
urologic tumor models, we show that JHUO83 promotes a potent and direct anti-tumor effect and
reprograms the TME, exploiting the differential metabolic plasticity between tumor cells,
macrophages, and T cells. Additionally, we report JHUO83-mediated restoration of anti-tumor
immunity through myeloid-cell (TAM and tumor-infiltrating monocytes (TIMs) reprogramming that
includes increased phagocytic capacity, proliferation, inflammatory signaling, blockade of purine
metabolism, increased glycolysis and shunting of succinate to drive tumor-toxic inflammatory

signaling.

Results

Bone Metastatic Prostate Cancer tumors have enriched glutamine utilizing enzymes in
TAMs

Using single-cell RNA sequencing (scRNAseq), Kfoury et. al. characterized the bone marrow
(BM) microenvironment in prostate cancer (PCa)-matched tissues (bone metastasis, involved BM,
distal BM and benign BM) from 9 mCRPC patients [23]. Using this data set, we examined
expression levels of key enzymes involved in glutamine utilization, synthesis, and transport, as
well as enzymes involved in glycolysis [23]. In the bone metastatic tumor fraction, an increased
average expression of glutamine transporter SLC1A5 (ASCT2), glutamine utilizing enzymes GLS
(Glutamine synthase), GFPT1 (Glutamine-fructose-6-phosphate transaminase), PPAT

(Phosphoribosyl pyrophosphate amidotransferase), GLUL (Glutamine synthetase) and glycolytic
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enzyme Hk2 (Hexokinase) was observed relative to the benign or distal BM fraction (Fig 1A and
B).

Specifically, increased expression of GLUL and GLS was observed in the TAMs (CD68§",
CD163"), TIMs (LER*, PLAUR"), Mono 3 (monocyte cluster 3) (MNDA*, CTSA*), osteoclasts
(MMP9*, SPP1%), and endothelial cells (GNG11*, IFI27) in the tumor or involved BM fraction
relative to the benign or distal BM fractions, suggesting increased glutamine metabolism in these
cell types (Fig 1B and C). Increased GLUL expression was found in TAM and Mono 3 clusters in
the tumor BM relative to distal, benign, and involved fractions (Fig 1C and D). Also, GLS
expression was higher in the TAM cluster of the tumor fraction, suggesting predominant glutamine
metabolism activity in these tumor-infiltrating myeloid cells. We also found increased GLS
expression in the Mono 3 cluster of involved BM relative to the distal, benign, or tumor fractions
(Fig 1C and D). Together these results demonstrate an abundance of key glutamine metabolizing
enzymes in the immunosuppressive, pro-metastatic TAM population in metastatic PCa tumors. It
also highlights the rationale of the multifaceted therapeutic benefit of utilizing a glutamine mimic
to inhibit diverse glutamine utilizing enzymes to alter these cells for increased anti-tumor response

metabolically [127].

Glutamine antagonism with JHU083 shows potent anti-tumor activities in urologic tumors
We employed two established syngeneic, heterotopic, immunocompetent mouse models to
investigate whether JHUO83-induced glutamine antagonism enhances host anti-tumor immunity
in urologic tumors. As shown in Fig 2A and B, subcutaneous prostate and urothelial tumors
developed by implanting B6CaP (CD45 mouse prostate carcinoma) or MB49 (carcinogen-
induced male urothelial carcinoma) cells, respectively [131]. Following the growth of palpable
tumors (200-500 mm3), tumor-bearing animals were randomized into two cohorts: placebo or oral
JHUO083 (~1mg/kg DON equivalent) for 5-9 days, followed by a lower dose of (0.3 mg/kg DON

equivalent) [112]. A significant TGl and tumor weight reduction was observed in both tumors
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following JHUO83 monotherapy without any consequential weight loss (Fig 2C-F). We further
validated the JHUO083-mediated robust TGI in another aggressive syngeneic murine prostate
tumor carcinoma model RM-1 (Fig 2G). Together, these results show a potent anti-tumor activity
of JHUO83 monotherapy as evidenced by robust inhibition of growth of urologic tumors without

significant host toxicity.

Anti-tumor activity of JHU083 in urologic tumors is only partially dependent on T cells
We next set out to investigate the underlying immune-effector mechanisms of the anti-tumor
efficacy of JHUO83 in urologic tumors. To this end, we assessed if an adaptive immune response
is vital for JHU083-mediated TGl by using anti-CD8p and anti-CD4 specific depletion and isotype
control antibodies for 3 days before tumor engraftment to ensure T cell depletions (Fig 3A). Once
tumors became palpable (200-500 mm?3), the animals were randomized and treated with JHU083
as described above (Fig 2A-B).

We observed aggressive tumor growth following antibody-mediated CD8" T cell depletion in
MB49 tumor-bearing animals (Fig 3B), a phenotype not observed in B6CaP tumors (Fig 3C).
However, in both tumor models, JHUO83 treatment caused a robust TGI despite CD8* T cell
depletion (Fig 3B and C), suggesting that the anti-tumor activity of JHUO83 is only partially
dependent on CD8" T cells in both tumor models. Importantly, JHU083-treated animals bearing
MB49 or B6CaP tumors survived longer than untreated controls (Fig 3B and C), suggesting less
prominent anti-tumor effects mediated by CD8* T cells upon JHUQO83 treatment.

Next, we investigated the role of CD4* T cells in both models of urologic cancer. Following a
similar strategy adopted in the CD8" T cell depletion study, we observed that the depletion of
CD4* T cells resulted in increased tumor growth in B6CaP tumors (Fig 3E). At the same time,
there was no evident change in the MB49 tumor growth (Fig 3D), suggesting that CD4" T cells
do not restrict MB49 tumor growth. Like the CD8" T cell depletion, the JHUO083 treatment

maintained anti-tumor efficacy even after CD4* T cell depletion was achieved. Additionally, even
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though JHUO083-treated animals survived longer compared to isotype control-treated animals, no
significant changes were observed between JHUO083 treatment alone relative to JHUO83
treatment in CD4* T cell-depleted tumors (Fig 3E and D). Altogether, these results suggest that
the efficacy of JHUO83 in these urologic tumor models is less dependent on CD4* T cells and

CD8* T cells.

JHUO083 inhibits tumor growth in urologic tumors in a myeloid-dependent manner

Owing to the increased abundance of glutamine metabolizing enzymes utilized in the immune-
suppressive TAM population in bone metastatic PCa tumors (Fig 1C), we next investigated the
role of these myeloid cells in anti-tumor efficacy of JHUO83 in urologic tumors.

To do so, we first performed an adoptive transfer (ADT) of both TAMs and TIMs, as previously
described by Kaneda et al. (Fig 4A) [85]. Briefly, live FACS-sorted TAMs (CD45* CD3" Ly6G"
CD11b* F4.80%) from JHUO83-treated or vehicle-treated MB49 tumors were mixed with in vitro
cultured live MB49 cells in a 1:1 ratio and were subsequently implanted in the flanks of syngeneic
recipient C57BL/6J mice. A significant delay in MB49 tumor progression was observed in the
animals that received ADT JHUQ83-treated TAMs mixed with MB49 cells compared to those
tumors that developed from vehicle-treated TAMs mixed with MB49 cells (Fig 4B). An even
greater TGl was observed in tumors that originated using a mix of JHUO83-treated TAMs and
MB49 cells, and the animals subsequently received JHUO83 treatment (~0.3 mg/kg equivalent of
DON) (Fig 4B). Similarly, a stronger TGI was observed in MB49 tumors developed using a mix
of vehicle-treated TAMs and MB49 cells following JHU083 treatment as compared to no treatment
after ADT. No significant change in tumor volume was observed in ADT MB49 tumors and non-
ADT MB49 tumors in the absence of JHUO83 therapy. Together, these results support the
antitumoral role of JHU083-treated TAMs. This, in turn, could be due to phenotypic changes in
TAMs induced by JHUO83-mediated reprogramming of TAMs to an anti-tumor state within the

TME.
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Next, we investigated the contribution of TIMs (live CD45* CD11b* CD3" Ly6G™ Ly6C"") in the
TGl following JHUO83 treatment. Briefly, JHUO83-treated or vehicle-treated MB49 tumor-derived
TIMs were mixed with live MB49 cells in a 1:1 ratio (Fig 4A) and implanted in the syngeneic
recipient C57BL/6J mice, followed by tumor growth kinetics measurement. A delayed TGI was
observed in MB49 tumors originating from JHUO83-treated TIMs mixed with MB49 cells over
MB49 tumors growing from vehicle-treated TIMs mixed with MB49 cells (Fig 4C).

Altogether these results demonstrate that JHU083-mediated TGI in urologic tumors is chiefly
mediated via TAMs and TIMs. This phenotype was likely contributed via JHUO83-induced
functional reprogramming of TAMs and TIMs, thus rendering them strongly tumor-reactive for a
prolonged duration. The contribution of CD4* T cells and CD8" T cells appears minimally and

possibly secondary in these immunogenic urologic tumors.

JHUO083 reprograms immunosuppressive TAMs and TIMs in the TME to become more
inflammatory

We next set out to understand the transcriptional responses in TAMs and TIMs in the prostate
cancer TME in response to JHUO83-mediated glutamine antagonism. To this end, we adopted
two orthogonal approaches of utilizing 10x Genomics-based single-cell RNA sequencing
(scRNAseq) at day 7 post-JHUO83 treatment (early time point) and bulk RNA sequencing of FACS
sorted TAMs at day 14 post-treatment (late time point) in the B6CaP tumor-bearing mice (Fig 5A
and B). Briefly, JHUO83-treated or control B6CaP tumors were harvested and sorted for CD45*
immune cells and CD45 tumor/stromal fractions (n=3/group) at an early time-point (7 days post-
JHUO83 treatment) and were subjected to the library preparation and RNA sequencing. For bulk-
RNA sequencing, we used live FACS-sorted TAMs (live CD45* CD3" Ly6G™ F4.80* CD11b*) from
B6CaP tumors (n=6/group) (Fig 5B).

At the early time point, using scRNAseq, we identified 9 different immune cell clusters within the

CDA45" fraction that were homogenously distributed across all samples based on the expression
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of well-defined canonical markers (Fig 5C). Based on the UMAP and density plot, we noticed a
shift in the density of macrophages (Adgre1™ Mrc1* Itgam®) after JHUO83 treatment (Fig 5D).
Next, we investigated macrophage/monocyte clusters and identified a total of 10 TAM clusters
and 1 TIM (Ccr2" Ly6c2* Cd44") cluster. Within the TAM clusters we further identified
inflammatory TAMs (Inflam_TAM; S100a6* S100a4* S100a11*), Proliferating TAMs (Prolif _TAM;
Top2a* Pclaf* Diaph3®), glycolytic TAMs (Glycolytic TAM; Sic2a1* Tpi1* Gpr137b*), Type | IFN-
responsive TAMs (IFN_TAM1 (Ifit2* Isg15" Rsad2)* and IFN_TAM2 (ligp1* Gbp2® Ifi47") and 5
other TAM clusters named TAM1 (Cd83* Sash1* SIc9a9"), TAM2 (Ccnb2* Birc5® Cenpa®), TAM3
(Ophn1* Itm2b* Fmd4b™), TAM4 (Nup210I* Pde4c* Pdpk1*) and TAMS (Tmsb4x® Cdk8* Rplp1*)
(Fig 5E). After JHUO83 treatment early on, we observed an increased density of TAM1, TAM2,
TAM4, TAMS5, and proliferative TAMs and a decrease in TIMs and Inflammatory TAMs (Fig 6A
and B).

To understand which of these clusters likely expand at a later time point to drive the TGI caused
by JHUO83-treatment, we systematically compared with a scoring matrix (details in methods) for
each of the macrophage and monocyte clusters identified in scRNAseq analysis with the FACS-
sorted, bulk-RNA sequenced TAMs (live CD45* CD3" Ly6G™ F4.80°CD11b*, n=6/group) from
B6CaP tumors post-JHUO83 treatment. Briefly, each of the cell clusters (day 7, scRNAseq) was
scored based on agreement with differentially expressed genes (DEGs) identified in the bulk
RNA-seq experiment (day 14) (see methods). This analysis identified TAM2, TIM, TAM1, and
Prolif_TAM as putative populations that expand to dominate the transcriptional changes observed
at day 14 (Fig 6C and D).

Based on this analysis, the proportion of four TAM clusters: TAM2, Prolif TAMs, TAM1, and TAM4
at an early and late time point were increased after JHU083 treatment in B6CaP tumors (Fig 6A-
D). Inflammatory TAMs and TIMs showed a decreased transcriptomic signature at an early time
point but increased at a late time point, eluting to the time-kinetic influx of these populations post

JHUO83 treatment (Fig 6A-D).
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Next, to understand the differential pathway regulations in response to JHUQO83 treatment, we
performed GSEA pathway analysis in the DEGs in all the individual macrophage clusters from
scRNAseq and bulk RNA seq DEGs. We identified four hallmark pathways enriched in DEGs
following JHUO083 treatment, namely TNFA signaling via NF-kB, inflammatory response, mitotic
spindle, and G2M checkpoint in each of the top scoring TAM clusters, i.e., TAM2, TAM1, and
proliferative TAM clusters (Fig 7A). We found an enrichment of these TNFA signaling via NF-kB,
inflammatory response, mitotic spindle, and G2M checkpoint identified pathways in bulk RNA-
seqg-based identified DEGs in JHUO083 treated TAMs. Additionally, we also found enrichment of
hallmark mTORC1 signaling in the bulk RNA seq identified DEGs in JHUO83 treated TAMs (Fig
7B).

Alternatively, a manual examination of top DEGs from macrophages in both experiments reveals
significant upregulation of key inflammatory genes, including interleukins (//1a, //1b), myeloid
chemoattractant (Cxc/1), inflammatory lectin type innate-sensing receptors (Clec4e and OIr1) and
inflammasome (Nirp3) (Fig 8A-C).

Taken together, using two unbiased approaches, we identify TAM sub-populations that showed
upregulation of hallmark TNF signaling and inflammatory pathways and an increased proportion
of proliferative TAMs following JHUO83 treatment.

Next, for orthogonal validation of inflammatory reprogramming of TAMs (live CD45" Ly6C" Ly6G"
F4.80") and TIMs (live CD45* CD11b* Ly6C") in both tumor models, we investigated the
differential expression of canonical markers of myeloid-reprogramming or inflammation (Fig 9A).
To this end, we first investigated whether JHU083 treatment caused changes in cell proportion in
TAMs or infiltration of TIMs. Using flow-cytometry, we found that the percentage of F4.80" TAMs
(live CD45" Ly6C Ly6G F4.80%) decreased, while the percentage of CD11b* myeloid cells (live
CD45* Ly6C Ly6G'CD11b*) and TIMs (live CD45* CD11b* Ly6G" Ly6(™) increased at a late time
point (day 14) in B6CaP tumors after JHUO83 treatment. Orthogonal validation of F4.80" and

CD11b" tissue area in B6CaP tumors by immunohistochemistry (IHC) showed a similar change
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(Fig 9B-E). Concurrently, a similar increase in the percent of both CD11b* myeloid cells and
Ly6C™ TIMs was observed (Fig 9F) in the MB49 tumors following JHU083 therapy. Since there
was discrepancy between B6CaP vs. MB49 in terms of percentage TAM levels after JHUO83
treatment, we investigated whether JHU083-induced changes were related to the intra-tumoral
abundance in M1 (live CD45" Ly6C Ly6G F4.80" MHCII* CD86*) or M2 (Live CD45* Ly6C Ly6G"
F4.80" CD206%) TAMs in both models. After JHUO83 treatment, we found an increase in M2
surface markers (CD206%) and no marked increase in canonical M1 surface markers (CD86*
MHCII*) in B6CaP TAMs as previously reported by Oh et al. in 4T1 murine tumors indicating the
tumor model- specific differences (Fig 9B-E).

Finally, to understand if reprogramming by functional cytokine signaling occurs after JHUO83
treatment, we used a flow cytometry-based approach to validate TNF levels by performing
intracellular staining in TAMs (live CD45" Ly6CLy6G™ F4.80*) and TIMs (live CD45* CD11b*
Ly6C") in B6CaP and MB49 tumors. Interestingly, the % TNF* cells and the expression increased
in TAMs (both in M1 or M2 sub-populations) and in TIMs after JHUO83 treatment in B6CaP and
MB49 tumors (Fig 9 D and F).

Overall, using different approaches in different sub-clusters/ populations of TAMs and TIMs by
both transcriptomics and flow cytometry-based approaches, JHUO83 treatment increased TNF
signaling and overall inflammatory signaling, which was consistent with the previously reported

findings in the 4T1 model of breast cancer [112].

JHUO083 conditions a fraction of tumor-resident TAMs to induce proliferation

Using GSEA analysis (Fig 7), we observed enrichment of hallmark signaling pathway genes
involved in proliferation (Mitotic spindle, G2M checkpoint) after JHUO83 treatment in different TAM
clusters (proliferative TAM, TAM 1, TAM 2, TAM 4, TAM 5, inflammatory TAM, IFN TAM1, and
glycolytic TAM) identified in the scRNA seq analysis at an early time point as well as in the bulk-

RNA sequencing dataset at a later time point. The proliferative TAM cluster was also enriched in

32



cell-cycle genes corresponding to G2M transition genes (Fig 10A). This led us to investigate if
proliferating (Ki-67*) TAMs were differentially changed after JHU083 treatment using flow
cytometry-based tumor immune infiltrate profiling. Indeed, JHUO083 treatment increased the
percentage of Ki-67" TAMs (Live CD45" Ly6C Ly6G™ F4.80%) in the B6CaP TME specifically in
CD206 co-expressing TAMs (Live CD45* Ly6C Ly6GF4.80* CD206") (Fig 10B).

As GSEA analysis elucidated a proliferative TAMs cluster and proliferative pathways enriched at
early and late time points respectively after JHU083 treatment, we investigated the ontogeny
between the TIMs and the proliferative TAMs. To this end, we performed an RNA velocity analysis
(ratio of the spliced to unspliced RNA transcripts) to predict transcriptional trajectories of each cell
based on the ratios of their spliced and unspliced RNA transcripts [132], where the root cells are
the undifferentiated cells and, the developmental endpoints are the differentiated cells connected
via arrows pointing to the likely developmental paths [133]. Using this analysis, we determined
that the proliferative TAMs were developmentally unrelated to the infiltrating monocyte fraction in
the B6CaP TME (Fig 10C). Previous studies have also suggested that peripheral bone marrow-
derived monocytes infiltrate tissue and lose their proliferative potential during the final stages of
monopoiesis [134].

Together, the results suggest that JHU083 can induce changes to the cell cycle and proliferation
in different subpopulations of TAMs and a sub-cluster in TAMs enriched in proliferative signatures.
Additionally, the RNA velocity analysis suggests that the proliferative TAM sub-cluster might be a
resident macrophage population in the tumors that were phenotypically reprogrammed following
JHUO083 treatment that led to induced proliferation, the mechanism of which remains to be

uncovered.

JHUO083 promotes phagocytosis and decreases angiogenesis in the TME
Therapeutic remodeling of TAMs to enhance tumor cell phagocytosis remains an exciting avenue

to improve their anti-tumor activity [72]. Similarly, the pro-angiogenic properties of TAMs also
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remain an important target of myeloid cell-specific immunotherapies in solid tumors. Indeed,
metabolic rewiring of macrophages via targeting glutamine synthetase (GS) previously showed
decreased angiogenesis [101]. Here, we investigated phagocytosis and angiogenesis in the
urologic tumor models to understand the functional implication of JHU083-mediated glutamine
metabolic inhibition on intra-tumoral TAMs.

