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Abstract

Sex differences in immune responses have long been observed across infectious
diseases, autoimmunity, and cancer, yet the molecular underpinnings remain incompletely
defined. Here, we examine the role of androgen receptor (AR) signaling in regulating CD8 T
cell differentiation and function during homeostasis and infection and investigate its
therapeutic relevance in prostate cancer treatment with neoadjuvant androgen axis
inhibition and anti-PD1 immune checkpoint blockade. Using a model of CD8 T cell-specific
AR knockout (ARKO) in mice, we demonstrate that AR expression is dynamically induced
upon TCR engagement. AR-deficient CD8 T cells exhibit enhanced expansion, cytokine
production, and effector subset formation in response to bacterial and viral infection.
Following acute infection, AR activity favors central memory (Tcm) differentiation and limits
memory recall protection. These findings suggest that AR tempers early effector responses
limits the potential for long-term immunity. Ultimately, we associate mechanisms of AR
regulation of CD8 T cell responses to sex differences in CD8 T cell responses, which may be
instrumental in understanding the underlying mechanisms behind sex differences in
disease susceptibility.

Complementing these mechanistic studies, single-cell RNA sequencing of prostate
tumors from patients treated with neoadjuvant androgen axis inhibition (AAl), which
includes androgen deprivation therapy (ADT) and AR inhibition, and anti-PD-1
immunotherapy reveals therapy-induced changes in the prostate tumor environment.
Neoadjuvant therapy is associated with reduced AR activity and cancer cell frequency in
post-treatment biopsies compared to pre-treatment, increased antigen presentation by
neoplastic epithelial cells, and enhanced infiltration of cytotoxic effector T cells (CD8 Teff).

Notably, AR inhibition in tumors mimics some of the CD8 T cell phenotypes observed in

Xii



ARKO mice, including a shift toward effector differentiation. However, the persistence of
stromal and myeloid cells with immunosuppressive features highlights the complexity of
the tumor microenvironment and the need for combinatorial approaches.

Together, these findings establish AR as a key transcriptional brake on CD8 T cell
effector function and memory fate decisions. They reveal a convergence between AR-
regulated immune mechanisms in infection and cancer, with important implications for
understanding sex differences in disease susceptibility and optimizing AR-targeted

therapies and immunotherapies.
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Chapter 1: Background and Introduction

1.1 Background and Context
1.1.1 Scope

This dissertation is principally concerned with CD8 T cells and describing the role of
sex hormones, particularly androgens, in shaping their response to viruses, intracellular
bacteria, and cancer. The remainder of Chapter 1 provides an overview of the development,
function, and maintenance of CD8 T cells in immune responses; the influence of sex and
sex hormones on immune responses; and the use of anti-androgen therapies in prostate
cancer and their effects on the immune response. Chapter 2 describes investigations into
the role of the androgen receptor (AR) in regulating CD8 T cell immune responses using in
vitro models and in vivo bacterial and viral infections. Chapter 3 leverages data from a
clinical trial of high-risk prostate cancer patients to describe the impact of systemic
androgen deprivation therapy, AR small molecule inhibitors, and immunotherapy on the
epithelial, stromal, and immune cells of the tumor microenvironment. The culmination of
this work is discussed in Chapter 4, followed by a discussion of remaining questions to be

addressed and suggested approaches to do so.

1.1.2 Overview of the immune system and the role of T cells in adaptive immunity

The immune system is tasked with maintaining the health of hosts by preventing
disease. To achieve this, the complex network of cells and molecules that comprise the
immune system work together to surveil the body, identify potential threats, and mount a
coordinated response to eliminate them. Each of these processes is tightly regulated by
molecular signals that ensure that immune cells respond appropriately to eliminate the

threat while preserving the health of the host. To that end, local, long-range, and systemic



cues are integrated by immune cells to discern whether the environmental context warrants
an immune response. When this information is properly relayed and received, the immune
system efficiently recognizes and eliminates threats posed by external or internal sources.
This process can be conceptually divided into three phases: 1) recognition of the threat by
innate immune cells, which act to limit pathogen spread and recruit additional immune
cells through inflammatory cues, 2) presentation of pathogenic antigens to adaptive
immune cells, which subsequently gain the ability to specifically target and eliminate the
pathogen, and 3) resolution of the threat, contraction of responding immune cell
populations, and repair of damaged tissue (Figure 1.1). Some cells, chiefly Tand B
lymphocytes of the adaptive immune system, survive long after the contraction phase and
retain the capacity to respond quickly and protect the host from re-challenge by the same
threat, a phenomenon termed immune memory.

T and B lymphocytes (i.e., T and B cells) are both cell types of the adaptive immune
system, which express antigen receptors that can bind to specific epitopes from target cells
or pathogens and stimulate their recognition and destruction. The B cell receptor (BCR)
generally recognizes extracellular antigen epitopes in their natural conformation (i.e., non-
denatured) and is produced and released by B cells in a soluble form called antibodies
(humoral immunity). In contrast, the T cell receptor (TCR) is a membrane-bound receptor
which recognizes short antigen structures processed and presented on major
histocompatibility complex (MHC) proteins on the target cell surface. T cell mediated
immunity is therefore called cellular immunity because of the requirement for antigens to
be processed and presented on the surface of other host cells. Both BCRs and TCRs are
derived from DNA recombination which generates high variability in the sequence of the

antigen receptors on a cell-by-cell basis. This high variability produces a repertoire of



billions of adaptive immune cells with billions of unique antigen receptor specificities
collectively, able to respond to virtually any antigen epitope.

T cells can be generally divided into two main sub-types based on the specificity for
their TCR for antigens presented on MHC class | (MHCI) or MHC class Il (MHCII), with
concomitant expression of the TCR co-receptors, CD8 and CD4, respectively. MHCl is
expressed by all nucleated cells in the body, and the main function of CD8-expressing T
cells (i.e., CD8 T cells) is to recognize antigens presented on MHCI and effectuate the death
of the cells presenting them. MHCII is mainly expressed by cells of the innate immune
system which present antigens to CD4 T cells, which in turn release signals that help
amplify and support the immune response. Therefore, CD8 T cells are also called cytotoxic

T lymphocytes (CTLs) and CD4 T cells are also called T helper cells (Th).

Primary Immune Response Secondary Response

Innate Adaptive Memory Memory Recall

© ® ®

Relative Amplification

—— Pathogen
Innate Response
—— Adaptive Response
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Figure 1.1 Phases of immune responses

When a pathogen establishes an infection, the primary immune response to that
pathogen can be divided into three phases: 1) Innate immune cell recognition of the
threat, recruitment of other immune cells to the infection site, and containment of the
threat, 2) presentation of pathogen-derived antigens by antigen presenting cells (APCs) to
adaptive immune cells which, along with co-stimulatory receptor engagement ant
cytokine signaling, initiates priming, activation, and differentiation of naive T cells into
effector and memory populations, and 3) programmed apoptosis of terminally-
differentiated effector cells and survival of T cells with the capacity to differentiate into
memory populations. The initial response by innate immune cells is typically short before
adaptive immune cells begin to be activated. By 7-14 days post-infection, most infections
are efficiently cleared by adaptive immune cells, some of which survive for months to
years as memory cells. In the case of a secondary challenge by the same pathogen,
memory adaptive immune cells are capable of rapidly re-expanding and releasing

effector molecules to efficiently eliminate the infection. Created with biorender.com

1.2 Mechanisms of CD8 T cell Immune Responses

1.2.1 Naive T cell development and homeostasis

The pool of naive conventional af T cells poised to respond to pathogenic challenge
is generated through the maturation of lymphoid progenitors in the thymus. During this
process, immature, CD4 and CD8 double-positive (DP) lymphocytes are queried for
reactivity against self-peptide-MHC (self-pMHC) complexes presented by thymic epithelial
cells (1). T cell receptor (TCR) interaction with pMHC is a critical signal to promote the
survival of T lymphocytes, but most immature DP cells exhibit little or no reactivity to self-

peptide-MHC and therefore die by neglect. The cells that react strongly (i.e., have a TCR with



high affinity for self-pMHC) are programmed to die to prevent the production of mature T
cells capable of targeting healthy host tissues. Those cells that exhibit low, but sufficient
affinity for self-pMHC survive selection in the thymus and become mature CD4 or CD8
single-positive T cells, depending on their reaction to MHC class Il or MHC class I,
respectively.

In the periphery, mature, naive T cells are long-lived, relatively quiescent cells, that
exhibit low levels of transcription, cellular respiration, and proliferation (2). These cells are
phenotypically defined by expression of L-selectin (CD62L), CCR7, and CD27, while lacking
CD44 expression (3). During this time, the survival of naive T cells relies on signals received
through tonic, low-level TCR engagement and cytokines such as IL-2, IL-7 and IL-15 in the
environment (4-7). Peripheral CD5 expression correlates with CD8 T cell responsiveness to
homeostatic cytokines, including IL-2, IL-7 and IL-15, but not responsiveness to TCR ligation
by anti-CD3 antibody stimulation (8). This hyperresponsiveness of CD5hi cells is dependent
on continued self-pMHC engagement and enhanced formation of GM-1-containing lipid
rafts that enhance signal transduction (9). Thus, the developmental and environmental
experience of CD8 T cells dictates their homeostatic maintenance and the magnitude of
their response to proliferative signals.

The TCR and cytokine signals received by naive T cells are usually weak enough to
promote their survival while maintaining the cells in a resting state, just below the threshold
required to induce activation and entry into the cell cycle (10). However, exposure to higher
concentrations of homeostatic cytokines or heightened responsiveness to self-pMHC can
induce homeostatic proliferation of naive T cells and acquisition of features normally
associated with memory T cells (Figure 1.2). Naive T cells that acquire this memory-like

phenotype in the absence of cognate antigen encounter have been called “virtual memory”



cells and are defined by the expression of CD44, the IL-2 receptor B chain (CD122), and the
absence of a4 integrin (CD49d) expression (11, 12). Functionally, virtual memory CD8 T
cells retain many characteristics associated with conventional memory CD8T cells,
including the ability to quickly proliferate, acquire effector function, and control pathogen
burden in response to infection (13, 14). Therefore, the differentiation of virtual memory
CD8T cells represents an alternative pathway of memory differentiation that does not
require recognition of foreign pMHC and inflammatory cues produced during infection.
During homeostasis, T cells that have not yet encountered their cognate antigen
recirculate through blood and secondary lymphoid organs such as the lymphatic vessels,
lymph nodes, and spleen. At this stage, gene expression, particularly expression of genes
involved in the T cell effector response, is relatively low (15-17). In order to respond to
infection and differentiate into effector and true memory cells, naive T cells must encounter
foreign pMHC on APCs and inflammatory cues that strongly drive their proliferation and

differentiation.
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Figure 1.2 Generation of virtual memory T cells

The engagement of low-affinity self-pMHC complexes as well as low-level cytokine
signals from APCs or the environment are critical for the survival of naive CD8 T cells.
When these signals remain low, naive CD8 T cells remain in a quiescent state and
maintain their naive characteristics. However, when these signals are moderate to strong,
they may stimulate proliferation of naive CD8 T cells and the expression of memory-
associated markers such as elevated IL-15R, elevated CD5, and CD44 expression. ECM =

extracellular matrix. Created with biorender.com

1.2.2 T cell activation, expansion, and acquisition of effector characteristics

Upon pathogenic challenge, naive CD8 T cells differentiate into effector and
memory cells through a complex and highly regulated process stimulated by TCR-mediated
recognition of antigens presented on MHCI, co-stimulatory interactions, and cytokine
engagement, which act together to initiate epigenetic and transcriptional changes that

control CD8T cell fate (18-22). Upon encounter with mature antigen presenting cells



(APCs)—primarily dendritic cells (DCs)—presenting cognate antigens in secondary
lymphoid organs, naive CD8 T cells initiate a program of proliferation and differentiation into
effector CTLs. The signals required to initiate that program can be broadly split into three
categories: signals received through direct TCR:pMHCI interactions (signal 1), co-
stimulatory receptor engagement (signal 2), and environmental cues such as inflammatory
cytokines (signal 3) produced by APCs, CD4 helper T cells, or other environmental sources
(Figure 1.3) (23, 24). If one of these environmental cues is not present, naive CD8 T cells
that receive a signal through TCR:pMHCI interactions may undergo programmed cell death

rather than differentiate into effector CTLs (25).

Secondary Lymphoid Organ Peripheral Tissue

Dendritic Cell

° °
PFN o ©

Granzymes

IFNy

S
e, TN ° ‘
CD8 T Cell -M
L ]

o ° ®  Cancer/Infected
Cell Death

CD4 T Cell

Figure 1.3 T cell priming and activation

Naive CD8 T cells are primed to differentiate into effector and memory populations in

secondary lymphoid organs by APCs which present pathogen-derived antigens on MHC




complexes on their surface. This process involves the cooperation of APCs, CD4 Th, and
CD8T cells. These cells provide important co-stimulatory cues and release cytokines,
such as interferons and IL-12, which support the survival, differentiation, and function of
each other. Once primed and activated, CD8 T cells gain the capacity to produce and
release cytotoxic molecules such as perforins (PFNs), granzymes, and TNFa to induce the

death of infected or malignant cells. Created with biorender.com

When all three signals are present, a cascade of signal transduction and
transcription factor activation initiates cytoskeleton reorganization, metabolic shifts, and
changes in gene expression that endow CD8 T cells with the ability to rapidly proliferate,
migrate to sites of inflammation, and produce and release effector molecules such as
perforins, granzymes, and interferons. The main pathways activated downstream of TCR
and co-stimulatory receptor engagement (signals 1 and 2) converge on mitogen-activated
protein kinase (MAPK) phosphorylation, calcium flux, and nuclear translocation of
transcription factors, including nuclear factor k B (NF- kB), nuclear factor of activated T cells
(NFAT), and activator protein 1 (AP-1), which work together to initiate the expression of
genes involved in CD8T cell effector and memory differentiation and function (26, 27).
Additionally, critical transcription factors that are induced by these signaling cascades
include T-box expressed in T cells (T-bet), forkhead box O1 (FoxO1), inhibitor of DNA binding
2 (ID2), ID3, B lymphocyte-induced maturation protein-1 (Blimp1), and eomesodermin
(Eomes), which are active at varying levels depending on the strength and nature of signals
received by CD8 T cells and ultimately dictate CD8 T cell phenotypic fate (21, 22). The
differentiation of CD8 T cells into effector CTLs is favored by the activity of T-bet, ID2,

Eomes, and signal transducer and activator of transcription (STAT) proteins, the latter of



which can be activated downstream of signal 3 provided by IL-12, type | interferons such as
interferon a (IFNa) or IFNB, or other cytokines (22, 28-31).

The cytokines produced and released into the environment vary by the type of
pathogen encountered, and therefore the exact STAT molecules that are active in
responding CD8T cells also vary by infection. For example, IL-12 activates STAT4in CD8 T
cells and is produced by antigen presenting cells in response to interactions with T helper
cells and Toll-like receptor 3 (TLR3) and TLR4 activation by bacterial lipopolysaccharide or
viral dsRNA, respectively (32, 33). By contrast, type | interferons induce STAT1 and STAT2
(and sometimes STAT4) activation in CD8 T cells and are produced primarily by
plasmacytoid dendritic cells and to a lesser extent by other immune cells when they sense
intracellular foreign genetic material (28, 31, 34). Therefore, distinct kinds of pathogens can
elicit disparate responses by CD8 T cells through the induction and release of different

cytokines into the environment.

1.2.3 Heterogeneity of the CD8 T cell effector response

Early during priming and activation, CD8 T cells acquire the ability to differentiate
into distinct populations of effector cells called short-lived effector cells (SLECs) and
memory precursor effector cells (MPECs; Figure 1.4) (35). SLECs generally exhibit a high
capacity for effector function, but do not survive following infection clearance, whereas
MPEC exhibit relatively lower effector capacity, but are able to survive and give rise to
memory populations following pathogen clearance (36). These populations of effector cells
can be discriminated by expression of surface markers killer cell lectin-like receptor
subfamily G member 1 (KLRG1) and IL-7 receptor a (IL-7Ra a.k.a. CD127), such that SLECs

express high KLRG1 and low CD127 and MPECs express low KLRG1 and high CD127 (36-
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38). In adoptive transfer experiments, transfer of sorted CD8 SLECs and MPECs from
infected mouse donors into infection-matched recipients demonstrated that SLEC and
MPEC phenotypes are generally stable early during infection, with most transferred cells
retaining their phenotypic expression of KLRG1 and CD127 two days after transfer (39).
Notably, transferred MPECs were able to survive up to 35 days post-infection and seed the
pool of memory cells, whereas very few SLECs were detected following pathogen
clearance. These data demonstrate a differential capacity for SLECs and MPECs to survive
contraction and persist as memory populations following the resolution of infection.
However, the phenotypic division of SLECs and MPECs by expression of KLRG1 and CD127
does not perfectly divide cells by their capacity to generate memory. Some
KLRG1highCD127low cells persist long after infection resolution and some effector and
memory populations express both KLRG1 and CD127 (36, 37).

The molecular influences that control differentiation of effector CD8 T cells into
SLEC and terminal effector cells or MPEC and memory cells are established early during
priming. For example, early after infection, Tbet and the zinc finger transcription factor
Blimp1 are expressed at higher levels in SLECs than MPECs and are required for the
development of KLRG1*CD127  SLECs (36, 40, 41). Mechanistically, T-bet supports SLECs
by promoting IFNy expression, repressing CD127 expression, and supporting CD122 (IL-
2/1L-158 receptor) expression and supporting SLEC survivalin the late stages of the effector
response (42). Blimp1 expression supports high expression of effector molecules, including
granzyme B (GZMB) and perforin while repressing expression of receptors involved in T cell
homing to secondary lymphoid organs, including CCR7 and CD62L (40, 41). Blimp1 also
inhibits the expression of ID3 and TCF1, both of which are required for the long-term

survival of MPEC cells (43). In turn, TCF1 supports the expression of Eomes, a transcription
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factor that promotes expression of CD122 and supports survival of MPECs and later
memory cells through IL-15 signaling (42). Finally, FoxO1 expression promotes MPEC fate by
both inhibiting expression of SLEC-associated Thet and promoting Eomes, CD127, and
CD62L expression (44). Expression of FoxO1 in early effector CD8 T cells supports
expression of memory-associated genes by shielding the gene loci from the deposition of
repressive histone modifications by the polycomb repressive complex 2 (PRC2) (45). Taken
together, these findings demonstrate that distinct gene expression programs in SLECs and
MPECs are driven by the opposing functions of transcription factors that ultimately dictate

effector cell fate during differentiation.
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Figure 1.4 T cell effector and memory differentiation

Early during priming, CD8 T cells begin to acquire phenotypic characteristics associated
with effector function and differentiate into two distinct populations with disparate
propensity to survive and differentiate into memory populations following pathogen
clearance. Short lived effector cells (SLECs) are phenotypically marked by low expression
of TCF1, CD62L, and IL-7R (CD127), high expression of KLRG1, CX3CR1, and Tbet, and
high capacity for effector function. SLECs eventually give rise to terminally differentiated
effector cells which generally do not survive following pathogen clearance. Memory
precursor effector cells (MPECs) are phenotypically marked by high expression of TCF1,
CD62L, IL-7R (CD127), and CD27 and low expression of KLRG1, CX3CR1, and Tbet, and
give rise to effector memory (Tem) and central memory (Tcm) T cells that survive

contraction and contribute to the pool of memory cells that protect from re-infection.

1.2.4 Memory T cell homeostasis

Unlike naive T cell homeostasis, the homeostatic survival of memory T cells is MHC-
independent but remains dependent on IL-7 and IL-15 (7, 46). Studies of IL-15 deficient
mice confirmed the requirement of IL-15 produced by non-T cells for the survival of memory
CD8T cells (47-49). The contribution of IL-7 to memory T cell homeostasis was discovered
in IL-15 deficient mice, where it was found that endogenous levels of IL-7 were insufficient
to support memory survival without IL-15, but overexpression of IL-7 could do so (50).
Mechanistically, both IL-15 and IL-7 stimulate STAT5 phosphorylation and B cell lymphoma
2 (Bcl2) expression, an anti-apoptotic protein that to suppresses pro-apoptotic protein
activity (51-54).

Although the survival of memory CD4 T cells does not depend on MHCII, in the

absence of MHCIl engagement, the functional capacity for memory CD4 T cells to respond
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to rechallenge is impaired (55). By contrast, memory CD8 T cell survival and maintenance of
recall capacity does not depend on MHCI. However, although the generation of memory
CD8T cells does not require CD4 T cell help, without CD4 T cells memory CD8 T cells
gradually decline in abundance over time and lose their protective capacity (56-60). Studies
of CD4 T cell deficient mice demonstrated reduced expression of the IL-7 and IL-15
receptors on CD8 T cells in the absence of CD4 T cell help (61, 62). Additionally, without
CDA4 T cell help, memory CD8 T cells rapidly induce expression of tumor-necrosis factor-
related apoptosis-induced ligand (TRAIL) and undergo activation-induced cell death (14,
63). However, TRAIL deficiency does not fully restore the capacity for memory CD8 T cell
protection (64). Therefore, the survival and protective capacity of memory CD8T cells is

mediated through IL-7 and IL-15 signaling and is supported by CD4 T cell help.

1.2.5 T celldifferentiation and function in chronic disease

When the immune response is unable to clear an inflammatory challenge as in
chronic viral infections and persistent cancer, it becomes advantageous to dampen the
immune response to limit off-target toxicity caused by prolonged inflammation (65, 66). T
cells adapt to the persistent challenge by limiting their effector activity through a process
called exhaustion, which develops at the expense of memory differentiation. Exhaustion is
induced by the induction of exhaustion-associated transcription factors such as TOX, BATF,
and IRF4 and upregulation of immune checkpoint receptor expression, including
programmed cell death protein 1 (PD1), lymphocyte activation gene 3 (LAG3), and T cell
immunoglobulin domain and mucin domain protein 3 (TIM3) (28, 67, 68). T cell exhaustion
has also been associated with transcriptional, epigenetic, and metabolic shifts which

enforce the exhausted cell state in the face of persistent antigen encounter. These
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adaptations act together to reduce TCR and co-stimulatory signal transduction, the
expression of CD8 T cell effector genes, including IFNy, TNFa, perforins, and granzymes,
and oppose the acquisition of memory-associated features (69-71).

T cell exhaustion was first characterized in detail in mouse models of chronic
lymphocytic choriomeningitis virus (LCMV) infection, which is unable to be cleared before
day 40+ post-infection (72, 73). Since then, other studies have extended those findings and
described T cell exhaustion in other chronic viral infections, including HIV (74-77), HCV (78,
79), and HBV (80); autoimmune diseases (81, 82); and cancer (83, 84), including melanoma
(85), non-small cell carcinoma (86), and chronic myeloid leukemia (87). T cells in the
prostate tumor microenvironment also resemble exhausted cells and express PD-1, TIM3,
CTLA4, and TIGIT (88, 89). Thus, T cell exhaustion likely contributes to prostate cancer
treatment resistance and progression.

There are several immunosuppressive cell types with roles in promoting T cell
exhaustion in both infection and cancer settings. The major types of suppressive immune
cells that limit T cell responses are suppressive cells of the myeloid lineage, myeloid-
derived suppressor cells (MDSC) and tumor-associated macrophages (TAMs), as well as
regulatory T cells (Tregs). These cell populations are best defined by their functional
capacity to limit the function of other cell types, which includes inhibition of effector T cell
function through production of inhibitory mediators such as IL-10, tumor growth factor 3
(TGFB), reactive oxygen species (ROS), and L-arginine depletion through activity of arginase
1 (ARG1) (90, 91). Therefore, it is important to uncover the mechanisms of T cell exhaustion
in chronic disease so we can rationally design treatments to prevent and reverse exhaustion

and renew the T cell anti-viral and anti-tumor immune response.
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1.2.6 Tcellresponses toimmune checkpoint blockade (ICB)

When T cell exhaustion was first described, it was unclear whether it is a cell state
thatis irreversible like terminal differentiation, or whether it could be reversed to replenish
the immune response (66). Barber et al. discovered that blocking interactions between PD-1
and its ligand PD-L1 could rejuvenate the anti-LMCV immune response in chronic infection
and could simulate the clearance of viral load. Similar findings were made for T cell
exhaustion in cancer (92-94). Later studies revealed that a specific exhausted cell subset is
responsible for re-invigorating and sustaining anti-tumor T cell effector responses (95). This
subset of PD-1-expressing Tex cells was found to express features of memory or stem-like T
cells (CXCR5 and TCF1) while lacking expression of markers of terminal exhaustion (TIMS3,
LAGS3 and others). In response to anti-PD-1 or anti-PD-L1 immune checkpoint blockade, this
subset, called progenitor exhausted T cells (Tpex), proliferates and produces cells with the
capacity to release effector molecules and migrate to the tumor or infection site.

Since the discovery that blocking PD-1 could reinvigorate T cell responses, antibody
drugs targeting immune inhibitory protein, PD-1, PD-L1, and CTLA4 have been clinically
tested and approved to treat several cancer types. The first antibody to achieve FDA
approval, ipilimumab, targets CTLA4. CTLA4 is upregulated on activated T cells and inhibits
T cell responses by outcompeting CD28 for ligand binding and recruiting inhibitory
intracellular signaling molecules to the immune synapse (96-98). Additionally, CTLA4 is
expressed by regulatory T cells (Tregs) and supports their suppressive function (99).
Blockade of CTLA4 enhances antitumor immunity and was first validated in murine models
before achieving clinical success in metastatic melanoma (100-103). PD-1, expressed
predominantly on exhausted T cells, inhibits TCR signaling through SHP-2-mediated

dephosphorylation (104). Blocking PD-1 or its ligand PD-L1 with antibodies like
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pembrolizumab, nivolumab, and atezolizumab has demonstrated efficacy in various
cancers, including melanoma and non-small cell lung cancer (NSCLC), leading to FDA
approvals (105-108). These therapies have been approved for a range of cancers, often in
combination with chemotherapy or other immunotherapies. Despite their success, only a
subset of patients respond and resistance can emerge. For example, although melanoma
typically has one of the highest response rates to ICB, about 60-70% of patients do not
respond to ICB treatment, and approximately 20-30% of responders eventually relapse
(109, 110). Ongoing clinical trials are exploring new combinations and therapeutic
strategies to overcome these challenges and expand the clinical benefit of ICB.

Although immune checkpoint blockade (ICB) has been shown to elicit robust
immune responses and durable remission for many patients of diverse cancer types, the
clinical response rate is highly variable between different cancer types and most patients
do not achieve durable remission (111). Therefore, identification of factors associated with
ICB resistance is an area of intense research. Several factors associated with resistance
have been identified to date, including lack of target expression within the tumor, low tumor
mutational and neoantigen burden, low T cell infiltration into the tumor, and the presence of
immunosuppressive cell types within the tumor environment (111). Furthermore, despite
initial responses to ICB, many patients acquire therapy resistance, which occurs through
mechanisms such as expression of alternative immune checkpoints, treatment-associated
influx of immunosuppressive cells, and loss of antigen presentation on cancer cells (111).
Notably, the presence of immunosuppressive cells within the tumor environment can lead
to both primary and acquired resistance to ICB. Therefore, there have been many efforts to
understand and therapeutically reverse the mechanisms of immunosuppression in the

tumor environment to reduce ICB resistance.
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Immunosuppressive cell types identified within the tumor environment of many
tumor types include Tregs, myeloid-derived suppressor cells (MDSCs), and tumor-
associated macrophages (TAMs). Tregs suppress effector T cell and antigen-presenting cell
activity via immunosuppressive cytokines (IL-10, IL-35, TGF-B) (112). Although ICI treatment
can reduce Treg levels and improve the effector T cell/Treg ratio, incomplete depletion and
compensatory upregulation of other checkpoints may sustain immunosuppression (28,
113-117). TGF-B and adenosine production by Tregs have been specifically linked to
resistance. MDSCs similarly suppress immune responses by releasing immunosuppressive
cytokines and producing enzymes such nitrous oxide synthase, arginase-1, and
indoleamine 2,3-dioxygenase, which produce suppressive nitrogen species and deplete
arginine and tryptophan in the tumor environment (118-121). The presence of MDSCs in the
TME correlates with poor ICI efficacy (122-126). Moreover, blocking MDSC recruitment can
enhance responses, indicating their role in both primary and acquired resistance (127, 128).
TAMs, particularly those polarized to the M2 phenotype, also drive resistance through
multiple mechanisms: releasing immunosuppressive cytokines into the tumor
environment, upregulating PD-L1 on tumor cells, and physically impeding CD8* T cell
infiltration (129, 130). Studies show that depleting M2 TAMs or reprogramming them toward
the M1 phenotype improves ICl outcomes (131-134). Additional mechanisms of resistance
include PD-1~ TAMs capturing anti-PD-1 antibodies from PD-1* T cells, blunting therapeutic
efficacy (135). Overall, the immunosuppressive TME is a major barrier to successful ICI
therapy. Strategies that reprogram the tumor immune environment through combination
therapies or disrupting harmful immune cell interactions have shown promise in

overcoming resistance and improving treatment outcomes.
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1.3 Sex Differences in Immune Responses

1.3.1 Sexas a biological variable

Biological sex generally refers to males and females as defined by sex chromosome
composition (i.e., XX or XY), development and maintenance of reproductive tissues (i.e.,
testes and ovaries), and the concentrations of circulating sex hormones, including
androgens and estrogens. Each of the aspects that govern biological sex work together to
support development and maintenance of sex characteristics, including sex differences in
the function of non-reproductive tissues and cells. Although most human individuals can be
categorized into XY male or XX female sex identities, many individuals cannot, including
those with uncommon sex chromosome composition (for example XXY), transgender
individuals receiving gender-affirming hormone therapy (GAHT), and individuals with
differences in sexual development. Nonetheless, many of the factors that influence sex
differences, including sex hormones, influence the biology of an individual regardless of
their sexual development. For example, although estrogen is predominantly responsible for
supporting female sexual development, androgens are also present in females and
influence many aspects of their biology. In fact, while the circulating concentration of
estrogen in normal adult females is ~200 pg/mL, the concentration of circulating
testosterone in normal adult females is ~1000 pg/mL, or about 5x higher than estrogen,
suggesting that androgens have important biological functions beyond supporting male
sexual development (136). Therefore, understanding the function of sex hormones and their
receptors on tissues and cells outside of the reproductive tract is important in

understanding how sex hormones contribute to sex differences across organ systems.
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1.3.2 Introduction to androgen hormones and mechanisms of AR activity

Steroid hormones are a class of cholesterol-derived hormones produced by the
enzymatic conversion of cholesterol derivatives in various tissues, including adrenal glands,
salivary gland, kidney, testes, ovaries, breast, and adipose tissue (137). Steroid hormones
that are critical for the development and maintenance of sex-specific biology are classified
by the receptors they bind to and are found at varying circulating concentrations based on
the individual’s sex. Generally, androgen hormones bind to the androgen receptor (AR) and
are found at higher concentrations in males, whereas estrogen and progesterone hormones
bind to the estrogen (ER) and progesterone (PR) receptors, respectively, and are found at
higher concentrations in females.