To this end, engineered RFP* MB49 cells and wild-type (RFP-) MB49 cells were used to generate
tumors that displayed uniform growth kinetics (Fig 11A). JHUO83 treatment of animals bearing
either RFP* or RFP- MB49 tumors caused statistically similar tumor regression over control that
was confirmed by tumor volume measurements and in vivo imaging for luciferase intensity (Fig
11A and B). After JHUO083 treatment, the TAMs (live CD45" Ly6G  Ly6C F4.80") showed
augmented levels of in vivo phagocytosis of tumor cells relative to non-treated controls (Fig 11C-
E). Importantly, this increased phagocytosis was observed in both CD206* M2 TAMs and CD86*
MHCII* M1 TAMs (Fig 11C and E). In addition, we generated an RFP* RM1 tumor model to test
the tumor cell phagocytosis in a prostate adenocarcinoma murine model. Consistently,
augmented levels of phagocytosis of RM1 cells by TAMs was observed after JHUO83 treatment
(Fig 11F and G), confirming it to be a consistent phenotypic response.

We further investigated whether JHUO83-induced an increase in phagocytosis in intra-tumoral
TAMs due to increased tumor cell apoptosis or due to a direct effect on increasing the phagocytic
potential. To tease this out, we treated human monocyte-derived macrophages (HMDMs) [135]
with 1-5 mM active drug DON either during the differentiation phase (D1-5) and/or during the
polarization phase (D5-9). Following 9 days of DON treatment HMDMs showed enhanced
phagocytosis of the CFSE-labeled PC3 cells compared to untreated control (in proficient
glutamine media) when co-cultured together (Fig 12A). This result suggests that glutamine
metabolism in differentiated and polarized macrophages immediately augments their phagocytic
activity (Fig 12B and C). This phenotype was further supported when we examined the

phagocytosis gene scores within the scRNAseq dataset in all TAM clusters. Specifically, TAM1,
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TAM2, Inflam_TAM, and Prolif TAM showed an enriched UCell score for phagocytosis genes
after JHUO83 treatment (Fig 12D). Moreover, Myo1e, a key late-stage phagocytic force
generating myosin-ll gene [136], was highly expressed in TAMs of JHU083-treated B6CaP tumors
(Fig 12E). Altogether, these results suggest that targeting glutamine metabolism directly

increases the phagocytic activity of TAMs against tumor cells.

Active drug DON inhibits glutamine synthetase (GS) activity [137], a pro-angiogenic enzyme
known to promote metastasis [101]. Hence, we sought to determine the effect of DON and
JHUO83 treatment on angiogenesis in the TME. To understand tumor angiogenesis, we
performed immunohistochemistry (IHC) for CD31 (vascular differentiation marker) in B6CaP and
MB49 tumors. After JHUO83 treatment, we observed that the percent of tumor tissue area stained
for CD31 decreased significantly in tumors from three independent experiments excluding the
necrotic regions in B6CaP and MB49 tumors (Fig 13A and B). These results suggest that
glutamine blockade in TAMs using metabolic inhibition results in augmented phagocytic
capacities and diminished tumor angiogenesis, two essential functional tumor control

mechanisms by myeloid cells.

JHUO083 induces parallel metabolic changes in glycolysis, purine metabolism, and
succinate in TAMs

DON-mediated glutamine antagonism has broad-ranging effects on glutamine-consuming
enzymes in multiple metabolic pathways in addition to glutaminolysis [127]. Previous reports
suggest divergent metabolic reprogramming in T cells relative to cancer cells in the TME due to
the differential effects of glutamine inhibition [101]. Since we found that JHUO83-mediated
glutamine metabolism inhibition led to tumor suppression concomitant with macrophage (TAM)
polarization shifts, we hypothesized that blocking glutamine metabolism would significantly affect

the metabolic milieu of both the TME and TAMs.

35



We first investigated the metabolic phenotypes in B6CaP intra-tumoral TAMs and TIMs using the
evaluation of surface and intracellular expression of surrogate markers using flow cytometry. We
did not see significant changes in the relative abundance of TAMs expressing mitochondrial
proteins voltage-dependent anion channel 1 (VDAC1) (mitochondrial mass), TOMM20
(OXPHOS- oxidative phosphorylation), and carnitine palmitoyl- transferase 1a(CPT1a) (fatty acid
oxidation) in JHUO83-treated tumors over control (Supplementary Fig 4A). However, a marked
increase in GLUT1 (glucose transporter) and HKII (glycolysis) was found in TAMs and TIMs
following JHUO083 treatment (Fig 14A and B). The elevated levels of GLUT1 and HK2 were most
significant in CD86* MHCII* M1 TAMs while only a trend (for their elevated levels) was seen in
CD206* M2 TAMs (Fig 14A). Indeed, GSEA analysis of DEGs in bulk RNAseq dataset of FACS-
sorted TAMs from JHUO083-treated B6CaP tumors earlier revealed significant enrichment of
glycolytic pathway genes (Fig 14C and D). Additionally, mTORC1, as a key regulator of glycolysis
[138], was found upregulated in JHU083-treated TAMs relative to control (Fig 7B).

Next, we investigated the direct outcome of the transcriptional and translational alterations on the
metabolome of TAMs following JHUO83 treatment. The metabolic discrepancy between the TAMs
in the TME, as opposed to the ex-vivo, generated, homogenous macrophage populations, could
be due to the highly complex milieu of the TME [139]. This prompted us to modify and optimize
the rapid digestion, sorting, and tumor sample processing protocol [140] for TAMs in our effort to
understand the differential intra-tumoral metabolite levels after JHU083 treatment (Fig 15A).
Using an LC-MS/MS-based targeted metabolomic approach, we quantified the relative
abundance of 156 key metabolites in FACS-sorted TAMs (CD45* CD3 Ly6G CD11b* F4.80%)
from B6CaP tumors. Control (n=3 animals) and JHUO83 treated (n=3 animals) TAMs were used
for metabolic quantification (Fig 15A and B). Notably, we discovered stalled purine nucleotide
metabolism with an increase in Phosphoribosyl-N-formylglycineamide (FGAR) and guanosine

and a decrease in cADP-ribose in JHUO83-treated TAMs (Fig 15C and D). As reported recently,
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a novel glutamine pro-drug, DRP-104 (a derivative of DON), causes intratumoral purine
nucleotide metabolic inhibition together with affecting glutaminolysis [113]. Similarly, JHU083
appears to induce inhibition of purine nucleotide metabolism in the TME.

Due to the technical challenges in recovering and missing the peaks for lost metabolites in a
targeted metabolomics approach, we had limited success quantifying glycolysis or TCA cycle
metabolites. We overcame this challenge by further optimizing the protocol and performed an in
vivo tracing of [U-"3C] glucose in the rapid-sorted TAMs (CD45* CD3'Ly6G" CD11b* F4.80") [141]
from B6CaP tumors to understand the effect of JHUO83 on glycolysis and TCA cycle.

Using the in vivo [U-3] glucose tracing metabolomic approach, we quantified glucose carbons
entering the TCA cycle (citrate, a-ketoglutarate, succinate, fumarate, malate), amino acids
(aspartic acid, glutamine, and glutamate), and glycolytic intermediates (lactate and pyruvate) as
well as their relative abundances in control and JHUO83 treated B6CaP TAMs. Strikingly, we
observed decreased glucose carbons in succinate and an elevated level of glucose carbons in
fumarate in JHUO83-treated TAMs relative to control TAMs (Fig 16A and C). To further
understand if succinate levels get impacted by this decreased glucose carbon flux, we
investigated the relative abundance of all TCA cycle metabolites.

Interestingly, we found a decreased abundance of succinate and a-ketoglutarate (o-KG) in TAMs
upon JHUO083-mediated glutamine blockade, suggesting a divergent metabolic response likely
affecting TCA cycle intermediates (Fig 16B).

Our results indicate that a disrupted TCA cycle, as previously reported in homogenous ex vivo
inflammatory M1 macrophages with succinate, either converting rapidly to fumarate or shunting
towards HIF1-a to induce IL-1p signaling [142]. To understand this regulation, we investigated
TCA cycle enzymes and inflammatory cytokine transcripts in all TAMs (Adgre1* Mrc1* ltgam®)
from scRNA sequencing (Fig 16D). Indeed, we observed increased succinate dehydrogenase
subunit b (Sdhb) and //1b transcripts in B6CaP-TAMs following JHUO083 treatment (Fig 16D).

Moreover, bulk RNA sequencing of FACS-sorted B6caP-derived TAMs showed a highly enriched

37



score for signaling by interleukin pathway following JHUO83-treatment (Fig 16E), suggesting
increased inflammation as a direct consequence of JHUO83-induced divergent metabolic
reshuffling in TAMs.

In conclusion, these results indicate that JHU083 contributes to intra-tumoral metabolic plasticity
in TAMs, induces glycolysis in prostate carcinoma by fueling a broken/disrupted TCA cycle which
in turn might be partly responsible for inducing inflammatory signaling. In parallel, glutamine

antagonism also affects purine nucleotide metabolism in TAMs in the TME.

JHUO083 affects tumor cell metabolism and induces cell death in urologic tumors
Glutamine is the key carbon and nitrogen source for energy production, nucleotide, and amino
acid synthesis [143]. Previously, Leone et al. showed that JHU083-mediated glutamine blockade
results in suppressed oxidative and glycolytic metabolism in cancer cells resulting in decreased
hypoxia and nutrient depletion; however, this remains to be elucidated in myeloid-rich urologic
tumors [141]. To this end, we investigated the effects of glutamine antagonism on the growth and
metabolism of tumor cells in both B6CaP and MB49 tumors.

First, we performed western blot analyses of CD45" tumor/stromal whole cell lysates from MB49
and B6CaP tumors for key glutamine-utilizing enzymes following JHUO083 treatment. JHUO083
treatment led to suppressed ASCT2 (a major glutamine transporter), glutaminase1 (GLS1), KGA
isoform, and glutaminase 2 (GLS2) (Fig 17A). While we didn’t observe a significant difference in
the whole cell lysate from CD45 fraction in MB49 tumors, we here report a reduced surface

GLUT1 expression in the CD45 cells of B6CaP tumors using flow cytometry (Fig 17A and B).

Knowing that the impact of blocking glutamine in urologic tumor cells influences glycolysis, we
next used a targeted metabolomic screen for whole B6CaP tumors (Fig 17C). A total of 218 tumor
metabolites were quantified, of which 23 showed differential modulation (P<0.01) between

JHUO83-treated vs. control B6CaP tumors (Fig 17D and E) that were subjected to metabolic
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pathway analysis (Fig 17F). Metabolic pathway analysis unveiled severely reduced nucleotide
metabolism metabolites (xanthosine, CMP, deoxyuridine, dUMP, dCDP, CDP, Thymine, UDP)
(Fig 17F). Additionally, JHU083-mediated targeting glutamine metabolism changed metabolite
levels resulting in impaired amino acid metabolism, one-carbon metabolism, glycolysis,
hexosamine pathway, and TCA cycle metabolism (Fig 17E).

To better understand the net result of the impaired metabolism in tumor cells, we used LC-MS-
based absolute quantification of intra-tumoral glucose, glutamine, glutamate, and FGAR in both
MB49 and B6CaP tumors. We observed an accumulation of increased glutamine, glucose, and
FGAR (Fig 17G).

Since JHUO083 is known to affect c-MYC and HIF-1a signaling [141], we investigated c-MYC and
HIF-expression levels in CD45" enriched fractions from MB49 tumors (Fig 18A and B). While we
did not observe any change in total c-MYC levels after JHUO83 treatment, a significant decrease
in phosphorylated c-MYC (both T58 and S62) and HIF-1a was observed.

These results suggested a global metabolic shutdown in urologic tumor cells prompting us to
investigate possible effects on tumor cell viability. We found a dose-dependent reduction in MB49
cell viability (Fig. 18C) confirmed by enhanced cleaved-caspase-3 levels seen in tumor/stromal
(CD45") cells from JHUO83 treated MB49 tumors (Fig. 18D).

Together, these results suggest a profound anti-tumor effect of JHUO83 that impairs tumor cell

metabolism leading to reduced proliferation and survival in the TME of urologic tumors.

JHUO083 induces long-lived T cell markers and affects immunosuppressive Tregs in the
TME

JHUO83-mediated glutamine antagonism promotes anti-tumor immunity by conditioning tumor-
infiltrating lymphocytes (TILs) towards a long-lived, memory-like phenotype that is highly

proliferative, markedly activated, and capable of enhanced effector function in the TME [141].
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While we observed only partial CD8* and CD4* T-cell dependence in JHU083-mediated anti-
tumor immunity in the urologic tumor (recall our T-cell depletion experiment), we went on to
investigate whether JHUO83-treatment causes functional changes in TlLs as reported previously
[141].

To this end, we re-examined the scRNAseq study that we performed on the CD45" immune cell
fraction from B6CaP tumors following JHUO83 treatment (Fig 5D). Within the lymphoid
compartment, cell types, namely: T cells (Cd3d*, Trbc2*), NK cells (KIrb1c*, Gzma®, Ncr1*), and
Tad cells (Trdc™, I117a*), were homogeneously represented across all samples (Fig 5D). A further
investigation led us to identify a greater diversity of lymphocytes that included a total of 12 different
cell clusters identified across samples based on the assigned canonical markers. These
lymphocytic sub-set cells included: CD8 1 (Epsti1*, Ly6c2*, CD8a*), CD8 2 (Pdcdft*,
Cd8a*),CD8_3 (Tcf1* Lef1*),NK_1 (Ly6c2* Sell" Epsti1*), NK_2 (Gzma*, Tyrobp*), CD4_1 (Tcf1*,
Lef1"), CD4_2 (Icos*, Rora* Tpt1*), CD4_3 (foxp3*, kzf2*), CD4_4 (Eae1*, Trps1*), gdT (Trdc",
I117a*, Tcrg-c1*) cells and Proliferating cells (Hmgb2*, Stmn1*, Birc5*) (Fig 19A-C). JHU083-
treated B6CaP tumors showed a decreased abundance of foxp3+ CD4 3 cluster and increase in
both stem cell-like TCF1+ and Lef1+ CD4_1 and CD_8 T cells (Fig 19A and D).

These functional changes in the overall abundance of CD8 and CD4 TILS were orthogonally
validated by investigating the TME of both urologic tumors following JHUO83 treatment. Flow
cytometry-based evaluation of B6CaP and MB49 tumors unveiled an increased percent of stem-
like CD8 T cells (CD44-, CD62L" of CD8") and a decreased percent of CD4* Tregs (FoxP3* of
CD4*) in response to JHUO083 treatment (Fig 19E).

Next, we investigated whether the stark reprogramming of TAMs in the urologic tumor models in
response to JHUO083 therapy could relieve the immune suppression on T cells and contribute
towards an inflammatory immune response in the TME. DON-treated PBMC-derived
macrophages during the differentiation and polarization phases (D1-9) were used to perform a T-

cell suppression assay using the autologous T cells (Fig 20A). Autologous CD8* enriched T cells
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co-cultured with DON (0.5 uM)-treated macrophages showed increased proliferation compared
to glutamine-enriched media, which served as control (Fig 20B). Moreover, CD8* T cells co-
cultured with these reprogrammed macrophages had increased expression of two key functional
markers: TNF-a and IFN-y (Fig 20C).

Given the fact that DON-treated and reprogrammed TAMs increased polyfunctional CD8* T cells
(Fig 5H) and stem-cell-like CD8* T cells (Fig 19E) and decreased proportion of exhausted T cells
(Fig 19D), we sought to determine if an ICB therapy in combination with JHUO83 would further
synergize anti-tumor efficacy of JHUO83 in urologic tumors. To this end, we treated MB49 tumors
with combinatorial therapy (JHUO083 + anti-PD1). Although we observed only a partial response
to anti-PD1 monotherapy, the addition of JHUO83 resulted in further decreases in tumor volume
(Fig 21A and B). However, we could not statistically confirm this combinatorial effect either due
to the highly effective TGI caused by JHUO83 monotherapy or a model-specific limitation of tumor
volume measurement.

Overall, while JHUO83-treated T cells contribute less prominently towards a direct anti-tumor role,
reprogrammed TAMs can potentially increase the proliferation and polyfunctionality of the T cells
in-vitro. Additionally, as reported previously, CD8" TILs in urologic tumors also increase stem cell-

like markers and markedly fewer Treg® cells [141].
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Discussion

Classically, in vitro stimulated macrophages have two broader activation states referred to as M1
(classically activated) and M2 (alternatively activated). While M1-polarized macrophages elicit
type 1 responses and mediate tumor cell killing; M2-polarized macrophages promote Th2
immunity and are pro-tumoral [24]. Inside tumor niches that represent a more dynamic and
complex microenvironment, TAMs display a remarkable ability to adapt to a broad spectrum of
intermediate activation states while co-existing together [144]. Specific TAM subsets play a dual
supportive or inhibitory role in cancer progression. As discussed, M2-TAMs are pro-tumoral and
promote oncogenesis, angiogenesis, epithelial-to-mesenchymal transition (EMT), metastasis,
and provide protective niches for cancer stem cells; M1-TAMs exert tumoricidal functions and
support the efficacy of various anti-tumor immunotherapies [71]. TAMs thus stand out as
promising targets for developing novel anti-tumor immunotherapies [19], prompting the
development of several myeloid-targeting immunotherapies targeting their recruitment,

accumulation, reprogramming, checkpoints, and immunometabolism [71].

The challenges faced by T cell-based ICB in prostate carcinoma (PCa) are mainly due to the
restricted CD8 T cell infiltration [145] with a concomitant increase in immunosuppressive M2-
TAMs in the TME [146]. In fact, immunosuppressive M2-TAMs remain the major obstacle in
prostate cancer immunotherapy.

Targeting metabolic checkpoints offers promising opportunities for cancer therapies. Specifically,
targeting glutamine metabolism could help maximize the efficacy of existing cancer therapies.
Prostate tumors are highly glutamine-addicted, also M2-TAMs display increased glutamine
uptake that appears to promote M2-macrophage polarization [147]. In this study, we have used

a novel glutamine antagonist as a therapeutic agent to understand the effects of glutamine
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inhibition on the metabolic remodeling of TAMs and its consequential impact on their anti-tumor

functional attributes in urologic cancers.

Taking advantage of a published dataset that earlier characterized metastatic prostate cancer in
bone marrow as well as matched tissues at single-cell resolution using single-cell transcriptomics
[147], we investigated the involvement of tumor-infiltrating immune cells in glutamine metabolism.
Our analysis showed increased expression of several glutamine-utilizing enzymes, including GLS
and GLUL, in both TAMs and TIMs in PCa tumors and involved BM fraction (Fig 1), suggesting
increased roles of these myeloid cells in glutamine metabolism. This also reinforces the
therapeutic benefit of glutamine metabolism inhibition in MCRPC to address the unmet need of
therapeutic interventions. Glutamine metabolism in tumors represents an important metabolic
checkpoint and remains one of the most promising approaches to target solid tumors [141].

Here for the first time, we carried out the comprehensive evaluation of JHU083, a novel antagonist
of glutamine utilizing enzymes as an immunotherapeutic intervention in urologic (prostate and
bladder) tumor models. We found that in vivo administration of JHUO83 caused a stark TGl in
three different syngenetic mouse models of urologic tumors (Figure 2). Sfanos et al. earlier
reported the ‘exhausted’ nature of prostate tumor infiltrating CD8 T cells due to very high
expression of PD-1, while the presence of these cells is associated with an increased risk of

clinical progression in men indicating further validating our results [148].

Using the T cell depletion experiments, we characterized a mild TGI contributed individually by
either CD8B or CD4 T cells, as JHUO83 administration caused significant TGl despite T cell
ablation (Fig 3). In addition, using the adoptive transfer experiments with TAMs and TIMs (Fig 4),
for the first time, show the role of myeloid cells in delaying tumor growth following JHUO83-
mediated glutamine antagonism. Previously Leone et al. showed increased global methylation in

T cells on broad methylation sites following JHUO83-treatment caused memory phenotype of CD8
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T cells in breast cancer [141]. The TCA cycle metabolite a-KG is essential for increasing OXPHOS
and FAO (fatty acid oxidation) in M2 macrophages. In addition, o-KG plays a key role in M2-
macrophage polarization through Jmjd3 (Jumonji domain-containing 3, a key enzyme for
demethylation of H3K27)-dependent demethylation of H3K27 in the promoter region of M2-
specific marker genes [123]. Given the limited availability of a-KG in the TME due to JHUO083-
mediated glutamine antagonism, the likelihood of cessation of such epigenetic mechanism
leading to M2-TAM polarization could not be ruled out and remains to be fully explored. Whether
JHUO83 treatment led to qualitative and quantitative changes in TAM phenotypes and abundance
in prostate (B6CaP) tumors, we used two complementary approaches in which sorted total
immune cells and TAMs were used to perform scRNAseq and bulk RNAseq studies. The GSEA
analysis led to the identification of different TAM populations in B6CaP tumors that showed
upregulation of the hallmark TNF signaling and inflammatory pathways and an increased

proportion of proliferative TAMs following JHUO83 treatment.

Previously Oh et al. reported reduced infiltration of immunosuppressive MDSCs in a triple-
negative breast cancer (4T1) model following JHUO083 treatment without overall changes in
myeloid cell recruitment [112]. Here, we report an overall increase in the percentage infiltration of
total myeloid cells (live CD45" CD11b*) and TIMs (live CD45* CD11b* Ly6G™ Ly6C M) in the
myeloid-rich urologic TME after JHUO83-monotherapy (Fig 9 B-E). The differential changes in the
myeloid cell recruitment and TAMs with antigen-presenting markers (CD86 and MHCII
expression, as M1 markers) in urologic (B6CaP and MB49) and 4T1 tumors could be due to the
model-specific varying TME and tumor heterogeneity.

Since we found TAMs and TIMs as the primary immune cell types involved in anti-tumor immunity
conferred by JHUO83 in the urologic TME, we looked closely at the signaling pathways modulated
in these cells in prostate tumors. We found TNF signaling induction in different subsets of TAMs

and TIMs (Figure 9) as well as an increase in the percentage of TNF-secreting M1 and M2 TAMs
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(Fig 9) after JHUO83 treatment as a significant phenotype. Conformingly, Oh et al., in the 4T1
tumors, reported a TNF-mediated anti-tumor effect by TAMs following JHUO083 therapy [141].
Additionally, increased TNF and inflammatory signaling reprogram TAMs and promote their anti-
tumor immunity [149]. Moreover, newer macrophage immunotherapies targeting CD40-CD40L,
IFN-mediated STING pathways, and LILRB2 in different models have shown TNF-mediated anti-
tumor immunity [71]. Our results demonstrate that the major role of TNF signaling in TAMs and
TIMs could be attributed to the anti-tumor efficacy of JHUO83 in urologic cancer.

Additionally, for the first time, we also report an induced cell proliferation signaling in subsets of
TAMs and the proliferative resident TAM cluster enriched in the TME after glutamine antagonism.
The flow-cytometry-based evaluation of B6CaP tumors showed increased Ki67+ TAMs (Fig 10)
following JHUOQ83 treatment that was in line with the observations made in the GSEA analysis in
TAMs that earlier showed upregulation of hallmark signaling pathway genes involved in
proliferation (Fig 7). Interestingly, the RNA velocity analysis predicted that the proliferating TAMs
were developmentally unrelated to the infiltrating monocytes, a phenotype that remains tentative
and could be explored for its origin and significance in the TME.

One of the most promising strategies that target pro-tumoral TAMs in myeloid-rich preclinical
tumor models or clinical trials in humans includes blocking angiogenesis and improving
phagocytosis of malignant cells by TAMs [72]. We demonstrated that JHU083-treated TAMs were
increasingly phagocytic in vivo (Fig 11). Indeed, increased phagocytic features were not limited
to M1-TAMs, but CD206" M2-macrophages also showed increased phagocytosis of tumor cells
(Fig 11C). We further confirmed the augmented phagocytic capacities in in vitro cultured and M2
polarized PBMC-derived macrophages that showed increased phagocytosis of PC3 cells after
DON treatment (Fig 11 C and E). A recent report suggests that tumor cells resistant to
phagocytosis induce macrophage mitochondrial fission by glutamine-fructose-6-phosphate
transaminase 2 (GFPT2)-mediated excessive use of glutamine [150], suggesting the effects of

glutamine on phagocytosis capacities of TAMs. Our results are direct evidence that tweaking
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glutamine metabolism could affect the phagocytosis of TAMs in the TME (Figure 11-12). We also
found increased expression of Myo7e in JHUO83-treated TAMs. Interestingly, Myo7e plays a key
role in adhesion turnover during phagocytosis and in membrane-cytoskeletal crosstalk for
phagocytic cup closure [151]. How glutamine metabolic inhibition results in Myo1e-mediated
increase of tumor cell phagocytosis by TAMs remains to be fully explored.

We also found decreased angiogenesis in JHUO83-treated prostate and bladder carcinoma
tumors, as evidenced by decreased tissue level expression of CD31 (vascular differentiation
marker), indicating reduced neovascularization (Fig 13). Our findings suggest the possibility of
using other synergistic combination therapies to increase phagocytosis and antigen presentation
of TAMs such as blockade of CD47-SIRPa or angiogenic inhibition with like ANG2-VEGF [71].
Changes in TNF and inflammatory signaling pathways in TAMs and TIMs in urologic tumors
following treatment JHUO83 prompted us to thoroughly investigate the metabolic changes in
TAMs following treatment. Overall, in the prostate cancer TME, we discovered a significant
rewiring of glycolysis, TCA cycle, and purine metabolism after JHUO83 treatment (Fig 14-16).
Bradley et al., in a landmark study using positron emission tomography, highlighted the nutritional
partitioning of glucose and glutamine in freshly resected urologic carcinoma [152]. Strikingly, they
reported the greatest glucose uptake capacity was displayed by myeloid cells in the TME, followed
by T cells and cancer tissue, while cancer cells showed the highest glutamine uptake in the
different tumor models [152]. This study also showed that this was a result of cell-intrinsic
mechanisms through mTORC1-regulated glucose and glutamine-related gene expression. Here,
for the first time, we show the divergent metabolic responses of glutamine antagonism by JHU0O83
on intra-tumoral TAMs that result in increased glycolysis and succinate shunting in the TCA cycle
(Fig 14-16). This shunting of succinate and a break in the TCA cycle has previously been
highlighted in in vitro differentiated inflammatory M1 macrophages that promote IL-1p levels by
increased activity of succinate dehydrogenase B activity [142]. Indeed, we found both Sdhb and

il1b transcripts increased in the total TAM population after JHUO83 treatment.
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Clinical trials of therapeutic remodeling via metabolic inhibition of oxidative phosphorylation
pathway (NCT03291938 and NCT03272256), tryptophan metabolism (NCT02752074), and
prostaglandin E2 synthesis (NCT03026140 and NCT03926338) in myeloid cells in different
neoplasms have shown promise [153]. Regardless of such progress, the failure of the phase lli
trial of IDO inhibitor (ECHO-301/KN-252) highlights the key challenges of a compensatory
expression of similar enzymes in targeting individual metabolic enzymes [154]. DON not only acts
as an irreversible inhibitor of glutamine but also acts as a mechanism-based blocker of glutamine
utilizing enzymes affecting multiple pathways [113]. Simultaneous inhibition of metabolic
pathways based on differential binding affinities at particular concentration of JHUO83 provides a
unique opportunity to rule out therapeutic resistance in addition to superior intra-tumoral delivery
[127]. In addition to the increased glycolysis and break in the TCA cycle, targeting multiple
enzymes via JHUO083 likely impacts purine metabolism [113].

Two other DON pro-drugs have concurrently shown the inhibition of phosphoribosyl
formylglycinamidine synthetase (PFAS), an enzyme in purine metabolism that acts on FGAR
intratumorally in cancer cells [113]. Here, we report increased accumulation of FGAR in both
tumor cells and TAMs in both urologic tumors following JHUO083 treatment (Fig 15 and 17),
elucidating the possibility of inhibition of PFAS. Moreover, in a recent study, purine metabolism
was elicited as a key metabolic pathway feature of pro-tumoral macrophages [155]. Further
investigations would be needed to dissect the impact of glutamine inhibition purine metabolism in
TAMs.

Unlike normal cells that maintain a perfect balance between catabolism and anabolism, rapidly
proliferating cancer cells are chiefly anabolic to meet the ever-increasing bioenergetic needs and
essential building block molecules for growth and proliferation. This highly specialized metabolic
reprogramming in tumor cells includes increased glutaminolysis, glycolysis, and de novo fatty acid
synthesis [156]. Moreover, as highlighted by Bradley et al., urologic cancer cells have the highest

glutamine uptake as compared to immune or stomal cells [152]. Tumor cells show increased
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glutaminolysis to meet NADPH demands and TCA cycle intermediates as the essential building
blocks for anabolic growth and proliferation [156]. Here, we show that in urologic tumor cells,
JHUO83 inhibits not only glutamine metabolism but also glycolysis, amino acid metabolism, one-
carbon metabolism, hexosamine pathway, and nucleotide synthesis. This results in an overall
impact on HIF-1a and ¢c-MYC signaling, probably causing a global metabolic shutdown.
Congruently, we quantified an induction of apoptosis in the non-immune (CD45) cells from
JHUO083 as well (Figure 17-18) as another outcome of a global metabolic shutdown on cancer

cell survival.

Tumor cells continuously compete with tumor-resident immune cells, including TAMs, MDSCs,
and T cells, a net result of which is altered tumor metabolites levels causing glucose starvation
and accumulation of lactate and ammonia that creates a classical nutrient-deprived, acidic, and
hypoxic TME unsuitable for normal immune cell function. This specialized metabolic
reprogramming of tumor cells represents the second-generation hallmarks of cancer, highly
promising targets of altered tumor-cell metabolism [117].

Previously, Leone et al. and Oh et al. reported T cell-mediated anti-tumor response as one of the
key features of glutamine metabolic inhibition by JHUO083 in different tumor models. Our
investigation shows consistent observation in increased stem-cell-like CD8" T cell phenotype as
previously reported [141]. Additionally, as a direct consequence of reprogrammed TME (TAMs
and myeloid cells), we observed a reduction in the percentage of Foxp3* Tregs in JHU083-treated
tumors (Fig 19). Differentiated macrophages in vitro after glutamine blockade are shown to relieve
the immune suppression on T cells by increased proliferation, TNF and IFN-y secretion (Fig 20).
While we were unable to quantify these changes in vivo, a direct consequence of the
reprogrammed macrophages/ monocytes on T cell features remains to be further explored.
Although JHU083-induced increased effector functions of CD8 T cells in vivo and in vitro, we were

unable to exhibit the superior combinatorial effect of anti-PD1 with JHUO83 treatment (Fig 21).

48



This could be either due to the extremely high TGI by JHUO083-monotherapy or having poor
efficacy of anti-PD1 blockade. Other T cell checkpoints and plausible usage of combinatorial
checkpoint therapy in urologic tumors remain to be elucidated.

While this study provides key insights into the metabolic and phenotypic features of TAMs and
TIMs in urologic tumors, its direct effect on T cell immunity remains to be further explored. Our
effort to combine JHU083 with anti-PD1 immunotherapy in the prostate tumor model was aimed
at achieving even superior anti-tumor benefits. However, our results suggest potential limitations
of tumor models that represent the true TME to determine the overall effects. Further finding out
the right doses of JHUO083 for combination therapy in prostate tumor models could need further
optimization. Although we have used MB49 urothelial tumor model to see similar responses as
observed in prostate tumors due to its myeloid-rich TME, the model-to-model variation in
treatment responses exists, and that was reflected in different experiments that were performed
in this study. Another key limitation of this study involves long-term effects on tumor metastasis,

a phenotype that remains to be examined in a relevant tumor model of prostate carcinoma.

Overall, we provide a metabolic and phenotypic snapshot of immunosuppressive TAMs in
prostate tumors following therapeutic glutamine blockade. This study is unique because it
enriches our understanding of remodeled TAMs following glutamine antagonism using a novel
prodrug and provides a further basis to use this drug alone or in combination with existing

therapies aimed at targeting TAMs in immunologically cold prostate tumors.
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Materials & Methods

Ethics. All protocols used in this study involving animals strictly followed US NIH guidelines and

were approved by the Johns Hopkins Medical Institutions Animal Care and Use Committee.

Animals

Experimental protocols involving live animals were performed in agreement with the protocols
approved by the Institutions Animal Care and Use Committee (IACUC) at The Johns Hopkins
University School of Medicine. Both male and female C57BL/6J (000664 ), aged 6-8 weeks, were
purchased from Jackson Laboratories (ME, USA). Animals were kept under standard housing
conditions (68-76 °F, 30-70% relative humidity, 12-12 light-dark cycle) with free access to
standard chow and water. The animals were monitored daily for general behavior and appearance

by veterinary specialists.

Tumor models and cell lines

MB49, a mouse urothelial carcinoma cell line (SC148) derived from an adult C57BL/6 mouse by
exposure of primary bladder epithelial cell explant to 7,12-7,12-dimethylbenz[a]anthracene
(DMBA) for 24 h followed by a long-term culture, was purchased from Sigma. B6CaP CD45"¢
cells were gifted by Dr. Brian Simons (affiliation). RM-1 (CRL-3310™) a mouse prostate
carcinoma cell line of a fibroblast-like morphology, was purchased from ATCC. MB49-luciferase
RFP cells (SC065-R) were purchased from GenTarget Inc. MB49 or RM1 cells were cultured in
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin at 37 °C with 5% CO.. Cells
were harvested following trypsinization, and cell viability was confirmed using Trypan blue dye.
For syngeneic heterotopic MB49 urothelial tumor development, live MB49 cells (5.0 x 10* cells
per 100ml of 1x PBS per mouse) were implanted on the right flank in C57BL/6J female mice. For

the development of syngeneic heterotopic prostate carcinoma tumors, B6CaP CD45¢ cells were
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thawed, washed with 1 x PBS, and implanted subcutaneously (5.0 x 10° cells per 100 ml 1x PBS
per mouse) on the right flank of C57BL/6J male mice for passaging of the cells in mice. Once the
tumors reached 1000 mm?, they were harvested and implanted after CD45 negative enrichment.
Tumor growth was monitored every second day to observe the increase in the tumor burden at
the time of treatment initiation. Tumors were measured by electronic caliper, and tumor volume
was calculated using the following equation: tumor volume = (1/2 (length x (width)*2). The
maximum allowed tumor, the volume of ~2 cm in any dimension, was based on the guidelines of

the institutional IACUC for a single implanted tumor that was visible without imaging.

DON and JHUO083 Treatment

6-diazo-5-oxo-L-norleucine (DON, D2141) was purchased from Sigma-Aldrich. JHU083 (Ethyl 2-
(2-Amino-4-methylpentanamido)-DON) was synthesized as previously described and was
provided by Dr. Barbara Slusher (Johns Hopkins University). Briefly, JHU083 was administered
intraperitoneal (p.o.) at a dose of 1.83 mg/kg (1mg/kg DON molar equivalent) in 1x sterile PBS.
Once palpable, tumor-bearing C57B/6J mice were orally treated with 1.82 mg/kg JHU-083 or
vehicle for 5-9 days daily and then at a lower dose of 0.61 JHUO083 (0.3 mg/kg DON equivalent).

For all drug administrations, care was taken to handle animals gently to minimize stress.

In vivo drug treatment and T cell-specific depletion

Palpable (100-500 mm?) tumor-bearing mice were treated with a vehicle referred to as control (1
x sterile PBS) or with the 1.82 mg/kg pro-drug JHU083 (1 mg/kg DON equivalent) daily for 7 or 9
days. After 1.82 mg/kg daily treatments, a reduced 0.61 mg/kg (0.3 mg/kg DON equivalent) was
given daily till the vehicle control tumors reached a maximum tumor volume of 2000mm?3 (Fig 1C).
For CD4" T cell depletion, mice were injected intraperitoneally (i.p.) with 200 mg of anti-CD4
(InVivoPlus GK1.5, BP0003-1, BioXCell) or Isotype control (InVivoPlus rat IgG2b isotype control,

anti-keyhole limpet hemocyanin, LTF-2, BP0090, BioXCell) antibodies in 100 ml of 1 x PBS per
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mouse on day 3 prior to tumor inoculation and then once every week till the end of the experiment.
For CD8" T cell depletion, mice were injected with a similar dosage as used for an anti-CD4
antibody with either anti-CD8b (InVivoMAb Lyt 3.2, 53-5.8, BE0223, BioXCell) or Isotype control
(InVivoMADb rat IgG1 isotype control, anti-horseradish peroxidase, HRPN, BE0088, BioXCell)
antibodies. For studies combining anti-PD1 therapy, MB49 tumor-bearing mice after MB49 cell
implantation were treated intraperitoneally with either 250 pug anti-PD1 (InVivoPlus RMP1-14,
#BP0146, BioXCell) or JHUO083 at 1.82mg/kg daily orally, both or Isotype control (InVivoPlus rat

IgG2a isotype control, anti-trinitrophenol, 2A3, BP0089, BioXCell) on every third day.

Adoptive transfer experiments

Following the development of palpable MB49 tumors (100-200 mm?), tumor-bearing B6 mice were
orally given JHUO083 (1 mg/kg equivalent to DON) or vehicle control (1 x PBS) daily for 7 days
and then, a reduced dose of 0.3 mg/kg equivalent of DON until the experimental endpoint was
met. Single-cell suspensions were made from harvested tumors, and CD45" cells were enriched
using the mouse CD45 isolation kit (130-110-618, Miltenyi) and were surface stained. Briefly,
tumor-associated macrophages (TAMs) (Live CD45" CD3  Ly6G- CD11b* F4/80%) cells were
isolated from the donor mice (vehicle control or JHU083-treated) mice and sorted by FACSAria.
Sorted macrophages (TAMs) were then mixed at a 1:1 ratio with MB49 tumor cells, and 60,000
cells in total were injected subcutaneously into host C57BL/6J female mice for tumor
development. Tumor volume measurements were done 3 times a week after palpable tumors
were developed. These tumor-bearing animals were then orally given either 0.3 mg/kg equivalent
of DON or sterile 1x PBS. Similarly, for tumor-infiltrating monocyte (TIM) adoptive transfers, TIMs
(Live CD4°* CD3- CD11b* Ly6G™ Ly6C"d") were separately sorted by FACSAria (BD) from both
JHUOQ83- or vehicle (1 x sterile PBS) treated mice. Sorted TIMs were then mixed with MB49 at a

1:1 ratio and injected subcutaneously into recipient syngeneic C57BL/6J female mice.
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Tumor Digestion, flow cytometry, and sorting

Tumors were surgically resected, mechanically minced, and digested using Miltenyi’'s mouse
tumor dissociation kit (130-096-730) according to the manufacturer's protocol using
gentleMACS™ Octo dissociator (130-096-427). After tumor digestion, cells were filtered through
a 100 mm cell strainer (TC70-MT-2, Stellar Scientific). For flow cytometry, single-cell suspensions
were washed with 1x PBS and then incubated with ACK lysing buffer (118-156-721 Quality
Biologicals). For fluorescence-activated cell sorting (FACS), cells were washed, and tumor-
infiltrating CD45* cells were enriched using the mouse CD45 isolation kit (130-052-301, Miltenyi)
as per the manufacturer's protocol. After staining, tumor-associated macrophages (TAMs) or

monocytes (TIMs) were sorted using BD FACSAria™ Fusion.