AR, ER, and PR are classes of nuclear hormone receptors that exert ligand-
dependent and ligand-independent control over signaling cascades and gene transcription.
In the absence of its ligand, AR is normally sequestered in an inactive form in the cytoplasm
by heat shock proteins, including heat shock proteins (HSPs, Figure 1.5). Upon binding to
androgens, AR is released from cytoplasmic chaperones, homodimerizes, and translocates
to the nucleus where it can bind DNA at specific motifs called androgen response elements
(AREs), recruit cofactors, and regulate target gene expression (138). The class of androgen
hormones includes testosterone, 5a-dihydrotestosterone (DHT), androstenedione,
dehydroepiandrosterone (DHEA) and its sulfated form, DHEA-S, which vary by their
molecular structure, enzymatic derivation, and affinity for AR (139). Following their
synthesis, androgens are secreted into blood and circulate throughout the body in blood
vessels. The predominant form of androgens in blood is testosterone, which has a high
affinity for sex hormone-binding globulin (SHBG), which binds to the majority of circulating

testosterone (>97%) (138). Upon entering cells, testosterone can be converted into DHT by
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5a-reductase, although this dynamic is based on studies of male reproductive organs and
may not be presentin all cells. DHT is a higher-affinity ligand for AR than testosterone or
other androgens and therefore more potently induces AR activity (139). Additionally,
testosterone and other sex hormones can be interconverted by enzymatic activity. For
example, testosterone is converted into estradiol by the enzyme aromatase, which
frequently occurs in adipose tissue, the hypothalamus, and hematopoietic tissue (140). It is
therefore important to consider the complexity of the synthesis and enzymatic
interconversion of steroid hormones when studying their effects on physiology. In many
cases, as in the approaches described herein, a more definitive approach to uncovering the
cell-intrinsic impacts of sex steroid hormones is to manipulate the hormone receptor of
interest rather than the systemic, circulating concentrations of the hormones themselves.
The work described herein does not attempt to determine whether the activity of other
steroid hormone receptors in the absence of AR contributes to the observed phenotypes
when AR activity is altered, but the potential implications of such mechanisms will be

discussed in Chapter 4.
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Figure 1.5 Overview of androgen receptor regulation of transcription

AR is a member of a class of nuclear hormone receptors which bind to small, cholesterol-
derived ligands to initiate their function. AR is normally sequestered in the cytoplasm
bound to heat shock proteins (HSPs) in an inactive form when ligands are not present.
When androgen hormones pass into the cytoplasm, they bind to AR and stimulate its
release from HSPs, homodimerization with another AR molecule, and translocation to the
nucleus. In the nucleus, AR binds to specific DNA sequence motifs called androgen
response elements (AREs), recruits other coregulators, and ultimately controls

transcription of nearby AR target genes. Created with biorender.com

1.3.3 Sexdifferences in disease susceptibility and immune responses
Sex differences in the incidence and mortality from myriad diseases, including
infections, cancer, and autoimmunity, have been characterized, with females generally

more susceptible to autoimmunity and males more susceptible to many infections and
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non-reproductive organ cancers, including leukemia, lung cancer and melanoma (141-143).
For example, males experience increased hospitalization, intensive care admission, and
mortality due to COVID-19 infection (141, 144-148). Additionally, incidence of infection with
Dengue virus, hantaviruses, and hepatitis B and C viruses (HBV and HCV) are greater in
males than females, and disease outcomes are more severe in males than females infected
with Epstein-Barr virus (EBV), HBV, HCV, and West Nile virus (149, 150). Conversely, females
experience increased susceptibility to many autoimmune diseases, representing
approximately 80% of individuals diagnosed with autoimmunity (143).

Although overall susceptibility to viral infection tends to be greater in males, females
experience a higher incidence or severity of infection with some viruses, including more
prevalent cytomegalovirus and herpes simplex virus infections and more severe infection
with HSV2, human immunodeficiency virus (HIV), and measles virus (150). Interestingly,
females also experience increased susceptibility to influenza A virus (IAV). In studies of
mice and humans, females exhibit increased lung inflammation and worse outcomes
following IAV infection even with similar viral burden (150-153). Several studies have aimed
to uncover the roles of sex hormones in contributing to sex differences in IAV susceptibility.
In mice, treatment with P4 or synthetic progestin reduced lung inflammation and increased
tissue repair after IAV infection (154, 155), and higher concentrations of 173-estradiol in
females protects them during 1AV infection by reducing inflammation and promoting the
recruitment of neutrophils and CD8T cells into the lungs (156). On the other hand,
testosterone or DHT signaling through AR limits severe IAV in male mice (157). Therefore,
sex hormones seem to be protective against IAV in both male and females. This paradox
might be explained by the observation that sex hormone production is reduced in females

during infection, but further studies are needed to assess that possibility (158, 159).
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In general, men are also more susceptible to bacterial infections, including
tuberculosis and pneumococcal infection (160-162). However, females tend to be more
susceptible to some bacterial infections, including infection with Escherichia coli,
Bordetella pertussis, and Listeria monocytogenes (163, 164). The causes of such
differential infection susceptibility are multi-faceted. The fact that females are more
susceptible to some infections suggests that the mechanisms of differential susceptibility
are varied, complex, and dependent on the specific pathogenic challenge.

Among the factors that are associated with sex differences in disease susceptibility
are sex differences in immune responses. In general, females are believed to mount
stronger immune responses than males which contributes to better disease control in
females. Indeed, many studies have described sex differences in the abundance and
function of immune cells (143, 165-168). In humans, the number of circulating CD4 T cells
and the ratio of CD4 to CD8 T cells are higher in females while the number of circulating
CDB8T cells and the abundance of regulatory T cells are higher in men (143). As central
components of the adaptive immune response, reduced T cell responses in males could
explain why males more often fail to clear infections and tumors. Indeed, studies have
demonstrated that T cells from female mice proliferate more and produce more IFNy in
response to stimulation with complete Freund’s adjuvant (CFA) and protein antigens (169,
170). Additionally, female mice mount a stronger T cell response compared to males when
vaccinated with malaria sporozoites or infected with HIV (171, 172). In humans, females
mount a stronger T cell response to HCV and SARS-CoV2 infection and measles vaccination
(173-175). To unravel the relative contribution of sex chromosome composition versus sex
hormones in influencing sex differences in T cell responses, some studies have turned to

the “four core genotype” (FCG) model (170). The FCG utilizes four genotypes of mice in
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which sex chromosome composition is uncoupled from gonadal development by knocking
out expression of the Sry gene, which controls testes development, from the Y chromosome
and expressing it on chromosome 3 via a transgenic cassette. Thus, the four genotypes of
this model produce XX females and XY males with normal gonadal development as well as
XX males and XY®" females (176). In the FCG model, gonadal females (XX and XYS"
mice) exhibit stronger T cell responses than gonadal males (XY and XX5¥*¢ mice) after
vaccination with myelin basic protein antigens and CFA, including greater T cell proliferation
and IFNy. These findings demonstrate that sex hormones influence T cell responses
regardless of sex chromosome composition. Further investigation revealed that
orchiectomy of gonadal males reduced the sex difference in the vaccine response whereas
ovariectomy of gonadal females did not, demonstrating that androgen hormones are largely
responsible for the observed sex difference. However, because the FCG model alters
gonadal development and therefore alters systemic circulating sex hormone
concentrations, it is unclear in this model to what extent these differences are due to a
direct effect of androgen hormones on T cells or an indirect effect through other cell type
like APCs.

In models of autoimmunity, sex differences in disease susceptibility have been
linked to sex hormone-mediated sex differences in T cell function. In mouse models of
experimental autoimmune encephalomyelitis (EAE), androgen-treated T cells from
proteolipid protein-immunized mice produced less IFNy and more IL-10 than in the absence
of exogenous androgens (177). When transferred into recipient mice, T cells from female
proteolipid protein-immunized mice induced more severe EAE than T cells from male
donors. Interestingly, the impacts of androgens during acute stimulation on the production

of cytokines was not reversed by the absence of androgen, suggesting that androgen
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exposure during activation and differentiation of effector T cells programs their later fate
(177). Interestingly, treatment with low-dose estrogen elicited a similar, but modest, Th2 to
Th1 bias, but estrogen pretreatment was not able to reduce EAE severity induced by T cell
transfer (178). Therefore, the sex bias in autoimmune disease susceptibility may be
mediated by the anti-inflammatory protective effects of androgens on T cells in males
rather than through the impacts of estrogens on T cells in females.

In humans, microarray analysis reveals T cells from females express more of the
proliferation marker, antigen Kiel 67 (Ki-67) at homeostasis and produce more IFNy,
lymphotoxin B (LTB), granzyme A (GZMA), granulysin (GLNY), and IL-12 receptor B2
(IL12RB2) than male T cells when cultured in vitro with phytohaemagglutinin, which induces
TCR and co-receptor stimulation (179). Mechanistically, sex differences in IFNy expression
have been linked to androgen- and AR-induced epigenetic control of chromatin at control
elements of the Ifng locus in mice and the IFNG locus in humans. In mice, AR knockdown
increases IFNy production in CD8 T cells in response to chronic infection and AR can bind
to an enhancerin the Ifng locus, which is reduced by treatment with an AR small molecule
inhibitor, enzalutamide (88). Additionally, studies have demonstrated androgen-regulated
expression of peroxisome proliferator-activated receptor-a (PPARa) in human T cells, which
regulates chromatin modifications and gene expression at the IFNG locus (168, 180). Taken
together, these studies demonstrate a role for androgen hormones in regulating the effector
gene expression of T cells and limiting their response to vaccination and in vitro stimulation.

Sex is also associated with response to checkpoint blockade immunotherapy. In
meta-analyses of clinical trials for multiple tumor types, sex was associated with response
to multiple immunotherapy modalities (181-185). Although the findings in these analyses

are mixed regarding which biological sex generally benefits more from immunotherapy, the
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varying design, therapeutic approaches, objective endpoints, and exclusion criteria
between trials included in the meta-analyses are likely confounding factors. Further
investigation of the association between sex and immunotherapy will require careful study
design and consideration of these factors. Therefore, it is important to understand the
specific mechanisms that may impact the response to checkpoint blockade

immunotherapy in a sex-specific manner.

1.3.4 Clinical opportunities to understand the role for androgen hormones and AR

signaling on immune responses

Prostate cancer is a disease setting which offers a unique opportunity to investigate
the impact of androgen hormones on T cell anti-cancer responses and responses to
immunotherapy. By nature, prostate cancer only affects people with male sexual
development and as part of the male reproductive system, prostate epithelial cells rely on
androgen hormones and AR signaling for differentiation and survival. Because prostate
cancer almost always presents as androgen-sensitive disease, the standard of care for
prostate cancer includes therapies that disrupt AR activity either by reducing circulating
levels of androgen hormones or by directly inhibiting AR activity through small molecule
drugs. Therefore, it is critical to understand the impacts of systemic anti-androgen therapy
on immune cells involved in the anti-cancer response and how anti-androgen therapies
interact with immunotherapies. The administration of anti-androgen therapy in prostate
cancer patients provides an opportunity to study the consequences of androgen hormones
in a more controlled manner than in other disease settings. Indeed, a previous investigation
by the Moran lab revealed a role for AR signaling in CD8 T cells in limiting the response to

anti-PD-1 immunotherapy in a clinical trial of metastatic castration-resistant prostate
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cancer (MCRPC) patients. A deeper understanding of this phenomenon may reveal
mechanisms that influence sex differences in immunotherapy responses in other disease
settings and inform rational design and administration of immunotherapies. Chapter 3 of
this dissertation leverages single cell RNA sequencing data from prostate tumor biopsies
from a cohort of high-risk prostate cancer patients before and after co-administration of
anti-androgen and anti-PD-1 immunotherapy to understand the influence of these therapies

on the anti-tumor immune response.

1.4 Overview of prostate cancer biology and clinical management

1.4.1 Incidence and mortality of prostate cancer

Prostate cancer is the most diagnosed cancer in males in the United States,
accounting for approximately 30% of new cases per year, with over 300,000 cases expected
to be diagnosed in the US in 2025. Although prostate cancer is the most common cancer
type in males, it is the second most deadly cancer in males, accounting for approximately
~11% of cancer deaths (18.7 per 100,000) among males in 2022 (186). Risk factors
associated with prostate cancer include age, certain genetic aberrations like BRCA7 and
BRCA2 mutations, family history, and West African ancestry, with Black men in the US
experiencing approximately 70% greater incidence of prostate cancer compared to White
men.

The 5-year survival rate of newly diagnosed prostate cancer is approximately 97%
but depends on cancer stage at diagnosis. Patients diagnosed with localized and regionally

confined prostate cancer almost all survive 5 years post-diagnosis while approximately 36%
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of patients diagnosed with distant metastatic disease survive 5 years (cdc.gov, U.S. cancer
statistics prostate cancer bite). Of all prostate cancer cases diagnosed in the US, ~70%
present as localized disease, ~14% are regionally confined, ~8% are distant metastatic
disease, and ~8% are of unknown stage. Prostate cancer staging utilizes the
recommendations from the American Joint Committee on Cancer for tumor, nodes, and
metastasis (TNM) staging (187). Along with TNM staging, clinicians utilize measurements of
circulating prostate specific antigen (PSA) concentrations, which correlates with cancer
burden, as well as pathological analysis of prostate biopsies (Gleason score) to assess
disease grade. Gleason scores are determined by pathological analysis of multiple prostate
biopsies and is a combination of the scores (from 1-5) from two biopsies with the highest
(most advanced) scores. Based on this information, patients may be stratified into different

stages (ranging from | through 1V), which ultimately guides treatment recommendations.

1.4.2 Standard of care treatment for prostate cancer

Prostate cancer treatment decisions are informed by risk of progression as
determined by the level of PSA elevation in blood, assessment of tumor size by digital rectal
evaluation, and Gleason grade (188). Treatments may range from active surveillance for very
low risk patients to radiotherapy, prostatectomy, and/or androgen deprivation therapy (ADT).
For local disease or locally-advanced disease, radiotherapy and radical prostatectomy are
the most common first-line therapies, which may be administered with or without ADT
depending on progression risk. ADT is achieved by orchiectomy or pharmacologic inhibition
of pathways involved in androgen hormone synthesis, including gonadotropin-releasing
hormone (GnRH) agonists (e.g. leuprolide), GnRH antagonists (e.g. degarelix), or

cytochrome P450 17A1 (CYP17A1) inhibitors (e.g. abiraterone), which inhibit adrenal
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conversion of androgen precursors (Figure 1.6). For patients who are diagnosed with
metastatic disease, standard treatment usually includes ADT and active surveillance of
disease until disease progression, at which time docetaxel chemotherapy plus prednisone
may be added to the treatment regimen.

The goal of ADT is to reduce the concentration of circulating testosterone to castrate
or near-castrate levels to deprive AR-dependent prostate cancer cells of AR ligands.
However, despite achieving low levels of circulating testosterone, many patients on ADT
eventually develop resistance to the therapy and their tumors progress. ADT resistance can
be caused by mutations in AR which render it constitutively active despite paucity of
available ligands, upregulation of AR expression, and intratumoral conversion of precursor
steroids into androgens by stromal or epithelial cells (189-191). To overcome these
mechanisms of resistance, AR inhibitors were developed (e.g. bicalutamide and
enzalutamide) to directly inhibit the activity of AR by competing for ligand binding,
preventing nuclear translocation, and preventing DNA binding by AR (192). Despite initial
success of these therapies, most patients eventually develop resistance to ADT and
progress to castration-resistant prostate cancer (CRPC), characterized by rising circulating
PSA concentrations while on ADT (193). After developing CRPC, treatment options are
relatively limited and survival ranges from 9-30 months (194). Therefore, there is a great

need for the development of novel therapies that can overcome castration resistance.

30



Hypothalamus

GnRH CRH

GnRH Agonists , >
GnRH antagonists | Pituitary |

LH ACTH
e Yo
Orchiectomy — ,//@
(&
A\

(Surgery)
“Cholesterol Cholesterol
! L — cYP17 mhibitors
Androgens Androgens

Figure 1.6 Mechanisms of androgen deprivation therapy

The hypothalamus-pituitary axis controls steroid synthesis through GnRH-induced
release of luteinizing hormone (LH). Clinical methods of androgen deprivation therapy
include blockade of this axis by treatment with GnRH agonists or antagonists. CYP17
inhibitors are used to block conversion of the androgen precursor, pregnenolone, into
DHEA by the enzyme CYP17A1 in the adrenal gland. Surgery (orchiectomy) is often used
in mouse models but is less commonly used in humans to remove testes, the major

source of androgen hormones. Created with biorender.com.

1.4.3 Immunotherapy for prostate cancer

Despite recent therapeutic advances in cancer immunotherapy that have led to
dramatic improvements in survival for many types of cancer, responses to immunotherapy
vary widely by cancer type, patient characteristics, and immunotherapy modalities. Factors

associated with favorable response to immunotherapy, discussed in Section 1.2.6, include
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the infiltration of the tumor by immune cells, particularly T cells, the mutational burden of
the tumor, which influences the abundance of neoantigens that can be recognized by
adaptive immune cells, and the expression of targetable immune checkpoint molecules in
the tumor environment (111). Additionally, several factors are associated with resistance to
ICB, including low infiltration of T cells into the tumor, high infiltration of
immunosuppressive cell types such as MDSCs and TAMs, and low tumor mutational and
neoantigen burden. Tumors with the presence of such resistance factors are considered
immunologically “cold” and tend to display low response rates and reduced survival
following ICB treatment.

PC has often been categorized as a "cold" tumor type that is generally poorly
infiltrated by immune cells or contains immunosuppressive features that dampen anti-
tumor immune responses (195, 196). However, single cell profiling of the primary prostate
tumor environment by Hirz et al. revealed a substantial presence of CD8 T cells in the
prostate tumor environment, representing the largest population of immune cells in the
prostate environment (196). These data suggest that poor infiltration of T cells into the
prostate is not likely a major limiting factor for ICB response and other factors likely
contribute to the “cold” environment. Indeed, T cells expressed features of terminal
exhaustion and were accompanied by suppressive myeloid and Treg cells (196). Therefore,
even when anti-tumor immune cells are present within the prostate tumor environment, the
anti-tumor immune response appears to be largely impaired. Several studies have pointed
to immunosuppressive immune populations in the prostate TME as the drivers of low
immune activity (197-199). Additional mechanisms are also likely important in limiting the
anti-tumor immune response in PC, including a recently revealed role for AR activity in

inhibiting antigen presentation by PC cells, and direct suppression of T cells by androgens
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as described in this dissertation (200). These findings reveal the necessity to develop novel
therapeutic approaches that can effectively stimulate anti-tumor immunity and overcome
the mechanisms of immunosuppression. However, when immunotherapies have been
employed in prostate cancer treatment in hopes of overcoming such immunosuppression,
responses have been largely underwhelming (201).

Immunotherapy has been tested as a treatment for prostate cancer both as a
therapy for CRPC and as a first-line therapy for hormone sensitive disease. However, PC has
often proved to be resistant to immunotherapy approaches. For example, CTLA4 ICB
demonstrated no overall survival benefit in phase lll trials in mCRPC patients (202, 203).
Similarly low rates of response were observed in trials of PD-1 and PD-L1 targeted ICB in PC
patients as well (204-206). Therefore, there are currently few approved immunotherapy
treatments for prostate cancer, which includes a DC vaccine, Sipuleucel-T and anti-PD-L1
immune checkpoint inhibitors (207-217). However, these therapies have achieved only
limited success, which has limited their approved uses to patients with tumors most likely
to respond to ICB such as sub-types with microsatellite instability and defects in DNA
mismatch repair (dAMMR), both of which are associated with stronger pre-treatment immune
responses and response to ICB due to the increased abundance of neoantigens (Vareki JIC
2018). For example, while the IMbassador 250 phase Il trial failed to show a survival
advantage for atezolizumab plus enzalutamide, some subgroup analyses indicated
potential benefit in patients with high PD-L1 expression and pre-existing immunity (211).
However, the patients with such mutational landscapes are rare in PC, which generally
presents with a relatively low mutation burden compared to other cancers (218). In contrast
to PC, ICB has demonstrated greater success in treating other cancer types, including non-

small-cell lung cancer, renal cell carcinoma, urothelial cancer, and melanoma (207).
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Therefore, there are significant hurdles to overcome in developing more widely effective
immunotherapies for prostate cancer, but great opportunity to do so if the mechanisms that
limit immune responses and ICB efficacy in prostate tumors can be uncovered and

effectively targeted.

1.5 Overview of research approaches

Despite the heterogeneity of sex and gender identities and the complexities of the
interaction between those variables, the work described in this dissertation takes a narrow
approach toward understanding how one variable that largely distinguishes XX and XY
individuals, the activity of androgen hormones through AR, shapes CD8 T cell responses.
Chapter 2 first aims to utilize mouse models of disease to understand mechanisms and
functional consequences AR activity in regulating CD8 T cell immune responses in male
mice, in which androgen hormones are most abundant (219). Following that comparison,
Chapter 2 further investigates whether the mechanisms by which AR regulates CD8 T cells
in male mice also occur in female mice and whether they contribute to sex differences in
CD8T cell mediated immune responses. Finally, Chapter 3 leverages clinical data from
prostate cancer patients, a disease setting in which anti-androgen therapy is standard-of-
care, to investigate the role of androgen hormones and immunotherapy in shaping the
immune response to prostate cancer. Together, these findings reveal mechanisms of
androgen hormone regulation of immune responses in mice and humans and may be
critical to guide further investigation of mechanisms of sex differences in immune

responses.
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2.1 Abstract

As a critical driver of sexual dimorphism, our group and others have described a role
for the androgen receptor (AR) in limiting CD8 T cell anti-tumor activity by inhibiting IFNy
production and responses to immune checkpoint blockade. However, the mechanisms by
which AR regulates CD8 T cell differentiation and function are unknown. To define the AR
regulatory network in T cells, we overexpressed AR in T cells and revealed AR-mediated
epigenetic and transcriptional regulation of effector- and memory-associated genes. AR
protein interactions with epigenetic regulators from the BAF complex and histone
deacetylases were identified, underscoring epigenetic remodeling enforced by androgens.
In mouse models of infection, we demonstrate that genetic deletion of Arin CD8 T cells
enhances the effector response by increasing proliferation, function, and effector
differentiation. Furthermore, deletion of Arin CD8 T cells skews effector memory
differentiation and improves recall protection. Interestingly, AR expression rapidly increases
in CD8 T cells during priming, which is associated with AR-induced changes in chromatin
accessibility. Importantly, the observations made in AR-deficient CD8 T cells are
phenocopied in female CD8 T cells when compared to males. These data suggest that AR
regulates epigenetic and transcriptional changes induced during T cell activation and

differentiation, thereby tuning CD8 T cell effector and memory responses.
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Figure 2.0 Graphical abstract

AR and androgen hormones are expressed in both males and females, but circulating
androgen hormones are higher in males, generally leading to heightened AR activity in
males. We reveal that AR activity in male CD8 T cells limits their capacity to differentiate
into effector cells and limits expression of effector-associated genes. AR expression
supports expansion of male CD8 T cells in a response to viral infections whereas it
inhibits the bacterial effector response. Following pathogen clearance, AR expression
favors central memory differentiation in CD8 T cells rather than effector memory cells.

Moreover, knockout of AR confers superior protective capacity to memory cells.
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Mechanistically, in vitro models reveal AR cooperation with epigenetic modifying
proteins, AR regulation of T cell epigenetic state, and repression of the expression of

effector- and memory-associated genes.

2.2 Introduction

Increasing emphasis on understanding how biological sex contributes to health and
disease has revealed underappreciated sex differences in immune responses and disease
susceptibility. For example, males experience increased susceptibility to many non-
reproductive cancers and infectious diseases, including SARS-CoV2 infection, and females
experience increased susceptibility to autoimmunity (141-143, 220-222). While the causes
of such differential susceptibility are multi-faceted and still poorly understood, sex
differences in immune responses may be important contributing factors.

Indeed, T cells are critical components of the adaptive immune response in
infection, cancer, and autoimmunity, and several studies have described sex differences in
the abundance, phenotype, and function of multiple T cell subsets. For example, androgen
deprivation in male mice inhibits IL-12-mediated STAT4 phosphorylation thereby enhancing
Th1 differentiation and function (223). However, to date, most studies investigating the role
of androgen hormones in influencing T cells relied on altering circulating hormone levels by
androgen deprivation therapy and androgen supplementation or bone marrow
transplantation from germline AR knockout donors. Such approaches may confound the
direct impacts of androgens on T cells due to the influence of androgens on other cell types.
In fact, our group and others have described roles for androgen hormones in suppressing

antigen presentation by target cells, suppressing inflammatory cytokine secretion by
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macrophages and dendritic cells, and promoting immune-inhibitory cells such as myeloid-
derived suppressor cells (MDSCs) and regulatory T cells (Tregs) (169, 200, 224, 225).

Recent evidence has demonstrated a role for CD8 T cell intrinsic androgen receptor
(AR) signaling in regulating the functional capacity of CD8 T cells to control cancer growth
and respond to immunotherapy (88, 226, 227). These studies established that CD8 T cells
express androgen receptor (AR) and that AR activity regulates the expression of effector
molecules IFNy and GZMB and the stemness-associated transcription factor, TCF-1. These
findings demonstrate that AR suppresses CD8 T cell anti-tumor responses, but the
mechanisms of such suppression and whether AR similarly suppresses CD8 T cell function
in other disease settings remain unknown.

In this study, we demonstrate that naive, effector, and memory CD8 T cells express
AR during the response to infection. Using a mouse model of cre-mediated deletion
specifically in mature CD8 T cells, we demonstrate that AR suppresses the effector
response of CD8T cells, skews the memory phenotype, and impairs the memory recall
protective capacity. We further utilize a model of AR overexpression in a human T cell line to
reveal AR cooperation with epigenetic regulators in T cells and demonstrate AR-mediated

epigenetic and transcriptional regulation of T cell effector- and memory-associated genes.

2.3 Results
2.3.1 CD8Tcell AR expression is dynamically regulated following TCR engagement

To determine whether AR may regulate CD8 T cell responses to acute infection, we
first determined whether CD8 T cells express AR during acute infection. We adoptively
transferred CD8+ TCR-transgenic, LCMV GP***'-specific (P14) T cells from Thy1.1+ C57BL/6

donors into congenic C57BL/6 Thy1.2+ recipients, then infected recipient mice one day
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later with LCMV Armstrong to induce acute infection (Figure 2.1A). On day 7 and day 30
post-infection, Thy1.1+ P14 cells were magnetically sorted from recipient splenocytes and
RNA extracted for measurement of Ar mRNA expression by gPCR in effector and memory
CD8T cells, respectively. Compared to prostate cancer cells as a positive control, naive
(pre-transfer) P14 cells expressed a moderate amount of Ar mRNA, which was similar in
effector and memory P14 cells (Figure 2.1B). Considering our previously published evidence
that human lymphocytes express AR at varying levels in tissue and secondary lymphoid
organs (88), we hypothesized that Ar mRNA expression may be dependent on
environmental or stimulatory cues. To test this hypothesis, we sorted naive CD8 T cells from
WT mouse splenocytes and provided T cell receptor (TCR) and costimulatory receptor
engagement in vitro via plate-bound anti-CD3 and anti-CD28 antibodies for three days. At 0-
,0.5-,1, 2-, 4-, 8-, 24-, 48-, and 72-hours post-stimulation, gPCR analysis of Ar mRNA
expression revealed that relative to naive, unstimulated cells, Ar expression rapidly
increased between 2 and 8h post-stimulation, then returned to baseline levels by 24 hours
before increasing again at 72h (Figure 2.1C). These data suggest that Ar expression by
antigen-specific CD8 T cells remains stable at the bulk population level during acute
infection but is dynamically regulated in response to TCR and co-stimulation receptor
engagement. Therefore, AR is poised to regulate CD8 T cells throughout the response to

acute infection, but may be most active shortly after antigen encounter.

2.3.2 ARinhibits CD8 T cell homeostatic memory-like phenotype
To investigate whether AR expression impacts CD8 T cell phenotype and function at
steady state and during infection, we developed a model of CD8 T cell specific Ar knockout

by crossing mice bearing a floxed Ar allele with mice bearing a cre recombinase transgene
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under the control of the CD8 T cell specific e8i enhancer (228, 229). We validated CD8 T
cell Ar knockdown by gPCR analysis of CD8 T cells from splenocytes of Ar-WT/Y; e8i-cre+
(ARWT)and Ar-fl/Y; e8i-cre+ (ARKO) mice (Figure 2.1D). Cre expression under the control of
the e8i enhancer is expected to be restricted to mature CD8 T cells and therefore have no
impact on T cell development. Indeed, we observed no differences in the frequency of
immature T cell subsets and other lymphocyte subsets in the thymi of ARWT and ARKO
mice (Supplemental Fig. 1A). Additionally, we observed no difference in the frequency of
CD8a’ cells among TCRB* cells in ARKO mouse lymph nodes and spleens compared to WT
mice (Supplemental Fig. 1B). Given that naive CD8 T cells express Ar, we next determined
whether Ar knockdown impacts the homeostatic maintenance of CD8 T cells in specific
pathogen free (SPF) mice. We found a significant increase of CD44+CD122+CD49d-
memory-like CD8 T cells in the lymph nodes, but not spleens of ARKO versus ARWT mice
(Figure 2.1E). Previous evidence suggests that memory-like CD8 T cells in SPF mice are
maintained by homeostatic cytokine engagement, including IL-7 and IL-15, and by
engagement with MHC-presented self-antigens. Compared to CD44-CD122- naive T cells,
CD44+CD122+ CD8 T cells expressed more CD127 (IL-7R) and markers of TCR-
engagement, including increased CD5 and decreased TCRb expression, suggesting that
CD44+CD122+ cells receive stronger baseline TCR stimulation and may be more
responsive to IL-7 (Supplemental Figure 1C). However, CD127 and CD5 expression were not
substantially changed on ARKO versus ARWT CD8 T cells, indicating that the mechanisms
by which AR regulates this population may be distinct from or downstream of these markers

of cytokine and TCR engagement (Figure 2.1F-G).
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Figure 2.1 AR limits CD8 T cell homeostatic memory-like phenotype

(A) Experiment outline for adoptive transfer of P14; Thy1.1 CD8+ T cells and infection of
wild type mice. (B) Ar mRNA expression measured by gPCR in naive (pre-transfer),
effector (day+7) and memory (day+30) P14 CD8 T cells sorted from mice in A at the
indicated timepoints. PPSM = mouse prostate cancer cell line positive control. 688m =
mouse pancreatic cancer cell line negative control. (C) Ar mRNA expression measured by
gPCR at the indicated timepoints in magnetically sorted mouse CD8+ T cells stimulated
in vitro with anti-CD3 and anti-CD28. Panc. = mouse pancreatic cancer cell line negative
control. Prost. = mouse prostate cancer cell line positive control. (D) Ar mRNA expression
measured by qPCR in purified CD8 T cells from splenocytes of Ar-WT/Y; e8i-cre+ (WT
control) and AR-flox/Y; e8i-cre+ (CD8 ARKO) mice. (E) Example flow cytometry
measurement of CD4 and CD8 expression among TCRb+ T cells and CD44 and CD122
co-expression on CD8T cells (left) and summary of the frequency of CD8+ cells and
CD8+CD44+CD122+CD49d- cells among T cells in the lymph nodes and spleens of WT
control and CD8 ARKO mice. (F) Flow cytometric measurement of CD127 expression on
CD8a+TCRb+ cells in the lymph nodes and spleens of WT control and CD8 ARKO mice.
(G) Flow cytometric measurement of CD5 expression on CD8a+TCRb+ cells in the lymph

nodes and spleens of WT control and CD8 ARKO mice. (H) Flow cytometric measurement
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of IFNy expression by WT control and ARKO CD8 T cells following 3 days of anti-CD3 and
anti-CD28 stimulation in vitro. (I) GSEA of GSE15930 in ranked differentially-expressed
genes between Jurkat-AR + R1881 versus Jurkat-EV + R1881 from Figure 2.1A.

2.3.3 ARinhibits CD8 T cell IFNy production in response to acute stimulation

Given that Ar expression rapidly fluctuates early following TCR engagement, we
sought to determine whether AR regulates the acquisition of effector phenotype and
function in CD8 T cells during the first 24 hours of priming. Magnetically sorted naive CD8 T
cells from ARWT and ARKO mice were stimulated in vitro with plate-bound anti-CD3 and
anti-CD28 antibodies and 25 Units/mL IL-2 for 24 hours before RNA extraction and
assessment of gene expression by RNA sequencing. Interestingly, we found few
differentially expressed genes between WT and ARKO naive CD8 T cells (before stimulation)
and after 24 hours of priming (Supplemental Figure 2A). These data reveal that although Ar
expression is relatively high early following TCR engagement, it ultimately has little impact
on gene expression at that time.

We next assessed whether Ar expression alters the acquisition of effector
phenotype and function later during the priming phase. Magnetically sorted naive CD8 T
cells from ARWT and ARKO mice were stimulated in vitro with plate-bound anti-CD3 and
anti-CD28 and IL-2 for 72 hours before by intracellular cytokine staining and flow cytometry
(Supplemental Figure 2B). We detected a modest increase in the frequency of IFNy-
producing cells among ARKO cells on day 3 post-stimulation, but similar production of
TNFa and GZMB. When comparing male and female WT and ARKO CD8 T cells under similar
stimulation conditions, we found a similar modest increase in IFNy production in both male

and female ARKO cells compared to WT, but no sex difference was observed (Supplemental
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Figure 2C). These data corroborate our previously published findings that AR regulates CD8
T cell IFNy production, but do not indicate a role for AR in regulating the acquisition of

activation markers during acute stimulation.

2.3.4 ARinhibits CD8 T cell effector differentiation and expansion in response to Listeria

monocytogenes infection

We next sought to determine whether AR expression in CD8 T cells regulates
effector differentiation and expansion in response to acute infection. To test this, we
crossed Ar-fl and e8i-cre mice with OTI TCR transgenic mice carrying the CD45.1 allele to
generate Ar-fl/Y; e8i-cre+; OTI+; Thy1.2+/+; CD45.1+/+ (ARKO OTI) mice. Naive CD8+
splenocytes (CD8+/CD44-) were sorted from ARKO OTI mice and co-transferred at a 1:1
ratio with sorted naive Ar-wt/Y; OTl+; Thy1.1+/+; CD45.2+/+ (ARWT OTI) CD8 T cells into
Thy1.2+/+; CD45.2+/+ wild type recipients (Figure 2.2A and Supplemental Figure 3). One
day following adoptive co-transfer, recipient mice were infected with 5x10"6 CFU ActA-
Listeria monocytogenes expressing the OVA antigen. On day 5 post-infection, lymph nodes
and spleens from recipient mice were assessed for transferred OTI T cell abundance,
phenotype, and function upon re-stimulation. Transferred ARKO OTls were found at a higher
frequency than WT OTls among CD8T cells in both lymph nodes and spleens (Figure 2.2B).
A higher frequency of ARKO OTls lost expression of CD62L and TCF1, indicating fewer ARKO
OTls remained naive 5 days post-infection compared to ARWT OTls (Figure 2.2C).
Additionally, a higher frequency of ARKO OTIs were CD27"°CX3CR1* and KLRG1*, indicating
enhanced differentiation into terminal-effector-like cells on day 5 post-infection (Figure
2.2D). Interestingly, a higher frequency of ARKO OTls expressed markers of memory

precursor effector cells (MPEC; CD127°KLRG1") and short-lived effector cells (SLEC;
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CD127°KLRG1"), indicating that AR may influence the balance of both subsets of effector
cells (Figure 2.2E). Interestingly, the SLEC subset was the largest subset in both WT and
ARKO mice, indicating that overall SLEC is favored. However, we found that ARKO OTlI cells
expressed significantly more Tbet, a transcription factor that is critical for effector
differentiation (Figure 2.2F). Upon ex-vivo re-stimulation with SIINFEKL OVA peptide, in both
lymph nodes and spleens a higher frequency responding CD8+ T cells that produced IFNy
and TNFa were ARKO OTls (Figure 2.2G). These data indicate that in the early effector
response, AR inhibits CD8 T cell differentiation into effector cells, including MPEC, SLEC,
and terminal effector subsets, and inhibits their ability to produce effector cytokines in
response to antigen stimulation.

In the competitive co-transfer model, the higher frequency of ARKO OTls recovered
compared to WT OTls suggests AR inhibits CD8 T cell proliferation or survival following
activation and priming. To address this question, we crossed Ar-fl; e8i-cre mice with P14
TCR transgenic mice carrying the Thy1.1 congenic allele to generate Ar-fl/Y; e8i-cre+; P14+;
Thy1.1+/- (P14 ARKO) and Ar-WT/Y; e8i-cre+; P14+; Thy1.1+/+ (P14 WT). Naive CD8 T cells
from P14 WT and P14 ARKO mice were labeled with cell trace violet proliferation dye, mixed
at a 1:1 ratio (Supplemental Figure 3), and adoptively transferred into wild type recipient
mice one day before LCMV Armstrong infection. On day 2.5 post-infection, splenocytes
were isolated from recipient for assessment of proliferation by CTV dilution. P14 ARKO cells
were recovered at a higher frequency than P14 WT cells, corroborating our findings with
ARKO OTI versus WT OTI cells after ActA-LM-OVA infection (Figure 2.2H). However, there
was only a modest difference in the dilution of the CTV dye (Figure 2.21). The modest
difference in early proliferation may partially explain the difference in ARWT versus ARKO

OTl recovery at day 5 post-infection, however other mechanisms, including potential
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differences in cell survival and trafficking, may also be involved. These data suggest that AR
does not have a substantial impact on the early proliferation of CD8 T cells in response to
infection.

Finally, we asked whether the enhanced effector differentiation in ARKO CD8 T cells
confers an increased capacity to control the early persistence of LM. On day 5 post-
infection, LM burden in the liver and spleen of male and female ARWT and ARKO mice was
similar, indicating that AR does not inhibit the capacity for CD8 T cells to control early LM
infection (Figure 2.2J). Taken together, these data demonstrate that AR limits the expansion
and differentiation of early effector CD8 T cells in males, including differentiation into both
SLECs and MPECs, but ultimately does not alter their capacity to control LM burden up to

day 5 after infection.
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Figure 2.2 AR inhibits CD8 T cell effector differentiation and expansion in response to
acute infection

(A) Experiment outline for adoptive transfer of WT and ARKO OTI CD8+ T cells co-
transferred into wild type mice one day before infection with 5x1076 CFU ActA- LM-OVA.
(B) Frequency of transferred WT and ARKO OTI T cells among all CD8+ T cells in the
spleen of recipient mice from D on day 5 post-infection measured by flow cytometry. (C)
Frequency of TCF1-/CD62L- cells among transferred WT and ARKO OTI CD8 T cells in
splenocytes from mice on day 5 post-infection as in A. (D) Frequency of
CXB3CR1+/CD27low cells among transferred WT and ARKO OTI CD8 T cells in splenocytes
from mice on day 5 post-infection as in A. (E) Frequency of CD127+KLRG1- (MPEC) and
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CD127-KLRG1+ (SLEC) cells among transferred WT and ARKO OTI CD8 T cells in
splenocytes from mice on day 5 post-infection asin A. (F) TBET mean fluorescence
intensity (MFI) of transferred WT and ARKO OTI CD8T cells. (G) Frequency of transferred
WT and ARKO OTI CD8+ T cells among all IFNy and TNFa co-producing CD8+ T cells in
splenocytes from mice on day 5 post-infection as in A, re-stimulated in vitro with 100 nM
SIINFEKL peptide and brefeldin A for (4-6h, check time). (H) Relative abundance of P14
WT and ARKO following co-transfer into recipient mice and infection with LCMV
Armstrong (I) Representative histogram (left) and summary statistics (right) of the CTV
intensity of cells from (H) on day 3 post-infection. (J) Spleen (left) and liver (right) Listeria
monocytogenes CFU burden on day 5 post-infection with 5x10”*4 CFU LM-GP33 in male
and female WT and ARKO mice.

2.3.5 AR skews CD8 T cell memory differentiation and limits memory protection

Our finding that AR controls the balance of effector CD8 T cell subsets suggests that AR
may influence the later fate of effector CD8 T cells during memory formation. Using the
same model of co-transfer of WT and ARKO OTI cells and LM-OVA infection as previously
described (Figure 2.2A), we determined whether the skewed effector phenotype observed
early during infection conferred disparate memory differentiation and survival capacity after
infection clearance, and whether expression of AR impacts the phenotype and persistence
of memory CD8T cells. The frequency of ARKO OTI cells compared to WT after pathogen
clearance (day 21 early memory and day 60 late memory) was increased in splenocytes on
day 21, but similar in lymph nodes and splenocytes on day 60, indicating that there is to no
preferential persistence of ARKO OTI cells compared to ARWT OTI cells following pathogen
clearance (Figure 2.3A). Consistent with that finding, the expression of CD127, which
supports memory CD8 survival after contraction (discussed in Chapter 1), only remained

moderately elevated in ARKO CD8 T cells on day 21 (Figure 2.3B).
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Like our findings on day 5 post-infection, fewer ARKO OTI cells co-expressed CD62L
and TCF1 on day 21 and 60 in both lymph nodes and spleens, suggesting that AR expression
supports the differentiation and persistence of central memory CD8 T cells (Tcm; Figure
2.3B). Additionally, we observed that a higher frequency of ARKO OTls retained expression
of CX3CR1 on day 21 and day 60, indicating that AR expression inhibits the persistence of
long-lived effector cells (Figure 2.3D). Taken together, these findings indicate that AR
controls the balance between CD8 T cells memory subsets that persist following
contraction. Interestingly, we also measured moderate decreases in ARKO CD8T cellsin
the expression of transcription factors that control memory CD8 T cell differentiation, TCF1,
Eomes, and Blimp1, which suggests that AR may skew the phenotype of CD8 T cells by
altering the expression of these key differentiation factors (Figure 2.3E-H). Finally, we
assessed memory WT and ARKO OTls ex-vivo for the capacity to produce effector cytokines
and again found that a higher frequency of cytokine-producing cells were ARKO as opposed
to WT (Figure 2.31)

Previous studies established that the memory CD8 T cell subsets differ in their
capacity to re-expand and control pathogen burden upon re-infection, with Tcm generally
more capable of re-expansion and pathogen control than Tem subsets. We therefore asked
whether the altered phenotype of ARKO CD8 T cells is associated with an altered capacity
for protection upon antigen-specific re-challenge. To test this, we crossed Ar-fl/Y; e8i-cre+
and Ar-wt/Y; e8i-cre mice onto a P14 TCR transgenic background expressing the Thy1.1
congenic marker to generate ARWT and ARKO CD8 T cells specific for the dominant LCMV
antigen, GP33-41. Naive Ar-fl/Y; e8i-cre+; P14+; Thy1.1+/Thy1.2+ (ARKO P14) and Ar-wt/Y;
e8i-cre+; P14+; Thy1.1+/Thy1.1+ (ARKO P14) were magnetically sorted by negative

selection, mixed at a 1:1 ratio, and adoptively transferred into WT Thy1.2+/Thy1.2+ recipient
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mice (Figure 2.3J). One day after adoptive transfer, recipient mice were infected with 5x10"6
CFU ActA- LM expressing GP33-41. On day 60 post-infection, memory
CD8a+CD44+Thy1.1+Thy1.2- ARWT P14s and CD8a+CD44+Thy1.1+Thy1.2+ ARKO P14s
were FACS sorted from the spleens of recipient mice and 33k cells of each genotype were
adoptively transferred separately into naive recipient mice, which were infected with 1x10"5
CFU virulent LM-GP33 one day later. On day 3 post-infection, spleens and livers were
harvested from recipient mice for evaluation of LM-GP33 burden by CFU assay. We
observed a significant reduction in LM-GP33 burden in the spleens of ARKO P14 recipient
mice compared to those that received ARWT P14s, but no significant difference in pathogen

burden in the liver (Figure 2.3K).
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Figure 2.3 AR skews CD8 T cell memory differentiation and limits protection

(A) Frequency of transferred WT and ARKO OTI T cells among all CD8+ T cells in the
spleen and lymph nodes of recipient mice from Fig2A on day 21 and day 60 post-infection
measured by flow cytometry. (B-D) MFI of CD127 (B), frequency of TCF1+/CD62L+ (C),
and CX3CR1+CD27int (D) cells among transferred WT and ARKO OTI CD8T cells in the
spleen and lymph nodes from mice on day 21 and 60 post-infection as in Fig. 2.2A. (E-H)
Mean fluorescence intensity of transcription factors Blimp1 (E), TCF1 (F), Eomes (G), and
Tbet (H) in WT and ARKO OTls measured by flow cytometry in the spleen and lymph
nodes. (l) Frequency of transferred WT and ARKO OTI CD8+ T cells among all IFNy and
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TNFa co-producing CD8+ T cells in splenocytes from mice on day 21 post-infection as in
Fig. 2.2D re-stimulated in vitro with 100 nM SIINFEKL peptide and brefeldin A for (4-6h,
check time). (J) Experiment outline for ARKO and WT P14 primary infection, sort, adoptive
transfer, and re-challenge with 1x1076 CFU virulent LM-GP33 (right). (K) Relative LM-
GP33 burden (CFU/mg) in spleen (left) and liver (right) LM-GP33 burden from receipient
mice on day 3 post-rechallenge (left). Data combined from three independent

experiments normalized to the mean of WT.

2.3.6 Sexdifferences in CD8 T cell memory

The fact that AR expression skews effector and memory CD8 T cell differentiation
and function in male mice raised the possibility that differential androgen hormone
availability may also lead to differential AR activity in CD8 T cells between male and female
mice, thereby contributing to sex differences in CD8 T cell responses. To compare memory
CD8T cell responses between male and female mice, we infected WT C57Bl/6 mice with
2x10° PFU LCMV Armstrong to induce acute infection and memory CD8T cell
differentiation. Ninety days later, previously infected mice and naive male mice were
challenged with 1x10°CFU LM-GP33. On Day 3 post-challenge, spleens and livers were
harvested and assessed for bacterial burden and splenic CD8 T cell phenotype. We found
similar abundance of GP***'-tetramer* memory CD8 T cells in male and female mice (Figure
2.4A). Phenotypically, a higher frequency of female GP3***'-tetramer* memory CD8 T cells
expressed Tem markers, including a higher frequency of KLRG1*and CD44*CD62L" cells, but
not CX3CR1*CD27" or Tcm (CD44*'CD62L*) cells (Figure 2.4B-D). Additionally, female GP33-
41-specific memory CD8 T cells expressed more of the IL-2 receptor subunits, CD122 and
CD25 (Figure 2.4E-F) These data demonstrate that female memory CD8 T cells responding

to re-challenge resemble effector cells more than male memory cells, and suggest that
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there may be a sex difference in the pre-challenge memory phenotype or the post-
rechallenge reacquisition of effector characteristics. Given that sexual dimorphism in the
concentration of circulating hormones is a key difference between sexes, along with the AR-
mediated regulation of transcription factor expression detected in male mice in Figures 2.2
and 2.3, these sex differences in memory CD8 T cell phenotype may similarly be associated
with differences in transcription factor expression. Indeed, we detected lower expression of
TBET and Eomes and higher expression of TCF1 in male memory cells compared to female
cells (Figure 2.4G). Together, these data suggest that mechanisms similar to those that
control effector and Tem differentiation in male mice may also contribute to sex differences
in CD8 T cell memory. Ultimately, however, these differences did not lead to a significant
difference in the persistence of LM-GP33 in the livers of male and female mice on day 3
post-rechallenge, and most of the mice had cleared the pathogen from that tissue by that

time (Figure 2.4H).
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Figure 2.4 Sex differences in CD8 T cell memory to LCMV infection

Wild type male and female mice were infected with 2x10"5 PFU LMCV Armstrong and
challenged with 1x10”5 CFU LM-GP33 on day 90 post-LCMV infection. (A) Frequency of
CD8a+GP33-tetramer+ cells of live splenocytes compared to naive male mice on day 3
after LM-GP33 challenge. (B) Frequency of KLRG1+, (C) CD62L+CD44+, (D)
CX3CR1+CD27low, (E) CD122+ and (F) CD25+ among WT and ARKO GP33-Tetramer+
cells. (G) TCF1, Eomes, and TBET MFI of CD8a+GP33-tetramer+ splenocytes on day 3
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after LM-GP33 challenge. (H) Liver bacterial burden in mice on day 3 after LM-GP33

challenge.

2.3.7 AR contributes to sexual dimorphism in CD8 T cell memory

We next sought to determine whether AR expression by CD8 T cells contributes to
sexual dimorphism in CD8 T cell memory following acute infection. We adoptively
transferred CD8+ P14 cells from male or female WT and ARKO mice into male or female
recipients then infected with LCMV Armstrong. On day 35-42 post-infection, the frequency
of adoptively transferred male WT P14 cells among CD8a+ splenocytes was higher than
female WT P14s (Figure 2.5A). In contrast to bacterial challenge, ARKO in antigen-specific
CD8T cells reduced the frequency of male WT P14 memory cells and abrogated the
difference observed between WT male and female P14s (Figure 2.5A). We also evaluated
the impact of AR expression on the expression of memory differentiation markers in both
male and female memory P14s (Figure 2.5B-C). We found that WT female P14 cells
exhibited an increased frequency of CX3CR1+CD27lo (Figure 2.5B) and KLRG1-CD127+
(Figure 2.5C) cells compared to WT male P14 cells. Consistent with our observations of
male WT and ARKO memory CD8 T cells following bacterial infection, ARKO in male P14
cells following LCMV Armstrong infection increased the frequency of CX3CR1+CD27lo and
KLRG1+CD127- Tem cells in male mice, but this effect was not observed in female mice.
Additionally, we observed a male-specific decrease in CD122 expression, suggesting that
AR may control the sensitivity of male CD8 T cells to homeostatic signals received through
IL-15 (Figure 2.5D). Overall, expression of Eomes was higher in P14 cells in female mice
compared to male mice, but ARKO in male CD8 T cells induced expression of Eomes at a

similar level to female cells (Figure 2.5E). There were relatively small differences observed
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in the expression of other transcription factors, TCF1, Blimp1, and Tbet (Figure 2.5F-H).
Upon ex-vivo stimulation with GP33-41 peptide, there was no sex difference in the capacity
of P14 memory cells to produce IFNy and TNFa, but a higher frequency of female WT P14
cells produced GZMB compared to WT male cells (Figure 2.51-J). Interestingly, the frequency
of P14s that produced GZMB was reduced by ARKO in both male and female mice,
indicating that the mechanism by which AR regulates GZMB expression may be conserved
between male and female mice. Together, these data indicate that male and female mice
exhibit sexual dimorphism in memory CD8 T cell differentiation and persistence following
acute viral infection, which is at least partially mediated by AR expression.

We next investigated the mechanism by which AR enhances the persistence of
memory CD8 T cells following acute viral infection. Previous literature has defined a role for
homeostatic cytokines, IL-7 and IL-15, in supporting the long-term survival of memory CD8
T cells (discussed in Chapter 1). Given our observation that ARKO reduces the expression of
the IL-7 and IL-2/IL-15 receptors (CD127 and CD122) in memory CD8 T cells in male mice
(Figure 2.5C-D), and that AR expression does not substantially impact antigen-driven
proliferation of CD8 T cells (Figure 2.2H), we reasoned that AR-mediated differential
sensitivity to homeostatic cytokines may contribute to the sexual dimorphism in memory
CD8T cell persistence. To test this, we stained splenocytes from Figure 5A-E with CTV and
stimulated them for three days in vitro with 10 nM GP33-41 peptide or 25 ng/mL of IL-7 and
IL-15. Consistent with our findings during early activation of naive cells, we observed no
difference in peptide-induced proliferation of memory P14 cells based on sex or AR
expression (Figure 2.5K). However, male WT P14 cells proliferated significantly more in

response to IL-7 and IL-15 compared to female and ARKO male P14 cells. These data
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suggest that persistence of memory CD8 T cells is regulated in male mice through AR-
mediated control over homeostatic cytokine sensitivity.

Previous studies have also demonstrated that the expansion and persistence of
CD8T cells in response to LCMV infection depends on type | IFN signaling (230). We
therefore asked whether AR may control the persistence of memory CD8 T cells in male
mice by influencing type | IFN signaling. To assess this possibility, we adoptively transferred
WT and ARKO P14 CD8T cells at a 1:1 ratio into congenic recipient mice and infected
recipient mice one day later with LCMV. On day 4 post-infection, spleens were harvested
from recipient mice and CD8" splenocytes were assessed by flow cytometry for expression
of the type | IFN receptor, IFNa receptor 1 (IFNAR1). We found that ARKO P14 T cells
expressed less IFNAR1 than co-transferred WT P14 cells in 3 out of 4 mice, but found no
overall statistical difference in expression (Figure 2.5L). Thus, AR does not substantially
alter the expression of IFNAR1 on effector CD8 T cells early following LCMV infection and
whether AR controls effector CD8 T cell responses by supporting type | IFN sensitivity
remains unclear.

Finally, we asked whether the influence of AR in memory phenotype and persistence
may also relate to differences memory CD8 T cell protection. To test this, we pooled all
splenocytes from replicate mice described in Figure 2.5A, then magnetically sorted memory
P14 T cells by Thy1.1-PE" selection. The purity of P14 T cells in selected samples was
determined by flow cytometry, then used to normalize P14 cell concentrations across
samples before injecting 30K cells per mouse into sex-matched WT recipient mice by i.v.
injection. One day later, recipient mice were challenged with 2x10° CFU LM-GP33. Three
days after challenge, spleens were harvested from recipient mice and assessed for

bacterial burden. We found that male mice had significantly lower splenic LM-GP33 burden
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than female mice (Figure 2.5M). However, there was no significant boost in protection with
ARKO memory P14s compared to WT P14s in both male and female mice, suggesting that
AR expression does not contribute to the differential capacity for male and female LMCV-
specific memory CD8 T cells to protect against re-infection with pathogens expressing their

cognate antigen.
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Figure 2.5 AR contributes to sexual dimorphism in CD8 T cell memory to LCMV
infection

WT control P14s and ARKO P14s were transferred to WT recipient mice and recipient
mice before infection with 2x10*5 PFU LCMV Armstrong. On day 30-45 post-infection,

spleens were harvested from recipient mice and analyzed by flow cytometry for (A)
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frequency and abundance of Thy1.1+ P14 cells, (B) frequency of CX3CR1+CD27low,
CD122+, CD127+, CD127-KLRG1+, and CD127+KLRG1- cells. (C) frequency of
CD127+KLRG1-, CD127-KLRG1+ among transferred P14s (D) frequency of CD122+ cells
among transferred P14s. (E)-(H) frequency of EOMES+ (E) and TCF1+ (F) cells and MFI of
Blimp1 (G) and TBET (H) among transferred P14s. (I)-(J) frequency of IFNy+TNFa+ (I) and
GZMB+ (J) cells among transferred P14s following ex-vivo stimulation of splenocytes with
GP%*4 peptide for 4 hours followed by intracellular cytokine staining. (K) Mean cell trace
violet (CTV) fluorescence intensity of CTV labeled splenocytes from A-D cultured in vitro
for three days with GP33 peptide + 25 U/mL IL-2 (left) or 25 ng/mL IL-7 + 25 ng/mL IL-15
(right) measured by flow cytometry. (L) Frequency (left) and mean IFNAR1 expression
(right) of WT control and ARKO P14s in the spleens of recipient mice four days after P14
co-transfer at a 1:1 ratio followed by LCMV Armstrong infection. (M) Thy1.1+ memory P14
cells magnetically sorted from (A) were adoptively transferred into sex-matched naive
recipient mice that were infected with 2x10° CFU LM-GP33 one day later. On day 3 post-
infection, spleens were collected from recipient mice and LM-GP33 CFU/mg spleens was

determined.

2.3.8 AR cooperates with epigenetic regulators to control expression of T cell effector- and

memory-associated genes

As a nuclear hormone receptor, AR is poised to tune CD8 T cell responses through
both epigenetic and transcriptional control of gene expression. To uncover the mechanisms
by which AR controls T cells effector and memory differentiation and define the targets of
AR transcriptional regulation in T cells, we utilized an in vitro model of AR overexpression. To
express AR in human T cells, we transfected an immortalized T cell line, Jurkats, with a
pcDNAS3.1 vector containing a human AR cDNA sequence under the control of a CMV
promotor (Jurkat-AR) or empty vector as a control (Jurkat-EV). We confirmed overexpression

of AR in Jurkat-AR and no expression of AR in Jurkat-EV by flow cytometry (Supplemental
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Figure 4). To determine whether AR activity regulates T cell gene expression in response to
stimulation, we stimulated Jurkat-AR and Jurkat-EV cells in vitro with PMA and ionomycin for
24 hours in charcoal-stripped serum with or without addition of synthetic AR ligand, R1881
(Figure 2.6A). At 24 hours post-stimulation, cells were harvested for bulk RNAseq and
ATACseq analysis. Dimensionality reduction and principal component analysis of the
RNAseq data revealed both ligand-dependent and -independent changes in gene
expression induced by AR expression (Figure 2.6B and Supplemental Figure 5). Interestingly,
in principal component analysis, PC1 accounts for ~67% of the gene expression variance
and mostly separates samples by AR expression, regardless of ligand exposure (Figure
2.6B). In contrast, PC2 accounts for ~13% of the variance and largely separates AR-
expressing cells by addition of R1881 or vehicle control. The fact that AR expression alone
has a larger impact on gene expression in our system may reflect ligand-independent roles
for AR in T cells. Alternatively, this phenomenon may reflect lasting impacts of long-term
culture with AR expression in androgen-containing culture media (via fetal bovine serum
addition) prior to assay initiation, which may not be reversed by 24 hours of hormone
deprivation in charcoal-stripped serum culture media at the beginning of the assay.

Genes significantly inhibited by AR activity include T cell effector- and memory-
associated genes, TBX21, GZMK, LTA, LTB, SELL, and FOXO1 (Figure 2.6C). Previous
literature has defined the role of FoxO1 in supporting memory CD8 T cell differentiation by
shielding of memory-associated genes from epigenetic silencing in memory precursor
effector cells (45). To test whether AR may cooperate in that process, we performed gene
set enrichment analysis to determine whether genes up- and down-regulated in Foxo1-
knockout effector CD8 T cells are enriched in Jurkat-AR cells (Figure 2.6D). We found that

genes up-regulated in Foxo1-KO effector CD8 T cells were significantly enriched in Jurkat-AR
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cells compared to Jurkat-EV and genes down-regulated by Foxo1-KO were conversely
enriched in Jurkat-EV cells, indicating that AR may regulate T cell effector and memory gene
expression through mechanisms dependent on FoxO1. To determine what other cellular
processes may be regulated by AR in T cells, we performed further GSEA using Hallmark
and gene ontology (GO) gene sets (Figure 2.6 E-F, respectively). Gene sets suppressed in
Jurkat-AR cells included several immune effector gene sets, including Hallmark gene sets,
IL2_STAT5_SIGNALING, INTERFERON_GAMMA_RESPONSE, and
INTERFERON_ALPHA_RESPONSE, and GO gene sets, response to interferon-gamma,
regulation of leukocyte activation, adaptive immune response, and regulation of immune
effector process. These findings are consistent with our earlier observations in mouse
models that AR skews CD8 T cell effector and memory differentiation and inhibits CD8 T
cell effector responses.

Evidence from the relatively well-defined role of AR in prostate epithelial cells
demonstrates that AR is capable of cooperating with epigenetic regulators to control target
gene expression. To test whether AR may utilize similar mechanisms of epigenetic
regulation in T cells, we profiled the chromatin accessibility landscape of Jurkat-EV and
Jurkat-AR by assay for transposase-accessible chromatin (ATAC) sequencing. Following in
vitro stimulation and R1881 treatment as outlined above (Figure 2.6A), overall chromatin
accessibility in R1881-treated Jurkat-AR cells was reduced compared to Jurkat-EV and
vehicle-control Jurkat-AR cells (Figure 2.6G). However, ligand-induced chromatin
accessibility changes in Jurkat-AR cells included both regions of increased and decreased
accessibility. This suggests that AR plays a role predominantly in epigenetic repressionin T
cells. Indeed, among all differentially accessible ATACseq peaks (DAPs), most peaks

exhibited reduced accessibility in Jurkat-AR cells compared to Jurkat-EV (Figure 2.6G). We
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next utilized the putative AREs identified by the Jaspar database to filter DAPs to those that
contain putative AREs and reveal chromatin accessibility changes in peaks that could be
directly bound by AR (Figure 2.6H). ARE-containing DAPs included peaks that were both
more and less accessible between Jurkat-AR and Jurkat-EV cells and between R1881-
treated and vehicle-treated Jurkat-AR cells. When looking across the whole genome, we
observed approximately twice as much chromatin closing as opening between Jurkat-AR
with and without R1881 (Figure 2.61). These findings demonstrate that open chromatin
regions in T cells contain putative AREs and that many of these regions exhibit AR-induced
changes in chromatin accessibility. Among loci that exhibited differential accessibility and
contain putative AREs were T cell effector- and memory-associated genes, including
CX3CR1, TBX21, IFNG, GZMK, SELL, TCF7, and FOXO1 (Supplemental Figure 6). Taken
together, these data suggest that AR coordinates changes in chromatin accessibility and is
poised to regulate expression of T cell effector and memory genes through the cooperation
of chromatin-modifying enzymes.

Given that AR activity altered Jurkat transcription and epigenetic state, we sought to
determine whether AR cooperates with other transcription factors and chromatin-modifying
enzymes. To reveal AR protein interactions, we applied rapid immunoprecipitation and
mass spectrometry of endogenous protein (RIME) to Jurkat-AR and Jurkat-EV cells following
the same stimulation conditions outlined in Figure 2.6A. Mass spectrometry of proteins
pulled down by anti-AR and IgG control antibodies in both Jurkat-EV and Jurkat-AR cells
detected 1528 proteins. After subtracting background intensity values of proteins detected
in the IgG and Jurkat-EV controls, 152 proteins were detected with > 0 intensity in two
independent clones of Jurkat-AR cells (Figure 2.6J). AR-interacting proteins included

proteins previously known to associate with AR in prostate epithelial cells, BAF complex
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members (SMARCA4, SMARCA2, and SMARCC2), HDAC3, HDAC1, and EP300. Additionally,
several other transcription factors and chromatin modifiers with known roles in controlling T
cell differentiation and function immunoprecipitated with AR, including JUNB, SETB1,
IKZF2, RXRA, RXRB, ACACA, CARM1, and ARID1A. Notably, ARID1A is a member of the
canonical BAF (cBAF) complex and not PBAF and non-canonical BAF, suggesting AR
preferentially associates with cBAF in T cells. To validate this finding, we performed AR
immunoprecipitation and immunoblot for common BAF member, BRG1/SMARCA4, and
cBAF and pBAF members ARID1A and ARID2, respectively, from Jurkat-EV and Jurkat-AR
cells stimulated and treated with R1881 as described above. We found that
BRG1/SMARCA4 and ARID1A, but not ARID2, co-immunoprecipitated with AR,
corroborating our mass spectrometry analysis (Figure 2.6K).

AR’s association with histone-modifying enzymes such as HDACs and SWI/SNF
members, along with the evidence of AR-mediated regulation of chromatin accessibility
suggest that AR may regulate the deposition or maintenance of histone post-translational
modifications. To test this, we stimulated Jurkat-EV and Jurkat-AR cells for 24 hours as
previously described, then assessed the abundance of histone modifications, histone 3
lysine 4 tri-methylation (H3K4me3), H3 lysine 27 tri-methylation (H3K27Me3), and H3 lysine
27 acetylation (H3K27Ac), relative to total H3 abundance by intranuclear staining and flow
cytometry (Figure 2.6L). AR expression did not alter total H3 or H3K4Me3, but significantly
decreased H3K27Ac abundance and increased H3K27Me3 abundance in Jurkat-AR cells
compared to Jurkat-EV. These data are consistent with the finding that AR activity resulted in
an overall decrease in chromatin accessibility in Jurkat-AR versus Jurkat-EV cells (Figure 6H)
and the well-defined dichotomy of H3K27Ac and H3K27Me3 in marking active and

repressed chromatin regions, respectively. Further, these data suggest that AR regulates the
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deposition or maintenance of histone modifications in T cells, and predominantly favors
transcriptionally repressive H3K27Me3 over permissive H3K27Ac. This finding is consistent
with our previously published evidence that AR acts to transcriptionally repress IFNy
production through direct binding to IFNy enhancer (88). However, given that we identified
ARE-containing ATACseq peaks that both increased and decreased in accessibility with AR
activity, the general reduction in chromatin accessibility observed in Jurkat-AR cells
compared to Jurkat-EV may occur through AR-mediated control of the transcription or

activity of other epigenetic regulators, and not only through direct cooperation.

65



2
s
k-4
o RNAseq o
+ PMA/I el
@ . e UG T
(R1881) oF L 4
3
Plasmid T Cell AR or &
(Jurkat) Empty §
£
e
D Genes UP in FOXO1 KO CD8 Effectors §
o e —
LLLL L L
-

Rank in Ordered Dataset

§ Genes DOWN in FOXO1 KO CD8 Effectors.
of v —

Envichment

|

" L0

Ranked List

Rank in Ordered Dataset

EV EV+lig. AR AR+lig.

/\V\U\U\

1
H
i
H
i
H
H

ART Intensity

P suadcor *

# o8, SWARCE1 |

e,
®; %
Lo .
DAl .
SS18L1 e.
e gt
re

Acusk —;

AR  AR+lLig.

LJA

&
SMARCD2
© SMARCA

'SMARCC1

@
8

N
S

3

°

3

0
S

. C
L
cell_line Saoom
* AR oo
a A Empty
Ad | treatment f
A * R1881 ¥
 Vehicle
.
.
.
T 20 0 20
PC1 (66.9%, variance due to AR)
F == ] e ]
Halmak GSEA (FOR <008)
Down MAR_SHR VI EV_SOR <me > Up AR SIR VB EV_SoR ik .
.
1 °
‘ I °
— =
| .
| — & @
°
- - <
| — = :
’ °

Mermmend evermene e 065)

AR AR+ug

1
H
H
3
H
3
H
H
H

Vector:
K Pull-Down:

110 kDa

235kDa

Vector:
Pull-Down:

R1881:
110kDa

s’

217 kDa

“ @emety
<@

AR13 Intonsity

< T

EV EV+lig. AR
AR Empty

Input AR IgG Input AR IgG Input AR IgG

— et -~y

AR Empty

Input AR lgG Input AR IgG Input AR IgG

+ + + + + +

-—“Hu- [ =el

AR+Lig.