Flow cytometry

Single-cell suspensions were stained with antibodies after viability staining and FcR blocking (BD
bioscience, 564765). The following antibodies or dyes were purchased for cell surface or
intracellular staining. The staining was followed according to the manufacturer’s protocol. For
intracellular staining, eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set (00-5523-
00, ThermoFisher scientific) was used and was performed as per the manufacturer’s protocol.
Following that, cells were washed and immunophenotyped using BD FACS Celesta, BD FACS
symphony, or Cytek Aurora, and data were analyzed using FlowJo (Version 9 or 10). Table 2

contains the list of mouse and human antibodies used in this study.

RNA preparation, bulk RNA sequencing, and data analysis

Bulk RNA sequencing was performed in FACS-sorted tumor-associated macrophages (TAMSs)
from mouse B6CaP tumors. Single cell preparations from the vehicle or JHUO83-treated tumors
were prepared and used for isolation of TAMs (Live CD45* CD3 Ly6G  CD11b* F4/80") via sorting

on BD FACSAria™ Fusion after cell surface staining. The total RNA was isolated from vehicle
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(n=3) and JHUO083-trearted (n=3) tumors using the Trizol (15596026, ThermoFisher scientific)
reagent based on the manufacturer's protocol. For RNA sequencing, RNA samples were
converted to double-stranded cDNA using the Ovation RNA-Seq System v2.0 kit (Tecan,
Mannedorf, Switzerland), which utilizes a proprietary strand displacement technology for linear
amplification of MRNA without rRNA/tRNA depletion as per the manufacturer’'s recommendations.
This approach does not retain strand-specific information. Quality and quantity of the resulting
cDNA were monitored using the Bioanalyzer High Sensitivity kit (Agilent), which yielded a
characteristic smear of cDNA molecules ranging in size from 500 to 2000 nucleotides in length.
After shearing 500 nanograms of cDNA to an average size of 250 nucleotides with the Covaris
S4 (Covaris Inc., Woburn, MA), library construction was completed with the Truseq Nano kit
(lumina; San Diego, CA) according to the manufacturer’s instructions. The mRNA libraries were
sequenced on an lllumina Novaseq 6000 instrument using 150bp paired-end dual-indexed reads
and 1% of PhiX control. Reads were aligned to genome build mm39. rsem-1.3.0 was used for
alignment as well as for generating gene expression levels. The ‘rsem-calculate-expression’
module was used with the following options: --star, --calc-ci, --star-output-genome-bam, --forward-
prob 0.5. Differential expression analysis and statistical testing were performed using DESeq2
software. The identified list of significantly differentially expressed genes (DEGs) was then
enriched for their biological functions to explore and evaluate their involvement in critical biological
processes in the context of the study. Largely, we employed Gene Set Enrichment Analysis
(GSEA) using the R statistical tool to screen statistically significant, cumulative changes of groups

of genes in the context of pathway analysis.

Single-cell sequencing (scRNA-seq) and data analysis
FACS-Sorted CD45" and CD45" cells from B6CaP tumors were used for scRNA sequencing.
Briefly, cell counts, and viability were determined using the Cell Countess 3 with Trypan Blue. A

maximum volume of 86.4 uL/sample was used for processing to target up to 20,000 cells. Cells
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were combined with RT reagents and loaded onto 10X Next GEM Chip M along with 3’ HT gel
beads. The NextGEM protocol was run on the 10X Chromium X to create GEMs (gel bead in
emulsion), composed of a single cell, gel bead with a unique barcode and UMI primer, and RT
reagents. 180uL of emulsion is retrieved from the chip, split into 2 wells, and incubated (45 min
at 53C, 5 min at 85C, cool to 4C), generating barcoded cDNA from each cell. The GEMs are
broken using Recovery Agent, and cDNA is cleaned, following the manufacturer’s instructions
using MyOne SILANE beads. cDNA is amplified for 11 cycles (3 min @ 98C, 11 cycle: 15sec @
98C, 20sec @ 63C, 1min @ 72C; 1min @ 72C, cool to 4C). Samples are cleaned using 0.6X
SPRIselect beads. QC is completed using Qubit and Bioanalyzer to determine size and
concentrations. 10uL of amplified cDNA is carried into library prep. Fragmentation, end repair,
and A-tailing are completed (5 min @ 32C, 30 min @ 65C, cool to 4C), and samples are cleaned
up using double-sided size selection (0.6X, 0.8X) with SPRIselect beads. Adaptor ligation (15min
@ 20C, cool to 4C), 0.8X cleanup, and amplification are performed, with PCR using unique i7
index sequences. Libraries undergo a final cleanup using double-sided size selection (0.6X, 0.8X)
with SPRIselect beads. Library QC is performed using Qubit, Bioanalyzer, and KAPA library
quantification qPCR kit. Libraries are sequenced on the lllumina NovaSeq 6000 using v1.5 Kits,
targeting 50K reads/cell at read lengths of 28 (R1), 8 (i7), and 91 (R2). Demultiplexing and
FASTQ generation are completed using lllumina’s BaseSpace software.

Sequencing was performed in a total of 10,000 cells. After filtering out low-quality cells, red blood
cells, and doublets, cells were analyzed for data interpretation.

To identify which macrophage cluster from the early time point (single-cell experiment) matches
the transcriptional changes seen in macrophages at a later time point (bulk experiment), we
performed GSEA on each cluster between JHU-treated and control samples. The list of significant
up-regulated and down-regulated genes identified in the macrophage-sorted bulk RNA-seq
experiment (late time point) was used as input as the respective ‘up’ or ‘down’ gene sets in the

GSEA analysis. A score was calculated to rank each macrophage cluster based on the
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enrichment of both up- and down-regulated gene sets by summing the p-value-weighted absolute
values of each normalized enrichment score:

score = |[NESup| * -log10(adj.pup) + INESdown| * -log10(adj.pdown)

Single-cell RNA sequencing data mining

The previously published and publicly available human prostate cancer bone metastases data

published by Kfoury et al. (2021) were downloaded as an RData object provided through the

author’s website https://pklab.org/bonemet [157]. Cell type annotations for the human datasets
were downloaded through the Gene Expression Omnibus with the accession number GEO:
GSE143791. Given that most, but not all, of the cells were annotated in the RData Conos object
corresponding to the joint analysis of all samples, the remaining cells were labeled with the
propagateLabels[AS2] () function. The data was then converted to a Seurat object for further
analysis by extracting the expression matrix, cluster assignments, and tSNE embeddings from

the Conos object [158], [159]

[159]Targeted Metabolomics and pathway analysis

Metabolites were extracted from flash-frozen whole tumors normalized by dry weights by
individual tumor (B6CaP or MB49) or FACS-sorted TAMs (from B6CaP tumors) with 80%
methanol (80% methanol: 20% water: v/v). Supernatants were isolated after centrifugation at high
speed (15,000 g) for 10 mins and dried under nitrogen gas and stored at -80 °C for further liquid-
chromatography mass spectrometry (LC-MS) analysis. Finally, dried metabolite extracts were
dissolved in 50% Acetonitrile (ACN) solution, and metabolome profiling was performed on the
Agilent LC-MS/MS system. The LC-MS/MS parameters used were as described previously [141].
Relative metabolite abundance was plotted and normalized (per mg of tumor tissue or the cell

counts.
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Absolute quantification of intra-tumoral metabolites

LC/MS-based absolute quantifications of glutamine, glutamate, and glucose were done using a
validated method as previously described [160]. Briefly, glutamine and glutamate were extracted
by one- step protein precipitation. Five microliters of methanol containing 10 umol/L deuterated
glutamate, glutamate, and glucose (internal standard) were added per mg of the tissue. Samples
were centrifuged at 16,000 x g for 5 minutes at 4 °C. A standard concentration curve of glutamate
and glutamine was prepared (0.1-10,000 uymol/g). Samples were analyzed using an Agilent 1290
UPLC coupled to an Agilent 6520 quadrupole time of flight mass spectrometer. Samples (2 L)
were injected and separated on a Waters Acquity UPLC BEH Amide 1.7 ym 2.1 x 100 mm HILIC
column with a flow rate of 0.3 mL/minute. The mobile phases consisted of A (water + 0.1% formic
acid) and B (acetonitrile + 0.1% formic acid). The mass spectrometer, equipped with a DUAL ESI
ionization source, was run in positive, then negative ion mode for glutamine and glutamate, then

glucose analysis, respectively. Data were acquired and quantified with MassHunter software.

Absolute quantification of formylglycinamide ribonucleotide (FGAR) was performed as previously
described [155] with minor modifications. Briefly, FGAR was extracted from tumors by the protein
precipitation method. Five microliters of methanol containing 10 pmol/L deuterated N-
acetylaspartic acid (internal standard) was added per mg of tissue. Tissue samples were
homogenized and centrifuged (16,000 x g, 5 minutes). For quantification, supernatants (2 yL)
were injected and separated on an UltiMate 3000 UHPLC coupled to a Q Exactive Focus orbitrap
mass spectrometer (ThermoFisher Scientific Inc.). Samples were separated on an Agilent
EclipsePlus C18 RRHD (1.8 uym) 2.1 x 100 mm column. The mobile phase consisted of 8 mmol/L
dimethylhexylamine (DMHA) + 0.005% formic acid in the water, pH 9 (A), and 8 mmol/L DMHA
in acetonitrile (B). Separation was achieved at a flow rate of 0.4 mL/min using a gradient run.
Quantification was performed in Full MS negative mode. Data was acquired and quantified with

Xcalibur software.
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In vivo glucose tracing in TAMs

20% (w/v) solution of [U-13C] glucose was used and injected intravenously thrice in 15-minute
intervals in restrained B6CaP tumor-bearing mice without anesthesia [141]. 45 mins after the first
injection of mice, tumors were harvested. Rapid tumor digestion for 10-15 minutes was performed
as in 1x PBS following passing through cell strainers and ACK lysis mentioned previously. Tumor-
infiltrating CD45* cells were enriched for 10 mins using the mouse CD45 isolation kit (130-052-
301, Miltenyi), following fast staining in a pre-made antibody cocktail for FACs. TAMs were sorted
with BD FACSAria™ Fusion, and the protocol for polar metabolites isolation was followed as
stated. The cold chain at 4 °C was maintained throughout the protocol and cells except for

digestion.

Phagocytosis assay

The in vitro phagocytosis assay was carried out using fluorescence microscopy. Briefly, in vitro
cultured macrophages were stained with PKH26 dye (PKH26GL-1KT, Sigma-Aldrich), and PC3
(prostate adenocarcinoma cells, CRL-1435™, ATCC) were labeled with 2.5 uM
carboxyfluorescein succinimidyl ester (CSFE, C34554, ThermoFisher scientific) according to the
manufacturer's description. PBMC-derived differentiated macrophages were treated using the
vehicle or non-toxic dosage of DON either during differentiation Day 1-9 or during polarization
Day 5-9 and were subsequently co-cultured with PC3 prostate carcinoma cells at a 1:2 ratio
(macrophages: PC3 cancer cells) and incubated for 2 h at 37 °C in sterile glass slides in 6 well
plates. Cells were repeatedly washed to remove non-phagocytosed PC3 cells and were
subsequently imaged with an Echo Dot Revolve microscope. We also used flow-cytometry-based
quantification of phagocytosis of PC3 cells. Briefly, unstained differentiated macrophages were

co-cultured with CFSE-labelled PC3 cells for 2h. Cells were repeatedly washed to remove non-
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phagocytosed cells, detached, and stained with a viability dye, anti-CD45, and anti-CD11b
antibodies for flow-cytometry-based evaluation.

To perform the in vivo phagocytosis assay, MB49-RFP cells were implanted for tumor
development; following the growth of palpable tumors, animals were treated with JHU083 as
described earlier. The percentage phagocytosis of MB49-RFP+ tumor cells was quantified based

on flow-cytometry-based evaluation of appropriately cell surface-stained cells.

Immunohistochemistry (IHC)

Immunostaining of tumor tissues were performed at the Oncology Tissue Services Core of Johns
Hopkins University. Chromogenic immune-labeling was performed on formalin-fixed, paraffin-
embedded sections on a Ventana Discovery Ultra autostainer (Roche Diagnostics). Briefly,
following dewaxing and rehydration on board, epitope retrieval was performed using Ventana
Ultra CC1 buffer (catalog# 6414575001, Roche Diagnostics) at 96 °C for 64 minutes or using a
target retrieval solution (catalog# S170084-2, Dako) for 48 minutes at 96 °C for CD8 antigen.
Primary antibodies were used for staining and were detected using an anti-rabbit HQ detection
system (catalog# 7017936001 and 7017812001, Roche Diagnostics) followed by Chromomap
DAB IHC detection kit (catalog # 5266645001, Roche Diagnostics), counterstaining with
hematoxylin, bluing, dehydration, and mounting.

Whole slide brightfield scans were performed on a Hamamamtsu NanoZoomer XR (C12000-02,
Hamamatsu, Hamamatsu City, Japan). Image analysis was performed using HALO ver. 3.3.2541
(Indica Labs, Albuquerque, NM) with module Area Quantification v2.1.10. The details of

antibodies and dilutions used to perform IHC are listed in Table 3.

Drug treatment

DON treatment in CD14+ PBMC derived macrophages differentiation/polarization
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Briefly, CD14* monocytes were isolated from freshly collected PBMCs from healthy donors
(leukopacks) and were differentiated into macrophages as previously reported [135]. CD14*
monocytes were treated with various doses of DON (0.5 uM to 10 uM) either on Day 0 following
cell plating and/or during differentiation or on Day 5 in differentiated monocytes during polarization

till Day 9.

CD8* T cell suppression assay

To perform cell suppression assays, 0.7 x 10° of fully differentiated and polarized macrophages
(M2/M2) were harvested using cell stripper solution (# Cat, Corning), counted, and seeded
(please mention the cell number) into a 24-well flat bottom plate in 500 yL RPMI 1640 medium
supplemented with 10% heat-inactivated FBS (HI-FBS) for 2 hours. CD8* T cells were isolated
and enriched from the PBMCs of the same healthy donor using a human CD8"* T cell negative
selection kit (Stem cell technology, 19053). Negatively selected, enriched CD8" T cells were
stained with CellTrace Violet (CTV) dye (ThermoFisher, C34557) at 1:1000 dilution as per the
manufacturer’s protocol. 1.5 x10° CTV stained CD8* T cells were resuspended in 500 uL RPMI
1640 medium supplemented with 10% HI FBS and co-cultured with previously seeded and
adhered macrophages from the same healthy donor. Subsequently, 24 yL of Human CD3 / CD28
/ CD2 T Cell Activator (Stem cell technology, 10970) and 30 unit/mL animal-free human
recombinant IL-2 (Peprotech, AF-200-02) were added, followed by incubation at 37 °C, 5% CO;
for 3 days. CD8" T cells were harvested at the end point and evaluated using flow cytometry

analysis.

MTS assay
Murine MB49 cells, either 10,000 or 20,000 cells, were put into a 96-well flat-bottom culture plate
per well and incubated for 2 hours at 37 °C and 5% CO.. Subsequently, cells were either vehicle-

treated or treated with DON at 0.5 uyM, 1 uM, and 2 uM overnight. Following incubation, 20 pL
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CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega cat#G3582) was added
per well and incubated at 37 °C for 1 hour. Absorbance was measured at 490 nm using

spectraMax Plus (Molecular Devices).

Immunoblotting

Tumors were harvested at the experimental endpoint and digested to prepare single cells as
described above. Both CD45" and CD45 cells were isolated using a mouse CD45 (TIL)
MicroBeads kit (Miltenyi 130-110-618) per the manufacturer’s protocol. For CD45" cell faction,
dead cells were then removed using Dead Cell Removal Kit (Miltenyi cat# 130-090-101). For the
CD45* fraction, TAMs were sorted as described previously. For protein extraction from human
monocyte-derived macrophages, fully differentiated and polarized macrophages were dissociated
by cell stripper (Corning, 25-056-Cl) and washed with 1 x PBS. Whole-cell protein lysate was
collected using MAPK buffer supplemented with protease inhibitor (SelleckChem and Sigma),
and protein concentration was determined by Bradford reagent (Biorad, 5000202). Equal
concentrations of protein samples were loaded and resolved by SDS-PAGE and were
subsequentially transferred to the PVDF membrane, followed by 5% BSA blocking. Membrane
blots were incubated with primary antibodies (see the table below) overnight; either starbright 520
conjugated secondary antibody (Biorad, 12005870) or HRP conjugated secondary antibody (Cell
Signaling, 7074S) was used to incubate the membrane. For HRP conjugated secondary antibody
incubated blots, ECL substrate (Cell Signaling,6883s) (as per manufacturers protocol) was added
and imaged by ChemiDoc imaging system (Biorad). The list of primary antibodies used in the

immunoblotting experiments is listed in Table 4.

Annexin V-Pl assay
We performed Annexin V-P| assay using Dead Cell Apoptosis Kit with Annexin V Alexa Fluor 488

& Propidium lodide (eBioSciences) to determine apoptotic cell death in cells. Briefly, cell
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monolayers were detached using ice-cold PBS once washed, and a million cells were
resuspended in 1 mL in 1 x annexin-binding buffer. Next, 5 yL Alexa Fluor 488 annexin V and 1
ML 100 pg / mL Pl were added per 100 uL of cell suspension. Cells were incubated for 15 mins at
room temperature, away from light. Finally, 400 pyL 1 x annexin-binding buffer was added per 100

ML cell suspension, and samples were analyzed by BD Celesta flow cytometer immediately.

Statistics

Generation of graphs and statistical analyses were performed with Prism 9 (GraphPad). Data are
presented as mean values = S.E.M (standard error mean) unless stated otherwise. Statistical
analyses between two means were done by t-test or non-parametric 2-tailed Mann-Whitney t-test.
Comparisons between three or more means were done by Two-Way ANOVA with Bonferroni
post-test. We performed Log-rank (Mantel-Cox) tests for survival data (*P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001). Statistical analyses were done with either t-test or two-way ANOVA
using Bonferroni's multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
scRNA sequencing and bulk RNA sequencing analysis (GSEA, violin plots and dot plots) are

analyzed using Wilcoxon rank-sum test.
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Figure 1. Enrichment of glutamine utilizing enzymes in TAMs. (A) Dot plot showing
expression levels of glutamine pathway enzymes GLUL and GLS and fractional abundance of
myeloid cells expressing these enzymes across samples (Tumor, Involved, Distal, Benign). (B)
Violin plots showing the expression levels of GLUL and GLS and the fraction of cells expressing
these enzymes. (C and D) Data for figures A and B are derived from the previously published
single-cell RNA sequencing (scRNA-seq) integrated dataset from 9 metastatic PCa, and 7 benign

BM control patient samples by Kfoury et al. 2021.
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Figure 2. Anti-tumor efficacy of JHU083 in B6CaP, MB49 and RM1 xenografts. (A-B).
Schematic diagram showing the heterotopic syngeneic urologic tumor models (B6CaP and MB49
tumors) and JHUO83 treatment strategy. (C-D). Tumor growth kinetic plots and tumor weight
measurement in the B6CaP (n=8/group) and MB49 (n=9 or 10/group) tumors, respectively. (E).
Individual growth kinetics (tumor volumes) of control and JHUO083 treated B6CaP tumors. (F).
Animal body weights of vehicle- and JHUO083-treated mice bearing B6CaP tumors throughout the

therapeutic window and(G). Anti-tumor activity of JHU083 in RM-1 PCa tumors (n=3/ group).
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Figure 3. Anti-tumor immunity by JHUO083 is less dependent on T cells. (A) Confirmation of

anti-CD4 and anti-CD8p antibody-mediated T cell depletion in the spleen after intraperitoneal (i.p.)

injections at 200 ug antibodies per treatment in C57BL/6J mice and (B-C) Effects of CD8* T cell

depletion on tumor growth kinetics and animal survival for MB49 (B) (n=4-5/group) and B6CaP

(n=4-6/group) (C) tumors, respectively. (D-E) Effect of CD4* T cell depletion on tumor growth

kinetics of MB49 (D) (n=4-5/group) and B6CaP, and (E) (n=3-5/group) tumors and animal survival,

respectively.
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Figure 4. Anti-tumor immunity by JHU083 is myeloid cell (TAM and TIM) dependent.