1B: AR

1B: BRG1

IB: AR

TR w0 e

._|4

oot

Figure 2.6 AR cooperates with epigenetic regulators to control CD8 T cell effector-
and memory-associated genes

(A) Graphical overview of experimental methods. Jurkat T cells were electroporated with

empty pcDNA3.1 or AR overexpression vectors and single-cell clones were cultured with

PMA +ionomycin stimulation with synthetic androgen stimulation (R1881) or vehicle

control. (B) Principal component analysis (PCA) of RNA expression in Jurkat-AR and
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Jurkat-EV stimulated with PMA and ionomycin for 24 hours in charcoal stripped serum
media with and without 100 nM R1881. (C) Volcano plot of differentially expressed genes
between Jurkat-AR + R1881 and Jurkat-EV + R1881 as in A. (D) Gene set enrichment
analysis (GSEA) of GSE46025 in Jurkat-AR + R1881 versus Jurkat-EV + R1881. (E) Hallmark
pathway enrichment analysis in Jurkat-AR + R1881 versus Jurkat-EV + R1881. (F) Gene
ontology enrichment analysis in Jurkat-AR + R1881 versus Jurkat-EV + R1881. (G)
Heatmap of accessibility of differentially accessible chromatin regions assessed by
ATACseq. (H) Differentially-accessible chromatin regions from F, filtered for peaks
containing putative androgen response elements predicted by the Jaspar database. ()
Alluvial plot depicting overall chromatin accessibility changes between Jurkat-EV and
Jurkat-AR cells with and without ligand. Bars represent closed (top, blue) and closed
(bottom, red) chromatin regions within each condition. Lines connecting the bars show
changes in chromatin accessibility in 100 bp regions between each condition. (J) Net
intensity of proteins pulled-down with AR and detected by LC-MS in RIME analysis in two
separate Jurkat-AR clones minus respective IgG control Jurkat-EV control intensities. (K)
AR Immunoprecipitation and immunoblot for indicated proteins in Jurkat-EV and Jurkat-
AR cells stimulated for 24 hours with PMA + ionomycin +/- 100 nM R1881. (L) Flow
cytometry measurement of total histone H3 expression and H3K4Me3, H3K27Ac, and
H3K27Me3 expression normalized to total H3 fluorescence in Jurkat-EV and Jurkat-AR

cells stimulated with PMA/ionomycin + R1881.

2.4 Discussion

In this study, we uncover a role for AR in influencing the effector and memory
responses of CD8 T cells to acute infection. Although CD8 T cell expression of AR in mice
and humans has been previously reported (88), the role of ARin CD8T cells in acute
infections and the mechanisms by which AR controls CD8 T cell function remained largely
undefined. Here, we show that AR limits the effector response of CD8 T cells to acute

infections and limits the capacity for memory CD8 T cells to protect against re-challenge.
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Further, we utilize an in vitro model of AR overexpression to profile the targets of AR-
mediated gene expression in T cells, associate changes in gene expression with AR-
mediated changes in chromatin accessibility and reveal cofactors that associate with AR in
T cells.

Our data demonstrate that while AR expression is relatively stable during acute viral
infection in vivo, it is highly dynamic in response to acute TCR stimulation in vitro. This
suggests that AR activity is tightly linked to antigen encounter and co-stimulatory signals
and warrants further investigation into the mechanisms that control AR expressioninT
cells. Using a conditional knockout model, we show that AR limits the homeostatic
expansion and differentiation of memory-like CD8" T cells under steady-state conditions.
This likely reflects a role for AR in restraining tonic TCR signaling and responsiveness to
homeostatic cytokines such as IL-7 and IL-15, signals that are required both for the survival
of naive T cells and for the conversion into “virtual memory” cells (11, 12). The role for AR in
limiting these signals may prevent aberrant activation in the absence of infection. Further
investigation into how AR expression limits homeostatic signaling in T cells should
investigate the intersection between AR activity and the strength of homeostatic signaling T
cells receive at steady state.

Most consistently, we demonstrate that AR expression limits the expression of
markers of CD8 T cells with high effector capacity, including CX3CR1 and KLRG1, in both
the acute and memory phases of infection. These data suggest that AR-expressing CD8 T
cells may have less cytotoxic activity, though that possibility is not directly addressed in this
work. During the memory phase, the heightened expression of CX3CR1 and KLRG1, along
with reduced expression of CD27 and CD62L suggest that AR-deficient CD8 T cells most

closely resemble effector memory rather than central memory T cells. Previous studies of
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memory subsets of CD8 T cells demonstrated that Tcm CD8 T cells exhibit a superior
capacity to control re-challenge compared to Tem cells (231). Paradoxically, although AR-
deficient memory CD8 T cells exhibited increased Tem-like differentiation, they also
exhibited an increased capacity to control re-challenge compared to WT CD8 T cells. This
finding suggests that the mechanisms by which AR regulates CD8 T cell responses act to
influence both the phenotypic and functional characteristics of memory cells, but the
influence of AR on limiting Tem features is not entirely coupled with protective capacity in
this context.

Interestingly, we revealed seemingly contradictory effects of AR activity on CD8 T
cells in the context of bacterial versus viral infections. While some impacts of AR activity,
such as limiting the differentiation of antigen-specific CD8 T cells into CX3CR1+CD27lo
terminal effector or Tem for example, remain consistent between the two disease models,
the impact of AR on other aspects, such as the expansion and persistence of antigen
specific CD8T cells, are disparate. These findings suggest that the mechanisms by which
AR integrates with other regulators of CD8 T cell responses include those that are common
between disparate pathogens, but also mechanisms that are dependent on pathogen-
specific signals. Earlier reports that investigated the signaling requirements for optimal CD8
T cell responses to bacterial and viral infections revealed different dependencies for
optimal expansion and persistence of CD8 T cells depending on the nature of the infection.
For example, bacterial models of infection with Listeria monocytogenes have demonstrated
a dependence of Listeria-specific CD8 T cells on IL-12 for optimal expansion and memory
persistence (232, 233). On the other hand, virus-specific CD8 T cell expansion and memory
persistence are more reliant on type | IFN signaling and less dependent on IL-12 (230). This

raises the possibility that AR differentially regulates signaling through the IL-12 and type |
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IFN receptors, thereby supporting expansion of CD8 T cells in viral infections while limiting
the expansion of bacteria-specific cells. To determine whether that is true, further work
should directly compare responses of ARWT and ARKO CD8 T cells to both bacterial and
viral infections and assess whether AR expression influences the dependence of CD8 T
cells onIL-12 and type | IFN in those models.

Mechanistically, we demonstrate that AR interacts with epigenetic regulatorsin T
cells, alters T cell chromatin accessibility, and controls expression of effector- and memory-
associated genes, including genes critical for T cell function such as TBX21, FOXO1, GZMK,
LTA, LTB, SELL, TCF7, RUNX2, and KLF2. The important role for expression of many of these
genes in effector and memory T cell differentiation has been demonstrated (21, 22).
Additionally, proteins found to interact with AR, cBAF complex members and HDACs for
example, are known to play important roles in regulating the differentiation and function of
CD8 T cells (234, 235). It is therefore unsurprising that AR was found to interact with those
proteins in controlling gene expression in T cells in our model. Interestingly, as a whole, AR
expression was found to be repressive for chromatin accessibility in T cells, revealing an
overall repressive role for AR in controlling T cell gene expression. However, when the
ATACseq analysis was limited to peaks that contained AREs, there were similar numbers of
peaks that opened and closed in AR-expressing Jurkat cells with the addition of synthetic
androgens (Figure 2.6H). This disparity shows that AR is capable of coordinating both the
opening and closing of chromatin in T cells, but suggests that regions opened by AR and
genes induced by AR may overall be genes that inhibit effector and memory differentiation.
Further work is needed to unequivocally identify the genetic loci that are directly bound by
AR in T cells, especially in primary CD8 T cells, which was not addressed in this work.

Additionally, because we identified AR interactions with chromatin-modifying factors,
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investigations into the AR-mediated epigenetic histone modifications, including H3K27Ac
and H3K27Meg3, may reveal which epigenetic modifications are associated with AR activity
and potentiate targeted interventions to disrupt those changes.

Overall, the findings of this work have important implications for understanding the
mechanisms that drive sex differences in immune responses and disease susceptibility.
The importance of understanding what drives sexual dimorphism in immune responses is
no more apparent than in the observed sex disparities in infection, severity, and mortality
during the recent COVID-19 pandemic, where men were more likely to be infected, require
hospitalization to manage severe symptoms, and eventually succumb to the disease (236).
Our findings may provide a mechanistic basis for observed sex differences in T cell
immunity. Given that AR is activated by androgens—present at higher levels in males—AR-
mediated signaling may contribute to the generally reduced CD8* T cell activation and
memory formation observed in male subjects across multiple species. This raises the
possibility that physiological differences in AR activity contribute to sex-specific immune
responses to infection, vaccination, and immunotherapy.

Finally, the potential to therapeutically modulate AR sighaling in T cells warrants
investigation. AR antagonists and agonists are already in clinical use for prostate cancer
and could be repurposed or optimized to enhance T cell immunity in settings such as
vaccination, chronic infection, or cancer immunotherapy. However, careful evaluation of
the systemic effects and immune-specific consequences of such interventions will be
necessary to balance efficacy and safety. For example, several otherimmune cell types are
known to be regulated by androgen signaling, including suppressive regulatory T cell and
myeloid cell types which are supported by AR activity (237). Together, these results position

AR as a critical node in the regulation of CD8" T cell responses, integrating hormonal cues
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with antigenic and inflammatory signals to modulate T cell fate. This work lays the
groundwork for future studies examining AR as a potentialimmunomodulatory target in

both infectious and non-infectious disease settings.

2.5 Methods
2.5.1 Mice

B6 (C57BL/6J) and e8i-cre (C57BL/6-Tg(Cd8a-cre)1ltan/)) mice were purchased from
the Jackson Laboratory. Ar'"" mice were a kind gift from the Golnick lab (229). P14 TCR
transgenic mice were obtained from Dr. Jeffrey Nolz. OTI TCR-transgenic mice were
obtained from the Dr. Amanda Lund. All mice were housed under specific-pathogen-free
conditions at Oregon Health & Science University. All experimental procedures performed

were approved by the Oregon Health & Science University Animal Care and Use Committee.

2.5.2 Single cellisolation from mouse tissues

To isolate single-cell suspensions of mouse splenocytes, lymphocytes and
thymocytes, mouse spleens, lymph nodes, or thymi were disrupted by grinding between
frosted glass slides or mashing through a 70 uM mesh filter (Falcon, 352350) using the end
of a1 mL syringe plunger (BD cat # 309659). Suspensions were then washed in 10 mL 1x
PBS and pelleted at 350 x g for 5 minutes. Pellets were then resuspended in 3 mL ACK lysis
buffer (Gibco, A1049201) and incubated at room temperature for 3 minutes before washing

with 12 mL 1x PBS and filtering through a 70 uM mesh filter.

2.5.3 Adoptive T cell transfers
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For adoptive transfer of TCR transgenic CD8 T cells, splenocytes were collected
from donor mice as described above. CD8 T cells were isolated from splenocytes by
magnetic sorting using the Mouse CD8 T Cell Positive Selection Kit (StemCell, 19853) or the
Mouse Naive CD8 T Cell Positive Selection Kit (StemCell, 19858). Sorted CD8 T cells were
washed and resuspended at 1-10x10° cells/mL in 1x PBS and 100 pL of the cell suspension

was injected into recipient mice by retroorbital intravenous injection.

2.5.4 Mouse infections

LCMV Armstrong virus was provided by Dr. Mark Slifka Lab. Viral stocks were diluted
to 1x10% PFU/mL in 1x PBS and 200 pL injected into recipient mice via retroorbital
intravenous (i.v.) injection for a total infectious dose of 2x10° PFU.

Virulent and ActA-attenuated L. monocytogenes expressing GP33-41 were gifts from
the Nolz lab and ActA-attenuated L. monocytogenes expressing OVA was received from
Amanda Lund Lab, OHSU, CDCB. For infection of mice with ActA-attenuated L.
monocytogenes, bacteria were grown in tryptic soy broth (Sigma-Aldrich, 22091-500G)
containing 50 pg/mL streptomycin sulfate (Gibco, 11860038) by shaking at 37 °C to optical
density at 600 nm of 0.1 (~108 CFU/mL). Bacteria were diluted to 2.5x10” CFU/mL in 1x PBS
and 200 pL injected into recipient mice by retroorbital intravenous injection. For infection of
mice with virulent LM-GP33 for CFU assays, LM-GP33 were grown to OD = 0.1 as described
above. LM-GP33 were diluted 1:100 in 1x PBS for a final concentration of ~1x10° CFU/mL
and 100 yL was injected into recipient mice by retroorbital i.v. injection for a total infectious

dose of ~1x10° CFU.

2.5.5 Colonyforming unit assays
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For measurement of bacterial burden, spleens and liver lobes were collected from LM-
GP33-infected mice on day 3 post-infection and placed in 0.1% IGEPAL (Sigma-Aldrich,
13021) in 1x PBS. Tissues were weighed and homogenized using a tissue homogenizer
(FisherScientific, 15-340-167). Homogenized samples were incubated on ice for 30 minutes
before serial dilutions were plated on tryptic soy agar supplemented with 50 uyg/mL
streptomycin. Plates were incubated at 37 °C overnight and colony forming units were

counted the next day for calculation of bacterial burden.

2.5.6 Invitro T cell stimulation

T cells were stimulated in vitro using plate-bound anti-CD3 and anti-CD28 antibodies. Flat-
bottom tissue culture plates were coated with 5 pg/mL anti-mouse CD3 and 2.5 pg/mL anti-
mouse CD28 antibodies in 1x PBS for 4 hours at 37 °C or overnight at 4 °C and washed with
1x PBS. Mouse T cells were plated on antibody-coated plates at a density of 1-2x10"6
cells/mL in complete RPMI (see above for recipe) supplemented with 25 Units/mL
recombinant mouse IL-2 (Peprotech 212-12-20UG) then cultured at 37 °C and 5% CO.for

varying times depending on experimental endpoint.

2.5.7 Proliferation assays

Magnetically-sorted mouse bulk CD8" or naive CD8" T cells were stained for 20 minutes at
37 °C with CellTrace Violet (ThermoFisher C34557) in pre-warmed 1x PBS at a density of
10x10° cells/mL. Pre-warmed complete RPMI was added at 5x the CTV staining volume and
cells were incubated for an additional 5 minutes at 37 °C before washing with 1x PBS. CTV-
stained cells were stimulated in vitro with anti-CD3 and anti-CD28 or adoptively transferred

into recipient mice before infection as outlined above.
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2.5.8 ArqPCR

For ex-vivo mouse T cell Ar mMRNA measurement, CD8+ T cells were sorted from
week-old male Thy1.1+/+ P14 TCR transgenic mouse spleens using the EasySep Mouse
CD8+ T cell isolation kit (StemCell 19853). 1,000,000 sorted CD8+ P14 cells were preserved
in 700 pL QlAazol (Qiagen, 79306) for pre-infection Ar mRNA measurement. 100,000 CD8+ T
cells were transferred into male C57Bl/6J recipient mice by retroorbital i.v. injection in 100
uL 1x PBS. One day later, mice were infected with 2x10° PFU LCMV Armstrong by retroorbital
intravenous injection. On day 7 or day 30 post-infection, spleens were harvested from
recipient mice and processed into single-cell suspensions as outlined above. P14 T cells
were sorted from splenocytes using the EasySep PE Release Positive Selection Kit Il
(StemCell, 17684) with PE-conjugated anti-mouse CD90.1 (Invitrogen, 12-0900-83)
according to the manufacturer’s instructions. Sorted PE+ cells were then resuspended in
700 pL QIAzol and preserved at -80 °C for batched RNA extraction. RNA was extracted using
the Qiagen miRNeasy Mini kit (Qiagen, 217004) and 500 ng of isolated RNA were used for
cDNA synthesis using the High-Capacity cDNA Reverse Transcriptase kit (ThermoFisher,
4374966). 1/100™ of the cDNA was used per gPCR reaction using the TagMan Universal PCR
Master Mix (ThermoFisher, 4304437) with TagMan assays for Ar (ThermoFisher,
Mm00442688_m1), Gapdh (ThermoFisher, Mm99999915_g1), Sdha (ThermoFisher,
MmO01352366_m1), and 78S (Hs99999901_s1) using a QuantStudio 3 gPCR machine with
the following protocol: 2 minutes at 50 °C and 10 minutes at 95 °C followed by 40 cycles of
15 seconds at 95 °C and 1 minute at 60 °C. Data analysis was performed using QuantStudio

Design & Analysis Software (version 1.5.2).
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5 pg of extracted RNA per sample was used for gPCR analysis using the GoTaq 1-
Step RT-gPCR kit (Promega, A6020) and primers for Ar (forward: GGA GAA CTA CTC CGG TTA
T, reverse GGG TGG AAA GTA ATA GTC GAT GG:) and Sdha (forward: GAG ATA CGC ACC TGT

TGC CAA G, reverse: GGT AGA CGT GAT CCT TCT CAG GG).

2.5.9 Flow Cytometry

1-10x108 cells from single cell suspensions were first stained with 1:1000 diluted
Live/Dead Fixable Aqua (Molecular Probes, L34966) or Live/Dead Fixable Blue (Molecular
Probes, L34962) stain in 1x PBS for 15 minutes at 4 °C in the dark. For cell surface marker
staining, samples were stained in 100 pL antibody cocktails containing 50 pL Brilliant Stain
Buffer (BD Horizon, BD566349), fluorochrome-conjugated antibodies at defined dilutions
(see below), and the remaining volume of FACS buffer (1x PBS + 1% FBS + 0.1% sodium
azide). Cells were incubated with cell surface staining cocktails for 0.5-1 hours and washed
twice before analysis. For intracellular transcription factor staining, cell suspensions were
fixed and permeabilized using the eBioscience Foxp3 Transcription Factor Staining Kit
(Invitrogen, 00552300) following cell surface staining. Fixed and permeabilized cell
suspensions were then stained in 100 uL perm/wash buffer containing fluorochrome-
conjugated anti-transcription factor antibodies at defined dilutions (see below) and
incubated for 1 hour at 4 °C in the dark. Cell suspensions were then washed twice in 250 pL
permeabilization buffer before resuspension in FACS buffer for analysis. Data were
collected on a BD FACS Symphony A5 or a BD LSRFortessa and analyzed using FlowJo

version 10.

2.5.10 Fluorescence activated cell sorting
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All cell sorting was performed on a BD FACS Symphony S6 cell sorter. For naive OTICD8 T
cell transfer described in Figures 2.2-2.3 and memory P14 CD8 T cells adoptive transfer
described in Figure 2.3, cells were sorted from bulk splenocytes by FACS prior to adoptive
transfer. Naive cells were sorted by staining splenocytes with anti-mouse CD8-FITC, anti-
mouse CD4 BV650 and anti-mouse CD44-PE. CD8" CD4 CD44"" cells were sorted into
complete RPMI media, washed and resuspended in 1x PBS prior to adoptive transfer. To sort
memory P14 cells, splenocytes from LCMV-immune mice were stained with anti-mouse
CD8-FITC, anti-mouse Thy1.1-PE and anti-mouse CD44 AF700. CD8" CD44" Thy1.1" cells

were sorted into complete RPMI then washed with 1x PBS prior to adoptive transfer.

2.5.11 Jurkat AR overexpression

Jurkat cells were a generous gift from Dr. Evan Lind. Parental Jurkat cells were
maintained in culture with stock 500mL RPMI media supplemented with 1% 100X
penicillin/streptomycin (Cytiva HyClone, SV30010), 5% 100X non-essential amino acids
(Cytiva HyClone, SH3023801), 1% 1M HEPES buffer (Corning, 25060Cl), 1% 100mM
sodium pyruvate (Gibco, 11360070), and 10% fetal bovine serum (Cytiva HyClone,
SH30396.03). Parental Jurkat cells were transfected with pcDNA3.1 plasmids either
containing a human AR cDNA expression cassette or the empty vector only using the Neon™
Transfection System (Invitrogen) using the manufacturer’s recommended settings for Jurkat
cells. Plasmids were a generous gift from the Alumkal Lab (University of Michigan Medicine)
Transfected plasmid-expressing cells were selected using 800 ng/mL G418 sulfate
antibiotic selection (Abcam, ab144261) in RPMI media supplemented as above without
penicillin and streptomycin. AR expression in Jurkat-AR cells, and lack thereof in Jurkat-EV

cells, was confirmed by flow cytometry (supplemental Fig1). Individual clones of Jurkat-AR
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and Jurkat-EV cells were then derived by limiting dilution plating to expand single-cell-
derived clones. AR expression in Jurkat-AR clones, and lack thereof in Jurkat-EV clones, was

again confirmed by flow cytometry following clonal expansion (Supplemental Figure 13).

2.5.12 Immunoprecipitation and immunoblot

Cells were harvested on ice, pooled by condition, and washed with ice-cold 1x PBS.
Cell suspensions were then fixed for five minutes with ice-cold 1% formaldehyde (Thermo
Scientific, 28906) in 1x PBS and fixation was quenched by the addition of glycine to a final
concentration of 0.1M (Sigma-Aldrich, G7126) for 3 minutes on ice. Cell pellets were then
resuspended in immunoprecipitation buffer containing 50 mM TrisHCL (Promega, H5121),
1% Triton X-100 (ThermoFisher, HFH10), 150 mM NaCl (FisherScientific, BP358-1), and
Roche cOmplete protease inhibitor (Millipore, 11697498001, 1 tablet/50mL buffer). Cells
were then disrupted by sonication using the Fisherbrand Model 50 Sonic Dismembrator
(FisherScientific, FB50) at amplitude 30 for five cycles of 10 seconds on/10 seconds off, and
lysates cleared by centrifugation at 12,000 x g for 15 minutes at 4 °C. 10% of cleared lysate
was reserved for input control before splitting the remaining volume for incubation with
anti-AR (1:50, Sigma-Aldrich, 06-680) and rabbit IgG (1:250, Sigma-Aldrich, 12-370) isotype
control antibodies rotating at 4 °C overnight. The following day, 50 yL protein A microbeads
were added to each lysate, then lysates were rotated for 3 hours at 4 °C. Lysates were then
cleared by magnetic separation on ice and the microbead pellet reserved for Western blot
analysis.

For Western blot analysis, microbead pellets and 10% input samples were
incubated for 20 minutes at 95 °C in immunoprecipitation buffer supplemented with 1x

fluorescent-compatible protein loading dye and 1x sample reducing buffer. Samples were
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then cleared by magnetic separation and loaded onto a NUPAGE 3-8% Tris-Acetate gel
(Invitrogen, EA0375) for size separation by denaturing electrophoresis before transfer to a
PVDF membrane (Invitrogen, LC2002). Membranes were then blocked using PBS Intercept
Blocking Buffer (LICOR, 927-70001), stained with primary antibodies against AR (Sigma-
Aldrich, 06-680), BRG1 (ThermoFisher, MA5-31550), ARID1A (Cell Signaling Technology,
123548S) or ARID2 (Boster Bio, A05064) overnight at 4 °C, and stained with fluorescently-
labeled anti-goat (LICOR, 926-680707) or anti-rabbit (LICOR, 926-68071) secondary

antibodies for 2 hours at RT. Membranes were then imaged using a LICOR Odyssey CLx.

2.5.13 Immunoprecipitation and mass spectrometry

Samples were prepared for immunoprecipitation and mass spectrometry according
to the protocol outlined by Mohammed et al. (238). Cells were harvested on ice and washed
with ice-cold 1x PBS. Cells were fixed for 8 minutes in ice-cold 1% formaldehyde in 1x PBS
and incubated for an additional 5 minutes on ice after adding glycine to a final
concentration of 0.1 M. Cells were then resuspended in 10 mL ice-cold nuclei extraction
buffer (LB1) and rotated for 10 minutes at 4 °C. Nuclei were pelleted at 2000 x g and 4 °C,
resuspended in 10 mL ice-cold lysis buffer 2 (LB2), and rotated for 10 minutes at 4 °C.
Nuclei were then resuspended in 300 pL ice-cold lysis buffer 3 (LB3), transferred to 1.5 mL
Bioruptor microtubes (Diagenode C30010016) and sonicated in a Diagenode Bioruptor Pico
sonicator for 10 cycles of 30 seconds on and 30 seconds off. 30 yuL of 10% Triton X-100 was
added to each lysate and lysates were cleared by centrifugation at 20,000 x g.
Immunoprecipitation antibodies against AR (Sigma-Aldrich, 06-680) and rabbit IgG control
(Sigma-Aldrich, 12-370) were conjugated to Protein A dynabeads (ThermoFisher 10002D)

overnight in 5% BSA in 1x PBS. Cell lysates were incubated with antibody-conjugated
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dynabeads overnight, washed 4x with ice-cold RIPA buffer by magnetic separation, then
washed twice with ice-cold 100 mM ammonium hydrogen carbon (AMBIC). Pellets were
then digested overnight at 37 °C with 10 pL of 10 ng/uL trypsin (Worthington Biochem.
LS003741) in AMBIC and again for 4 hours at 37 °C by adding another 10 uL of the trypsin
solution. Following digestion, 100% formic acid (Sigma-Aldrich, FO507) was added to a final
concentration of 5% (vol/vol) formic acid. Peptide desalting was performed using the
Phoenix Peptide Cleanup Kit (PreOmics P.0.00023). Dry peptides were reconstituted in 20
puL LCMS-grade water and 15 pL of a 3% acetonitrile and 5% formic acid solution in LCMS-

grade water prior to LCMS analysis.

2.5.14 RNA sequencing

Jurkat-EV and Jurkat-AR cells were cultured for 24 hours in CSS-RPMI media
containing 10% charcoal stripped serum (Biowest USA, S162C), 1% non-essential amino
acids Cytiva HyClone, SH3023801), 1% 1M HEPES buffer (Corning, 25060Cl), 1% 100mM
sodium pyruvate (Gibco, 11360070), and 800 ng/mL G418 sulfate (Abcam, ab144261)
before being cultured for an additional 24 hours in CSS-RPMI with or without eBioscience
cell stimulation cocktail (Invitrogen, 00497093) and with or without 100 nM R1881 (Sigma-
Aldrich, R0908) or DMSO vehicle control. Cells were then harvested on ice and
resuspended in buffer RLT for storage at -80 °C before batched RNA extraction using the
miRNeasy Micro RNA extraction kit (Qiagen, 217084). RNA sequencing libraries were
constructed using the TruSeq Stranded mRNA Library Prep kit (Illumina, 20020594) and
libraries were sequenced on an Illumina NovaSeq 6000 by paired-end, 2x150 bp

sequencing.
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2.5.15 ATAC sequencing

Jurkat-EV and Jurkat-AR cells were cultured as described above for RNA
sequencing. 50,000 cells per condition were reserved for ATACseq library preparation using
the ActiveMotif ATACseq library preparation kit (Active Motif, 53150). Libraries were

sequenced on an Illumina NovaSeq by paired-end, 2x150 bp sequencing.

2.5.16 RNA sequencing data analysis

Raw fastq files were assessed for quality using FASTQC. Sequencing reads were
aligned to the hg38 reference transcriptome (EnsemblDB Hsapiens v86) using kallisto.
Gene-level counts per million (cpm) were derived from transcript-level abundance using
length-scaled TPM via tximport and edgeR. Genes with read counts of <1 cpm in half or
more of the samples were removed from the analysis before normalizing read counts

between samples using the trimmed mean of m-values method.

2.5.17 ATAC sequencing data analysis

Raw sequencing data quality were assessed using fastqc (version 0.12.1), followed by
duplicate removal and adapter trimming by fastp (version 0.23.4, --dup_calc_accuracy level
3). Sequencing alignment was conducted using bowtie2 (version 2.5.4)to hg38 with the
following flags: --local, --no-mixed, --nodiscordant, --very-sensitive-local, -1 25 and -X 700.
Chromatin accessibility peaks were called using macs2 (version 2.2.9.1) using the callpeak
command with --gsize "hs" flag. Consensus peaks were defined as any accessible
chromatin region present in at least 2 or more sample replicates within a single sample
condition. Differential peak accessibility analysis was conducted with the DESeq2 package

(version 1.46.0, R version 4.4.2) applied to a matrix of sample replicate consensus peaks
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counts via the DESeq() command with an adjusted pvalue cutoff of 0.05. Motif enrichment
of differentially accessible peaks were conducted with the HOMER (version 4.11)
annotatePeaks.pl script. Bam alighment files were converted to bigwig files for visualization
using bamCoverage (deeptools version 3.5.5) with the flag --

normalizeUsing CPM. Putative Androgen Response Element bedfiles were obtained from
the JASPAR database. Differentially accessible peak bedfiles were overlapped using the
bedtools intersect command (version 2.31.1). Accessibility heatmaps were created using
deeptools computeMatrix command. Alluvial plots were generated by binning the entire
genome into 100 basepair bins, then identifying changes in chromatin accessibility across
sample conditions, collapsing the genome-wide matrix into a frequency table and applying

the ggalluvial R package (version 0.12.5, ggplot version 3.5.1).

2.5.18 Statistical analysis

Statistical tests were performed in Graphpad Prism v. Data shown are either representative
data from one of two or three replicate experiments or a combination of data from replicate
experiments. Strudent’s t-test was used for statistical tests between two groups except
when normality was not assumed, in which case a non-parametric Mann-Whitney test was
performed. Where appropriate in co-transfer models, paired samples t-tests were
performed. In experiments with two factors (i.e., WT and ARKO males and females), two-
way ANOVAs followed by Bonferroni-corrected multiple t-tests were performed. The robust
regression and outlier removal (ROUT) method was used to identify outliers in CFU data

with Q = 1%. All statistical tests were assessed for significance at a = 0.05.
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Interchapter: Leveraging human prostate cancer clinical
trial data to investigate the impact of androgen deprivation
therapy on primary human T cells

An open question not addressed by our previous published work or the work
described in Chapter 2 is what role AR plays in regulating the responses of primary human T
cells. Our previous work established an association between AR signalingin CD8 T cells
and poor response of metastatic CRPC (mCRPC) patients to anti-PD-1 checkpoint blockade
therapy (88). In that study, mouse models of prostate cancer and chronic infection
demonstrated that AR expression in CD8 T cells limits IFNy production and anti-PD-1
response. These findings highlight an important role for T cell intrinsic AR expression in
controlling the anti-tumor response in prostate cancer. However, the patients on that study
were treated with long-term ADT prior to study enrollment and had developed resistance to
treatment. Therefore, it was not possible to compare the tumor microenvironment pre- and
post-ADT to elucidate the effects of ADT on the anti-tumor immune response. The following
chapter describes the results of single cell RNA sequencing profiling of treatment-naive
patient prostate tumor biopsies before and after treatment with neoadjuvant androgen axis
inhibition (AAl) and anti-PD-1 checkpoint blockade. This clinical trial provides a powerful
setting to study the impact of AAl on the tumor immune response in humans and provides
an important context against which to compare our findings from acute mouse models of

infection.
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Abstract

Aggressive prostate cancers often exhibit progression and recurrence, including evolving
resistance to therapy. Unfortunately, we lack a detailed understanding of the cellular
composition and cell-cell interactions within high-risk prostate tumor microenvironments,
and in particular, how populations change in response to therapy. In this study we perform
single-cell transcriptomic profiling of paired temporal samples from subjects receiving
androgen axis inhibition in combination with immune checkpoint inhibition. By leveraging
single cell approaches, we show how treatment leads to a significant reduction in
malignant cells and results in concurrent reduction in AR activity and upregulation of
antigen presentation machinery within the malignant population, even in the absence of
IFNy response. We also highlight how mast cells and other components in the tumor
microenvironment contribute to tissue dysregulation through angiogenic and immune-

suppressive signaling.

3.1 Introduction

Many prostate cancer patients have lower risk disease that can be managed through
active surveillance or local therapies, however patients with more aggressive disease have
a higher risk of progression even after standard treatment options. Approaches such as
androgen deprivation therapy (ADT) are often met with initial success but may result in
eventual hormonal resistance and continued disease progression (239). The treatment-
refractory nature of prostate cancer in some cases highlights the need for novel solutions.

Immune checkpoint inhibition (ICI) therapy has been considered as one potential
option for patients with aggressive disease, however clinical trials using ICI in prostate

cancer have shown minimal success in the metastatic setting (207). It is hypothesized that
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this may be due to the generally immune “cold” environment of prostatic tissue. Studies
have shown that prostate tumors have generally low T-cell infiltration and often harbor pro-
inflammatory and pro-tumorigenic immune populations such as myeloid derived
suppressor cells and M2-like macrophages, especially after long periods of ADT therapy
(240, 241). In addition to a suppressive tumor microenvironment, late-stage prostate
cancers are also characterized by high levels of T-cell exhaustion, a mechanism by which
cytotoxic cells lose their cytokine expression and upregulate key checkpoint molecules
such as PD-1 and CTLA4 (242)°. Although ICl therapy is aimed at preventing T-cell
exhaustion and reinvigorating partially exhausted cells, the lack of response in many
patients who have received ICI suggests that exhaustion may not be the sole barrier to IClI
response in prostate cancer patients.

This highlights the fundamental need for a better understanding of the prostate
tumor landscape and how its intrinsic properties and cellular interactions may support
resistance to current therapy options. Unfortunately, the dynamics of the prostate tumor
microenvironment (TME) and its changes in response to treatment remain incompletely
characterized, with previous single cell RNA-sequencing studies often limited by a lack of
temporal sampling. Understanding how prostate cancer responds, adapts, and develops
resistance to therapy remains a critical area of research with implications for therapy design
and selection and ultimately patient outcomes.

Here, we analyze both tumor and non-tumor specimens from subjects with
localized but aggressive prostate cancer, both prior to and after initial course of treatment.
This gives a unique look into the naive tumor landscape and how prostatic tumors
fundamentally change after androgen axis blockade alongside the anti-PD-1 immune

checkpoint inhibitor pembrolizumab. Transcriptional analysis, in conjunction with inference
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of structural variations has allowed us to confidently annotate malignant cells and better
understand the direct effects of treatment on the tumor epithelium. Unenriched
transcriptional profiling in conjunction with receptor-ligand cross-talk analysis also
provides fundamentalinsight into broader interactions within the TME and their potential

implications in therapeutic response or resistance.

3.2 Results

3.2.1 Subject sampling and overview

We recently demonstrated that T cell intrinsic androgen receptor (AR) activity
correlates with poor response to PD-1 targeted immunotherapy in metastatic castration
resistant prostate cancer patients (88). To gain insight into the effects of AR on the prostate
cancer immune landscape, we performed single cell RNA sequencing (scRNA-seq) on cells
isolated from both tumor and non-tumor specimens from subjects enrolled in a Phase Il
single-arm, open label, neoadjuvant hormonal plus immunotherapy clinical trial for high-
risk localized prostate cancer (NCT03753243).

Longitudinal specimens were collected prior to the initiation of androgen axis
inhibition (GNRH agonist therapy plus AR inhibition) and pembrolizumab, and at the time of
prostatectomy after sixteen weeks of treatment (Fig. 3.1A). In total, 47 prostate specimens
were collected across 18 individuals (Fig. 3.1B). After scRNA-seq and processing of these
specimens, we successfully recovered single cell transcriptomes for 158,838 cells with
108,317 cells (69.5%) passing all filtering criteria.

Integration of subject samples and unsupervised clustering revealed 27 distinct

groups of cells. These clusters were merged into 8 super groups shared broadly across
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samples and annotated using canonical markers and top differentially expressed genes,
with resulting cell type identities including: fibroblasts, mast cells, B-cells & plasma cells,
endothelial cells, epithelial cells, myeloid cells, and T-cells & NK cells (Fig. 3.1C, 1D).
Notably, epithelial cells also sub-clustered distinctly based on prostate specific antigen
(PSA) expression status giving distinct PSA-high and PSA-low subsets of epithelial cells (Fig.
3.1C, 1D).

Across samples, epithelial, myeloid, and NK & T cells were consistently the most
abundant cell types captured, however we also observed high variability in cell type

abundance between subjects, and even for samples within the same subject (Fig. 3.1E).

3.2.2 Neoadjuvant androgen axis inhibition with aPD1 therapy changes both tumor and

non-tumor cellular compositions

Previous work analyzing the effects of androgen deprivation therapy has highlighted
the immunosuppressive characteristics of androgen and characterized increases in both T-
cell abundance and transient proliferative ability under androgen suppression (243). Other
reports have also described associations between ADT response and tumor-associated
myeloid cells. Tumor-associated macrophages and T-regulatory cells are observed in
biopsies from subjects on androgen deprivation therapy (ADT), and lower TAM infiltration is
associated with longer overall survival (244). Further, loss androgen and AR signhaling in
MDSCs promotes tumor progression by enhancing the immunosuppressive capacity of
MDSCs (245). Therefore, response to ADT and ICB may be associated with the impacts of
androgens on the immune cells within the tumor environment.

To assess the effect of androgen axis inhibition alongside aPD-1 therapy, we

assessed relative abundance of each cell type between tumor and non-tumor labeled
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specimens, and across pre- and post-treatment timepoints. Surprisingly, the baseline
proportion of each cell group was largely consistent between tumor and non-tumor tissues,
with no significant differences in overall proportions between locations (Supplemental
Figure 7). In contrast, the administration of neoadjuvant androgen axis inhibition with aPD-1
was associated with multiple changes in the cellular landscape of the prostate, including a
significant drop in PSA-high epithelial cells, consistent with previous reports showing tissue
atrophy in androgen sensitive tumor and non-tumor tissues (Fig. 3.1F) (246). Notably, PSA-
low epithelial cells did not change significantly with treatment and remained consistent in
both tumor and non-tumor locations (Fig. 3.1F). We also observed an increase in myeloid
cells across all tissues, consistent with previous findings that also show infiltration of
myeloid populations such as tumor associated macrophages (Fig. 3.1F). In addition, we

observed a tumor sample specific increase in NK & T-cells following treatment (Fig. 3.1F).
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Figure 3.1 Sampling overview and heterogeneity of prostate samples

A) Tumor and non-tumor biopsies were taken from treatment naive tissues for subjects with

stage llIA high-risk localized prostate cancer (HRLPC), Gleason score = 8 and PSA >20 ng/mL.

Subjects underwent 16 weeks of androgen axis inhibition (GNRH agonist + enzalutamide) with

concurrent aPD-1 therapy (Pembrolizumab). After drug course, subjects underwent radical

prostatectomy where both tumor and non-tumor tissues were again sampled. Single cell

suspensions were generated from biopsy and radical prostatectomy samples and sc-RNAseq
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was performed using an Illumna NovaSeq 6000. B) Heatmap representing the presence or
absence of a subjects’ samples (y-axis) by timepoint and location (x-axis). Green squares
represent subject samples that were successfully collected, processed and sequenced. C)
UMAP projection of clustered and annotated cell types: B/plasma cells, T/NK cells, myeloid
cells, mast cells, fibroblasts, endothelial cells, epithelial cells (PSA-high and PSA-low). D)
Expression of 12 canonical markers (y-axis) was used to annotate each of eight cell types (x-
axis). PSA-high and PSA-low cells were categorized based on shared expression of EPCAM with
differential KLK3 (PSA) expression. E) Relative cellular composition (y-axis) for each subject (x-
axis) is shown as a series of stacked bars, with each color representing an annotated cell type
according to the key as shown. F) Baseline versus post-treatment proportions of each cell
population within tumor (top) and non-tumor (bottom) specimens are shown as a series of
boxplots, where each pair of boxplots corresponds to a specific cell type along the x-axis.
Proportions are reported as the relative quantity of each cell type across all cells from a given
specimen. Asterisks (*) indicate significant difference (Wilcoxon rank-sum test, p<0.05) in cell

composition between baseline and post-treatment timepoints.

3.2.3 Malignant epithelial cells show responsiveness to androgen deprivation

Given that the goal of androgen deprivation therapy (ADT) is to starve androgen
dependent tumor cells of a necessary hormone, we sought to confirm the ‘on target’ drug
effect of androgen blockade. We focused on the epithelial cell population, interrogating
nuances among five distinct sub-populations including: two different luminal cell clusters
(high KLK2, KLK3, and KLK4), basal cells (KRT5, KRT14, and TP63 positive), and two other
epithelial cells (OE1 and OE2) with less defined cellular characteristics but clear pan-
epithelial marker expression (EPCAM, CDH1, and CEACAM1 positive) (Fig. 3.2A, 3.2B). To
clarify the cell identities of both the OE1 and OE2 clusters, all epithelial subsets were
scored using gene signatures for club cells; a population previously identified in normal

prostatic as well as lung tissues (247, 248). The OE1 subset had a significantly higher club
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signature score than all other identified subsets, suggesting this cluster may consist of
predominantly club-like epithelial cells (Fig. 4.2C). OE2 cells expressed genes associated
with neuroendocrine cells but could not be confidently annotated.

To identify a malignant subset within the tumor-specific epithelial cell population,
we interrogated expression of a malignancy signature constructed from genes previously
defined in literature (see methods) (196). One subset of luminal cells, denoted as luminal
(1), expressed a high malignancy signature (Fig. 3.2D) compared to the second subset,
subsequently referred to as luminal (2) cells. (Fig. 3.2D). Moreover, the prevalence of
luminal (1) cells was heavily enriched in subject tumor samples compared to hon-tumor
samples and similarly enriched at baseline prior to treatment when compared to samples
taken post-treatment at time of prostatectomy (Fig. 3.2E). In contrast, luminal (2) cells did
not show significant changes in prevalence across tissues or sampling timepoints,
suggesting that changes in luminal cell proportions are specific to cells expressing high
malignancy signature. We also observed a significant increase in the proportion of club-like
OE1 cells with treatment (Fig. 3.2E). We further confirmed the malignant nature of luminal
(1) cells via copy number variation (CNV) analysis using inferCNV. Inferred aberrations for
subjects with paired tumor and non-tumor biopsies, demonstrated that luminal (1)
populations harbored unique subject-specific aberrations, while other epithelial
populations did not.

The specific decrease in the proportion of malignant epithelial cells after treatment
suggests on-target therapeutic effects. Indeed, hallmark gene set enrichment analysis
revealed a marked decrease in androgen pathway gene expression in post-treatment
epithelial cells (Figure 3.2F). We also investigated the effects of androgen axis inhibition

directly on epithelial cell androgen pathway signaling. Average androgen response scores
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for each subject showed a notable reduction in AR signaling with treatment, primarily driven
by luminal populations (Supplemental Figure 8) and reflecting on-target androgen axis
inhibition (Fig. 3.2G). This result was consistent across tumor and non-tumor tissues with
no significant difference in response signatures between sampling locations. Repeating this
analysis specifically for malignant epithelial cells confirmed downregulation of androgen
response signature (Fig. 3.2G). Taken in conjunction with proportional differences, this
suggests that all luminal populations are responding to androgen axis inhibition, however

population loss is preferentially occurring in malignant luminal cells.

3.2.4 Antigen presentation machinery is upregulated with treatment and correlated with

androgen axis inhibition

Previous literature has also shown that inhibition of AR activity in prostate tumors is
associated with increased antigen presentation and may aid with improved immune-driven
tumor clearance (249). To investigate whether we see similar responses in our data we
scored all epithelial cells using an antigen processing and presentation score using genes
defined in the Reactome database (250). Pseudobulk comparisons of antigen presentation
scores showed significant increases in antigen processing and presentation across
subjects following treatment (Fig. 3.2G). This upregulation of antigen presentation signature
with treatment was also seen in malignant cells, suggesting this a common treatment
response across both malignant and non-malignant epithelial cells. Additional analysis
also demonstrated a significant inverse correlation between androgen pathway score and
antigen presentation score across subjects (r=-0.49, p=0.013).

Although AR activity has been shown to directly modulate antigen pathway

expression in vitro, one alternative explanation for increased antigen presentation in vivo is
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through intrinsic IFNy response (251). We therefore assessed an IFNy response score using
a signature constructed from epithelial response to exogenous IFNy application in epithelial
cells from previous literature (Calistri et al. in press). Although we see indications of IFNy
response in pseudobulk data, IFNy response scores in malignant cells alone do not change
significantly with treatment (Fig. 3.2G). Notably we also see higher levels of FOXA1
expression in malignant epithelial cells compared to combined non-malignant epithelial
sub-populations, a gene associated with inhibition of IFN response in previous literature
(log2FC=0.37, p<1e-16) (252). This suggests that while IFNy may play a role in the overall
upregulation of antigen presentation in bulk epithelial cells, it may not contribute to the

same antigen upregulation in malignant subsets.
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Figure 3.2 Epithelial cell identities and responses to treatment

A) ldentified epithelial cells were re-clustered into five subtypes (two luminal, one basal, and
two other epithelial cells [OE]) and projected into UMAP space. B) Heatmap demonstrates
relative expression of malignancy associated genes (PCA3, AMACR, ERG, CACNA1D, COL9A2,
GCNT1, GABP5, PHGR1) and other canonical markers (x-axis) among each of the five epithelial
sub-populations (y-axis). C) Violin plot demonstrating the distributions of relative club cell

sighature expression'? (y-axis) among epithelial subpopulations as labeled (x-axis). D) Violin

95



plot demonstrating the distributions of relative malignancy signature expression (y-axis; see
methods) among epithelial subpopulations as labeled (x-axis). E) Baseline versus post-
treatment (prostatectomy) proportions of each epithelial cell subpopulation within tumor
(top) and non-tumor (bottom) specimens are shown as a series of boxplots, where each pair
of boxplots corresponds to a specific cell type along the x-axis. Proportions are reported as
the relative quantity of each cell type across all epithelial cells from a given specimen.
Asterisks (*) indicate significant difference (Wilcoxon rank-sum test, p<0.05) in cell
composition between baseline and post-treatment timepoints. F) Hallmark gene set
enrichment analysis (GSEA), with normalized GSEA enrichment score (x-axis) depicted for each
of seven hallmark gene sets (y-axis). Size of points represents the number of genes
differentially expressed within an altered gene set. All presented gene sets are significantly
altered (Wilcoxon rank-sum test, adj. p < 0.05). G) Androgen pathway, antigen presentation,
and IFNy response scores (see methods) are plotted as aggregate values, either across total
epithelial cells or identified malignant cells per subject sample. Dotted lines connect subjects
with paired baseline and prostatectomy samples. Asterisks (*) indicate significant changes in
the proportion of a given cellular population between baseline and prostatectomy (Wilcoxon

rank-sum test, p < 0.05).

3.2.5 Evidence of activated CD8 T cell influx after neoadjuvant androgen axis inhibition
with aPD1 therapy
In previous studies investigating T-cell exhaustion, ICI therapy has been shown to
increase the expression of proliferative markers such as Ki67 and is matched with
restoration of cytotoxic signaling through re-invigoration of T-cells (66). Since subjects
received treatment that also includes aPD-1 therapy, we sought to investigate exhaustion
and potential aPD-1 response among the T-cell populations present in tumor samples.
Upon re-clustering CD3+ NK and T cells into distinct subtypes (Fig. 3.3A, 3.3B), we

identified multiple CD8 T-cell populations at varying stages in the activation spectrum
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according to relative expression of early effector genes (IFNG, IL2, TNF) compared to
activated cytokine expression (GZM family genes); these cell types included: naive CD8 T-
cells, recently activated CD8 effector cells, cytotoxic T-cells, and terminally differentiated T-
cells (Fig. 3.3D). Other populations were also characterized and annotated in detail (see
methods).

Interestingly, we saw a significant increase in what we defined as recently activated
CD8-effector cell populations across both tumor and non-tumor tissues with response to
treatment (Fig. 3.3C). In tumor, CD8-effector changes were in conjunction with a
proportional decrease in CD4-naive and yd T-cell populations. In non-tumor tissues, we
saw a similar loss of naive and yd populations, as well as an increase in terminally
differentiated CD8 T-cells and Tregs (Fig. 3.3C).

With the abundance of literature highlighting the relevance of T-cell exhaustion in
the context of aPD-1 treatment, we also wanted to assess any signs of functional
exhaustion in our data. Interestingly, we found negligible expression of PD-1, LAG3, and
TIGIT (Supplemental Figure 9), all markers generally associated T-cell exhaustion (81). Only
one cluster, annotated as CD8-cytotoxic-2, expressed high levels of exhaustion associated
markers, however these cells retained expression of IFNG, FASLG, and multiple GZM family
genes normally lost in functional exhaustion phenotypes (Fig 3.3D). While PD-1, LAGS, and
TIGIT are associated with exhaustion in T-cells, they are also important markers of cognate
antigen encounter. Unfortunately, we are unable to differentiate early exhaustion from

antigen encounter in CD8-cytotoxic-2 cells given the available data.
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Figure 3.3 Neoadjuvant androgen axis inhibition with aPD1 therapy results in an
influx of recently activated T cells

A) UMAP projection of 11 broadly annotated NK and T-cell clusters as labeled. B) Row-
normalized heatmap showing expression of canonical and functional T-cell markers (y-axis) by
annotated high-resolution cluster identities merged for broad cell annotations (x-axis). C)
Boxplot of proportional changes in annotated NK & T cell sub-types across tumor (top) and
non-tumor (bottom) with treatment. Baseline versus post-treatment (prostatectomy)
proportions of NK&T cell subpopulations, grouped by broader cell type, within tumor (top)
and non-tumor (bottom) specimens are shown as a series of boxplots, where each pair of
boxplots corresponds to a specific cell type along the x-axis. Proportions are reported as the

relative quantity of each cell type across all NK&T cells from a given specimen. Asterisks (*)
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indicate significant difference (Wilcoxon rank-sum test, p<0.05) in cell composition between
baseline and post-treatment timepoints. D) Row-normalized heatmap showing expression of

cytokine and effector genes (y-axis) in identified CD8 T-cell populations (x-axis).

3.2.6 Myeloid sub-population proportions remain constant across treatment

Not considered canonical aPD1 targets, myeloid cells nonetheless have a complex
and important role in both suppressing and assisting with tumor growth and metastasis.
Previous studies have shown that M2-like macrophages and MDSC’s can alter the balance
of pro- vs. anti- tumorigenic signaling and assist in tumor resistance to therapy (244, 245).
We therefore investigated the distribution of distinct myeloid subpopulations across our
samples, including immature myeloid suppressor-like cells (iMSCs), dendritic cells, innate
lymphocytic cells (ILC’s), patrolling monocytes, resident macrophages, and tumor
associated macrophage (TAM)-like cells with high expression of APOE (APOC1, APOE high)
and alternately with low expression of APOE (Fig. 3.4A, Fig. 3.4B).

While the global proportion of myeloid cells across subject samples increases with
treatment, we do not observe significant proportional changes in the vast majority of
myeloid subsets, with the exception of non-tumor APOE-high TAM-like cells (Fig. 3.4C). This
suggests that treatment stimulated influx of myeloid populations occurs in a non-specific
manner and not through recruitment of specific sub-populations. Notably, we see relatively
stable proportions of iIMSCs across treatment in both tumor and non-tumor tissues, a
population characterized by high their expression of genes associated with MDSC'’s (Fig.
3.4D). These cells are often associated with resistance to therapy and tumor metastasis in

late-stage disease, however we observe their presence even in treatment naive biopsy
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samples, consistent with previous treatment naive observations from single cell prostate

cancer biopsies (196).
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Figure 3.4 Inflammatory myeloid subsets are present in treatment naive tissues and
remain constant with treatment

A) UMAP projection of re-clustered myeloid populations with broad annotations. B) Heatmap
represents expression of common myeloid markers (y-axis) across 12 high-resolution myeloid
cell clusters ultimately merged for broad annotations (x-axis). C) Baseline versus post-
treatment (prostatectomy) proportions, after grouping by broader myeloid cell type, of 7

myeloid subpopulations within tumor (top) and non-tumor (bottom) specimens are shown as
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a series of boxplots, where each pair of boxplots corresponds to a specific cell type along the
x-axis. Proportions are reported as the relative quantity of each cell type across all myeloid
cells from a given specimen. D) Gene signature score for MDSC-like phenotype was
constructed and applied to cells aggregated by sub-population annotation (see methods).
iMSCs had significantly higher levels of MDSC-score than other myeloid populations (Wilcoxon

rank-sum test, adj. p < 0.05).

3.2.7 Angiogenesis, inflammation and wound healing are upregulated with treatment

Cellular processes such as angiogenesis and inflammation have been well
described in the context of various cancers, including prostate cancer (253-256). In
particular, inflammatory signaling has been emphasized as a key driver of
immunosuppression and dysregulated angiogenesis has been linked with tumor growth and
metastasis (257). In prostate cancer specifically, androgen deprivation therapy has been
associated with increased angiogenesis and studies have suggested a role for anti-
angiogenic targeting in conjunction with aPD1 therapy as a potential treatment for further
investigation (258, 259).

Leveraging gene set enrichment analysis (GSEA) of pre- versus post-treatment
pseudobulk samples, we identified suppression of androgen response and activation of
apoptotic signaling, in keeping with our prior observations among isolated epithelial cells.
Additionally, we saw activation of signals associated with inflammation and tissue
dysregulation (i.e., TNFa signaling, hypoxia, and IFNy response), all consistent with previous
reports (Supplemental Figure 10) (260, 261).

To further investigate how specific cell types might be driving tissue dysregulation in
the tumor microenvironment we scored each using an inflammatory signaling score, as well

as an angiogenic signaling score through the application of gene sets previously defined in
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Hirz et al. (196). Although myeloid cells contributed the most to overall inflammatory
signaling, consistent with our identification of pro-inflammatory myeloid populations, we
did not observe an increase in myeloid inflammatory signature after treatment. In contrast,
PSA-high epithelial cells, endothelial cells, B/plasma cells, mast cells, and T&NK cells all
showed relatively low levels of baseline inflammation but signs of increased inflammatory
signaling at time of prostatectomy, indicating broad upregulation of inflammatory signaling
across the majority of cell types with treatment (Fig. 3.5A). Similarly, we observed broad
upregulation of angiogenic signaling with treatment across a variety of cell types including
both PSA-high and PSA-low epithelial cells, myeloid cells, T&NK cells, and mast cells (Fig.
3.5B). Importantly, these phenomena were highly consistent across all subjects (Fig. 3.5A-
B).

Alongside upregulation of angiogenic and inflammatory signaling pathways, we also
saw upregulation of multiple genes associated with growth factor signaling and wound
healing responses (VEGF, EGF, S100 family genes, MMP family genes) (262). To investigate
the contributions among different cell populations, we next analyzed inferred receptor-
ligand interactions via CellChat (263). Most notably, cross-talk inference highlighted mast
cells as a key contributor of VEGF signaling to endothelial cells and EGF signaling to
epithelial cells at time of prostatectomy (Fig. 3.5E, 3.5F). In particular, EGF signaling was
primarily driven by interactions between EGFR and AREG (Supplemental Figure 11).
Notably, AREG expression has been previously associated with cancer migration and
metastasis and is also upregulated in other cell populations including myeloid cells and
B/plasma cells at time of prostatectomy (264). Although we do not see signs of strong
cross-talk between AREG expressing cells and T-cells, expression of AREG in literature has

also been shown to upregulate Treg activity and further facilitates their suppressive function
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(265). For mast cells specifically, their presence and expression of VEGF has also been
associated with increased micro vessel density and resistance to anti-angiogenic therapies,

as well as resistance to aPD-1 therapies (266, 267).
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Figure 3.5 Receptor-ligand interaction inference highlights mast cells as key drivers
of growth factor signaling

A) Baseline versus prostatectomy inflammatory (top) and angiogenesis (bottom) signatures

adapted from Hirz et al.12

are shown as a series of boxplots, where each pair of boxplots
corresponds to a specific cell type along the x-axis. B) Inflammatory (top) and angiogenesis
(bottom) signatures (see methods) are plotted as aggregate values across all cells per subject
sample. Dotted lines connect subjects with paired baseline and prostatectomy samples.
Epidermal growth factor (EGF) signaling (C) and vascular endothelial growth factor (VEGF)
signaling (D) were assessed through receptor-ligand interactions using CellChat3!. Cell types
initiating pathway signaling are represented on the left-hand side of each plot (y-axis), while
cell types receiving pathway signal are represented on the bottom of each plot (x-axis). Within
the heatmap, each value represents the relative pathway signaling strength of each sender-
receiver pairing. Bars on the right and top of each plot represent the cumulative signal sent
and cumulative signal received for each cell type, respectively. For both EGF and VEGF, plots

on the left side represent baseline receptor-ligand interactions while the right hand represents

receptor-ligand interactions at prostatectomy.

3.3 Discussion

To the best of our knowledge, this represents the first single-cell transcriptomic
study to report on temporal sampling of paired naive and post-treatment samples in
prostate cancer. We characterize compositional and transcriptional changes throughout
the prostate cancer cellular landscape, including malignant epithelial cells and key immune
cell populations.

Across subjects, we were able to identify a sharp and consistent decrease in PSA-
high epithelial cells consistent with on-target treatment response. While proportional
changes suggest a response to therapy, re-clustering of epithelial cells allowed for the
identification of malignant cells and direct analysis of treatment response in both malignant
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cells and psuedobulk epithelial cells. Using this approach, we were able to identify a
significant drop in androgen pathway activity indicative of androgen axis inhibition and a
correlated increase in expression of antigen presentation machinery. The observed
correlation between low AR activity and increased antigen presentation is consistent with
previous in vitro findings that show androgen receptor activity can directly modulate the
expression of genes related to antigen processing and presentation through upstream
androgen response elements (200) . While there are other known mechanisms that
upregulate antigen presentation, such as response to IFNy, malignant epithelial cells in our
dataset do not show signs of increased IFNy response with treatment and subsequently
show increased expression of FOXA1, a gene linked with IFNy resistance in previous
literature (252). Thus, the mechanism(s) AR-associated repression of antigen presentation
machinery expression in epithelial cells may be independent of the impact of AR on IFNy in
the tumor environment.

Within the tumor, we also see an increase in NK & T-cells with treatment, primarily
driven by CD8 T-cells with an effector like phenotype. While NK & T cell proportions
increased in tumor tissue specifically, we saw a much broader influx of myeloid cells across
both tumor and non-tumor tissues. Unlike with NK & T-cell populations this shift appeared
to be driven by a broad influx across a variety of cell types already present in baseline
samples. While myeloid populations remained proportionally stable with treatment, we
observed the presence of both iMSC’s and TAM-like populations, both of which have also
been identified in previous single-cell prostate cancer analyses and associated with poor

prognosis in bulk tumor analyses (244, 245).
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Although our analysis of T-cell populations indicates signs of activation, the
presence of multiple immune-suppressive myeloid populations highlights the importance
of the tumor microenvironment and complex interplay between immune populations
therein. This is further emphasized by post-treatment upregulation of both inflammatory
and angiogenic signaling across a variety of different cell types. In particular, mast cell
expression of both VEGF and AREG highlights the broad ability forimmune cells in the TME
to influence other cell populations. VEGF is perhaps the best known regulator of endothelial
growth and associated with both normal and tumor-associated angiogenesis (268).
Similarly, under normal conditions AREG is associated with wound healing and tissue
normalization, however in tumor contexts increased AREG expression has also been
associated with tumor migration and resistance to therapy (264, 269). The association of
AREG and VEGF expression with poor disease prognosis in other studies, and the
treatment-related upregulation of cross-talk related to both receptor-ligand pathways in our
data warrants further investigation.

Our study has several limitations. Given additional time is needed to reach study
endpoints, we are unable at this time to report on clinical outcomes or other subject-level
clinical details. This unfortunately limits our ability to link observed proportional and
transcriptional changes with clinical response. In addition, we are blinded to measurable
tumor burden, potentially reducing our power to detect differences between tumor and
non-tumor specimens, as some subjects were reported to have diffuse prostatic disease
which may have impacted the ability to take purely non-tumor biopsies. In addition, while
we attempted to use objective clustering approaches with minimal bias, single cell
annotations are inherently subjective and clustering itself may misattribute cell identities

for intermediate or outlier cell states. Our interpretations of results are based on a mix of

107



both canonical and differential genes, but ultimately constrained by gaps in current
biological knowledge. Our results are further constrained by the current limits of scRNA-
seq, including limited per-cell sampling depth, transcriptional dropout, and variance in read
quality, among other phenomena. In future studies we plan to link clinical outcomes with
transcriptional biomarkers to identify potential prognostic markers of response or early

indicators of resistance.

3.4 Methods

3.4.1 Subject samples

Treatment-naive, high-risk prostate cancer subjects with Gleason grade > 8-10 enrolled on
clinical trial NCT03753243 underwent biopsy of a primary tumor lesion and non-tumor
tissue prior to treatment. Following 14 to 16 weeks of treatment with neoadjuvant
pembrolizumab (QW3) with anti-androgen therapy (enzalutamide plus GNRH inhibitor),
subjects received a radical prostatectomy procedure. At the time of prostatectomy,

biopsies from tumor lesions and paired non-tumor tissue were obtained.

3.4.2 Biopsy processing

Fresh biopsy specimens were collected immediately following the biopsy or prostatectomy
procedure and processed same-day. Biopsies were mechanically dissociated using forceps
and scissors into pieces that could be pipetted in phosphate buffered saline (PBS, Hyclone
#SH30028FS) using a serological pipette. Biopsies were further dissociated by shaking at
300 rpm for 30 minutes at 37 °C in PBS containing 30 U/mL DNAase | (Roche
#04536282001), hyaluronidase (Sigma # H6254-500MG), and 1 mg/mL collagenase IV

(Sigma #C5138-1G). Tissue digests were then filtered through 70 pm mesh filters (BD

108



Biosciences ##352350) to obtain single cell suspensions. Samples were then

cryopreserved in 90% FBS + 10% DMSO for later batch processing.

3.4.3 Single cell RNA library preparation and sequencing

Single cell capturing and library preparation were performed using the Chromium Next GEM
Single Cell 3’ v3.1 kit (10X Genomics, PN-1000128) according to the manufacturer’s
instructions. Cryopreserved single cell suspensions of biopsies were thawed and filtered
through a 30 pum filter prior to loading up to 30,000 cells per sample onto the Next GEM chip.
Libraries were pooled and sequenced using an Illumina NovaSeq 6000 with 2 x 100 bp
paired-end sequencing. Raw sequencing reads were aligned to the human reference

genome GRCh38 and quantified using CellRanger (10x Genomics, v6.2.1).

3.4.4 Sample pre-processing and integration

Unless otherwise specified, all single cell analysis was performed using Rv.4.2.2 and
Seurat v.4.3.0 (270). Initial samples were filtered to remove ambient RNA contamination
using SoupX (271) (https://github.com/constantAmateur/SoupX) with default
recommended settings. After ambient de-contamination, individual samples were filtered
to keep only cells with greater than 500 features and less than 25% of reads aligning to
mitochondrial genes. Filtered samples next underwent doublet identification and prediction
using DoubletFinder (272) (https://github.com/chris-mcginnis-ucsf/DoubletFinder) with
default settings and an expected doublet formation rate of 7.5%, filtering out all droplets
with a high doublet likelihood. Samples were then merged and normalized by batch based

on the 2000 most variable genes using the Seurat ScaleData() function. Merged data was
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then integrated across batches by performing principal component analysis and using

Harmony (273) v0.1 on the first 30 principal components (PC’s).

3.4.5 |Initial clustering and cell identification

Clustering was performed using the Louvain algorithm after calculating nearest neighbors
using the first 10 Harmony components as input to the FindNeighbors function. A clustering
resolution of 0.68 was selected after optimizing to reduce the average root mean square
deviation (RMSD) of clusters, then fine tuning resolution for cluster stability using the
Clustree package v0.5.0, ultimately identifying 27 clusters. Positive differentially expressed
markers for each of the identified clusters were determined using Seurat’s FindAllMarkers
function and manual cell type annotation was performed based on the top markers for each
cluster as well as canonical markers. Ultimately, clusters with shared canonical markers
were merged to into 8 broad supergroups. Gene set enrichment analysis (GSEA) was
performed using the GSEA() function from cluster profiler to compare psuedobulk baseline
to prostatectomy samples. Only genes with a log2FC threshold of at least +/- 0.5 between
baseline and prostatectomy were used and all hallmark gene sets were queried for

enrichment.

3.4.6 Epithelial re-clustering and identification

Identified epithelial cells from the initial clustering step were re-normalized and re-
clustered using the same approach as above, but instead using the 5000 most variable
features during normalization and re-integration. A clustering resolution of 0.35 was
ultimately selected, again based on RMSD minimization and clustering stability. Positive

differentially expressed markers for each of the identified clusters were determined using
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Seurat’s FindAllMarkers function and manual cell type annotation was performed based on
the top markers for each of 15 graph based clusters, as well as using key genes from
previous literature (196, 274). Grouping based on shared gene signatures resulted in 5
broader epithelial groups including two subsets of luminal cells, one subset of basal cells,
and two subsets of other epithelial cells that did not directly fit pre-defined cell identities.
Luminal subsets were differentiated based on a shared luminal gene signature including
(KLK2, KLK3, and KLK4, AR), in conjunction with expression of defined malignancy genes
including (PCA3, AMACR, ERG, CACNA1D, COL9A2, GCNT1, FABP5, and PHGR1) that were
consistently expressed in the luminal (1) subset but not luminal (2) cells. Scores used to
assess club and malignancy phenotype in epithelial cells were defined using the genes
defined in Hirz et al. (196) and scoring cells using the AddModuleScore function in seurat.
Gene set enrichment analysis (GSEA) was performed using the GSEA() function from
clusterProfiler to compare psuedobulk baseline to prostatectomy samples. Only genes with
a logFC threshold of at least +/- 0.5 between baseline and prostatectomy were used and all

hallmark gene sets were queried for enrichment.