(A) Schematic representation for adoptive transfer (ADT) of JHUO083-treated TAMs (n=7 or
8/group) or TIMs (n=13/group) from the MB49 tumor-bearing mice and donor mice and tumor
growth kinetics. (B) Anti-tumor activity of FACS-sorted and adoptively transferred JHUQ83-
reprogrammed TAMs (CD45* Ly6G CD3" CD11b* F4.80%) (n=5 or 10/group), and (C) TIMs
(CD45* Ly6G- CD3Ly6C M) (n=4 or 7/group) on MB49 tumor growth kinetics. Briefly, live-sorted
tumor-derived TAMs or TIMs were mixed in a 1:1 ratio with wild-type MB49 cells and were used

to implant flank tumors in recipient mice.
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Figure 5. JHUO083 transcriptomics and global changes in CD45+ cells in B6CaP. (A) Tumor
growth kinetic plots of B6CaP tumors 7 days following JHUO83 treatment. Briefly, control and
JHUO83 treated tumors were used for scRNAseq (Day 7 post-treatment) (n=6) on sorted Live
CD45* cells and CD45 cells, and (B) at a late time point (Day 18 post-treatment) (n=6/ group) for
bulk-RNA seq on sorted TAMs (Live CD45* CD3  Ly6G" CD11b* F4.80%) with PCA analysis. (C)
UMAP plots showing different immune cell clusters within the CD45" compartment from
scRNAseq and dot plots showing expression levels of selected marker genes used to assign
different immune cells. (D) UMAP plots showing identification and differential abundance of
different immune cells within CD45" compartments between control vs. JHUO83 treated by
proportions and density. (E) Dot plot showing expression of selected marker genes used to assign

different TAM subsets and the monocyte cluster identified within parent macrophage cluster.

67



B6CaP scRNA sequencing B6CaP scRNA sequencing

Macrophage/Monocyte subtypes Control JHUO083
8 81 & 1
A B sk
a aq
- %2
- S | %
% < e
il
4
5 ] 5 10
UMAP_1
C B6CaP Bulk-RNA sequencing D B6CaP Bulk-RNA sequencing
» ] bulkDEG_scores
] 44 . °
b — s 8
s
-log10(padj)
e 44
weec{@) @ @ @ © o @ . ®:
NES ;I I g
. 1.5 < 4
10 s 04
05 = 2
DEG ® o o o o 00
05
-1.0
LT 4
¥ &, ?\\\\\Q‘o@\: «‘*\\«*‘E\)«\'\H«;ll ;6 <¥
& & &

UMAP_1

Figure 6. JHU083 induced changes in macrophage/ monocyte fraction in the TME (early
and late time points). (A) UMAP plots showing different TAM and TIM clusters in B6CaP tumors
at an early point with scRNA-seq (Day 7 post-treatment) (n=6) across all samples. (B) Density
plot of different TAMs and the monocyte (TIM) clusters in control and JHU083-treated B6CaP
tumors identified in figure A. (C) Scores plot of differential differences in each cluster between
positively enriched and negatively enriched DEGs between JHUO83 vs. Control at a late time
point with Bulk-RNA seq on sorted TAMs from B6CaP treated tumors (Day 18 post-treatment)
(n=6/ group). (D) UMAP plot based on the Top DEG bulk scores from (C) representing the
differential magnitude enriched clusters based on scRNA-seq defined clusters in JHUO83 vs.

Control.
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Figure 7. Pathway enrichment analysis in scRNA sequencing. (A). GSEA comparison
between proliferative TAMs and TAM1 in JHUO83 treated vs. control samples from scRNA
sequencing in different Macrophage/Monocyte clusters (Day 7 post-treatment). (B) GSEA of top
DEGs JHUOQ83 treated vs. control from Bulk-RNA seq on sorted TAMs from B6CaP treated tumors
(Day 18 post-treatment) (n=6/ group) and GSEA pathway enrichment for the Hallmark
TNFA_signaling_via_NfKb, Inflammatory_response, mTORC1_signaling in genes upregulated

after JHUO83-treatment in DEGs from bulk RNA seq data from TAMs.
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Figure 8. Top DEGs after JHU083 treatment in TAMs. (A) Volcano plot of top DEGs from TAM2
cluster between JHUOQS83 treated vs. control in scRNAseq, (B) Volcano plot of top DEGs between
JHUO83 vs. control from Bulk-RNA seq data (C) Volcano plots representing top DEGs from the

rest of the clusters in TAMs/ monocyte clusters identified in JHUO083 vs. control.
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Figure 9. JHU083 induced myeloid reprogramming by TNF signaling. (A) Gating schematic

utilized for flow cytometry-based analyses in both tumor types (MB49 and B6CaP) for surface and

intracellular expression of phenotypic markers. (B) UMAP plots showing representation after flow-

cytometry analyses of different myeloid fractions and their differential abundance in JHUO83-

treated vs. control B6CaP tumors. (C) Surface and intracellular expression of different immune

subpopulations in B6CaP tumors in control vs. JHUO83-treated samples. (D) The geometric mean

of TNF of a representative TAM population in control vs. JHUO83-treated samples. (E)
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Representative immunohistochemistry (IHC) images and quantification of F4/80 and CD11B in
three independent experiments B6CaP tumors (n=3/group) and (F) Surface expression and

intracellular expression of myeloid cells subpopulations in MB49 tumors (n=7/ group).
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Figure 10. JHU083 increased proliferation in tissue-resident TAMs. (A) UMAP of cell cycle
genes (G1, G2M, and S phase), (B) Intracellular expression of % ki-67+ TAMs in JHUO083
treated TAMs vs. control B6CaP tumors, and (C) RNA velocity of clusters from (A) overlaid with

RNA velocity stream.
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Figure 11. JHU083 induces in vivo phagocytosis of tumor cells. (A) Tumor growth kinetics of
MB49 tumors in different conditions. JHUO83 treatment decreases tumor growth in MB49-RFP*
tumors relative to non-treated (n=5 or 6/ group) tumors. (B) IVIS quantification of tumor growth by
luciferase in MB49-RFP+ tumors. (C) RFP gMFI expression in TAMs, M1 TAMs, and M2 TAMs.
(D) Representative flow plots of RFP* MB49 tumor cells in JHUO83 treated TAMs relative to
vehicle-treated samples. (E) % RFP+ cells of TAMs, CD206* TAMs (M2), and CD86* MHCII*
TAMs (M1). (F) Representative flow plots of RFP+ RM1 tumor TAMs % RM1-RFP+ cells, and (G)

corresponding mean fluorescence intensity(gMFI) of TAMs (n=4/group).
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Figure 12. JHU083 increased phagocytic potential of macrophages. (A) Schematic diagram
showing the determination of the phagocytic activity of TAMs. Briefly, DON-treated PBMC-derived
macrophages were co-cultured with CFSE-labeled PC3 cells, and phagocytic activity was
determined using flow cytometry. (B) Increased phagocytosis in DON-treated macrophages co-
cultured with CFSE-labelled PC3 by immunofluorescence microscopy, and (C) quantification
using flow cytometry. (D) Violin plots of Phagocytosis UCell scores on TAM_1, TAM_2,
Inflam_TAM, and Prolif_TAM (Wilcoxon rank-sum test) from scRNA sequencing in B6CaP tumors
(n=3/ group) (E) Violin plot for Myo1e expression in all TAMs in B6CaP-derived TAMs identified

in scRNAseq analysis.
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CD31 intensity in MB49 tumors.
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Figure 14. JHUO083 increases glycolysis in TAMs. (A) Percentage of CPT1a+, VDAC1

TOMM20+ cells in TAMs and TIMs in B6CaP tumors (n=8/group). (B) Surface and intracellular
expression of GLUT1 and HKII (percentage positive population and mean fluorescence intensity)
on B6CaP-derived TAMs (n=8/group). (C) GSEA pathway enrichment for glycolysis in genes
upregulated after JHU083 treatment in FACS-sorted B6CaP-derived TAMs, and (D) Log fold-

changes of glutamine utilizing at early time point from macrophage/monocyte sub-clusters from

scRNA sequencing data.
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Figure 15. JHU083 induces metabolic changes in purine metabolism. (A) Schematic diagram

showing sample preparation for in vivo tracing of U-13 glucose in TAMs after rapid digestion and

FACS-sorting. (B) PCA analysis of TAMs for targeted metabolite analysis with LC-MS/MS

(n=3/group). (C) Heat map showing the differential metabolites in TAMs sorted from JHU-treated

and control B6CaP tumors (n=3/group), and(D) Volcano plot showing fold changes in metabolite

abundance in one-carbon metabolism, purine nucleotide metabolism, and hexosamine pathway

in JHUO83-treated vs. control TAMs.
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Figure 16. JHU083 promotes TCA cycle break by succinate shunting in TAMs. (A)
Normalized relative labeled metabolites from U-"3C glucose in TCA cycle in TAMs derived from
B6CaP tumors (n=9/group in 2 independent experiments). (B) Normalized relative metabolite
abundances in TCA cycle in TAMs derived from B6CaP tumors (n=9/group in 2 independent
experiments). (C) Normalized relative labeled metabolites and their abundances from U-'*C
glucose in amino acids in TAMs derived from B6CaP tumors (n=9/group in 2 independent
experiments).(D) Log fold-change of TCA cycle enzymes and inflammatory cytokine transcript in
TAMs (from scRNA sequencing at an early time point (D7 post-treatment), and (E) GSEA pathway
enrichment for the Reactome Signaling by Interleukins from DEGs identified in bulk-RNA seq data

in B6CaP sorted TAMs.
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Figure 17. JHU083 affects global metabolism in urologic tumor cells. (A) Western blot of
glutamine synthesizing/ utilizing enzymes and transporters in CD45" fraction of MB49 tumors. (B)
%GLUT1+ CDA45- live cells by flow cytometry in B6CaP tumors (n= 7/group). (C) PCA analysis of
B6CaP tumors submitted for LC/MS-MS analysis. (D) Targeted Metabolomic analysis of B6CaP

tumors by LC-MS/MS (n=3/group). (E) Volcano plot of JHUO83 treated vs. non-treated control
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tumor metabolomic analysis. (F) Pathway analysis of differential metabolites upregulated by
JHUO83 treated B6CaP tumors, and (G) Absolute quantification of metabolites by LC/MS-MS

(n=3 or 5/group).
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Figure 18. JHUO083 induces cell death in urologic tumors. (A and B) Western blot
quantification of c-MYC and phospho-c-MYC and HIF-a, and (C and D) MTT assay in DON-
treated MB49 cells and Western blot cleaved caspase-3 quantification in CD45- fraction MB49

tumors.
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Figure 19. JHU083 induces long-lived T cell markers and affects immunosuppressive Tregs
in the TME. (A) UMAP of lymphocytes from scRNA seq in B6CaP tumor-bearing mice treated
with JHUO083 vs. Control (B) Density plots of all NK and T cells based on UMAP (C) Dot plots of
normalized expression of selected marker genes in T and NK cells subsets identified in A (D)
Changes in proportions of NK cell subsets, Stem cell CD8 T cell, and CD4 Tregs from scRNA
sequencing (n=3/group) (E) Surface expression and intracellular expression of Stem-like CD8 T

cells and Foxp3 % positive population in B6CaP as well as MB49 TME (n=7/8).
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Figure 20. JHUO083-treated macrophages promote polyfunctionality in CD8+ T cells
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(A) Schematic workflow representation of T cell co-culture with DON-pretreated
macrophages. (B) Proliferation was measured in CD8 T cells isolated from PBMCs and co-
cultured with PBMC-derived macrophages pretreated with DON either during differentiation (Day
0-9) or during polarization (5-9) and (C) gMFI of TNF and IFNy in co-cultured CD8 T cells with

pre-treated macrophages with DON.
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Figure 21. JHU083 synergy with anti-PD1 in myeloid-rich urologic tumors. (A and B) Tumor
growth kinetics of palpable MB49 and B6CaP tumor-bearing C57BL/6J mice injected i.p. every
3" day with anti-PD1 alone or in combination with daily oral gavage of JHU083 was measured.
Data are presented as mean values + S.E.M. Statistical analyses done with two-way ANOVA

using Bonferroni's multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001).
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Table 1: Immunotherapy related clinical trials in urothelial cancers and metastatic

castration-resistant prostate cancers. (OS= Overall survival rate) [1]

Docetaxel

Disease Treatment Sample (n) | Results

MCRPC (progressed | Ipilimumab 399 No significant difference

post-docetaxel)

Advanced urothelial | Pembrolizumab alone or | 1010 No significant difference

carcinoma with combination

mCRPC Ipilimumab 799 Increase only in OS

mCRPC Pembrolizumab 258 14.1 months of increase in

0S

mCRPC Nivolumab + Ipilimumab | 90 19.0 increase in OS

Advanced or | Ramucirumab 530 5.1 month increase in OS

metastatic urothelial

carcinoma

mCRPC Atezolizumab with [ 759 Ongoing study
enzalutamide

mCRPC Pembrolizumab + [ 1000 Ongoing study
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Table 2. List of antibodies used in flow cytometry experiments and FACs sorting.

Marker Fluorophore Vendor Cat #
CD206 PE CF594 BD 141732
CD86 Pe/Cy5 Biolegend 105016
CD62L PECy7 BD 560516
CD11b AF700 Biolegend 101222
CD4 APC Cy7 BD 565650
Ly6G efluor 450 ThermoFisher | 48-5931-82
CD44 BVv480 BD 566200
TCRb BV510 BD 563221
CD45 Pacific Orange Invitrogen MCD4530
Ly6c BV570 Biolegend 128030
PD1 BV605 Biolegend 135220
CD8 BV650 Biolegend 100742
MHCII BV711 Biolegend 107643
CD11c BV750 Biolegend 117357
F4/80 BV785 Biolegend 123141
CD163 PE ThermoFisher | 12-1631-82
CPT1a AF488 Abcam ab171449
VDAC1 AF532 Abcam ab14734
FOXP3 PerCpCy5.5 ThermoFisher | 45-5773-82
Ki67 PerCp-eFluor710 ThermoFisher | 46-5698-82
GLUT1 AF647 Abcam ab195020
Hexokinase Il | Dylight680 Abcam ab228819
Tomm20 AF405 Abcam ab210047
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CD45 V510 Biolegend 103138
CD11b uva05 BD 741934
F4/80 V711 BD 565612
MHCII UV395 BD 743876
CX3CRI V786 Biolegend 149029
CD206 PE-Cy7 Biolegend 141720
CD163 PE Dazzle Biolegend 155316
CD86 APCR700 BD 565479
Ly6C APC-fire 750 Biolegend 128046
Ly6G V605 Biolegend 127639
CCR2 BV650 Biolegend 150613
L/D V575 BD 565694
GLUT1 AF647 Abcam ab195020
CD3 BUV496 BD 612955
CD4 BUV661 BD 612974
CD8 BUV563 BD 748535
CD44 BUV737 BD 612799
CD62L BUV615 BD 752311
TNF BB700 BD 566510
Arginase PE ThermoFisher | 12-3697-82
CPT1a FITC Abcam ab171449
CD31 AF594 Biolegend 303126
CD11b FITC Biolegend 101206
F4/80 PeCy7 Biolegend 123114
CD3 BV786 BD 564010
Ly6G BVv421 Biolegend 127628
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Ly6C

AF700

Biolegend

128024
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Table 3. Details of IHC antibodies used.

Antibody Vendor # Catalog Titration/Dilution
CD31 AbCam ab182981 1:1000

CD3 ThermoFisher Scientific | RM-9107-S1 1:200

CD8 ThermoFisher Scientific | 14-0195-82 1:125

CD11b AbCam ab133357 1:8000

F4/80 Biorad MCA497 1:2000
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Table 4. Details of Western blot antibodies

Antibody Vendor # Cat Dilution
ASCT2 Cell Signaling ADD 1:1000
KAG Proteintech 20170-1-AP 1:500
GAC Proteintech 19958-1-AP 1:500
GLS2 Abcam ab113509 1:1000
GLUL Cell Signaling 80636 1:1000
HIF1a Cell Signaling 14179S 1:500
B-actin Cell Signaling 4967L 1:1000
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Chapter 2: SIRPa-CD47 axis as a novel immunotherapeutic
target of immunosuppressive macrophages in prostate
cancer

Abstract

Treatment options for localized prostate cancer include radical proctectomy or androgen
deprivation (AD) therapy followed by radiation therapy. Although AD therapy has a high rate of
progression-free survival, nearly 30-50% of patients progress to developing mCRPC, which has
a 30% 5-year survival rate.

Therapeutic options for mCRPC include chemotherapy- and ADT given in combination with
androgen receptor axis-targeted therapy such as enzalutamide or abiraterone acetate. These
therapies might yield progression-free survival of 18-20 months. Unfortunately, mCRPC is virtually
resistant to either Sipuleucel-T vaccine (the only FDA-approved vaccine) or the existing T cell
checkpoint blockade therapies. Additionally, the primary and metastatic (TME is highly
immunosuppressive, characterized by fewer cytotoxic T cells and higher abundance M2-TAMs
that occlude infiltration of other cytotoxic immune cells to mount an effective anti-tumor response.
Utilizing a successful myeloid checkpoint blockade therapy to reprogram M2-TAMs in primary and
MCRPC can be a promising alternative to a T cell ICB approach.

While targeted depletion of M2-TAMs via pharmacological or antibody-mediated targeting of the
SCF-1/CSF-1R axis has shown promising anti-tumor responses, non-specific depletion of TAMs
severely compromises host defense, homeostasis, and erythropoiesis. Remodeling TAMs in the
TME remains an attractive approach to circumvent issues associated with TAM-depletion
strategies.

Cancer cells overexpress CD47 (‘don’'t eat me’ signal) that masks calreticulin-mediated
phagocytosis-mediated elimination. Therapeutic targeting of the myeloid phagocytosis checkpoint

CDA47-SIRPa axis has shown tremendous preclinical and clinical anti-tumor responses against
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diverse tumors. The ultimate goal of immunotherapeutic blockade of CD47-SIRPa interaction is
to restore the lost phagocytic potential of TAMs that leads to enhanced antigenic presentation
and T cell priming for effective anti-tumor T cell responses.

Here we show increased CD47 expression in prostate adenocarcinoma as compared to normal
prostate tissue. The increased expression of key genes in the CD47-SIRPa. axis was validated
using diverse PCa cell lines and macrophages cultured in vitro. Further, we show that antibody-
mediated blockade of CD47-SIRPa axis increases phagocytosis of metastatic prostate cancer
cells by M2-polarized human macrophages. Finally, using different syngeneic murine models of
prostate and bladder cancer, we provide evidence of tumor growth inhibition in a CD47 deficient
background via antibody-mediated targeting of CD47-SIRPa axis. We also provide evidence of
increased reprogramming of TAMs, leading to a phenotypic shift from M2-like TAMs to M1-like
TAMs concomitant with increased antigen presentation, which possibly drives increased CD8 T

cell proliferation in tumors lacking CD47.
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Introduction

Cancer immunotherapy utilizes the patient’'s own immune system to combat cancer, which is
primarily achieved by immune checkpoint-targeted therapy and the adoptive transfer of
manipulated immune cells. The main focus of previously developed immunotherapies is to
stimulate adaptive immune cells by revitalizing or boosting T-cell responses to override the
immune inhibitory pathways to unleash T-cell responses [161]. The remarkable clinical success
of checkpoint-targeted therapies against a range of cancers is a distinct advantage over traditional
anti-tumor therapies. However, low response rates, high costs, and non-specific toxicity are some

of the key challenges of checkpoint-targeted therapies that remain to be addressed [162].

Professional antigen-presenting cells (APCs) such as monocytes, macrophages, and dendritic
cells (DCs) act as a bridge between innate and adaptive immunity due to their ability to process
and cross-present peptide antigens to naive T cells, which leads to their activation [17].
Professional APCs detect, phagocytose, and perform lysosomal degradation of tumor cells
through a highly regulated process involving receptor-ligand interaction and act like the first line
of defense against malignant cell transformation [17]. While non-malignant and healthy cells avoid
self-elimination by professional phagocytes by expressing anti-phagocytosis receptors (‘don’t eat
me’ signals), malignant cells significantly rely on such receptors and overexpress them to elude

immune-mediated destruction [163].

Tumour cell phagocytosis by macrophages and DCs is modulated by different pro-phagocytosis
(‘eat me’) and anti-phagocytosis (‘don’t eat me’) signals through receptor-ligand interaction at the
cell surface. ‘Eat me’ signals or molecules are expressed on or secreted from cells to induce
phagocytosis and include neoantigens, calreticulin (CRT, an endoplasmic reticulum chaperon
protein), cell surface-bound thrombospondin (TSP-1) complement factors, oxidized low-density
lipoproteins, lipid phosphatidylserine, the intracellular adhesion molecule ICAM-3 and

glycoprotein signalling lymphocytic activation molecule family member 7 (SLAMF7) [164]. Cancer
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cells express ‘don’t eat me’ signals to evade phagocytosis, which include cluster of differentiation
47 or CD47 (also known as integrin-associated protein, IAP), programmed cell death 1 ligand
(PD-L1), B2-microglobulin (B2M) subunit of MHC [, stanniocalcin 1 (STC-1), GD2, CD24, and

other unidentified ligands that bind to leukocyte immunoglobulin-like receptor 2 (LILRB2) [165].

Phagocytosis Checkpoints

CD47-signal-regulatory protein o (SIRPa)

The CD47-signal-regulatory protein o (SIRPa) axis, identified in the late 2000s, is the first myeloid-
cell-specific tumor phagocytosis checkpoint [166]. Earlier considered as the ‘marker of self’ on
murine red blood cells (RBCs) that binds to SIRPa on phagocytes, it was recently identified as a
‘don’t eat me’ signal on cancer cells [167]. Importantly, blocking CD47 alone is insufficient to
induce tumor cell phagocytosis, as additional pro-phagocytic signals, such as calreticulin, are
needed for the cells to be phagocytosed. The majority of normal cells, except aging RBCs, lack
these pro-phagocytic signals and remain unaffected by CD47 blockade. However, since
malignant cells overexpress pro-phagocytic signals, the CD47 blockade renders them susceptible
to phagocytosis by professional APCs. Increased expression of CD47 remains a common feature
in different solid tumors, including the ovary, breast, colon, prostate, bladder, brain, liver, and

other hematological malignancies [168].

Historically, the role of CD47 in phagocytosis and immune recognition was identified when RBCs
deficient in CD47 were reported to be cleared from the bloodstream via splenic red pulp
macrophages, while normal RBCs via their functional CD47-SIRPa remained unaffected [163].
Later, it was established that the role of CD47 in inhibiting immune recognition and attack on self-

tissues is conserved across species [119].

Therapeutic blockade of CD47 using monoclonal antibodies leads to increased phagocytosis of

tumor cells via APCs and inhibition of tumour engraftment and growth in mice lacking T cells, B
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cells, and NK cells, while depletion of macrophages restores tumour growth upon CD47 blockade
[168]. These observations suggest the crucial role of phagocytes in immunosurveillance against
cancer cells and the role of CD47 on cancer cells in immune escape via macrophage-mediated

phagocytosis.

In addition to binding with SIRPa, CD47 also interacts with thrombospondin 1 (TSP-1) and another
member of the SIRP family, SIRPy [169]. While SIRPa is mainly expressed on macrophages,
SIRPy is mainly expressed on macrophages and lymphocytes, respectively [165]. SIRPa is a
transmembrane glycoprotein that has a ligand-binding extracellular immunoglobulin domain and
a cytosolic domain that includes an immunoreceptor tyrosine-based inhibitory motif (ITIM), which
associates with either SH2-containing protein tyrosine phosphatase 1 (SHP1) or SHP2 [166].
CDA47 has a long N-terminal extracellular domain and five transmembrane domains, as well as a
short cytosolic domain, that differs between CD47 isoforms. The extracellular IgV-like domain of
CD47 binds with the N-terminal IgV-domain of SIRPa that, leads to the phosphorylation of two
tyrosine residues in the intracellular ITIM domains of SIRPa [170]. The phosphorylated tyrosine
residues then recruit and activate SHP1 and SHP2, leading to a cascade that ultimately leads to
dephosphorylation of myosin IIA and, hence inhibition of cytoskeleton rearrangement, leading to
phagocytosis inhibition [171]. CD47 binding to TSP-1 inactivates vascular endothelial growth
factor receptor 2 (VEGFR2), which leads to suppression of angiogenesis; hence TSP-1 is

recognized as a potent tumor growth and metastasis inhibitor [172].

CDA47 expression is induced by TNF-induced expression of NF-KB and through activation of
transcription factors such as Myc, HIF-1, and NRF-1. Signaling via oncogenic activation of Myc
and ERK directly affects CD47 expression and CD47-SIRPa signaling as the key mechanism of

immune evasion in tumor cells [173].

PD-L1-PD1
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PD-L1 is a ligand of programmed cell death protein PD-1 (CD279), an immune checkpoint
receptor upregulated on activated T cells. It is considered a T cell exhaustion marker that induces
immune tolerance. The engagement of PD-1 with PD-L1 (CD274) expressed on cancer cells and
APCs is known to inhibit TCR-mediated activation of IL-2 release and T cell proliferation [174].
Therapeutic blockade of PD-1/PD-L1 interaction has been widely used with proven clinical
efficacy in diverse cancers such as melanoma, colorectal cancer, non-small-cell lung cancer, and
Hodgkin's lymphoma [175]. In a landmark study, PD-1 expression by tumor-associated
macrophage was known to inhibit phagocytosis and anti-tumor immunity. In this study, Gordon et
al. demonstrated increased PD-1 expression on TAMs in murine models of cancer and with
increasing disease stages in primary human cancers [152,248]. The study provides the first
evidence of the role of the PD-1/PD-L1 axis on macrophage phagocytosis as increased PD-1
expression on TAMs was negatively correlated with phagocytosis, reduced tumour growth, and
increased survival in tumor-bearing mice in a macrophage-dependent manner [176]. Interestingly
PD-L1 knockout significantly increased tumour cell phagocytosis by PD-1+ TAMs, providing
evidence that cancer cell PD-L1 expression attenuates macrophage-mediated phagocytosis and
hence therapeutic blockade of PD-1/PD-L1 axis could serve the dual purpose of increased T cell-
mediated anti-tumor immunity and phagocytic destruction of tumour cells [176]. However, the
signaling pathways that promote the anti-phagocytosis function of PD-1 in TAMs are not

understood.

PD-L1 expression is regulated at genomic, transcriptional, and posttranslational levels. Both type
| and type Il IFN and proinflammatory cytokines promote PD-L1 expression in different tumors
[177]. In addition, oncogenic HIF-1, Myc, NF-kB, PTEN/PI3K-AKT, and MAPK pathways play a

crucial role in PD-L1 expression [178].

The MHCI (B2 Macroglobulin/B2M)-LILRB1
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The maijor histocompatibility complex | (MHC 1) is expressed on many nucleated cells, where it
presents tumor-associated antigens to CD8 T cells to activate the adaptive response [179]. MHC
| is a heterodimer composed of an o heavy chain and a 2-microglobulin (B2M) light chain. LILRB1
is a member of the leukocyte immunoglobulin-like receptor (LILR) family of receptors that is widely
expressed on APCs, including macrophages, DCs and monocytes, and diverse other immune
cells [84]. However, the expression of LILRB1 is significantly higher on immunosuppressive M2-
like TAMs and tolerogenic DCs [180]. Binding of the B2M subunit of the MHC | on tumour cells
with LILRB1 on TAMs inhibits phagocytic activities of TAMs, leading to reduced immune
surveillance and enhanced immune evasion of cancer cells [180]. Disruption of B2M-LILRB1
binding potentiates phagocytosis of tumor cells in vitro and in vivo. Interestingly co-deletion of
MHC | and CD47 caused synergistic tumor growth inhibition in immunocompetent hosts that were
dependent on macrophages [180]. Like LIRLB1, LILRB2 (another member of the LILR family)
interacts with MHC | molecules expressed on APCs. Therapeutic antibody blockade of LILRB2 is
known to increase the phagocytic activities of TAMs and enhance their anti-tumor efficacy when
combined with anti-PD-L1 antibodies in transgenic mice expressing human LILRB2 on CD11b*
cells [180]. However, the exact mechanism of LILRB2 antagonism-induced macrophage

phagocytosis inhibition remains to be explored [165].

Stanniocalcin 1 (STC-1)-Calreticulin (CRT)

Stanniocalcin 1 (STC-1) is a glycoprotein widely expressed in the ovary, prostate, bladder, kidney,
adrenal, lung, and other organs in mammals [181]. Recently STC-1 was identified for its role in
inhibiting phagocytosis by APCs, including macrophages and DCs. Tumour cell STC-1 expression
correlates with immunotherapy efficacy and is negatively associated with patient survival across
diverse cancer types. Both gain- and loss-of-function experiments suggested STC-1 promotes
tumor progression and enables tumor resistance to checkpoint blockade in murine tumor models.

STC-1 binds with an ‘eat me’ signal, calreticulin (CRT), and reduces its membrane exposure,
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which significantly inhibits CRT-mediated tumour cell phagocytosis. Notably, STC1-CRT binding
also impairs antigen presentation capabilities of APCs which results in reduced T cell activation

[182].
CD24-Siglec 10

CD24 is a GPl-anchor protein located in the cell membrane of both normal and malignant cells.
CD24 expression on cancer cells is significantly increased on the tumor cell surface as compared
to adjacent tissue and is positively correlated with the occurrence and development of tumors.
CD24 binds to different proteins, like Siglec 10, Siglec E, P- and L1-selectin, to perform different
functions. Siglec 10, an immunosuppressive inhibitory receptor on TAMs, when it binds to CD24,
reduces the phagocytosis of tumour cells [183]. Indeed, genetic ablation of either CD24 or Siglec-
10, as well as antibody-mediated blockade of CD24-Siglec-10 interaction, significantly increased
phagocytosis of CD24-expressing tumour cells, causing tumor growth reduction and increase in

animal survival [184].

Phagocytosis Activating Pathways

Cancer cells overexpress anti-phagocytosis signals ‘don’t eat me’ signals than normal cells to
counterbalance ‘eat me’ signals. Chief ‘eat me’ signals include tumor-associated antigens, the
endoplasmic reticulum chaperon protein calreticulin, and the signalling lymphocytic activation

molecule family member 7 (SLAMF7) (SLAMF7 or CD319) [1885].
Calreticulin (CRT)

Calreticulin is an ER-resident chaperon protein that helps in proper protein folding and
glycosylation. Apoptotic cells express calreticulin (CRT) on their surface, which forms a bridging
complex with complement component C1Q and low-density lipoprotein receptor-related protein 1
(LRP1 or CD91) on phagocytes to initiate phagocytosis [186]. CRT is a damage-associated

molecular pattern (DAMP) that is translocated to the surface of dying cancer cells in response to
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proapoptotic agents. Recognition of CRT on dying cells facilitates phagocytosis by DCs, triggering
immunogenicity [187]. CRT is anchored to the cell surface by binding with membrane glycans,
where its interaction with the low-density lipoprotein receptor-related protein 1 (LPR1) receptor
expressed on phagocytes [188]. Calreticulin is the dominant prophagocytic signal in different

cancer types that is counterbalanced by CD47.

SLAMF7 and MAC1

SLAMF7 or CD319 is one of the seven members of the SLAM family receptors expressed on
both tumor cells and immune cells, including macrophages. SLAM family receptors are single-
pass transmembrane proteins with two to four extracellular immunoglobulin domains and tyrosine-
rich intracellular tails that are involved in the phagocytosis of malignant hematopoietic cells [189].
SLAMF7 is a putative ‘eat me’ signal that has emerged in cancer. Genetic knockout of Slamf7 in
mice severely compromises the phagocytic abilities (induced by CD47 blockade) of bone marrow-
derived macrophages against several B cell-derived and myeloid cell-derived murine cancer cell
lines [190]. The interaction of SLAMF7 with macrophage-1 antigen (MAC1) forms a protein
complex on the macrophage surface. Through MAC1, SLAMF7 interacts with two ITAM-
containing receptors, FcRy and DAP12, on the macrophage cell surface to initiate signaling via
the SRC kinase, spleen tyrosine kinase (SYK), and Brunton’s tyrosine kinase (BTK) to induce
phagocytosis [190]. Whether SLAMF7 is needed for CD47-mediated phagocytosis is not clear,

and further investigation is warranted [167].

Fc receptors

Fc receptors are cell-surface receptors expressed on various immune cells, including
macrophages, DCs, B cells, NK cells, and granulocytes, and specifically recognize the Fc region
of immunoglobulin (Ig) to regulate phagocytosis and antibody-dependent cell-mediated

cytotoxicity (ADCC) [191]. The type | Fc common gamma receptors (FcyRs) are divided into
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phagocytosis activating or inhibitory subtypes. FcyRIIB is the only phagocytosis inhibitory
receptor, while FcyRI, FcyRlla, FcyRllc, and FcyRllla, are activating receptor-containing

immunoreceptor tyrosine activating motifs (ITAMs) [192].

Role of CD47 in cancer and the tumor microenvironment

Role of CD47/SIRPa in Cancer

The expression of CD47 was first identified as a potential tumour marker for ovarian cancer in the
1990s. Later, differential CD47 overexpression was established between normal and cancer cells

of different solid tumours and haematological malignancies.

CD47 expression has an overall effect on the TME, where it plays a role in immune homeostasis,
and its expression is closely related to immune infiltration. The sensitivity of malignant cells
towards CD47 blockade is well established in both in vitro and in vivo models. Therapeutic
blockade of CD47 or SIRPa causes increased tumor cell phagocytosis by TAMs and improves
anti-tumor response in tumor models of glioblastoma, melanoma, lymphoma, breast cancer, and
colorectal cancer [167]. It has been shown that anti-CD47 therapy could play a role in causing
phenotypic shifts of M2-like TAMs to anti-tumoral M1-like TAMs [193]. It remains an open question
whether CD47 blockade plays a role in macrophage recruitment to the tumor site; however, it was
noted that phagocytosis following CD47 blockade caused a systemic and local secretion of
chemokines and cytokines that potentially caused myeloid cell recruitment into tumors in mice

engrafted with small-cell lung cancer (SCLC) tumors [194].

In addition to its effects on macrophages and DCs, the blockade of CD47-SIRPa interaction
promotes neutrophil-mediated breast cancer cell clearance by anti-HER2 antibody [195].
Similarly, SIRPa. blockade was shown to promote neutrophil-mediated cancer cell phagocytosis

of several human cancer cells and increased intra-tumoral infiltration of neutrophils [196].
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Evidence also points out that the CD47-SIRPa axis is involved in the regulation of neutrophil-

mediated trogoptosis of cancer cells [197].

As mentioned earlier, CD47 binds to TSP-1, and integrin and inhibition of CD47 can negatively
regulate their function. TSP-1 restricts anti-tumor immunity via CD47-dependent regulation of
innate and adaptive immunity via regulation of angiogenesis and perfusion of the tumor
vasculature. In addition, TSP-1 plays a role in cell proliferation, invasion, and metastasis and is
associated with a worse survival rate, either via its interaction with CD47 or independently [198].
Antibody-mediated blockade of CD47 leads to inhibition of TSP-1-mediated cell proliferation in

vivo [199], an indication of the indirect anti-tumor effect of CD47 blockade.

While increased CD47 expression on NK cells is known to increase its recruitment in the TME,
ligation of CD47 on NK cells via TSP-1 inhibits NK cell proliferation and its effector phenotypes,
indicating an inhibitory function of CD47 on NK cells. This inhibitory effect of CD47 on NK cells
via TSP-1 is abrogated via antibody-mediated blockade CD47 that blocks TSP-1 binding, delays
tumour growth that is associated with increased NK cell recruitment, and increased granzyme B
and IFNy levels on intra-tumoral NK cells but not CD8+ T cells [200]. Augmented NK cell anti-
tumor responses have been observed elsewhere following the disruption of CD47-SIRPa axis

[201].

The CD47-SIRPa axis plays an important role in antigen processing and presentation, especially
during immunogenic cell death and during chemotherapy with cytotoxic agents that induce
apoptosis. Cytotoxic therapy, when given prior, shows synergy with CD47-directed therapies
[202]. Tumor antigens and nucleic acid fragments released from dying cancer cells following
chemotherapy into the tumor microenvironment potentiate anti-CD47 activity [202]. Indeed
azacytidine (DNA hypomethylating agent) and venetoclax (B-cell lymphoma-2 inhibitor) are

known to induce the expression of other pro-phagocytic calreticulin [203].
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The increased T cell priming and anti-tumor effects of CD47 blockade are in part dependent on
cGAS-STING signaling, especially in DCs [165]. The CD47-SIRPa signaling is an important link
between innate and adaptive immune responses. Increased uptake of DAMPs (nuclear DNA,
mitochondrial DNA, etc.) by cytosolic sensor cGAS (DNA sensor cyclic GMP-AMP synthase)
following immunogenic tumor cell death causes activation of inflammatory responses, including
type | IFN secretion via cGAS/STING/IRF3 signaling in professional APCs [204]. Increased type
I IFN directly induces the maturation of DCs, increases the expression of costimulatory molecules,
and cross-presentation of tumor antigens to T cells that prime T cell responses [165]. Anti-CD47
treatment has shown increased anti-tumor cytotoxic T cells and reduced regulatory T cell
populations in several preclinical models of chronic lymphocytic leukemia, colon cancer,

melanoma, and glioblastoma [205].

The CD47-SIRPa targeted therapy also helps overcome immune checkpoint blockade
immunotherapy resistance mediated by T cell exclusion. A potent synergy between selective
SIRPa blockade and immune checkpoint blockade has been observed that led to increased
memory T cell responses and reversal of T cell exclusion in both syngeneic and orthotopic tumor
models. The selective SIRPa blockade also caused tumor nest T cell recruitment by restoring
murine and human macrophage chemokine secretion and increased anti-tumor T cell responses
by promoting tumor antigen cross-presentation by DCs. However, nonselective blockade of CD47
caused impairment of human T cell activation, proliferation, and endothelial transmigration [206].
Since CDA47 directly links innate and adaptive immune responses, it also provides a strong

rationale for combining CD47 targeting agents with checkpoint inhibitors in clinical trials.