3.4.7 Inference of chromosomal aberrations in epithelial subsets
For subjects with paired tumor and non-tumor samples, chromosomal aberrations were
inferred using inferCNV v1.3.3 (Trinity CTAT

Project, https://github.com/broadinstitute/inferCNV). For each subject, non-tumor

epithelial cells, excluding luminal (1) cells, were used as background reference while all
tumor epithelial cells were assessed for chromosomal aberrations. Copy number variants

were inferred using the inferCNV “subcluster” mode with a cutoff of 0.1 as recommended
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for 10X derived data and use of HMM for inference smoothing. After inference and

smoothing, CNV’s were compared visually for regional amplifications/deletions.

3.4.8 Quantification of androgen response, antigen presentation, and IFNy response in
epithelial subsets
Epithelial cells were scored for antigen presentation and androgen pathway expression
using the AddModuleScore function in Seurat, and the
“REACTOME_ANTIGEN_PRESENTATION_FOLDING_ASSEMBLY_AND_PEPTIDE_LOADING_O
F_CLASS_I_MHC ” and “HALLMARK_ANDROGEN_RESPONSE ” gene sets from the
Molecular Signatures Database (MSigDB) respectively. To aggregate scores on a per sample
basis, mean expression was calculated across all scored cells, sub-setting by cell type and
time point where relevant. Wilcoxon ranked sum tests were used to compare mean scores
at baseline and prostatectomy in order to incorporate both paired and unpaired samples.
IFNy response signature in epithelial cells was again calculated using Seurat’s
AddModuleScore(), using a list of 453 genes differentially upregulated (Log2FC > 0.5, FDR <
0.01) in HCC1143 cells treated with 10ng/mL of IFNy for 72 hours compared to PBS vehicle

control (Calistri, in press).

3.4.9 NKandT cellre-clustering and identification

Identified NK and T cells were further analyzed through re-normalization and re-clustering
using the approach previously described for epithelial re-clustering with the 5000 most
variable features and a cluster resolution of 0.99. Using the same graph-based clustering
approach and RMSD minimization, we identified 3 NK and 18 T-cell clusters. Each cluster

was identified using a mix of top differentially expressed genes and relative expression of
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canonical markers. Cells annotated based on activation spectrum including naive,
early/recently activated effector, cytotoxic, and terminally differentiated T-cells were all
characterized based on their position on a spectrum of early effector signhal expression
(IFNG, IL2, and TNF) compared to cytotoxic gene expression (GZMA, GZMB, GZMH, and

GZMK).

3.4.10 Myeloid re-clustering and identification

As with epithelial and NK&T cell subsets, myeloid populations were re-normalized and re-
clustered using the same approach RMSD based approach and a clustering resolution of
0.56. In total, we identified 14 myeloid clusters. Using canonical marker expression we
identified two clusters of immature myeloid suppressor-like cells (iIMSC’s) (ST00A8, TREM1,
CSF3R positive), three clusters of dendritic cells, two tumor associated macrophage (TAM)-
like clusters with high expression of APOE (MSR1, APOC1, APOE positive), and two TAM-like
clusters characterized by low expression of APOE. In addition, we identified clusters
including innate lymphocytic cells (ILC’s), patrolling monocytes (high levels of CXCL
markers), and resident macrophages. MDSC signature was defined using genes previously

detailed in Hirz et al.’> and applied using the AddModuleScore() function.

3.4.11 Cell-cell communication inference

Cell to Cell communication analysis between initially identified cell types was performed
using CellChat with the default receptor-ligand database. The integrated single-cell dataset
was split into baseline and prostatectomy subsets and receptor-ligand interactions were
estimated using the identifyOverExpressedinteractions() function on each respectively. Cell

to cell communication probabilities were assessed using the computeCommunProb()
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function. Baseline and prostatectomy communication inference objects were then merged,
and interactions upregulated with treatment were identified using the rankNet() function

with statistical estimation.
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Chapter 4: Conclusions and Future Directions

4.1 Conclusions

Together, the studies described herein demonstrate a role for AR in regulating the
response of CD8T cells to infections and the prostate tumor microenvironment. In both
cases, disrupting androgen signaling leads to the increase in markers of CD8 T cell effector
function, suggesting that AR activity limits effector differentiation and function in both mice
and humans. These findings have major implications for understanding sex differences in
immune responses and for improving immunotherapeutic strategies, particularly in male-
biased diseases.

In Chapter 2, AR is shown to be dynamically regulated upon TCR engagement, with
peaks during early activation and directly post-priming. Functionally, AR dampens effector
CD8* T cell expansion and cytokine production (especially IFNy), while simultaneously
skewing the formation of memory phenotypes. Loss of AR leads to heightened effector
responses and enhanced acute expansion during infection and results in memory cells that
are skewed toward an effector-like, CXSCR1* phenotype with enhanced recall capacity.
These findings suggest that AR tempers initial CD8 T cell activation and is required for
memory fithess and long-term protection.

In Chapter 3, AR inhibition via ADT and small molecule inhibitors combined with
anti-PD-1 therapy reduced tumor AR activity and malignant cell burden while increasing
antigen presentation gene expression in epithelial cells. Notably, this occurred in the
absence of increased IFNy signaling in epithelial cells, implicating AR in the repression of
antigen presentation pathways independent of IFNy. Furthermore, treatment facilitated

CDS8* T cellinfiltration and activation, without overt signs of exhaustion. These data mirror
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the T cell-intrinsic findings—where AR loss enhances CD8" effector function—and extend
them to a tumor context, showing that AR activity in epithelial cells also regulates
immunogenicity.

Both studies converge on the idea that AR is a critical immunoregulatory node, not
only within CD8* T cells but also in tumor epithelial cells. The T cell study shows that AR
dampens effector and memory potential, while the human prostate tumor study
demonstrates that its inhibition is associated with enhanced antigen presentation, a
prerequisite for effective T cell priming. These findings provide mechanistic insight into why
men, who have higher androgen levels, may exhibit weaker responses to infection and
immunotherapy compared to women—a phenomenon well-documented in clinical
epidemiology. The data support a model in which AR enforces immune restraint in both
immune and non-immune cells, contributing to male-biased susceptibility to certain
infections and reduced efficacy of immune checkpoint inhibitors (ICls).

These studies also suggest therapeutic opportunities. In prostate cancer, combining
AAI with ICIs improved immune infiltration and tumor antigenicity. The CD8* T cell data
indicate that timing AR inhibition to coincide with early activation may optimize T cell
expansion and effector function. However, chronic or prolonged AR inhibition may
compromise memory formation, potentially limiting long-term immunologic protection—an
important consideration for vaccine strategies and adoptive T cell therapies.

The research highlights AR as a molecular mediator of sex differences in immune
responses. Men generally exhibit lower CD8" T cell activation and memory formation,
consistent with the suppressive role of AR. In infections like COVID-19 or influenza, males

have higher mortality, and sex hormones have been implicated in these disparities. The
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findings support targeting AR (or downstream effectors) as a strategy to boost immunity in
male patients, particularly in settings where robust CD8" responses are required.
Interestingly, the ARKO model recapitulates features of female-like immunity in male
mice—enhanced effector function but reduced memory persistence—underscoring the
plasticity of sex hormone regulation in immunity. Future studies might explore whether
modulating AR during specific stages of infection or therapy (e.g., early effector versus
memory maintenance phases) can fine-tune immunity without inducing exhaustion or loss

of recall potential.

4.2 Limitations of the applicability of conclusions

The investigations described in Chapter 2 of this dissertation are primarily
concerned with understanding how androgen hormones and AR activity interact with sex as
a biological variable to influence immune responses and disease susceptibility, but does so
primarily by comparing XY males and XX females with normal sexual development and
circulating hormone concentrations. Although this approach does not consider the full
diversity of biological sex, nor does it consider the contribution of sex chromosome linked
gene expression, the findings herein contain important implications for those that do not fall
into the usual XY male and XX female categories, as discussed in Chapter 1.

Additionally, Chapter 3 of this dissertation addresses the impact of systemic
androgen hormone ablation and its intersection with ICB in prostate cancer patients. By
nature, this study does not address the impact of sex hormones on sex differences in
immune cells but rather addresses such mechanisms in only XY individuals. While Chapter

3 does not directly describe sex differences in immune cells and ICB response, the findings
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therein may resemble mechanisms that are also involved in driving sex differences in
immune cell phenotype, function, and immunotherapy response across cancer and disease
types. However, addressing such questions is outside of the scope of this work.

Further, while sex chromosome composition and gender identify are strongly linked,
with XX individuals generally self-identifying as women and XY individuals generally as men,
the former biologically based classification does not unequivocally divide individuals by
gender identity. In fact, just as the biological classification of sex is not binary, nor is the
spectrum of gender identity, and each undoubtedly influences immunity and disease
susceptibility through independent mechanisms. For example, a person’s gender identity
may influence their environmental exposures, lived experience in the structure of society,
and access to and participation in healthcare systems (275). Nonetheless, sex and gender
are strongly correlated and interact to influence disease susceptibility and treatment
outcomes. However, the investigations herein do not consider how gender identity interacts
with biological sex to influence the mechanisms of sex hormone action, disease

susceptibility, and immune responses.

4.3 Future research directions

The findings presented so far lay the ground work for further work elucidating the
role of AR in T cells and the mechanisms by which AR influences responses to acute
infection and cancer. Several open questions are outlined below, with suggested

approaches to address them.

4.3.1 Theinfluence of AR on CD8 T cell homeostatic maintenance
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As discussed earlier in Chapter 2, AR influences the abundance of memory-like
CD8T cells present at steady state in male mice. However, the mechanism by which AR
suppresses differentiation of memory-like CD8 T cells at steady state is still unclear. We
reveal that CD127 (IL-7R) and CD5 expression are both mildly reduced on ARKO CDS8T cells
compared to WT in male mice. CD5 expression is directly related with the strength of TCR
signal a T cell experiences during development or during homeostasis, so the mild
reduction in CD5 expression on ARKO CD8T cells may reflect slightly lower TCR signal
strength received by those cells at steady state. Thus, CD5 expression does not support
TCR signaling as the mechanism that drives enhanced virtual memory differentiation in
ARKO cells. On the other hand, the amount of CD127 expressed on the cell surface controls
the sensitivity of CD8 T cells to IL-7 signaling (276). Therefore, the reduced expression of
CD127 on the surface of ARKO cells may reflect a reduced sensitivity to IL-7 signaling.
However, surface expression of CD127 is controlled by a negative feedback loop
downstream of signaling through CD127. Thus, the reduced CD127 on ARKO cells could be
a reflection of increased signaling through CD127 experience in vivo and may explain the
increase in memory-Llike differentiation. Additionally, signaling through the IL-15R (CD122) is
known to reduce the surface expression of CD127, so sensitivity to IL-15 signaling may also
be involved. To test whether these mechanisms might be involved in the observed
phenotype, further studies should test the sensitivity of WT and ARKO CD8 T cells to IL-7
and IL-15 signaling by treating cells with those cytokines and assessing 1) whether adding
exogenous IL-7 and/or IL-15 is able to induce memory-like differentiation of naive WT and
ARKO cells and 2) the relative activation of the phosphorylation cascade downstream of

each of the cytokine receptors.
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4.3.2 Mechanisms of AR-mediated regulation of thymocyte development

One of the known mechanisms by which AR influences sex differences in T cells is
through their development in the thymus. In the thymus, thymic epithelial cells express the
transcription factor, autoimmune regulator (AIRE), which controls expression of
endogenous genes to be presented to developing T cells to query for TCR reactivity to self-
antigens (277). Therefore, AIRE is a critical component of T cell development and influences
developing T cell survival or rejection. Aire is expressed at higher levels in thymic epithelial
cells (TECs) of males compared to females, and is induced by androgen hormones and
repressed by estrogens (278, 279). Therefore, male and female TECs may present disparate
antigens to query TCR reactivity during development. With heightened AIRE expression,
which is critical for negative selection of developing thymocytes, male mice may more
efficiently reject self-reactive T cells, which could at least partially explain the female bias in
autoimmune diseases. In fact, previous studies demonstrated that Aire knockout mice
which develop experimental autoimmune encephalopathy are resistant to the protective
effects of androgens on EAE severity (278).

Other mechanisms, including costimulatory receptor and cytokine engagement, are
also important to properly support thymocyte development and may influence peripheral T
cell self-reactivity (280). The work described in this dissertation suggests a role for AR in
controlling sensitivity to homeostatic cytokines, including IL-7, by modulating the
expression of cytokine receptors. Therefore, future work should seek to determine whether
there are AR-influenced mechanisms that skew thymocyte development other than AIRE
expression. Comparing the peripheral TCR diversity between males and females may
provide a clue as to whether the biological differences in sex influence T cell selection. If

that is true, | would expect to observe increased TCR diversity among females, reflecting an
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increased diversity of TCRs that survive negative selection, potentially due to relatively
lower AIRE expression. Indeed, in humans T cells in the gut of female exhibit increased signs
of activation, including CD69 and Ki67 (167, 281), suggesting sex differences in the

sensitivity to steady state tonic signals received by T cells.

4.3.3 Mechanisms of AR expression in CD8T cells

In Chapter 2, Ar mRNA expression is shown to be dynamically changed following
TCR and co-stimulatory receptor engagement. This rapid induction and contraction of Ar
expression in close proximity to TCR stimulation strongly suggests that signals downstream
of TCR and co-receptor stimulation induce the expression of Ar and that AR may play an
important role in the fate decisions made early in CD8 T cell activation. Future studies
should attempt to elucidate which factors downstream of TCR and co-receptor signaling

may be involved in regulating Ar expression, including NFAT, AP1, and NF-kB.

4.3.4 Detecting AR expression in primary T cells

A significant limitation of the study of AR activity in CD8 T cells to date has been the
limited evidence of AR protein expression in primary CD8 T cells from mice and humans. In
our previous publication, the Moran Lab showed AR protein expression in human
lymphocytes in prostate tissue and secondary lymphoid organs using
immunohistochemistry (IHC) (88). However, these data were not able to discriminate
whether AR-expressing lymphocytes were CD8 T cells or another subset of lymphoid cells.
A similar histology approach that includes AR staining along with CD3, CD4, and CD8
counter stains would be able to discriminate between the two major lineages of T cells and

determine which subset(s) express high levels of AR in human tissues. Additionally,
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developing a method to specifically detect AR expression in CD8 T cells may empower other
methods to study AR in CD8 T cells in more detail. For example, if AR could be stained for
flow cytometry, we could determine whether there is variety in the amount of AR expressed
in CD8 T cells and whether varying levels of expression correlate with specific phenotypes,

functions, or signals received by CD8 T cells.

4.3.5 Profiling the AR target genes, cistrome, and interactome in primary CD8 T cells

A significant challenge of this project has been attempting to elucidate the target
genes of AR in primary CD8 T cells. RNA sequencing of bulk antigen-specific T cells at
baseline, 24-hours post-stimulation, at the peak of acute infection, and in memory CD8 T
cells revealed few differentially-expressed genes between ARKO and WT cells (Chapter 2,
some data not shown). It is possible that due to low expression in primary cells, the
influence of AR on gene expression is relatively small and to have the power required to
detect difference in expression of AR-target genes would require larger sample sizes.
Additionally, it is possible that like the expression of Ar itself, the influence of AR on the
expression of its target genes is dynamic and transient, requiring precise timing to observe
the influence of AR.

Another significant challenge has been finding a commercially-available AR
antibody that can reliably detect AR in primary CD8 T cells, discussed above. If an AR-
reactive antibody that works well on CD8 T cell AR is found or developed, it would be a
valuable tool in investigating the mechanisms of AR regulation in CD8 T cells. In Chapter 2,
we profiled target genes of ARIn T cells, but resorted to a model of AR overexpression in an
immortalized T cell line, which is relatively decoupled from direct physiological relevance. It

will be important to validate our findings through similar approaches in primary CD8 T cells
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using ATACseq and immunoprecipitation and mass spectrometry to profile the epigenetic
changes induced by AR in primary T cells and assocaiate those changes with interactions
with chromatin-modifying enzymes. Additionally, targeted sequencing approaches like
chromatin immunoprecipitation sequencing (ChlPseq) could more definitively profile the

AR cistrome in primary cells.

4.3.6 Elucidating the role of AR in bacterial versus viral infections

One of the most intriguing findings of Chapter 2 is the finding that AR expression
differentially influences the persistence of memory CD8 T cells in bacterial versus viral
infections. We find that AR expression limits the persistence of memory CD8 T cells
following bacterial infection while it supports the persistence of virus-specific memory
cells. This context-dependent role for AR is supported by epidemiological evidence from
human disease, which shows that males are generally more susceptible than females to
various viruses, but not all viruses. For example, females tend to be more susceptible to HIV
and IAV, which is consistent with our findings that female memory CD8 T cells do not persist
as well as male cells following LCMV infection. To determine whether the sex difference in
disease susceptibility and memory persistence observed in mice is similarly dependent on
the type of virus encountered, studies of WT and ARKO CD8 T cell responses to other viral

infections, including vaccinia virus (VacV) and IAV, in mice should be performed.

4.3.7 Therole of AR in prostate tumor mast cells and endothelial growth factor production
The most striking inferred cell interaction revealed by our analysis of prostate tumor
cells post-treatment was the endothelial growth factor production by mast cells. As early as

1891, mast cells were observed in the prostate tumor environment in close proximity to
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prostate cancer cells (282). High infiltration of mast cells into the prostate tumor
environment has been associated with lower Gleason score and positive prognosis (283)
Within the tumor environment in multiple cancer types, mast cells are known to influence
type 2 immunity, angiogenesis, and wound healing responses (282). Vascular normalization
has increasingly been appreciated as a mechanism to mitigate the hypoxic tumor
environment and improve circulation in the tumor, thereby alleviating two important barriers
to immune responses to cancer (284). Therefore, mast cells may be an important factor that
contributes to the enhanced infiltration of T and NK cells into the prostate tumor
environment following neoadjuvant ADT + anti-PD1 therapy. This possibility warrants further
investigation, which may reveal targetable mechanisms by which mast cells support the

immune response and response to immunotherapy in prostate cancer.

4.3.8 Assessment of 5-year survival in prostate cancer patients treated with combination

ADT and anti-PD1

So far, we have only been able to describe the cellular landscape of prostate tumors
before and after treatment with ADT and anti-PD1 therapy and have not been able to
associate changes in the microenvironment composition with patient outcomes. When the
clinical trial endpoint of 5-year radiographic progression-free survival is reached, there will
be an opportunity to add survival outcomes as a predictor in our models of the tumor
environment and associate specific features with response to therapy. The findings of such
an analysis could be valuable in determining appropriate parameters for patient
stratification into groups more and less likely to respond to treatment. If we can predict with
high confidence which patients are more likely to respond to treatment, we can prioritize

those patients to receive the combination treatment while allowing likely non-responders to
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consider other treatment modalities. We will further be able to compare the outcomes of
this novel neoadjuvant therapy strategy to current standard-of-care, which could provide
rationale to continue to study this combination as a new first-line therapy for high-risk

patients.

4.3.9 Determining whether the increased activated CD8 T cells in combination treated

prostate cancer patients participate in the anti-tumor reaction

In Chapter 3, we demonstrate an increase in the frequency of activated CD8 T cells
in the tumor environment following combination treatment as well as an increase in antigen
presentation in prostate epithelial cells. These findings together provide evidence that CD8
T cells in the tumor environment may respond to antigens presented by prostate epithelial
cells thereby receiving an activating signal allowing them to participate in the anti-tumor
response. However, further work is required to determine whether that is the case. An
approach that would provide more evidence of activated CD8 T cells responding
specifically to prostate epithelial cells would be histological analysis of prostate cancer
tissues to spatially profile the landscape of cells of the tumor environment before and after
treatment. If CD8 T cells respond directly to antigens presented by prostate cancer cells
following treatment, we should expect to observe a significant co-localization of activated

(CD69*) CD8 T cells alongside antigen-presenting (MHCI") prostate cancer cells.

4.3.10 Elucidating the mechanism(s) of the synergy between ADT and anti-PD1 blockade in
prostate cancer
In our previous publication, the Moran Lab demonstrated that low AR activity in CD8

T cells prior to anti-PD1 ICB was associated with treatment response in metastatic prostate

125



cancer patients (88). In mouse models of chronic LCMV infection, we demonstrated that
knockdown in CD8 T cells alone, rather than systemic ADT, was able to enhance CD8T cell
anti-viral responses and prevent functional exhaustion. Interestingly, in the context of
chronic infection as opposed to cancer challenge, anti-PD1 therapy was not necessary to
restore CD8 T cell function. This finding reveals the possibility that there are fundamental
differences in the functional exhaustion induced by chronic infection as opposed to cancer
challenge, such that exhaustion induced during prostate cancer challenge is resistant to
anti-PD1 therapy. Previous studies have demonstrated that terminally-exhausted CD8 T
cells in the tumor microenvironment exhibit a unique epigenetic state that is not reversed
by ICB or clearance of chronic antigen persistence (285). Therefore, | propose that the
requirement for both ADT and anti-PD1 blockade to induce an immunotherapy response in
prostate cancer patients hinges on the influence of ADT on the epigenetic plasticity of
exhausted CD8T cells. Epigenetic profiling of exhausted CD8 T cells in the context of
prostate cancer, with or without ADT and/or anti-PD1 ICB could shed light on the epigenetic
changes induced by these two therapies and determine whether the epigenetic state

associated with terminal exhaustion is reversed by ADT.
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Appendix I: Supplemental Figures
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Supplemental Figure 1: ARKO mouse baseline phenotyping

(A) Example flow cytometry plots of thymocyte populations (top) and quantification of
relative abundances of various thymocyte subsets (bottom). (B) Flow cytometric
assessment of the frequency of CD8a+ T cells among TCRB+ cells in WT and ARKO male
lymph nodes (LN) and spleens. (C) Comparison of naive and virtual memory CD8 t cells
from the same mouse, showing flow cytometric measurement of CD127, CD5, and TCRB
expression.Mechanistically, in vitro models reveal AR cooperation with epigenetic
modifying proteins, AR regulation of T cell epigenetic state, and repression of the

expression of effector- and memory-associated genes.
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Supplemental Figure 2: Acute stimulation of WT versus ARKO CD8 T cells

(A) Volcano plots of DEGs between ARKO and WT mouse CD8 T cells 24 hours after in
vitro stimulation with plate-bound anti-CD3 and anti-CD28. (B) Flow cytometric
measurement of IFNy and TNFa expression by male WT or ARKO CD8 T cells after three
days in vitro with anti-CD3 and anti CD28 stimulation. Prior to permeabilization and
staining, cells were re-stimulated with PMA/lonomycin in the presence of brefeldin A for 4
hours. (C) Cells from male and female WT and ARKO mice were stimulated as described

above and similarly assessed for cytokine and Ki67 expression on day 3 post-stimulation.
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Supplemental Figure 3: FACS Sorting

(A) Flow cytometric purity test of sorted naive OTI T cells used for adoptive transfers in
figures 2 and 3. (B) Flow cytometric test of the mix ratio of WT and ARKO OTI cells mixed

before adoptive transfer.
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Supplemental Figure 4: Jurkat model validation and IP-MS

(A) Example flow cytometry staining for AR expression in LNCaP (human prostate cancer

cells as positive control) and sub-clones of Jurkat-AR and Jurkat-EV cells. (B) StringDB

network analysis of all proteins detected with net intensity >0 after pull-down with AR

from two independent Jurkat-AR clones.
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Supplemental Figure 5: Jurkat RNAseq DEG comparisons

Volcano plots of DEGs between paired conditions of Jurkat-AR and Jurkat-EV cells.
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Supplemental Figure 6: Jurkat ATACseq selected gene tracks

Example genome tracks showing chromatin accessibility at regions of interest in the

genome of Jurkat-AR and Jurkat-EV cells, including
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Supplemental Figure 7: Cell type proportions aggregated by tissue and time

Each of the 8 broadly identified cell types is represented by a set of boxes. Each sample is
represented by a dot and aggregated by timepoint (top) or location (bottom). For time
based aggregations samples aggregated at baseline are represented in blue and those
aggregated at prostatectomy are represented in red. For location based comparison non-
tumor and tumor aggregations are represented by yellow and green respectively.

Asterisks (*) indicate significant difference (Wilcoxon rank-sum test, p
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Supplemental Figure 8: Treatment based changes in androgen pathway and antigen

presentation scores by epithelial sub group

Androgen pathway score (top) and antigen presentation score (bottom) are compared
across baseline (blue) and prostatectomy (red) for each sub-population of epithelial

cells.
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Supplemental Figure 10: Gene set enrichment analysis of hallmark pathways in

pseudobulk tissue

Enrichment of hallmark pathways was assessed using differentially expressed genes
identified through pseudobulk comparison of all cell types in aggregate between baseline

and prostatectomy tissues.
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Supplemental Figure 11: Relative receptor-ligand contributions to pathway signaling

Receptor-ligand pairs (y-axes) active in VEGF signaling (top) and EGF signaling (bottom)

are each represented by a bar. The relative size of bars within each plot represent the

relative contribution of pairs within and not overall strength of receptor-ligand signaling.

Left plots represent receptor-ligand pairs at baseline and right plots represent receptor-

ligand pairs at prostatectomy.
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Appendix Il: Androgen receptor activity in T cells limits
checkpoint blockade efficacy

| am a contributing author for the following manuscript that was published in Nature
in 2022 and is being included here in an unedited form. My contributions to the manuscript
include experimental design and analysis of mouse CD8 T cell Ar gPCR data and

participating in the editing and peer review processes.
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Immune checkpoint blockade has revolutionized the field of oncology, inducing
durable anti-tumour immunity in solid tumours. In patients with advanced prostate
cancer, immunotherapy treatments have largely failed . Androgen deprivation
therapy is classically administered in these patients to inhibit tumour cell growth, and
we postulated that this therapy also affects tumour-associated T cells. Here we
demonstrate that androgen receptor (AR) blockade sensitizes tumour-bearing hosts
to effective checkpoint blockade by directly enhancing CD8 T cell function. Inhibition
of ARactivity in CD8 T cells prevented T cell exhaustion and improved responsiveness
to PD-1targeted therapy viaincreased IFNy expression. AR bound directly to /fng and

M Check for updates

eviction of AR with asmall molecule significantly increased cytokine productionin
CDS8T cells. Together, our findings establish that T cell intrinsic AR activity represses
IFNy expression and represents a novel mechanism of immunotherapy resistance.

Sex-dependent differencesin response toimmunotherapy have been
reported®, and in metastatic castration-resistant prostate cancer
(mCRPC), checkpoint blockade therapy has largely failed">”. Despite
evidence thatandrogens suppress T cell functionand IFNy production?®,
itisunclear whether sexhormones candirectly impact the effectiveness
of T cell-targeted cancerimmunotherapies. The mainstay of treatment
forincurable prostate cancer is androgen deprivation therapy (ADT),
which canbe accomplished medically (GnRH agonists or antagonists)
or surgically (bilateral orchiectomy), as well as by AR antagonists.
Although therapyisintended to target tumour cells, T cells express sex
hormone receptorsincluding AR’ ™. Since clinical response in cancer
immunotherapy trials has been associated with a strong intratumour
IFNy signature before initiation ofimmunotherapy> ™, we postulated
that one mechanism of immunotherapy resistance could be through
androgen-mediated repression of IFNy. Notably, AR inhibition with
PD-1blockade (NCT02312557) (Extended Data Fig. 1a, b) resulted in
aresponse rate of 18%, challenging the paradigm that immunother-
apy would not work in patients with advanced prostate cancer*®,
This clinical response raised the possibility that AR inhibition had
directly orindirectly enabled T cells to respond to PD-1inhibition.

Immune landscape of mCRPC

We performed single-cellRNA sequencing (scRNA-seq) oncellsisolated
fromeightindividualmetastatictumourlesionsfrommenwithmCRPCwho
had biochemical or radiographic progression on enzalutamide prior to
treatment with pembrolizumab. Thisincluded three responders and five

non-responders, with response defined by a prostate-specific antigen
(PSA) decline of > 25% upon immune checkpoint blockade (Extended
Data Fig. 1b). Biopsies were obtained and tumour-infiltrating leuko-
cytes (TILs) sorted (Extended Data Fig. 2a). We merged cells from all
patients and clustered the data into tumour cell and major lymphoid
and myeloid immune cell subsets (Fig. 1a, Extended Data Fig. 2b, c,
Supplementary Table 1). Although responders and non-responders
showed widespread heterogeneity (Extended Data Fig. 2c), there was
no significant difference in CD4 T, CD8 T, natural killer (NK), B cell, or
myeloid cell proportions or tumour mutational burden to explain the
overall response to checkpoint therapy (Extended Data Figs. 1c, 2d).
Consistent with other reports, all responders exhibited abundant CD8
T cellsamong total leukocytes'”*® (Extended DataFig. 2d). Two out of the
five non-responders showed anabundance of CD8 T cells (Extended Data
Fig. 2d), indicating that tumour-associated CD8 T cell abundance was
insufficient to stratify responders from non-responders. We also noted
the wide distribution of B cells and monocytes in non-responders com-
paredtoresponders; anobservationthatis under further investigation.

Unsupervised clustering of all T and NK cells yielded three CD4
clusters, six CD8 clusters, and one NK cell cluster (Fig.1b, c). Among
the different subsets, responder lesions were enriched for CD8 T cells
expressing genes associated with antigen encounter and dysfunction
(C4 cluster, P=0.057 two-tailed unpaired Student’s ¢-test; Extended
Data Fig. 2e) as noted by higher transcripts of PDCD1, LAG3, HAVCR2,
TIGIT and IFNG (Fig. 1c, Extended Data Fig. 2f, Supplementary Table 2).
Pathway analysis revealed enrichment of T cell receptor (TCR) sig-
nalling and PD-1signalling in the C4 cluster (Extended Data Fig. 2g),
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Fig.1| Theimmunelandscape of tumours from patients with mCRPC prior
to checkpoint therapy. a, Uniform manifold approximation and projection
(UMAP) of all cells that passed quality control (n =16,044 cells). Cells are
coloured onthebasisof cell type. b, UMAP of all Tand NK cells collected in this

consistent with TCR signalling inducing transcripts shared by acti-
vated and exhausted CDS8 T cells” (Extended Data Fig. 2h). Together,
these data revealed multiple lymphocyte subsets in mCRPC lesions.
Tounderstand whether androgen signalling could limitimmunother-
apy efficacy, we focused our analysis on CD8 T cells because of their
critical rolein PD-1targeted immunotherapy.

Unbiased CDST cell states

Given that two non-responder lesions were abundantly infiltrated
with CD8 T cells, we considered whether a T cell intrinsic state corre-
lated with response, as reported in non-prostate tumour studies? ™.
Considering two therapeutic outcomes to PD-1blockade, response or
non-response, we performed unsupervised clustering of CD8 T cells
from all eight patients to define two transcriptomic states (Fig. 2a).
CD8 k1 cells (k-means cluster 1 CD8 T cells) had higher expression of
inhibitory genes, and genes associated with cytotoxicity, and MHC I1
class, and CD8 k2 cells (k-means cluster 2 CD8 T cells) had increased
expression of heat-shock genes (Fig. 2b, Supplementary Table 3).
CD8 k2 cells also exhibited enhanced expression of BTGI and BTG2
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(Fig. 2b), which have been shown to be involved in the maintenance of
T cell quiescence?. The unsupervised k-means clusters, CD8 kland CD8
k2, very closely overlapped with CD8 T cells from responders (CD8 R)
and non-responders (CD8 NR) (Fig. 2¢) in both cell-population and
gene-expression profiles (Fig. 2b, d, Extended Data Fig. 3a, Supple-
mentary Table 3). Furthermore, previously reported genes associated
withaCDS8T cell state associated with response to PD-1blockade (that
is, TOX, TCF7, FOXPI and BCL2) were minimally expressed in CD8 k1
and CD8R (Extended Data Fig. 3¢, d). Although both CD8 T cell states
existed inresponders and non-responders, CD8 k1 cells were enriched
inresponder biopsies (Extended Data Fig. 3b). Importantly, similar to
some non-responder lesions containing an abundance of CD8 T cells
(Extended DataFig. 2c, d), we also observed that some non-responder
lesions contained CD8 k1 cells but failed to respond to PD-1targeted
therapy (Extended Data Fig. 3b). Notably, some non-responder lesions
were enriched for monocytic cells (Extended DataFig. 2c, d) compared
withresponders. CD4 T cells did not exhibit clear states that were asso-
ciated with response (Extended Data Fig. 4a-c).

Todefine features associated withresponsein CD8 T cells, we computed
differentially expressed genes between CD8T cells fromresponders and
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non-responders (Fig.2d, Supplementary Table 3) and performed master
regulator (MR) analysis. This algorithm infers differentially activated
transcription factors in a defined gene signature (that is, CD8 R versus
CD8 NR) on the basis of the enrichment of each transcription factor’s
gene targets?*2 This analysis predicted the deactivation of multiple
transcription factors, including AR, in responder CD8 T cells (Fig. 2e).
Next, we queried the biological processes enriched in CD8 T cells
fromresponders versus non-responders. This analysis associated clini-
cal PSA response with activation of pathways in CD8 T cells including
TCR, PD-1and IFNysignalling (Fig. 2f). Theincrease in these pathways
corresponded with the deactivation of the NR4A1 pathway (Fig. 2e),a
transcription factor reported to limit the function of tumour-specific

Fig.2|CDS8T cellsignature associated withresponseimplicatesa
functionalrole for AR. a, Unsupervised k-means clustering (n = 5,664 cells) of
CDS8T cells. b, Scaled expression of top 20 differentially expressed genes
ranked by fold change between CD8 k1and CD8 k2 cells. ¢, UMAP plot showing
CDS8T cells coloured by clinical response (CD8 Rand CD8 NR) (n=5,664 cells).
d, Scaled expression of the top 20 differentially expressed genes ranked by fold
changebetween CD8 Rand CD8 NRT cells. e, Master regulator analysis to
identify transcription factors whose activity is different between CD8 Rand
CD8NRTcells. The top 20 transcription factors predicted to be most activated
(red) or deactivated (blue) in CD8 Rversus CD8 NR T cells. Tick marks depict
targets of transcription factors that are positively (red) or negatively (blue)
regulated. Act, inferred differential activity for each transcription factor.

f, Pathway analysis of the top 10 molecular signatures distinguishing CD8 R
versus CD8NRT cells. g, h, Correlation between CD8 k1 versus CD8 k2
signature score (g) or CD8 Rversus CD8 NR signature score (h) with AR activity
inindividual patients on our trial (n =16 patients, from whom bulk RNA-seq but
nosingle-cellRNA-seq datawere available). Each dot representsdatafrom1
patient. Red, responder; blue, non-responder. Two-tailed Pearson correlation.
i-k, Immunohistochemistry of ARin tumours from patients with treatment-
naive prostate cancer, Gleasongrades 4 +3 (i), 3+ 3 (j) and 3 + 4 (k). Arrows
indicate positive AR expressioninimmune cells. I, Kinetics of AR expressionin
purified human CD8T cells after TCR stimulation. Individual data points
represent technical replicates from one experiment. Data depict one
representative experiment of two experiments; two donors of peripheral
blood mononuclear cells (PBMC). Dataare mean +s.d. k1, k-meanscluster1; k2,
k-means cluster 2.

CDS8T cellsand anti-PD-1antibody targeted immunotherapy®. Resist-
ance to PD-1blockade was associated with an increase in the HSP90
steroid hormone receptor pathway (Fig. 2f), achaperone protein that
can facilitate AR function. Together, these data revealed distinct CD8
T cell states associated with response and resistance to PD-1blockade
and suggested that AR downregulationin CD8 T cells was correlated
withimproved function. To corroborate this hypothesisinanindepend-
entdataset, we derived asingle-cell gene signature from differentially
expressed genes between CD8 k1 and CD8 k2, or between CD8 R and
CD8NRand applied thisto bulk RNA sequencing data from metastatic
biopsies from patients. This approach revealed a negative correla-
tion between single-cell signatures and AR signalling on the basis of
either the CD8 k1 (Fig. 2g) or CD8 R cell states (Fig. 2h), which further
suggested that favourable T cell signatures associated with low AR
signalling, a state more likely to respond to PD-1blockade.

Considering that our datasuggested that AR signallingin CD8T cells
negatively correlated with cell function and response toimmunother-
apy, we evaluated whether there was evidence of lymphocytes express-
ing AR within biopsies from prostate cancer patients. Infact, inroutine
ARstaining, we observed AR positive TILs in multiple patientsincluding
non-tumour tissue (Fig. 2i,j, k, Supplemental Fig.1). Furthermore, AR
mRNA was detectable in human CD8 T cells by quantitative PCR, and
increased after TCR stimulation (Fig. 2I).

AR and PD-L1blockade reduce tumours

Low AR activity in CD8 T cells appeared to contribute to effective
PD-1/PD-L1blockade in patients with prostate cancer. To determine
whether AR perturbation with enzalutamide would enable effective
PD-1axis targeted therapy in mouse tumour models, we confirmed
mouse CD8 T cells express Ar (Extended Data Fig. 5a), then implanted
male mice subcutaneously with an ADT and anti-PD-1-resistant pros-
tate tumour (Pten”"; p§3”"; Smad4” PPSM)*. Following tumour ini-
tiation, mice either underwent surgical ADT or were left intact and
were treated with enzalutamide and/or anti-PD-L1antibodies (Fig. 3a).
Although therapy with anti-PD-L1antibody alone or ADT plus enzaluta-
mide had a minimal effect on tumour growth, ADT plus enzalutamide
with anti-PD-L1 antibodies led to significant tumour regression and
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Fig.3|Dualinhibitionof ARand PD-1/PD-L1improvesT cell function and
overallsurvivalin mouse tumour models. a, Experimental design for mouse
tumour model (created with BioRender.com). q3d, dose given every three days.
b, Survival curves of PPSM tumour-bearing mice treated as indicated. Data
combined from4 independent experiments, 8 to 10 mice per group per
experiment. Enza, enzalutamide. ¢, Survival curves of PPSM tumour-bearing
mice treated with combination therapy and anti-CD8 depleting antibody

(10 mice per group). Data depict onerepresentative experiment of two
experiments.d, Survival curves of MCA-205 tumour-bearing mice treated asin
a.Datadepictonerepresentative experiment of two experiments, 8 mice per
group. e-j, PPSM tumour-bearing mice were treated asinaand tumours were
collected the day after the third anti-PD-L1antibody treatment. e, CD44 and
granzyme B expressionin CD8 TILs. f, Percentage of granzyme B* CD8 T cells.
g, IFNyand TNF expressionin CD8 TILs. h-j, Percentage of IFNy* (h), TNF*

(i) and IFNY'TNF* (j) CD8 TILs. Datarepresentative of threeindependent
experiments; three mice per group. k, Experimental design (created with
Biorender.com).l, GSEA llustrating the association of AR-inhibited genesin
mouse TILs with CD8 Rsingle-cell signature (nominal P=0.045, nonparametric
permutation test). Dataare mean +s.e.m.; log-rank (Mantel-Cox) test was used
forb-d. Two-tailed unpaired Student t-test was used for fand h-j.

increased overall survival (Fig. 3b, Extended Data Fig. 5b, ¢). Similar
synergy was observed in orthotopic PPSM tumours (Extended Data
Fig. 5d). Anti-PD-L1 antibodies plus enzalutamide without ADT was
not as effective as anti-PD-L1 antibodies plus enzalutamide with ADT
(Extended DataFig. Se, f), suggesting that the functional perturbation
of ARwith enzalutamide together withreduced testosterone was critical
for optimal effect. Of note, ADT alone had no effect on tumour growth
(Extended Data Fig. 5g). Given the crucial importance of CDS T cells
in effective PD-1-targeted immunotherapy”, we depleted CDS T cells
from tumour-bearing mice and observed aloss of tumour control with
combination therapy (Fig. 3¢, Extended Data Fig. 5h). Last, male mice
implanted with Ar-negative sarcoma tumours were treated with single or
combination therapy. We observed that ADT plus enzalutamide also sen-
sitized these mice to anti-PD-L1antibody therapy (Fig. 3d), suggestinga
direct effect of ADT and enzalutamide on immune cells in the tumour.
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ARinhibitionimproves T cell function

The total number of CD8 TILs was unchanged with monotherapy, but
increased significantly with ADT plus enzalutamide plus anti-PD-L1
antibody treatment (Extended Data Fig. 6a), possibly reflecting
anincrease in proliferation of these cells (Extended Data Fig. 6b).
The major difference between groups was the ability of CD8 TILs to
produce effector cytokines. Production of granzyme B, IFNy and TNF
was significantly increased in T cells from mice treated with ADT plus
enzalutamide plus anti-PD-L1antibody (Fig. 3e-j). Critically, ADT plus
enzalutamide or anti-PD-L1antibody alone was insufficient toimprove
the polyfunctionality of tumour-associated CD8 T cells (Fig. 3e-j), sug-
gesting that reduced AR signalling could establish a CD8 T cell state
permissive to T cell re-invigoration through PD-1/PD-L1blockade. Con-
sistent with this idea, ADT plus enzalutamide slightly decreased the
overall protein expression of PD-1and CD44 (Extended DataFig. 6¢, d).
Similarincreasesin cytokine production were observed in orthotopic
PPSM tumours (Extended Data Fig. 6e-g) or via ADT with the GnRH
antagonist degarelix instead of orchiectomy (Extended Data Fig. 6h-1).
Notably, mice treated with enzalutamide plus anti-PD-L1 antibody in
the absence of ADT showed a partialincreasein T cell effector function
(Extended DataFig. 6m-o0). Finally, we used amodel of T cell adoptive
therapyin male and female tumour-bearing mice. Allmale mice under-
went ADT (degarelix) and were subsequently treated or not treated
with enzalutamide (Extended Data Fig. 7a). In this model, enzalutamide
treatment increased IFNy production of tumour-antigen specific CD8
T cells in both male and female mice (Extended DataFig. 7b, c).

Tofurtherinvestigate whether AR inhibition with enzalutamide plus
ADT enhanced T cell function, we transcriptionally profiled T cellsiso-
lated from the tumour of orchiectomized mice implanted with PPSM
tumours and treated with or without enzalutamide? (Fig. 3k). Using
thegenesupregulatedinT cells after enzalutamide treatment (Supple-
mentary Table 4), we performed gene set enrichment analysis (GSEA)
with the ranked gene list derived from CD8 R versus CD8 NR (Fig. 2d).
These results showed that AR-inhibited genes in mouse TILs were sig-
nificantly enriched in T cells from CD8 R patients (Fig. 31).

T cellintrinsic AR represses IFNy

Effector memory CD8T cells harbour open chromatin regions (OCRs)
associated with Ifng and Gzmb® ¥, which enable rapid production of
IFNy and granzyme B upon TCR ligation. We hypothesized that AR
interacted with the /fngand Gzmb genesin OCRs associated with func-
tional state. To test this hypothesis, we screened OCRs inI[fngand Gzmb
genes at either the CDS effector or memory cell state?® for canonical
androgen response elements (AREs) using the JASPAR database of
transcription factor binding profiles®”. We identified robust AREs in
OCRsassociated with /fng (Extended Data Fig. 8a) in effector memory
CDS8T cells (Supplementary Table 5) and in OCRs associated with Gzmb
(Extended Data Fig. 8a).

Toassesswhether AR could beregulating CD8 T cell function through
bindingtothe OCRs (Supplementary Table 5), we performed chromatin
immunoprecipitation with quantitative PCR (ChIP-qPCR) of AR from
activated T cells. AR bound Ifng and Gzmb OCRs (Fig. 4a), which was
reduced by enzalutamide treatment (Fig. 4b). Together, this suggests
that AR can directly bind and regulate the expression of Ifng, and that
enzalutamide perturbs this by dislodging AR from the chromatin.
To further investigate this observation, we deleted Ar from primary
CDS8 T cells*® and stimulated them for 3 days in vitro (Extended Data
Fig. 8b-d) before performing RNA sequencing. We performed GSEA
analysis on the ranked gene list generated by comparing Ar-deficient
and-sufficient effector CD8 T cells and revealed significant enrichment
of the hallmark IFNy response in Ar-knockout CD8 T cells compared
with wild-type controls (Fig. 4c). Moreover, the CD8 R signature was
significantly enriched in Ar-knockout CD8 T cells (Fig. 4d).
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d, Enrichment of the human CD8 R versus NR signature in mouse Ar-knockout
versus control CD8 T cells. Two-tailed unpaired Student’s t-test. In box plots:
centreline, median; box, interquartile range (IQR; therange between the 25th
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On the basis of these observations, we hypothesized that loss
of AR may protect chronically stimulated CD8 T cells from losing
their capacity to make IFNy>.. To test this, we used a model of T cell
exhaustion, the lymphocytic choriomeningitis virus 13 (LCMV CI13)
model* (Extended DataFig. 8e). The expression of Arremained lowin
Ar-knockout CD8T cells at day 7 after infection (Extended Data Fig. 8f).
Notably, Ar-deficient CD8 T cells from P14 transgenic mice (hereaf-
ter, P14 T cells) were functionally equivalent at day 7 after infection
(Extended DataFig. 8g), but unlike control transgenic P14 T cells, they

retained the capacity to produce IFNy upon peptide stimulation more
than 30 days after infection (Fig. 4e). Likewise, treatment of infected
mice with ADT plus enzalutamide 2 weeks before collection partially
restored IFNy productionin P14 T cells (Fig. 4e). Notably, there were
more antigen-specific CD8 T cells (Fig. 4f) and PD-1expression levels
were lower when Arwas deleted (Fig. 4g).

Last, we evaluated whether the single-cell signature derived from
featuresin CD8 R could delineate patients withmCRPC into ARPVIFNy"
and ARMIFNY'*, which could be used as abiomarker toidentify individu-
als who might benefit from PD-1blockade. Indeed, we observed that
our CD8 Rsignature negatively correlated with AR activity (Fig.4h) and
positively correlated with IFNy pathway activity in a larger cohort of
patients withmCRPC **, Moreover, we postulated that this relationship
between our CD8 R signature, IFNy pathway activity and AR activity
could beextended beyond prostate cancer, similar to the therapeutic
synergy demonstrated in mouse models of sarcoma and adoptive T cell
therapy (Fig.3d, Extended DataFig. 7). Intwoindependent melanoma
datasets from patients prior to treatment with anti-CTLA4 therapy**
(Fig. 4i) or anti-PD-1therapy™ (Fig. 4j), we observed similar negative
correlationsbetween AR activity and CD8 R signature and IFNy pathway
activity. Together, our findings establish that T cell intrinsic AR activity
is a mechanism of IFNy suppression and immunotherapy resistance,
limiting checkpoint blockade efficacy. We propose that in advanced
prostate and immunotherapy-resistant cancer patients, intratumour
androgens may represent a mechanism of resistance to therapy.
Moreover, CD8 T cell intrinsic AR activity may serve as a useful bio-
marker for identifying patients who could achieve clinical benefit with
PD-1/PD-Llinhibitors.

Discussion

Androgens are described as suppressors of inflammation and immune
function®*¢%, potentially contributing to amale biasin the incidence
of cancers of nonreproductive organs®**, Despite low levels of testos-
teroneinthe serum of patients with prostate cancer undergoing ADT,
the metastatic tumour microenvironment remains enriched with sex
hormones*®—the source of which is under investigation*¢. Resistance
to immunotherapy is a clinical challenge in patients with advanced
prostate cancer, and common mechanisms of resistance to therapy
donotexplain the lack of durable anti-tumour T cell responses in this
disease. Notably, a strong indicator of response to immunotherapy
is IFNG expression within the tumour>™ and androgens can sup-
press IFNG®. In this study, we leveraged a clinical trial that combined
androgen-axis inhibition with checkpoint blockade toidentify anovel
mechanism of immunotherapy resistance. We note that our observa-
tions arerestricted toa population of men with Europeanancestry and
may not capture the variability in AR transcriptional activity reported
among different ethnic groups**%. Notably, in a single study of men
of African descent, prostate tumour transcriptional analysis showed
enrichment for genes associated with inflammation, including the IFNy
pathway®. Inaddition, sipuleucel-T therapy has higher activity in Afri-
can Americans thaninnon-Hispanic white people®. Thisunderscores
theneedtobetter understand how racial ancestry infuences hormone
receptor biology and cancer immunotherapy outcomes. In addition,
our findings provide a mechanistic understanding of how ADT might
modify the T cell repertoire in patients with mCRPC*, Finally, our data
revealaT cellintrinsic role for AR regulation of IFNy activity that limits
anti-tumour immunity and T cell re-invigoration. The direct binding
of ARto criticalinflammatory gene enhancer regions providesinsight
into a mechanism of sexual dimorphism of immunity.
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Methods

Patient samples

Patients withmCRPC enrolled in clinical trial NCT02312557"" under-
went biopsy of a metastatic lesion at Oregon Health and Science
University (Portland, OR). All patients had progressive disease on
enzalutamide. Response toimmune checkpointinhibitor was defined
by sustained reduction in PSA from baseline throughout treatment
with PD-1blockade of >25%. All human investigations were carried
out after approval by alocal Human Investigations Committee and
in accord with an assurance filed with and approved by the Depart-
ment of Health and Human Services. Data has been anonymized to
protectthe privacy of the participants. Investigators obtained informed
consent from each participant. For single-cell RNA-seq analysis, fresh
needle biopsies prior to pembrolizumab infusion were collected from
patients enrolled between September 2017 and January 2019 (n=8
patients) which included three responders and five non-responders.
Bulk RNA-seq libraries were made from flash frozen biopsies. Prostate,
colonand tonsil tissue sections were obtained through the Knight Bioli-
braryin compliance with all applicableinstitutional policies, including
Hospital and Clinics and Institutional Review Board (IRB) policies, and
with state (Oregon Genetic Privacy Law) and federal (Common Rule
and HIPAA Privacy and Security) regulations. AR protein expression
was analysed using immunohistochemical analysis (AR (C6F11) XP
Rabbit monoclonal antibody), on formalin-fixed, paraffin embedded
tissue, using a biotin-free protocol® (Ventana Ultraview). Images were
scanned on aLeica Aperio AT2 digital slide imager.

Dissociation of human samples

Freshisolated tumour samples were collected immediately upon biopsy
and processed the same day. Tissue was first minced into small pieces
using a scalpel and transferred to a 15 ml tube followed by digestion at
room temperature in a shaker at 180 rpm for 30 min in1 mg ml™ colla-
genase type IV (Worthington Biochemicals), 100 pg mI™ hyaluronidase
(Sigma-Aldrich) and 20 mg mI™ DNase (Roche) in PBS. Cells were then
further disrupted withalcm?syringe plunger througha 70-pmnylon cell
strainer (BD Biosciences) and filtered to obtain asingle-cell suspension.
Dissociated cells were stained with PE anti-human CD45 (Invitrogen, Clone
HI30) for 30 min at4 °Cand subsequently washed three times with PBS +
1% FBS, resuspended, and counted for yield and viability by trypan blue.

Immune cell enrichment for single-cell RNA-seq

To enrich for leukocytes, FACS-sorting of live (Fixable viability dye
eF780 negative), CD45 positive cells was performed on a BD Bioscience
InFlux cell sorter. Fluidic pressure was minimized at less than 7 PSland
cellsweresorted usingalarge flow nozzle. Sorted cells were collected
into cold PBS +1% FBS. This strategy was used for 7 of 8 samples. One
sample used a PE anti-human CD45 magnetic enrichment and release
strategy (Stemcell Technologies).

RNA-seq 10X Genomics library preparation and sequencing

The enrichedimmune cells areimmediately proceeded for single-cell
RNA-seq library preparation. Single-cell capturing and cDNA library
generation were performed using the 10X genomics Chromium
single-cell 3’ library construction kit v2 (catalogue (cat.) no.120267)
according to the manufacture’s instructions. Libraries were pooled
priortosequencingbased onestimated number of cellsineachlibrary
as determined by flow cytometry cell counts. Sequencing was per-
formed following 10x Genomics instructions using NextSeq (Illumina)
attheMassively Parallel Sequencing Shared Resource (MPSSR) at OHSU.

RNA and DNA isolation from fresh frozen OCT samples and
sequencing

OCT samples were first cut with cryostat to remove excessive OCT
as much as possible. The remaining tissue block was cut at 50 um

per sectionand immediately transfer to RiboZol (VWR, cat.no.N580).
The tissues were incubated in RiboZol at room temperature with
shaking every 3 min until the tissues were completely homogenized.
The homogenate was centrifuged at4 °Cfor10 minat12,000gand the
supernatant was transferred to a new tube and proceeded with RNA
isolation following the manufacturer’sinstructions. DNA wasisolated
fromthe lower two layers after removal of the supernatant following the
manufacturer’sinstructions. RNA-seq library preparation and sequenc-
ing were performed by the MPSSR at OHSU. Whole-exome sequencing
(WES) was performed by Novogene at a depth of 100x.

Mice, tumour models and antibodies

C57BL/6 (stockno.000664), RIP-mOVA (stock no. 005431), OTI (stock
no. 003831), C57BI/6;CD90.1 (also known as Thyl.1) congenic mice
(stock no. #000406) were purchased from the Jackson Laboratory.
P14;Thyl.1transgenic mice were obtained from the laboratory of S.
Kaech. All mice were maintained under specific pathogen-free con-
ditions in the Oregon Health and Science University (Portland, OR)
animal facility. Mouse sample size estimates were determined using
power analysis (power = 80% (tumour survival) or 90% (phenotyping)
and a = 0.05) based on the mean and s.d. from our previous studies.
Survival experiments used at least seven mice per group and pheno-
typing and functional studies at least three mice per group. Mice were
randomly assigned to a treatment group based on the initial tumour
size to create tumour-size balanced cohorts to eliminate tumour-size
differences at the beginning of the experiments. Investigators were
blinded to treatment groups during experiments and survival moni-
toring. Sexually mature 12-week-old males were used for the mouse
Pten™"; p537"; Smad4” (PPSM) castration-resistant prostate tumour
model and 3’-methylcholanthrene (MCA) 205 sarcoma tumour model
studies. PPSM (a gift from R. DePinho), MCA-205 cells (a gift from S.
Shu) and MCA-205-OVA (a gift from M. Gough) were propagated invitro
using complete media, RPMI 1640 (Lonza) containing 0.292 ng ml™
glutamine, 100 U ml™ streptomycin/penicillin, 0.1 mM non-essential
amino acids,1 mMsodium pyruvate, and 10mM HEPES (Sigma-Aldrich)
as previously described>* ¢, Cell lines were authenticated by genome
and/or targeted sequencing and tested and confirmed to be myco-
plasmaand endotoxin-free using the MycoAlert Detection kit (Lonza).
All culture mediareagents were purchased from Hyclone Laboratories
unless noted otherwise. Control ratIgG (mlgG1) and anti-PD-L1(mlIgGl,
clone 80) antibodies were obtained from MedImmune (Astra Zeneca)’.
Anti-PD-L1antibodies were used in lieu of PD-1blocking antibodies as
previously described®®. Mice were randomly assigned to treatment
cohorts, and tumours were about 25 to 50 mm? (by two-dimension cali-
per measurement) at the start of treatment. Any mouse with atumour
larger than 150 mm?was euthanized per our guidelines from the Insti-
tutional Animal Care and Use Committee. No outliers were excluded
fromthe data presented. All animal experiments were approved by the
Institutional Animal Care and Use Committee of OHSU.

Tumour challenge, treatments and orchiectomy surgeries

One million PPSM or 0.5 x 10° MCA-205 tumour cells were injected on
the hind flank of 12-week old C57BL/6 male mice (8 mice per group for
survival experiments or 3 per group for phenotyping experiments).
Onday 7 (survival) or day 14 (phenotyping) post tumour inoculation,
the tumour-bearing mice were left intact, orchiectomized as previ-
ously described®, or treated with 0.5 pg of degarelix by subcutaneous
injection once every 14 days. On the same day, mice were started on
enzalutamide diet (50 mg kg™ in Purina chow 5053, Research Diet,
0.25 mg per mouse per day) or control diet, and treated with 4 doses
of 200 pg rat IgG or anti-PD-L1 antibodies 3 days apart (see Fig. 3d).
For CD8 depletion studies, 200 pg anti-CD8« (Clone 53-6.7, BioXcell)
was given on days 7 and 11. All antibody injections were given intra-
peritoneally. For orthotopic tumour implantation in the prostate, 10°
PPSM cells were injected as previously described®® and orchiectomy
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was performed during the same surgery. For tumour antigen specific
experiments, 0.5 x 10° MCA-205-OVA tumour cells were injected on
both flanks of RIP-mOVA mice (4 to 5 mice per group). All males were
treated with 0.5 pg of degarelix by subcutaneous injection at time of
tumour injection. Seven days later,1x10° OTI;Thyl.1CD8 T cellsisolated
from splenocytes of OTI;Thyl.1 mice were adoptively transferred by
intravenousinjectioninto the tumour-bearing mice, and mice started
onenzalutamide or control diet.

Lymphocyteisolation

Lymphnode (inguinal) and spleens were processed to obtain single-cell
suspensions using frosted ends of microscope slides. Spleens were
incubated with ammonium chloride potassium lysing buffer (Lonza)
for3 minatroomtemperaturetolyse red blood cells. Cells were rinsed
with PBS containing 1% FBS and 4 mM EDT. Tumours were collected the
day after the third treatment with anti-PD-L1antibodies, or 12 days post
adoptive transfer of OTI T cells into MCA-OVA tumour-bearing mice.
TILswereisolated by dissection of tumour tissue into small fragments
ina50-cm? conical tube followed by digestion at room temperaturein
abacterial shaker at 180 rpm for 30 min in 1 mg ml™ collagenase type
IV (Worthington Biochemicals) and 20 mg mI™ DNAse (Roche) in PBS.
Cellswere then further disrupted with al-cm?syringe plunger through
a70-pm nylon cell strainer (BD Biosciences) and filtered to obtain a
single-cell suspension.

Flow cytometry

Cellswereincubated for 20 minonice with e506 fixable viability dye and
the following antibodies: TCR[3 (H57-597), CD4 (RM4-5),CD8 (53-6.7),
CD44 (IM7), PD-1(J43) and Thyl.1 (HIS51). Intracellular proteins Ki67
(SolA15), IFNy (XMG1.2), TNF (MP6-CT22),Nur77 (12.14) and granzyme B
(NGZB) were detected using the Fixation/Permeabilization Solution kit
from BD Biosciences. All antibodies and viability dyes were purchased
from eBioscience, Biolegend, or BD Biosciences®. Datawere collected
with a Fortessa flow cytometer (BD Biosciences) and analyzed using
FlowJo software (Tree Star). Unless noted otherwise in the figure legend,
cells were gated through live/TCRB*/CD8" gates for analysis.

Invitro activation and intracellular cytokine staining

Bulk TILs, splenocytes and/or blood were plated in 96-well plates and
stimulated for 4-5 h with PMA (80 nmol) and ionomycin (1.3 pmol),
SIINFEKL peptide (1 nM, GenScript) or gp33 peptide (10 nM, Gen-
Script) in presence of brefeldin A (BFA). Cells were then stained for
surface markers, fixed and permeabilized, and stained for intracellular
cytokines.

NanoString sample preparation and processing

PPSM tumour-bearing mice were treated with one dose of degare-
lix and started on enzalutamide or control diet on day 7 post tumour
inoculation. One week later, tumours were collected and processed to
single-cell suspension. For tumour samples, EpCam positive tumour
cellswere removed using PE positive selection kit (EasySep, STEMCELL)
after staining the samples with EpCam-PE antibody. Enriched tumour
infiltrated T cells were used to isolate RNA using RNeasy Kit (Qiagen).
50 ng RNA from each sample was used to measure RNA expression
of genes in the nCounter mouse immunology panel using nCounter
SPRINT profiler.

Chromatinimmunoprecipitation

Male splenic T cells were isolated using magnetic separation (Mouse
total T cell EasySep, STEMCELL) and platedina dish coated with 5 pg ml™
anti-CD3(145-2C11) and 1.5 pg mI " anti-CD28 (37.51) antibodies (ebiosi-
ence)toactivate T cells, and treated with DMSO or 2.5 ptM enzalutamide.
After 72 h, the cells were collected, and AR ChIP was performed using
the iDeal ChIP kit for transcription factor from Diagenode. In brief,
cells were cross-linked using 1% formaldehyde, followed by chromatin

isolation. The isolated chromatin was then sheared to obtain a size
of 300 to 700 base pairs using Diagenode Bioruptor Pico sonicator.
For immunoprecipitation, 250 pl of the sheared chromatin solution
wasincubated with 5 pg of anti-AR antibody (Sigma-Aldrich 17-10489)
or control normal rabbit IgG antibody (Sigma-Aldrich 12-370) bound
to protein A/G coated magnetic beads overnight at 4 °C with rotation.
Theimmunoprecipitated protein-DNA complex was washed rigorously,
followed by reverse-crosslinking and DNA elution. 2.5 pl of sheared
chromatin (1% of input) from control as well as enzalutamide treated
samples were processed separately for preparing input sample DNA.
The chromatin regions were measured by qPCRin the eluted DNA sam-
ples. The primers to amplify OCRs in /fng (forward: GGTGTTGCAAAG
ACCTAG, reverse: GCAGTCCTTTTAATTACCCTG) gene were used in
gqPCR. gPCR signals from each treatment group were normalized to the
signal from the corresponding1%input sample. Therelative abundance
of the chromatin regions bound to AR was calculated by normalizing
to IgG control.

CRISPR-Cas9 Argene deletion in naive CD8 T cells

Naive WT or P14 CD8 T cells were purified from spleens using mag-
netic separation (Mouse CD8 T cell EasySep, STEMCELL). Ar was
then deleted in purified naive CD8 T cells according to the detailed
protocol®. sgRNA targeting the mouse Ar gene (sgRNA 1: AATACTG
AATGACCGCCATC; sgRNA 2: AGGCTTCCGCAACTTGCATG; sgRNA 3:
ATTGCCCATCTTGTCGTCTC; sgRNA 4: GGGTGGAAAGTAATAGTCGA)
and the mouse genome nontargeting Control sgRNA (5’-GCACUA
CCAGAGCUAACUCA-3’) were obtained from Synthego. Cas9 recombi-
nant protein was obtained from IDT. Following electroporation of the
Cas9-sgRNA complexinto wild-type or P14 purified naive CD8 T cells,
cellswere either putin culture for 3 days in plates coated with 5 pg ml™
of anti-CD3 and anti-CD28 antibodies, or adoptively transferred in
recipient mice.

LCMV Clone 13 experiment

Immediately after Cas9 and mouse Aror NT (non-targeting) sgRNAs
were electroporated in naive purified splenic male P14;Thyl.1 CD8
Tcells, 1x10* Ar-knockout, NT P14 or wild-type CD8 T cells were adop-
tively transferred into wild-type recipient male mice by intravenous
injection. At the same time, 2 x 10° PFU of LCMV clone 13 was injected
intravenously At day 7 post adoptive transfer and LCMV inoculation,
mice were bled, red blood cells lysed with ACK buffer, and cells were
stimulated for 6 hwith10 uM gp33 peptide inthe presence of brefeldin
a, and analysed by flow cytometry. One mouse per group was eutha-
nized, adoptively transferred P14;Thyl.1 were sorted from the spleen
based onThyl.1expression, RNA was extracted and AR levels assessed
by qPCR. At day 18, mice adoptively transferred with wild-type CD8
T cells were treated with 0.5 pg degarelix by subcutaneous injection
and putonenzalutamide diet for the rest of the experiment. Onday 32,
spleensand lymph nodes were collected, stimulated with10 pM gp33
peptide, and analysed by flow cytometry.

Healthy human donor PBMCs and human AR RT-qPCR
Donor deidentified PBMC were from CMV, HIV and HBV seronegative
male donors. PBMCs were thawed, and untouched total T cellsor CD8
T cells were purified via magnetic separation (human T cell or human
CDS8" T cell, EasySep, STEMCELL). T cells were stimulated for 0-3 days
with plate bound anti-CD3 (OKT3, 4 pg ml™) and anti-CD28% (CD28.2,
2 pgml™). Total RNA from unstimulated and TCR stimulated T cells was
extracted (RNeasy, Qiagen) and subjected to one-step quantitative PCR
withreversetranscription (RT-qPCR) for ARand SDHA (GoTaq1-step RT-
qPCR) amplified ina QuantStudio 3 thermocycler (Applied Biosystems).
AR for each sample was internally normalized to SDHA, and data are
reported as fold change versus AR expressed in unstimulated T cells.
Human quantitative PCR (qPCR) primer sequences: human AR
(forward: 5’-CAGCAGAAATGATTGCACTATTGA-3’; reverse: 5-AGAG



TCATCCCTGCTTCATAAC-3’); human SDHA (forward: 5-CAGCAC
AGGGAGGAATCAAT-3’; reverse: 5-GTGTCGTAGAAATGCCACCT-3).

Mouse ArRT-qPCR

P14 T cells were sorted 7 days after adoptive transfer. Total RNA from
unstimulated, TCR stimulated T cells, sorted P14, PPSM, or mouse
pancreatic tumour cell line 688m® was extracted (RNeasy, Qiagen)
and subjected to one-step RT-qPCR for Arand Gapdh (GoTaq 1-step
RT-qPCR) amplified in a QuantStudio 3 thermocycler (Applied
Biosystems). Mouse qPCR primer sequences: mouse Ar (forward:
5-GGAGAACTACTCCGGACCTTAT-3’; reverse: 5’-GGGTGGAAA
GTAATAGTCGATGG-3’), mouse Gapdh (forward: 5’-CTGGCCAAG
GTCATCCAT-3’; reverse: 5-TTCTGGGTGGCAGTGATG-3).