Therapeutic targeting of SIRPa-CD47

The CD47-SIRPa axis is the most studied myeloid phagocytosis checkpoint in malignancies. The

therapeutic strategies aimed at blocking the interaction between CD47 and SIRPa can be broadly
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classified as CD47 targeting agents, SIRPa targeting agents, and bispecific agents. These agents
include anti-CD47 or anti-SIRPa antibodies and recombinant proteins containing the extracellular
regions of CD47 or SIRPa, which at threshold titration, compete with the endogenous proteins for
binding. Also, agents that target pathways regulating the CD47 transcription or its trafficking have
been developed with the aim to hinder the cell-surface expression of CD47 in cancer cells [165].
Although most of the above-mentioned agents are under early-phase clinical trials, and safety
trials, the publicly available data is encouraging due to the promising activity and favorable

tolerability [165].

The first category of agents that target CD47 include antibodies or recombinant proteins. The
CD47-targeting monoclonal antibodies and fusion proteins with SIRPa immunoglobulin structure
bind with CD47 competitively to block the interaction between CD47 and SIRPa. Magrolimab or
Hu5F9-G4 (5F9) is a humanized antibody with an IgG4 Fc fragment and has shown anti-tumor
efficacy in preclinical models of AML and diverse solid tumor models [207]. A combination of
magrolimab with rituximab showed an increased cure rate and disease-free survival in patient-
derived NHL xenografted mice. Rituximab, in this combination, played the role of further activator
of innate immunity via its active Fc effector function-inducing NK cells and macrophage-mediated
cellular cytotoxicity. Magrolimab has undergone clinical trials alone or as a combination therapy
with cytotoxic agents and checkpoint blockade antibodies to treat hematological cancers [207].
Other CD47-targeting monoclonal antibodies that have entered clinical development include

IBI188 (letaplimab), AK117, and SRF231 [207].

SIRPa-Fc fusion proteins are engineered by combining the CD47-binding domain of SIRPa and
the Fc region of human IgG1 or IgG4. These fusion proteins carry different Fc fragments to
achieve a balance between therapeutic efficacy and toxicity [208]. The SIRPa-Fc fusion protein
TTI-621 was developed using the Fc region of IgG1, while TTI-622 is another variant that is

structured using the Fc region of human IgG4 with low Fc receptor interactions and associated
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toxicities as compared to TTI-621 [209]. Another SIRPa-Fc fusion protein ALX148 was designed
by combining the high-affinity D1 domain of SIRPa with the inactive human 1gG1 Fc domain to

avoid toxicity [208].

The second category of therapy includes SIRPa targeting agents that are anti-SIRPa. antibodies
or modified CD47 proteins targeting SIRPa. Unlike CD47, which is expressed in diverse tissues,
including RBCs, the expression of SIRPa expression is limited to myeloid cells and neurons which
makes SIRPa-targeting antibodies an attractive approach to avoid broader binding and
undesirable effects on healthy cells. However, concerns remain regarding neuronal binding and
cross-reactivity with other SIRP family members like SIRPJ and SIRPy that affect the migration
of neutrophils and T cells, respectively [207]. Anti-SIRPa antibodies Bl 765063 and GS-0189 bear
high affinity to SIRPa, have impressive safety profiles, and are in clinical development [207]. ADU-
1805 is another anti-SIRPa monoclonal antibody that was developed to block all known SIRPa

alleles with improved anti-tumor activity across SIRPa variants [210].

Bispecific agents are novel recombinant antibodies developed to target two different cell surface
molecules together. Apart from their role in CD47-SIRPa blockade, bispecific antibodies are under
development that is designed to target other cancer cell-specific surface molecules concurrently
expressed on tumor cells (i.e., CD19, CD20, PD-L1) or T cells (e.g., PD-1). While the first strategy
aims to improve the specificity of tumor targeting and prevent off-target effects, the latter promises

synergistic activity with stimulation of both innate and adaptive immune systems [211].

HX009 (PD-1 and CD47 dual blocker), IBI322 (anti-CD47/PD-L1 bispecific monoclonal antibody),
and SL-172154 (bifunctional fusion protein consists of human SIRPa and CD40L parts) are some

notable bispecific agents undergoing clinical development [207].
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Application of CD47-targeting therapies with immune
checkpoint blockade

As discussed previously, phagocytosis checkpoint blockade therapies stimulate both innate and
adaptive immune responses against tumors that provide a strong rationale for combining them
with existing cancer immunotherapies. CD47 expression is linked with the exhaustion of CD8+ T
cells via TSP-1, which programs CD8+ T cell exhaustion in cancer through its interaction with
CDA47 expressed on CD8+ T cells [212]. There is strong evidence suggesting combination therapy
with anti-CD47 antibody, and PD-L1 blockade synergizes therapeutic response against
melanoma [213]. Another bispecific fusion antibody targeting PD-L1 on tumor cells and SIRPa
on phagocytes showed enhanced anti-tumor responses against murine MC38 tumors in
syngeneic host compared with either PD-L1 or SIRPa blockade alone [211]. The systemic delivery
of the bispecific antibody increased DNA sensing, DC cross-presentation, and anti-tumor T cell
responses. While combining CD47 blockade therapy with inhibition of T cell checkpoint provides
encouraging results, the effect of PD-1 inhibition might enhance the phagocytic capacities of intra-
tumoral macrophages. A more detailed investigation is needed to identify the impact of CD47
blockade on T cell responses, especially in the background that CD47 negatively regulates the

differentiation of CD4* Th1 cells and interacts with TSP1 to inhibit T cell proliferation [176].

Challenges of targeting CD47-SIRPa axis

The ubiquitous expression of CD47 remains one of the major concerns of the application of CD47-
SIRPa targeted therapies, which causes rapid drug elimination, and haematological toxicity, which
includes anemia and thrombocytopenia. As discussed previously, aging RBCs are significantly
sensitive to phagocytosis, and hence their destruction remains a limiting toxicity concern with

such drugs and may influence the age of cancer patients [214].

106



Key questions remaining to be answered

Despite the remarkable progress made in CD47-targeted therapies against cancer, many
unanswered questions remain regarding the phagocytosis checkpoint blockade. We still do not
know how phagocytosis regulators function in concert to modulate tumor cell clearance by
professional APCs during different stages of tumorigenesis. The emerging evidence from the
preclinical studies in animal models suggests that complementing T-cell checkpoint inhibition with
phagocytosis checkpoint blockade remains an attractive avenue. Further, poor efficacy or toxicity
of T-cell checkpoint blockade therapies in different tumors project phagocytosis checkpoint

blockade as an alternative or complementing approach to treat unresponsive cancers.

Status of blockade of phagocytosis inhibitors in Prostate
carcinoma

Immune checkpoint inhibition strategies targeting CTLA-4, PD-1, or PD-L1 have made major
advances in clinical practices to treat urologic tumors, such as renal cell carcinoma and urothelial
cancer [215]. However, immune checkpoint blockade therapies have only modest effects on
prostate cancers. The immunologically cold and immunosuppressive nature of prostate tumors
characterized by a low level of tumor-associated antigens and neoantigens coupled with an
increased abundance of M2-TAMs and a lower number of CD8 T cells contribute to therapeutic
resistance. Boosting the immune system is considered a good strategy for treating metastatic
disease [216]. TAMs represent an interesting target for immunotherapy in prostate tumors. As
discussed previously, therapeutic strategies to deplete TAMs or prevent the recruitment of
precursor myeloid cells using pharmacological and antibody-mediated targeting of the CSF-
1/CSF-1R axis have shown significant anti-tumor responses. However, the phagocytosis

checkpoint pathways have never been explored in PCa.
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In this study, we provide evidence of increased expression of CD47 and calreticulin in prostate
cancer cells. We also provide in vitro and in vivo experimental evidence of therapeutic blockade
of the CD47-SIRPa axis increases phagocytosis of prostate tumor cells and causes tumor growth
inhibition. Finally, we provide evidence for the role of CD47 in reprogramming the tumor immune
microenvironment that suggests increased reprogramming by antigen presentation and TNF+

phenotypic shifts in TAMs and CD8 T cell proliferation.
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Results

Increased expression of CD47 and Calreticulin is a characteristic feature of prostate
carcinoma.

CD47 expression has been proposed as a prognostic marker in prostate cancer; however, a
detailed investigation of the CD47-SIRPa. axis in prostate cancer has not been performed [217].
To investigate whether CD47-SIRPa might be a novel immunotherapeutic pathway in prostate
cancer, we evaluated the expression levels of CD47 and calreticulin (CRT) in prostate

adenocarcinoma. The human protein atlas database (https://www.proteinatlas.org/) contains

pathology information based on protein expression (IHC) data from different cancers, including
prostate carcinoma. We investigated the differential protein levels of CD47 and CRT in prostate
adenocarcinoma tissues with either medium or high gleason scores as defined by protein atlas.
We found increased expression of CD47 and CRT in the tumor tissues (tumor/ stromal cells) as
compared to baseline controls (Fig 22A-B). We next investigated mRNA expression levels of
CD47 and CRT in TCGA, GTEx, and TARGET datasets using Xenabrowser

(https://xenabrowser.net/), a database that helps to explore functional genomic data sets for

correlations between genomic and/or phenotypic variables. We found elevated expression levels
of CD47 and CRT in a total 648 adenocarcinoma patients versus the normal prostate tissue from

all three datasets (Fig 22C-D).

Next, we validated the protein expression levels of CD47 in prostate cancer samples using freshly
resected tumor tissues following rapid autopsy using pathology with flow cytometry in CD45-
fractions in two (n=2) renal cell carcinoma patients (RCC). Flow cytometric evaluation showed a
CD47M cell population in the tumor/stromal tissue as compared to non-tumor adjacent (NAT)
derived from both patients (Fig 22E-F). Thus, using two different approaches, we confirmed

elevated expression levels of the ‘don’t eat me’ signal, CD47, in prostate and RCC tumors. These
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results provide a strong rationale for targeting CD47 in urologic tumors to remodel the

immunosuppressive TME.

SIRPa and LRP-1 are expressed in immunosuppressive myeloid cells in urologic cancers.
The CD47-binding protein SIRPa is expressed on myeloid cells including macrophages. The
binding of CD47 and SIRPa triggers a “don’t eat me” signal that protects cancer cells from
phagocytosis-mediated clearance [161]. The ‘eat me’ signal, CRT, is anchored to the cell surface
of malignant cells by binding membrane glycans, where it interacts with LRP-1 expressed on
macrophages to assist phagocytosis [188]. Next, we investigated the expression levels of SIRPa
(the receptor for CD45) and LRP1 (the ligand for CRT) on macrophages in prostate cancer. To
this end, we first examined expression levels of SIRPa and LRP-1 using Xenabrowser across 648
samples from TCGA, GTEx, and TARGET datasets. No significant transcript level changes were
observed for SIRPa and LRP-1 in prostate adenocarcinoma patient samples when compared with
normal prostate tissue samples (Fig 23A). It is, however, important to note that overexpression
of CD47 ligand expression on cancer cells can still prevent the engagement of SIRPa for
phagocytosis evasion [218]. Hence, differential expression of either SIRPa or LRP-1 doesn’t
negate the consequences of enrichment of CD47 levels on the target cells.

In addition to macrophages and DCs, SIRPa is expressed on granulocytes and affects their
function following engagement with CD47 [196]. Using the scRNAseq dataset from human protein
atlas, we identified increased SIRPa+ macrophages as the major cell cluster that expressed
SIRPa in non-malignant prostate tissues (Fig 23B). Congruently, we investigated SIRPa
expression in the live CD3- CD19 CD56™ CD45" fraction in the RCC patient samples (Fig 23C).
However, we did not find significant changes in SIRPa+ CD14+ (Monocytic), SIRPa+ CD11b+
HLA-DR+ (Macrophages) or SIRPa+ CD11b+ HLA-DR-(Granulocytes) cells between NAT (non-

adjacent tumor) versus tumor tissue. Interestingly, we observed patient-to-patient variation with
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approximately 30-55% of SIRPa+ cells being monocytic in origin. In the patient 1 sample (case
1), we found approximately 62-75% of the CD14- cells (granulocytic) were SIRPa+, while in case
11, 78-83% of macrophages were SIRPa (Fig 23D). This result indicates that SIRPa+ phagocytes
in these tumors might be monocytes, granulocytes, or macrophages.

Since SIRPa+ cells might be of majorly of macrophage origin, we investigated the nature of these
macrophages in RCC case I. Flow cytometric evaluation was carried out for surface expression
of CD163, CD206, or PD-L1 as the key immunosuppressive markers of immunosuppressive
TAMs. In the RCC tumor tissue, the expression (by counts) of CD163, CD206, and PD-L1 was
higher as compared to non-adjacent tumor (NAT) (Fig 23E). Overall, we found that SIRPa+ cells
seemed to be higher in RCC tumor tissue vs. NAT (Fig 23D). Our observation is in line with the
data published in a study by Yanagita et al., which showed an increased expression of SIRPo+

in RCC tumor tissues versus NAT [219].

Targeting don’t eat me and eat me signals results in increased phagocytosis of PCa cells.
Next, we sought to understand whether blocking the CD47-SIRPa axis would induce
phagocytosis in prostate cancer cells. To this end, we first determined CD47 expression in
different prostate carcinoma cell lines using flow cytometry. We observed CD47 expression in all
the prostate adenocarcinoma lines regardless of their sensitivity- or resistance to androgen, i.e.,
AR null bone metastatic line-PC3, brain metastatic line-DU145, androgen-independent-
CWR22Rv1 and androgen-sensitive line-LnCaP (Fig 24A). We also validated the SIRPa levels
in primary PBMC-derived macrophages, human monocytic line, THP-1 cells, and PBMC-derived
CD14+ monocytes as phagocyte controls (Fig 24B).

Next, we investigated the mRNA expression levels of SIRPa and LRP-1 on different phagocytic
cells and CD47 and calreticulin (CALR) in different prostate cancer cells. Both SIRPa and LRP-1

were most highly expressed in canonically differentiated and M2-like polarized,
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immunosuppressive CD206+ CD163+ macrophages (Fig 24C). We also observed increased
levels of CD47 and CALR in PC3 cells (AR null bone metastatic line) (Fig 24D).

These results encouraged us to determine the phagocytosis of prostate carcinoma cells by
immunosuppressive macrophages in vitro. We next co-cultured either untreated or neuraminidase
pre-treated, CTV (cell trace violet)-labeled PC3 cells with M2-polarized and differentiated
macrophages. As an intervention to prevent CD47-SIRPa interaction, anti-CD47 (1 ug/ml) or anti-
SIRPa (5 ng/ml) antibodies were added in the co-culture assay (Fig 24D) as described in the
methods. Following co-culture, the percentage of phagocytosed CTV+ PC3 cells were quantified
within SIRPa+ macrophages in the live CD45+ fraction after careful exclusion of any CTV signal
coming from a cancer cell by itself with flow cytometry (Fig 24E). We found increased
phagocytosis of PC3 cells following antibody-mediated blockade of either CD47 or SIRPa. In
addition, we also observed a synergistic increase in phagocytosis upon neuraminidase pre-
treatment (Fig 24F). The increased phagocytosis of PC3 cells could be explained due to the
exposed calreticulin binding site released from the phagocyte that acts as the ‘eat me’ or
opsonization signal [188]. These results clearly indicate that antibody-mediated blockade of
CD47-SIRPa. interaction renders prostate carcinoma (PC3) cells more susceptible to

phagocytosis by TAMs in vitro.

Targeting the CD47-SIRPa axis augments anti-tumor efficacy in urologic tumors.

Since we found increased phagocytosis of prostate cancer (PC3) cells by immunosuppressive
TAMs following antibody-mediated blockade of CD47-SIRPa axis, we next sought to determine
whether targeting CD47-SIRPa axis results in increased anti-tumor efficacy in vivo. To this end,
we used three different urologic tumors in genetically modified animals or blocking antibodies
against CD47 and SIRPa. We first inoculated CD45-enriched tumor/stromal B6CaP cells into
male CD47-KO and congenic WT animals (Fig 25A). Similarly, we implanted MB49 cells

(urothelial carcinoma cells) into female CD47-KO and congenic WT animals (Fig 25B). In both
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tumor models, we observed a significant tumor growth inhibition (TGI) during tumor progression
in a CD47 deficient background (Fig 25C and D), a phenotype that could be due to the immediate
elimination of CD47+ tumor cells early during tumorigenesis. To gain a better understanding of
the outcome of therapeutic intervention to block CD47-SIRPa engagement on tumor growth, we
used anti-CD47 or anti-SIRPa blocking antibodies following a dosing scheme reported earlier
[220]. To this end, we used B6CaP, MB49, and RM-1 tumor models with a similar targeting
strategy (Fig 25E-F). We found increased tumor growth reduction mediated by either anti-SIRPa.
or anti-CD47 blockade antibodies as compared to the respective isotype controls in all three tumor
models (Fig 25G-l). We also observed increased animal survival following antibody-mediated
blockade of both CD47 and SIRPa of B6CaP and MB49 tumor-bearing mice (Fig 25G-l). These
results provide a strong evidence of anti-tumor activity of therapeutic interference of CD47-SIRPa

axis in urologic tumors.

Myeloid cell reprogramming upon CD47KO in B6CaP tumor-bearing mice.

The antibody-mediated TGl following CD47 blockade is due to increased antigen presentation
either by DCs or macrophages and subsequent priming of cytotoxic T cells that cause increased
infiltration and renders them to become proliferative and activated [221]. To gain an insight into
myeloid immune cell status and the mechanism of anti-tumor response, we performed the
comparative immune-infiltrate analysis in the CD47-KO versus WT prostate tumor. To this end,
we investigated TAMs and monocytes within the myeloid compartment (Fig 26A). Overall, there
was an increase in the percentage CD11b, inflammatory monocytes, and DCs in CD47-KO
tumors (Fig 26B-C). Since macrophages have been reported to be the major SIRPa-expressing
cells in normal prostate tissue (Fig 23A), we closely investigated the reprogramming of TAMs and
monocytes for the changes in putative antigen presentation capacities. Canonical M2 surface
marker expressing TAMs (CD206+ CD163+) showed a marked increase in antigen presentation

related co-stimulatory molecules CD86+ and MHCII in CD47-KO tumors as compared to WT.
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Additionally, these antigen-presenting cells showed increased TNF levels as determined by
intracellular staining, validating the functional reprogramming of TAMs to a more inflammatory
state.

Next, we evaluated the implications of the functional reprogramming of TAMs on tumor-infiltrating
T cells. To this end, we investigated naive vs. effector, proliferation, and exhaustion marker on T
cells (Fig 27A). While we didn’t observe any significant changes in the overall influx of CD4 or
CD8 T cells (Fig 27B-C), we found a higher percentage of Ki-67+ CD8 T cells (Fig 27B-C).
Here, we provide an indirect evidence of macrophage reprogramming (a possible increase in
antigen presentation) following CD47 deletion, as well as a consequent increase in the

proliferation of CD8 T cells.
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Discussion

Metastatic castration-resistant metastatic cancer (MCRPC) remains a terminal diagnosis with an
aggressive disease progression despite currently approved therapies [1]. The current treatment
options for mCRPC includes chemotherapy- and androgen-receptor axis-targeted therapies that
might yield progression-free survival of 18-20 months [1]. Unfortunately, mCRPC is virtually
resistant to either the Sipuleucel-T vaccine (the only FDA-approved vaccine) or to the existing T
cell checkpoint blockade therapies [1]. The failure of immune checkpoint blockade therapies is
due to the putative ‘cold’ nature of prostate cancer, which is characterized by restricted CD8 T
cell infiltration, low tumor mutational burden, low PD-L1 expression, and increased infiltration of
M2-TAMs that creates a highly immunosuppressive state. Also, androgen therapy is known to
cause increased infiltration of M2-TAMs in tumors, associated with worse prognosis [222].

Phagocytosis checkpoint inhibition represents a novel and clinically proven strategy to activate
macrophages that is analogous to how classic immune checkpoint inhibitors augment T-cell
mediated adaptive immunity by targeting CTLA-4 and PD-1. The CD47-SIRPa axis remains one
of the most promising myeloid-cell-based immunotherapeutic targets, leading to several clinical
trials that are aimed to evaluate CD47-SIRPa blocking therapies [223]. However, there is a
paucity of preclinical or clinical data showing therapeutic interference of CD47-SIRPa. interaction
in prostate cancer. In a study that aimed to establish the relationship between CD47 and prostate
carcinoma and macrophage polarization, an examination of 263 patients with prostate
adenocarcinoma was performed for tissue-level expression of CD47, CD68, and CD163. This
study shows only 52.5% of tissues have increased expression of CD47. Interestingly, 71.9% of
tissues showed high expression of CD163 protein, suggesting a putative relationship between
increased levels of M2-like macrophages and CD47 expression [224]. However, the status of
phagocytosis checkpoints, including CD47-SIRPa. axis and their therapeutic targeting, remains

unexplored.
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Here, we provide evidence of increased CD47-SIRPa signaling in prostate carcinoma in patient
samples and in different prostate carcinoma cells. Using in vitro and in vivo models, we also show
that targeting CD47-SIRPa causes increased phagocytosis of prostate cancer cells in TAMs,
strongly suppresses tumor growth progression, and improves the survival of tumor-bearing
animals. In addition, using tumor immune infiltrate analysis, we provide the preliminary evidence
of significant reprogramming of the prostate TME in the absence of a functional CD47-SIRPa.

Using the publicly available datasets, Human Protein Atlas (https://www.proteinatlas.org/) and

Xena Browser (https://xenabrowser.net/), we showed increased expression of CD47 (‘don’t eat
me’ signal) and calreticulin (‘eat me’ signal) in prostate carcinoma tissues derived from patients.
Since therapeutic blocking of CD47 alone does not ensure tumor cell phagocytosis, increased
calreticulin expression on malignant cells is essential for their recognition by phagocytes.
Although unrelated to prostate tumors, we also confirmed the increased presence of CD45" cells
in tumor and stromal sites in RCC patient samples. Patients will RCC have increased expression
of CD47 expression, blockade of which enhances the anti-tumor effects of macrophages through
trogocytosis of cancer cells [225]. RCC tumors have increased infiltration of TAMs, which is
associated with the worst prognosis.

SIRPa+ TAMs are the major myeloid cells, in addition to DCs and monocytes, that phagocytose
tumor cells within TME following ligation of CD47 with SIRPa. Indeed, our investigation of the
scRNAseq dataset (Xena Browser) in non-malignant prostate tissues revealed macrophages as
the key immune cells that have high expression of SIRPa followed by fibroblasts.

The confirmation of increased expression of SIRPa and CD47 in macrophages (phagocytosis
executioner) and prostate carcinoma cells (target cells) further confirms the increased level of
CD47-SIRPa axis. Most strikingly, increased expression of SIRPa was observed in M2-polarized
human primary macrophages, while androgen-resistant metastatic human prostate cancer line

PC3 cells showed increased levels of CD47.

116


https://www.proteinatlas.org/

These results encouraged us to perform an in vitro coculture assay, which showed increased
phagocytosis of PC3 cells by M2-polarized macrophages. However, antibody-mediated
abrogation of CD47-SIRPa. interaction suppressed the PC3 cell phagocytosis providing direct
evidence of increased phagocytosis of CD47-overexpressing prostate carcinoma PC3 cells by
M2-polarized macrophages. Since this assay did not represent the true tumor microenvironment
that exists in prostate carcinoma, we further investigated the effects of therapeutic blockade of
CD47-SIRPa axis on tumor growth in vivo.

We observed a significant suppression of tumor growth of B6CaP (prostate adenocarcinoma) and
MBA49 (bladder carcinoma) cells in CD47 deficient mice following tumor engraftment as compared
to the wild-type tumors even in the absence of therapy, suggesting the importance of endogenous
CDA47 signaling in tumor control. Next, therapeutic antibody-mediated blockade of either CD47 or
SIRPa resulted in significant tumor growth suppression in the prostate (B6CaP and RM1 tumors)
and bladder carcinoma (MB49) tumors. Moreover, there was prolonged survival of B6CaP and
MB49 tumor-bearing animals in response to anti-CD47 or anti-SIRPa immunotherapy suggesting
the therapeutic benefits following blockade of functional CD47-SIRPa axis.

Previously, therapeutic antibody-mediated blockade of the CD47-SIRPa axis was shown to cause
a phenotypic shift of M2-lke TAMs to anti-tumoral M1-like TAMs inside the tumor
microenvironment [193]. Whether interference with CD47-SIRPa axis leads to changes in
immune infiltration or immune cell proliferation remains to be fully explored. However, therapeutic
blockade of CD47 was shown to cause the systemic and local release of chemokines and

cytokines responsible for myeloid cell recruitment in mice engrafted with SCLC tumors [194].

Our investigation of the prostate immune microenvironment containing CD47-KO prostate tumors

revealed evidence of myeloid cell reprogramming. We found increased abundance of

inflammatory CD11b+ monocytes and DCs in CD47-KO as compared to their wild-type
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counterpart. We also found increased evidence of antigen presentation and inflammatory status
in CD206+ CD163+ M2-TAMs in CD47-KO prostate tumors as they showed increased surface
expression of CD86 and MHC Il molecules with increased TNF levels. This indicates a potential
phenotypic shift of M2-TAMs towards M1-like TAMs with increased inflammation. Within the
lymphocytic compartment, we found increased presence of proliferating CD8 T cells. Although
our investigation into tumor microenvironment reveals anti-tumoral benefits (increased
macrophage polarization to M1-like TAMs) in the presence and absence of a functional CD47-
SIRPa axis; these results need further evaluation in the presence of anti-CD47 or anti-SIRPa.
blockade in prostate carcinoma.

Overall, we have been able to provide preliminary evidence of the involvement and targetability
of CD47-SIRPa axis in prostate carcinoma, which paves the way to carry out follow-up studies
to determine the full landscape of targeting CD47-SIRPa. axis in non-metastatic and metastatic
tumors. Whether therapeutic targeting of the CD47-SIRPa axis plays a dominant role in prostate
tumor progression, especially in the background of the cold nature of these tumors, remains to be
fully explored. Further, combining CD47-targeted therapies with T-cell-based checkpoint
blockade therapies could significantly enhance the effectiveness of established immune
checkpoint blockade therapies and remains an exciting avenue in prostate cancer

immunotherapy.
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Materials and Methods

Ethics. All protocols used in this study involving animals strictly followed US NIH guidelines and
were approved by the Johns Hopkins Medical Institutions Animal Care and Use Committee.
Animals

Experimental protocols involving live animals were performed in agreement with the protocols
approved by the Institutions Animal Care and Use Committee (IACUC) at The Johns Hopkins
University School of Medicine. Both male and female C57BL/6J (000664) and B6.129S7-
Cd47tm1Fpl/J (003173), aged 6-8 weeks, were purchased from Jackson Laboratories (ME, USA).
Animals were kept under standard housing conditions (68-76 °F, 30-70% relative humidity, 12-12
light-dark cycle) with free access to standard chow and water. The animals were monitored daily

for general behavior and appearance by veterinary specialists.

Tumor models and cell lines

MB49, a mouse urothelial carcinoma cell line (SC148) derived from an adult C57BL/6 mouse by
exposure of primary bladder epithelial cell explant to 7,12-7,12-dimethylbenz[a]anthracene
(DMBA) for 24 h followed by a long-term culture, was purchased from Sigma. B6CaP CD45"¢
cells were gifted by Dr. Brian Simons (Johns Hopkins). RM-1 (CRL-3310™) a mouse prostate
carcinoma cell line of fibroblast-like morphology, was purchased from ATCC. MB49-RFP (SC065-

R, GenTarget Inc., USA) were obtained from GenTarget Inc. RM1-RFP cells made by

transduction of luciferase-RFP construct (LVP440-PBS, GenTarget Inc., USA) in RM1 cells. Cells
were harvested following trypsinization, and cell viability was confirmed using Trypan blue dye.
For syngeneic heterotopic MB49 urothelial tumor development, live MB49 cells (5.0 x 10* cells
per 100 ml of 1x PBS per mouse) were implanted on the right flank in C57BL/6J female mice. For
the development of syngeneic heterotopic prostate carcinoma tumors, B6CaP CD45"¢ cells were

thawed, washed with 1x PBS, and implanted subcutaneously (5.0 x 10° cells per 100 ml 1x PBS
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per mouse) on the right flank of C57BL/6J male mice for passaging of the cells in mice. Once the
tumors reached 1000 mm?, they were harvested and implanted after CD45 negative enrichment.
Tumor growth was monitored every second day to observe the increase in the tumor burden at
the time of treatment initiation. Tumors were measured by electronic caliper, and tumor volume
was calculated using the following equation: tumor volume = length x width x height x 0.5326. The
maximum allowed tumor, the volume of ~2 cm in any dimension, was based on the guidelines of
the institutional IACUC for a single implanted tumor that was visible without imaging.

Tumor Digestion, flow cytometry, and sorting

Mouse tumors were surgically resected, mechanically minced, and digested using Miltenyi’s
mouse tumor dissociation kit (130-096-730) according to the manufacturer’'s protocol using
gentleMACS™ Octo dissociator (130-096-427). After tumor digestion, cells were filtered through
a 100 mm cell strainer (TC70-MT-2, Stellar Scientific). For flow cytometry, single-cell suspensions
were washed with 1x PBS and then incubated with ACK lysing buffer (118-156-721 Quality
Biologicals).

In-vivo treatment with anti-CD47 or anti-SIRPa

Palpable (100-300 mm?) tumor-bearing mice were randomized into four groups and treated with
either anti-CD47 (MIAP410, BP0283, BioXCell), anti-SIRPa (P84, BE0322, BioXCell) or
respective isotype control antibodies (MOPC-21, BE0083, BioXCell, and HRPN, BEO008S,

BioXCell). For CD47 blockade or concomitant isotype control, MIAP410 or MOPC-21 was

administered weekly after randomization 300 ug per mouse intraperitoneally [220]. For SIRPa
blockade or concurrent isotype control, P84 or BEO088 was administered thrice weekly after
randomization at 200 ug per mouse intraperitoneally [206].

Human tissue resection from pathology

RCC patient tissues (Tumor, non-tumor adjacent, and PBMC) were obtained during rapid autopsy

and were subjected to single-cell homogenization and consequent flow-cytometry.
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Flow cytometry

Single-cell suspensions were stained with antibodies after viability staining and FcR blocking (BD
bioscience, 564765). The following antibodies or dyes were purchased for cell surface or
intracellular staining. The staining was followed according to the manufacturer’s protocol. For
intracellular staining, eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set (00-5523-
00, ThermoFisher scientific) was used and was performed as per the manufacturer’s protocol.
Following that, cells were washed and immunophenotyped using BD FACSCelesta, BD FACS
symphony, or Cytek Aurora, and data were analyzed using FlowJo (Version 9 or 10).
Supplementary table X contains the list of mouse and human antibodies used in this study.
Phagocytosis assay

The in vitro phagocytosis assay was carried out using flow cytometry. Briefly, in vitro cultured
macrophages and PC3 (prostate adenocarcinoma cells, CRL-1435™ ATCC) labeled with 2.5 yM
CellTrace™ Violet (CTV, C34557, ThermoFisher Scientific) according to the manufacturer's
description. PBMC-derived differentiated macrophages were subsequently co-cultured with
neuraminidase (Neuraminidase from Vibrio cholerae, 11080725001, Sigma) pretreated
(overnight) PC3 prostate carcinoma cells at a 1:2 ratio (macrophages: PC3 cancer cells) and
incubated for 2 h at 37 °C in 6 well plates. CD47 (1ug/ml) (B6H12, 14-0479-82, ThermoFisher
Scientific) and SIRPa (5ug/ml) (KWAR23, NG-1, BioXcell) were added during co-culture. Cells
were repeatedly washed to remove non-phagocytosed cells, detached, and were then stained

with a viability dye, anti-CD45, and anti-SIRPa antibodies for flow cytometry-based evaluation.

qPCR for CD47 and SIRPa
Total RNA was extracted using RNeasy plus mini kit (Qiagen, 74136) and quantified by Nanodrop
(ThermoFisher). For cDNA synthesis, High-Capacity cDNA Reverse Transcription Kit (Applied

Biosystem, 4368814) was used. Quantitative real-time PCR was performed on QuantStudio 3

121



(Applied Biosystems) with Tagman Gene Expression MasterMix and Tagman probes (details in

table 5). RPL19 was used as the internal control. All samples were triplicated.
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Figure 22. Increased Expression of CD47 and Calreticulin in urologic tumor samples. (A)
Differential expression of CD47 in tumor samples vs. normal in prostate cancer patient samples.
(B) Differential expression of CALR in tumor samples vs. normal in prostate cancer patient
samples, (C and D) mRNA levels of CD47 and CALR in prostate adenocarcinoma patient-derived

tumors vs. normal (n=648). (E) Expression levels of CD47 in freshly resected tumor or non-tumor
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adjacent tissues in RCC patient samples, and (F) CD47 expressing cell types in normal prostate

tissue
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Figure 23. Expression of SIRPa and LRP1 in urologic tumor samples. (A) Differential mRNA
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expression of SIRPa and LRP1 in prostate adenocarcinoma patient tumors vs. normal (n=648).
(B) SIRPa mRNA expressing cells in normal prostate tissue. (C) Gating strategy for quantification
of CD47 and SIRPa expressing cells. (D) SIRPa positive cells in innate cells in RCC patient

tumors vs. normal adjacent tissue and (E) Immunosuppressive markers in SIRPa+ TAMs.
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Figure 24. Increased phagocytosis of PCa cells on targeting don't eat me and eat me
signaling. (A) Expression of ligand CD47 in prostate carcinoma cells lines (bone metastatic line-
PC3, brain metastatic line- DU145, androgen-sensitive line-LnCaP, Androgen independent-

CWR22Rv1 and Hela. (B) Expression of receptor SIRPa in PBMC derived M2 polarized
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macrophages, THP-1 cells and CD14+ cells derived from PBMCs. (C) Schematic representation
of phagocytosis assay, and (D) Flow gating for the strategy for phagocytosis assay and (E) %
CTV+ SIRPa+ phagocytic macrophages. Data are presented as mean values + S.E.M. Statistical

analyses done with either t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 25. CD47-SIRPa. targeting in urologic tumors promotes anti-tumor efficacy. (A and
B) Schematic of GEM CD47KO and WT tumor implantation of B6CaP and MB49 and CD47
expression in CD45- B6CaP cells or MB49 cells before implantation. (C and D) Tumor growth
kinetics in B6CaP and MB49 respectively (n=5-10/ group). (E and F) Schematic of treatment with
anti-CD47 and anti-SIRPa antibodies. (G and H) Tumor growth kinetics (tumor volumes and
survival curves) of B6CaP and MB49 bearing tumors treated with anti-CD47 and anti-SIRPa or
respective isotype controls (n= 4-6/ group), and (I) Tumor growth kinetics by volume in RM-1
bearing tumors with anti-CD47 and anti-SIRPa antibodies or respective isotype controls. (n =5 or
6/group). Data are presented as mean values + S.E.M. Statistical analyses done with either t-test
or two-way ANOVA using Bonferroni's multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001). Log-rank (Mantel-Cox) tests were performed for survival analysis.
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Figure 26. Myeloid cell reprogramming upon CD47KO in B6CaP tumor-bearing mice. (A)
Representative flow cytometry gating of myeloid cells in B6CaP TME. (B) UMAP of myeloid
populations in B6CaP tumors. (C) Schematic representation of phagocytosis assay. (D) Flow

gating for the strategy for phagocytosis assay, and (E) % CTV+ SIRPa+ phagocytic macrophages
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Data are presented as mean values + S.E.M. Statistical analyses done with either t-test (*P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

132



CD47KO
B
'a‘i
ns ns sk
154 o 60—
c . 10 = Control
. 8 » .. + CD47KO
L[] ® L]
10+ ol 3 —— a0 e .
-, : oo
5 : . Ly . 204 .
2-
0 0 0-

0 0

%CD8+ of Live CD45+ %CD4+ of Live CD45+ %ki-67+ of CD8+

Figure 27. Increased CD8 T cell proliferation in CD47-KO TME. (A) Flow gating strategy of T
cells in the B6CaP TME of WT and CD47 KO. (B) UMAP of expression levels of different T cell
markers and between control relative to CD47KO, and (C) Percentage of CD4, CD8 and ki-67+
CD8 T cells in TME. Data are presented as mean values + S.E.M. Statistical analyses done with

either t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Table 5. Details of TagMan probes.

Target Assay ID Dye
RPL19 Hs02338565 gH VIC

CD47 Hs00179953 m1 FAM
SIRPa Hs00757426_s1 FAM
CALR Hs00189032_m1 FAM
LRP1 Hs00233856_m1 FAM
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Table 6. In vitro phagocytosis assay flow cytometry antibody list (anti-human).

Marker Fluorophore Vendor Cat

CD45 BV650 Biolegend 304044
SIRPa APC ThermoFisher 17-1729-42
CD47 PerCP/Cyanine5.5 Biolegend 323110
Calreticulin AF700 (labeled with kit) Abcam ab22683
CTVv BV421 ThermoFisher C34557
L/D eFluor™ 780 Invitrogen 65-0865-14
CD86 BV786 Biolegend 305442
MHCII PE-Texas Red ThermoFisher MHLDR17
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Table 7. List of flow cytometry antibodies.

Marker Fluorophore Vendor Cat #
CD206 PE CF594 BD 141732
CD86 Pe/Cy5 Biolegend 105016
CD62L PECy7 BD 560516
CD11b AF700 Biolegend 101222
CD4 APC Cy7 BD 565650
Ly6G efluor 450 ThermoFisher | 48-5931-82
CD44 BVv480 BD 566200
TCRb BV510 BD 563221
CD45 Pacific Orange Invitrogen MCD4530
Ly6c BV570 Biolegend 128030
PD1 BV605 Biolegend 135220
CD8 BV650 Biolegend 100742
MHCII BV711 Biolegend 107643
CD11c BV750 Biolegend 117357
F4/80 BV785 Biolegend 123141
CD163 PE ThermoFisher | 12-1631-82
FOXP3 PerCpCy5.5 ThermoFisher | 45-5773-82
Ki67 PerCp-eFluor710 ThermoFisher | 46-5698-82
CD45 V510 Biolegend 103138
CD11b uva05 BD 741934
F4/80 V711 BD 565612
MHCII UVv395 BD 743876
CX3CRI V786 Biolegend 149029
CD206 PE-Cy7 Biolegend 141720
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CD163 PE Dazzle Biolegend 155316
CD86 APCR700 BD 565479
Ly6C APC-fire 750 Biolegend 128046
Ly6G V605 Biolegend 127639
CCR2 BV650 Biolegend 150613
L/D V575 BD 565694
CD3 BUV496 BD 612955
CD4 BUV661 BD 612974
CD8 BUV563 BD 748535
CD44 BUV737 BD 612799
CD62L BUV615 BD 752311
TNF BB700 BD 566510
Arginase PE ThermoFisher | 12-3697-82
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