Quantification and statistical analysis

Preprocessing of single-cell RNA-seq data. FASTQ files were mapped
to human genome (hg19) and unique molecular identifier (UMI) counts
quantified per gene per cell to generate a gene-barcode matrix using
Cell Ranger software pipeline (version 2.1.1). To account for different
sequencing depth of multiple libraries, reads of all samples were
aggregated and libraries were normalized to the same sequencing
depth using the ‘cellranger aggr’ function with normalize = mapped.
The preprocessed matrix of gene counts versus cells contained 16,335
cellsat an average sequencing depth of 7,655 reads per cell.

Unsupervised clustering of all cells. The preprocessed matrix gener-
ated by the cellranger pipeline was imported into the Seurat (version
3.0.0) R (version 3.5.1) package®*. As a quality control step, we first
filtered out cells with fewer than 100 genes and genes expressed in
lessthan 0.1% of cells using zero as a cut-off for UMI counts. We further
removed cells based on mitochondrial gene content, UMI counts, and
gene counts (mitochondrial % counts >10%, UMI counts > 9,000, gene
counts >2,500). The filtered gene-expression matrix (14,609 genes
and 16,044 cells) was normalized using the NormalizeData function
with the LogNormalize normalization method and scale.factor equal
t010,000. Prior to dimension reduction and clustering analysis, we
scaled the dataand regressed out the effects of variation of UMI counts
and percent mitochondrial contents. Furthermore, we focused on
genes that exhibited high cell-to-cell variation and identified 1,608
genes using the FindVariableFeatures function in the Seurat package
with mean.var.plot method (mean cut-off between 0.0125 and 8, and
dispersion over 0.5). Principal components analysis was performed on
thescaled data cut to variable genes and the first 20 principal compo-
nents were selected for downstream analysis, based on the elbow point
onthe plotof standard deviations of principal components. Cells were
embedded in a shared nearest neighbour (SNN) graph constructed
on the selected principal components and partitioned into clusters
using the FindClusters function with the resolution parameter set to
0.6 and the other parameters left as default. To visualize cells in two
dimensions, UMAP was generated using the RunUMAP function with
the same principal components used in clustering analysis. Throughout
the analysis, we confirmed the absence of batch effectsintroduced by
samples or other technical factors, and thus did not perform batch
effect removal in our data.

This analysis yielded 17 clusters (data not shown). Cell types were
identified based on the enrichment of a set of canonical markers for
each cluster. We annotated a total of nine T cells clusters, one NK
cell cluster, two myeloid cell clusters, one B cell cluster, one plasma
cell cluster, one tumour cells cluster, one fibroblast cells cluster,
and one endothelial cell cluster. At the all-cells clustering stage, we
did not intend to identify distinct cell types in detail and therefore
merged clusters into tumour cells and major lymphoid and myeloid
immune cell subsets. The fraction of cells in each sample assigned
to a given cluster c was computed, and we used Student’s ¢-test to
determine if there was a significant difference between responders

and non-responders samples for cluster c. Percentage was calculated
out of allleucocytes.

Unsupervised clustering of T and NK cells. To reveal different cell
typesin T and NK cells, we extracted all cells classified as T and NK cells
in our all-cells clustering analysis. The expression matrix of these cells
was extracted from the preprocessed matrix (cellranger output), and
analysed through Seurat following the exact steps described above. This
analysis used 1,496 variable genes, top 14 principal components, and
aresolution of 0.5in FindClusters. The fraction of cellsin each sample
assigned to a given cluster c was computed, and we used Student’s
t-testto determine whether there was asignificant difference between
responders and non-responders samples for cluster c.

Unsupervised clustering of CD8 and CD4 T cells. To identify CD8
T cells states associated with response or resistance, we extracted all sin-
gle cellsclassified as CD8 T cellsinour Tand NK cells clustering analysis,
subset the expression matrix fromthe preprocessed matrix (cellranger
output), and processed these cells using Seurat following the exact
steps described above. Principal components analysis was performed
on the scaled data cut to 1,728 variable genes and the top 14 principal
components were used to generate UMAP for cell visualization. k-means
clustering was performed on the top 50 principal components and CD8
T cells were classified into two clusters. A similar clustering analysis was
performed on CD4 T cells, which used 2,042 variable genes.

Differential gene-expression analysis and marker gene identification.
For all single-cell differential gene-expression tests, we used Wilcoxon
rank-sum testimplemented in Seurat. The differentially expressed genes
for each cluster compared with all other cells were identified using the
FindAllMarkers function. Differential gene-expression testing was also
performed using the FindMarkers function between responder cells
(CD8R) and non-responder cells (CD8 NR), and between CD8 k1 cells
and CD8 k2 cells. To identify top differentially expressed genes, we
required an expression difference of at least1.25 times fold change (FC)
(averagelogFC >log(1.25)) and an adjusted Pvalue (p_val_adj) of <0.05
withgene expression detectedinatleast10% of cellsineither one of the
two comparison groups. The top 20 highly and differentially expressed
genes, as ranked by the average fold change, were selected and scaled
expression data of these genes was visualized in heatmaps.

Pathway enrichment analysis of single cells. To compute the
gene-expression signature which required fold change and P value,
we used the output of the Seurat FindMarkers or FindAlIMarkers
function with the following parameters: logfc.threshold =log(1), min.
pct=0.001, and others set to default. This allowed us to interrogate
thefold change and Pvalue for all genes that were expressed in at least
0.1% of cells in either comparison group. The gene-expression signa-
ture was calculated using the following formula: average logFC x log,,
(1/(P+1073%)), where average logFC and Pwere the outputs from Seu-
rat. The gene-expression signature of each comparisonwas imported
into Cameratoidentify enriched pathways® and we used C2 canonical
pathway reactome from the MSigDB database (version 7.0).

Master regulator analysis of single cells. Transcription factor activity
was inferred using the master regulator (MR) inference algorithm
(MARINa)* compiled in the viper R package®. Gene-expression signa-
ture and a regulatory network (regulome) are the two sources of data
required as input for viper analysis. Gene-expression signature was
computed as described above. The transcription factor regulome usedin
this study was curated from several databases as previously described®.

NanoString nCounter data analysis. NanoString nCounter data
were normalized and gene-expression fold change calculated using
nSolver software from NanoString (version 4.0). A gene was nominated



Article

as differentially expressed when the fold change between a compari-
son group was greater than 1.2 and the gene raw count was above the
background threshold for all samples. To determine whether genes
upregulated in TIL-enza versus control were enriched in CD8 R single
cells, GSEA Preranked tool was used to perform GSEA (version 4.0.3),
withtheranked genelist computed as described above and a permuta-
tion number of 3,000.

Whole transcriptome analysis of bulk tumour samples. FastQC
v0.11.8 software (http://www.bioinformatics.bbsrc.ac.uk/projects/
fastqc/) was used to determine the quality of raw fastq files. Sequenc-
ing reads were aligned to hgl9 humanreference genome and per-gene
countsand TPM (transcripts per kilobase million) quantified by RSEM®®
(1.3.1) based on the gene annotation gencode.vl9.annotation.gtf.
The regulon activity of AR for each bulk sample was inferred using
single-sample VIPER analysis with TPM gene expression as input®.
The CD8 R versus NR score of each bulk sample was calculated using
the z-score method. In brief, gene-expression values (log,(TPM +1))
of each sample were converted to z-scores by: z= (x - u)/o, where u
is the average log,(TPM +1) across all samples of a gene and o is the
s.d. of log,(TPM +1) across all samples of agene. The CD8 R versus NR
score of each sample was the difference between average z-score of
all up-regulated genes in CD8 R versus NR and average z-score of all
down-regulated genesin CD8.R versus NR. The CD8 k1 versus k2 score
was calculated in the same way.

Whole transcriptome analysis of mouse CD8 T cell Ar-knockout and
control samples. Sequencing FASTQ files were aligned to the mouse
reference genome (GRCh38.p6) using RSEM (1.3.1)°%. The RSEM output
of the number of reads per gene was used to quantify the expression
level of each gene for downstream analysis. The Broad Institute GSEA
software (GSEA, version 4.0.3)%” was used to determine the enrichment
oftheinterferon gammaresponse pathway from the MSigDB hallmarks
gene sets (version 7.0). The CD8 R versus NR score of each sample was
calculated using the z-score method as described above.

Tumour mutational burden. WES reads were aligned against the
GrCH37d5 genome using the Sanger cgpmap workflow (https://
github.com/cancerit/dockstore-cgpmap) with realignment around
indels and base recalibration performed using the Open Genomics
GATK cocleaning workflow (https://github.com/OpenGenomics/
gatk-cocleaning-tool). Somatic variants were called using a collection
of callers via the mc3 workflow® (https://github.com/opengenom-
ics/mc3), retaining all variants produced by Pindel and all variants
reported by two or more tools that were not overlapped by a Pindel
variant. The Mbp of genome covered by WES was determined using
bedtools genomecov (V.2.26.0), where any base pair covered by at
least six aligned reads was considered covered. Coverage-adjusted
tumour mutational burden was calculated on a per-sample basis by
dividing the total number of somatic variants detected by the Mbp
of genome covered.

Analysis of public prostate and melanoma datasets. The West Coast
Dream Team (WCDT) human mCRPC mRNA data® (n =99 individuals)
was obtained from http://davidquigley.com/prostate.html. The Hugo
cohort® (n =27 tumours) was downloaded from GSE78220 and the Van
Allen cohort* (n = 42 tumours) was downloaded from the database
of Genotypes and Phenotypes (dbGAP) under the accession num-
ber phs000452.v2.pl.The gene expressions were quantified by
the transcripts per kilobase million (TPM). The regulon activity of
AR in each sample was calculated using VIPER as described above.
The IFNG pathway gene set was downloaded from the MSigDB data-
base (version 7.0). Single-sample IFNG activity was calculated using
z-score as described above. The CD8 R versus NR score of each bulk
sample was calculated using z-score method as described above.

Mouse data statistical analysis. Statistical analysis was performed using
two-tailed unpaired Student’s t-test (for comparison betweentwo groups),
one-way ANOVA for multiple comparisons or log-rank (Mantel-Cox) test for
survival curves using GraphPad Prism 6 (GraphPad Software). Error bars
represent s.e.m. unless noted otherwise in the figure legend. Statistical
testsand Pvalues are specified for each panelintherespective figure leg-
ends, and Pvalues < 0.05were considered significant. Biological replicates
(individualmice) for eachexperimentareindicated in the figurelegends.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Thesequence datagenerated inthis study will be depositedinthe Gene
Expression Omnibus (GEO). Additional datasets generated during the
currentstudy for Clinical Trial NCT02312557 are available from the cor-
responding author on reasonable request. Source data are provided
with this paper.

Code availability

The code for reproducibility of datais publicly available or will be avail-
able uponrequest.
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Study Scheme:

mCRPC-progression on enzalutamide

Trial enrollment (see references Graff et al Oncotarget 2017, Graff et al JITC 2021)

Biopsiable metastatic lesion

required for expansion
cohort (soft tissue or bone})

pembrolizumab (200MG Q3W x 4 cycles) + enzalutamide

Assessment of Response

PSA decline = responder

PSA progression = non-responder

Biopsy PSA
StudylD Qutcome Site change Somatic variant count Coverage adj mtl burden
NR1 Non-responder Bone 73.7% 362 2.205800263
NR2 Non-responder Bone 9.39% 296 1.501075977
NR3 Non-responder LN 159.46% 342 2.321639108
NR4 Non-responder LN 304.32% 195 1.190478683
NRS Non-responder Bone 140.15% 1023 6.41025388
R1 Responder Liver -99.93% 759 5.049823125
R2 Responder LN -98.57% 362 2.780904845
R3 Responder LN -27.53% 640 4.369154208
C 1500 NS 8+ NS
E L]
§ 1000+ . g =
5 = 3
e 34 +
£ 500 % 2 . j:L
£ . ol® © o .°
o e
@ - .
0= T T 0 T T

R NR

Extended DataFig.1| Clinical trial scheme of patients enrolled and details
onbiopsy location and genomics. a. Clinical trial study scheme. b. Per-patient
tumor mutations areshowninatable with each row representing anindividual
participantonstudy, and each columnrepresenting the unique participant
identifier (StudyID), the participant’s response to study treatment (Outcome),
thesite of biopsied tissue specimen analyzed (Biopsy Site), the relative (%)
changein PSAwith treatment (PSA change), the number of somatic variants
detected inthat tumor specimen (Somatic_variant_count),and the

coverage-adjusted tumor mutational burden defined as the Somatic_variant_
count/#Mbp genome covered by > 6 reads (Coverage_adj_mtl_burden).
c.Comparison of the somatic variant counts (left) or coverage-adjusted tumor
mutational burdens (right) for study responders (R, n = 3 patients) versus
non-responders (NR, n =5 patients); NS represents no significant difference
detected by two-tailed Student’s t-test; mean values are depicted as bold
horizontal lines. Error barsrepresent S.E.M.
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Extended DataFig.2|CDST cellsubset associated withresponse to cells (e). Two-tailed unpaired Student’s ¢-test. Box center line, median; box,

checkpoint therapy in mCRPC patients. a, Representative flow cytogramfor  theinterquartile range (IQR, the range between the 25th and 75th percentile);
sorting tumor-associated leukocytes prior to scRNAseq. b, UMAP of all single whiskers, 1.58 timesIQR. f, Heatmap showing the expression of CTLA4, HAVCR2,

cells (n=16,044 cells) in this study colored by patient. ¢, Stack bar graph PDCDI, TIGIT,CD274,LAG3,1COS, BTLAinvarious T cell clusters. g, Pathways
showing the % of cells per sample forimmune cell clusters across each patient enrichedin dysfunctional CD8T cells (C4 cluster). h, Percentage of cells
biopsy.d, e, Box plots comparing the % of cells per sample forimmune cell co-expressingacombination of PDCD1,LAG3, HAVCR2, CTLA4, TNFRSF4,and
clusters betweenresponders (n =3 patients) and non-responders (n=5 TIGITindysfunctional CD8T cells (C4 cluster).

patients). Percentage was calculated out of allimmune cells (d) or all T/NK
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Extended DataFig. 3 | Expression of various genes associated withCD8 T
cytotoxicity and exhaustion. a, Venn diagram and contingency table showing
thesignificant overlap between CD8_R and CD8_k1 (Top, P<0.0001) and
between CD8_NRand CD8_k2 (Bottom, P< 0.0001). All cells: all the single cells
that passed quality controlin this study, as shown in Fig. 1a. Two-tailed Fisher’s
exacttest.b, Percentage of CD8_k1or CD8_k2 clusters per samplein

responders (n =3 patients) and non-responders (n = 5 patients). Two-tailed
unpaired Student’s t-test. Box center line, median; box, the interquartile range
(IQR, therange between the 25th and 75th percentile); whiskers, 1.58 times IQR.
¢, d, Violin plot comparing the gene expressionin CD8_k1and CD8_k2 (c),and
CD8_Rand CD8_NR(d).R, responder; NR, non-responder.
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Extended DataFig. 5|Survival datafollowing orthotopic PPSM
implantationand enzalutamide + anti-PD-L1 treatment. a, Arexpression by
gPCRinmouse CD8T cells, as compared with PPSM and 688m AR positive and
negative control cell lines, respectively. Datacombined from 3 independent
experiments. b, Summary table of the experiments described in Fig. 3a.

¢, Average tumor growth of PPSM tumor bearing animals treated with different
treatment combination as described in Fig. 3a. Data combined from 4
independent experiments, 8 to 10 animals per group. d, 12-14 wk old male mice
were orchiectomized and PPSM tumor cells were injected orthotopically in the
anterior lobe of the prostate. One week later, animals were treated with
enzalutamide or enzalutamide +anti-PD-L1 (5 animals per group). 4 weeks post

days post tumor implantation

days post tumor implantation

tumor inoculation, tumors were collected and measured. e-f, PPSM tumor
bearing animals were treated along the same timeline as Fig. 3abutinthe
absence of ADT. Average tumor growth (e) and survival curves (f) of tumor
bearing animals treated with combination therapyin the presence or absence
of ADT (datadepict one representative experiment of two experiments, 8
animals per group). g, Survival curves of PPSM tumor bearing animals
orchiectomized or notat day 7 (5 animals per group). h, Average tumor growth
of PPSM tumor bearing animals treated with combination therapy and a-CD8
depleting antibody (data depict one representative experiment of two
experiments, 10 animals per group). Error bars represent S.E.M. Two-way
ANOVA was used for ¢, eand h, and log-rank (Mantel-Cox) was used for fand g.
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Extended DataFig. 6 | Phenotyping dataof tumor infiltrating CDST cells
from orthotopic PPSM tumors, degarelix treated, and enzalutamide +
anti-PD-L1treated.a-d, PPSM tumor bearing animals were treated asin Fig 3a.
CD8T cellnumber (a), Ki67 expression (b), PD-1MFI (c) and CD44 MFI (d) in
CD8Tcellsinthe tumor the day after the 3" treatment with a-PD-L1. Data
representative of 3independent experiments with 3 animals per group.

e-g, PPSM tumor cells were surgically injected orthotopically in the prostate,
and orchiectomy was performed. One week later, animals were treated with
enzalutamide only or enzalutamide + a-PD-L1 (Sanimals per group). 4 weeks
posttumor inoculation, tumors were harvested and processed for flow
cytometry. Graphs show percent IFNy+ (e), TNFa+ (f) and IFNy+TNFo+ double
producing (g) CD8 T cellsin the tumor (n = 5animals). h-1, PPSM tumor bearing
animals underwent ADT (degarelix,1dose, d14 post tumor inoculation),

enzalutamide (started at d14) and «-PD-L1 (3 doses, d14,17, 20). Tumors were
harvested onday 21and processed for flow cytometry. Graphs show percent
Ki67+ (h), IFNy+ (i), TNFa+ (j), IFNY+TNFa+ (k) and granzyme B+ (1) CD8 T cells
inthe tumor. Datarepresentative of 2independent experiments with 3 animals
per group.m-o0, PPSM tumor bearing animals were treated with the same
timelineasin Fig.3a, but with enzalutamide + a-PD-L1or ADT + &-PD-L1. Tumors
were harvested the day after the 3" dose of a-PD-L1and processed for flow
cytometry.m, Percentgranzyme B+ CDS8 T cellsin the tumor. n, Representative
flow cytogram showing IFNyand TNFa expressionin CD8 T cells in the tumor,
and o, Summarized percent IFNy+TNFa+CD8 T cellsin the tumor. Data
representative of 2independent experiments with 3 animals per group. Error
barsrepresentS.E.M. Two-tailed unpaired Student ¢-test.
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Appendix Ill: Androgen receptor inhibition increases MHC class
| expression and improves immune response in prostate cancer

| am a contributing author for the following manuscript that was published in
Cancer Discovery in 2025 and is being included here in an unedited form. | contributed data
from the neoadjuvant trial described in Chapter 3 for response to reviewers during the peer

review process.
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Androgen Receptor Inhibition Increases MHC
Class | Expression and Improves Immune
Response in Prostate Cancer
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Felix Y. Feng!2®1l and Amy E. Moran3#

ABSTRACT

Tumors escape immune detection and elimination through a variety of mechanisms.
Here, we used prostate cancer as a model to examine how androgen-dependent
tumors undergo immune evasion through downregulation of the major histocompatibility complex
class | (MHCI). We report that response to immunotherapy in late-stage prostate cancer is associated
with elevated MHC expression. To uncover the mechanism, we performed a genome-wide CRISPR
interference (CRISPRI) screen and identified androgen receptor (AR) as a repressor of the MHCI
pathway. Syngeneic mouse models of aggressive prostate cancer deficient in Ar also demonstrated
increased tumor immunogenicity and promoted T cell-mediated tumor control. Notably, the increase
in MHCI expression upon AR blockade is transient and correlates with resistance to AR inhibition.
Mechanistic studies identified androgen response elements upstream of MHCI transcription start
sites which increased MHCl expression when deleted. Together, this body of work highlights another
mechanism by which hormones can promote immune escape.

SIGNIFICANCE: Immunotherapy options for immune cold tumors, like prostate cancer, are limited. We
show that AR downregulates MHCI expression/antigen presentation and that AR inhibition improves
T-cell responses and tumor control. This suggests that treatments combining AR inhibitors and check-
point blockade may improve tumor immune surveillance and antitumor immunity in patients.
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INTRODUCTION

A fundamental component of antitumor immunity is the
expression of the major histocompatibility complex class I
(MHCI) on tumor cells. In the past decade, mechanisms of
immune escape via loss of MHCI have been described (1-6).
Furthermore, resistance to immune checkpoint blockade
(ICB) is associated with loss of MHCI (5). Given this, efforts
have been invested toward understanding the mechanisms of’
immunotherapy resistance. Some seem to be shared between
tumor types (i.e.,, PD-1+ lymphocytes) and others unique to
the tissue of origin (6-8). It is plausible that just as viruses uti-
lize distinct immune evasion tactics based on tissue tropism,
cancer cells might have mechanisms of immune evasion that
reflect unique attributes of their tissue microenvironment
and/or oncogene addiction. In this regard, prostate cancer
represents an appropriate disease for investigating the cross-
talk between androgens and tumor immune evasion.

Prostate cancer, as compared with lung cancer, has a low
response rate to ICB and markedly lower MHCI expression
(Fig. 1A; refs. 1, 9, 10). The molecular mechanisms that con-
trol MHCI expression in prostate cancer remain unknown
despite evidence that androgen deprivation therapy (ADT) is
initially immunogenic, recruiting leukocytes into the tissue
(11, 12). In a clinical trial designed to investigate the early ef-
fects of ADT on the prostate tumor landscape, there was an
initial infiltration of mononuclear cells that corresponded
to increased cell death (13). By week 4 after ADT initiation,
tumor cell death plateaued, as did the infiltration of mono-
nuclear cells. Despite evidence of ADT-induced immunoge-
nicity, prostate cancer immunotherapy trials are repeatedly
negative. Therefore, there is a critical need to understand the
mechanisms of immunotherapy resistance in this disease.

In this study, we employed a genome-wide CRISPR inter-
ference (CRISPRi) flow cytometry-based screen to identify the
regulators of MHCI in prostate cancer cells. Significant hits
involved in androgen receptor (AR) signaling were validated
as suppressors of MHCI using in vitro and in vivo models as
well as observed in four phase II clinical trials. Interestingly,
the top regulators of MHCI in prostate cancer were distinct
from those recently identified in a similar immune evasion
CRISPR screen in AML (2) or reported in melanoma (4-6).
Thus, these screens undoubtedly help identify disease-specific
regulators of immune evasion to inform tumot-specific com-
bination therapies and improve ICB efficacy in MHC-low
tumors, such as prostate cancer.

RESULTS
AR Represses MHCI in Prostate Cancer

We previously reported that one mechanism of ICB resis-
tance in advanced prostate cancer is through AR suppres-
sion of CD8 T-cell function (14). Using the same dataset, we
observed an increased MHCI expression in ICB responders
(Fig. 1B). To explore MHCI regulation in prostate cancer, we
conducted a genome-wide CRISPRi screen using a metastatic
castration-resistant prostate cancer (mCRPC) line, C42B,
stably expressing a non-catalytic Cas9 (dCas9-KRAB fusion
protein). Cells were infected (15), selected, and sorted based
on highest and lowest (25%-30%) MHCI expression (Fig. 1C).

Gene hits were ranked by phenotype score (Fig. 1D; Supple-
mentary Table S1). As expected, gene hits in the MHCI pro-
cessing pathway (B2M, TAP1, HLA-A, TAPBP, TAP2, and IRF2)
decreased MHCI expression upon knockdown. Interestingly,
suppression of AR increased MHCI expression. AR coreg-
ulators (16, 17), GRHL2 and FOXAI, were also shown to
significantly increase MHCI expression upon knockdown.
We validated these findings by knocking down AR, GRHL2,
FOXAI, and B2M using individual sgRNAs and compared
MHCI expression to control (GAL4) in C42B and LNCaP cells
(Fig. 1E; Supplementary S1A and S1B). These results revealed
increased MHCI expression upon knockdown of AR and AR
signaling genes. Further, knocking down AR genes improved
MHCI upregulation in response to interferon gamma (IFNy)
treatment (Supplementary Fig. S1C and S1D). Overexpressed
AR in the AR-null PC3 prostate cancer cell line demonstrated
decreased MHCI processing and presentation genes and ex-
pression in AR-positive PC3 cells compared with AR-null cells
(Fig. 1F-H).

Pharmacologic Inhibition of AR Modulates MHCI

sgRNA gene targeting has variable knockdown efficiency
(Supplementary Fig. S1E and S1F); thus, we treated C42B
cells with various AR inhibitors and observed increasing
MHCI over time (Fig. 2A). Expression of MHCI-associated
genes/protein could be repressed by the exogenous AR ligand
R1881 (Fig. 2B; Supplementary Fig. S2A and S2B). Additional
prostate cancer models with various AR expression levels
(C42B, LNCaP, VCaP, PC3) were treated with enzalutamide
(Fig. 2C-F), the AR degrader (ARD; Supplementary Fig. S2C-
S2F; refs. 18, 19), or CSS (Supplementary Fig. S2G-S2]) and
also demonstrated increased expression of MHCI and antigen
presentation genes. Given AR inhibition is reported to induce
type I interferons (20, 21), we evaluated interferon response
genes following enzalutamide treatment and observed an in-
crease in a few genes (Supplementary Fig. S2K).

Notably, we observed a rapid drop of MHCI within a week
after removing AR inhibition, which returned to baseline by 2
weeks (Fig. 2G), suggesting active AR inhibition is required to
maintain MHCIL. To determine the stability of elevated MHCI
with AR inhibition, C42B cells were treated with enzalut-
amide and MHCI expression measured over 3 months reveal-
ing two phases of sensitivity to androgen blockade and MHCI
expression. In the first 30 days, MHCI expression was signifi-
cantly increased, corresponding with growth arrest (Fig. 2H),
followed by loss of expression and tumor cell growth. Curious
if this was associated with AR reactivation, we evaluated the
mRNA expression via RNA sequencing (RNA-seq) at 28, 49,
and 91 days posttreatment (Fig. 2I; Supplementary Tables
S2A-S2C). Interestingly, loss of MHCI is proceeded by an in-
crease in NR3CI, the glucocorticoid receptor (Fig. 2J).

AR Transcriptionally Represses MHCI Gene
Expression

To determine if AR regulated MHCI through binding to an-
drogen response elements (ARE), we identified AREs within
10 kb of MHCI transcriptional start sites (TSS) and designed
sgRNAs to target these sites using Cas9 nuclease (Supple-
mentary Table S3). We conducted a lentiviral pooled CRISPR
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Figure 1. ARrepresses MHClin prostate cancer. A, Heatmap of median RNA expression of HLA genes in the TCGA Pan Cancer cohort. B, Heatmap of
scaled RNA expression of MHC genes in nonresponders and responders to pembrolizumab treatment of patients with mCRPC. C, Schematic of a
genome-wide CRISPRi screen based on surface expression of MHCl in C42B-dCas9 prostate cancer cells. D, Volcano plot showing Mann-Whitney statisti-
cal significance and average phenotype score of gene hits (purple) and negative controls (orange). E, MHCI expression of C42B-dCas9 cells infected with
sgRNAs targeting GAL4 (control), AR, GRHL2, FOXA1, or B2M (n =3 as biological replicates; mean + SEM). F-H, MHC| expression assessed using Western
blot (F), flow cytometry (G), or gRT-PCR (H) of AR-null or AR-positive PC3 cells. ** p<0.01, ** p<0.001.

screen targeting 41 AREs, as well as AR, GRHL2, and FOXA1
(positive controls) and B2M, HLA-A, and TAP genes (negative
controls; Fig. 2K). The screen confirmed that AR, FOXAI, and
GRHL2 inhibition increased MHCI expression and knockout
of B2M, TAP, and HLA-A decreased MHCI expression (Fig. 2L).
ARE motifs in NLRCS, CANX, TAP2, TAP1, and IRF2 were
individually targeted using sgRNAs, single-cell cloned, and

confirmed on-target cutting efficiency. ARE-deleted clones
showed increased MHCI expression by flow cytometry
(Fig. 2M) and qRT-PCR (Fig. 2N). We also utilized publicly
available ChIP-seq data (22) to query AREs targeted in our
CRISPR screen and found decreased AR binding (Fig. 20; Sup-
plementary Fig. S3A and S3B) and increased H3K27ac (Supple-
mentary Fig. S3C and S3D) after enzalutamide treatment.
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Figure 2. AR transcriptionally represses MHCI expression. A, MHC| expression of C42B cells treated with ARD-61, CSS, or enzalutamide for 2, 7,

or 14 days (n=3 as biological replicates; mean + SEM). B, MHC| expression of C42B cells treated with CSS for 14 days with or without R1881 (n=3 as
biological replicates; mean + SEM). C-F, C42B, VCaP, LNCaP, and PC3 cells treated with enzalutamide for 14 days. C, Gene expression of MHCI processing
genes (n=3as biological replicates; mean + SEM), (D) C42B cells stained with an HLA-ABC antibody, (E) MFI of cells stained with an HLA-ABC antibody
(n=3asbiological replicates; mean + SEM), and (F) MHCI protein levels. G, MHC| expression of C42B cells treated with either ARD-61 or enzalutamide
for 14 days after which the drug was removed and MHC expression assessed 7 or 14 days later (n=3 as biological replicates; mean + SEM). H, C42B cells
treated with DMSO or enzalutamide for 91 days. Black: MFI fold change after staining with an HLA-ABC antibody. Gray: Change in growth compared with
DMSO-treated cells (n =3 as biological replicates; mean = SEM). I, Heatmap of effect size on mRNA expression after enzalutamide treatment in C42B
cells for the top 50 most significant genes evaluated for treatment x time interaction. J, mRNA of HLA-A and NR3C1 (in length-scaled TPM) over time.

K, Schematic of a CRISPR screen targeting AREs near MHCI TSSs (Created in BioRender. Chesner, L. (2024) BioRender.com/r09b289). L, Differences in
means of gene hits ranked from a CRISPR screen targeting AR and FOXAL1 binding sites near MHCI genes. M, MHCI expression of C42B ARE-deficient
clones near CANX, IRF2, TAP2, TAP1, or NLRC5. N, Gene expression of CANX, IRF2, TAP2, TAP1, or NLRC5 in ARE-deficient clones compared with GAL4.
0, AR ChlP-seq peak signal around an ARE near the B2M promoter (P value = 0.001) after DMSO (blue) or enzalutamide treatment (red). Horizontal bars at
the bottom indicate ARE. * p<0.05, ** p<0.01, *** p<0.001.
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The Androgen Receptor Is a Regulator of MHCI

Finally, we treated two control (GAL4) or ARE-deleted (CANX)
clones with enzalutamide and assessed MHCI expression
after 7 days (Supplementary Fig. S3E-S3G). These experiments
showed a larger increase in MHCI expression in the control
than in the ARE-deleted clones (Supplementary Fig. S3H),
suggesting that the deletion of AREs prevents the transcrip-
tional repression of MHCI genes.

AR Inhibition Increases T-cell Cytotoxicity

To see if increasing MHCI expression by AR inhibition could
improve antitumor T-cell responses, we transfected human
CD8 T cells with an HLA-A2-restricted TCR specific for the
cancer testis antigen NY-ESOI (Supplementary Fig. S4A).
HLA-A2-restricted NY-ESOI-expressing C42B cells (Fig. 3A)
were treated with AR inhibitors, washed, replated, and co-
cultured with NY-ESOI-reactive CD8 T cells. These exper-
iments showed increased T-cell cytotoxicity and a reduction
in tumors pretreated with an AR inhibitor compared with
control (Fig. 3B and C; Supplementary Fig. S4B-S4E), an ob-
servation that was dependent upon MHCI expression on the
tumor cells (Fig. 3D; Supplementary Fig. S4D). C42B cells
that did not express NY-ESO1 and cocultured with T cells were
not killed when treated with AR inhibitors (Supplementary
Fig. S4F), demonstrating that AR inhibition enhances T-cell
recognition of target cells in an MHCI-dependent manner.

Tumor Cell-Intrinsic AR Knockdown Increases CD8
T cell-Mediated Antitumor Immunity

To explore our observation in vivo, the TrampCl tumor
model, which has a known MHClI-restricted tumor antigen,
stimulator of prostatic adenocarcinoma (Spas-1; ref. 23), and
low expression of MHCI, and the PPSM (Pten—/-; p53-/-;
Smad4-/-) model, which is androgen insensitive, were em-
ployed (24). We knocked down Ar (ArKD; Supplementary
Fig. S5A and S5B), generated single-cell clones, and observed
comparable growth in vitro to wild-type (WT) cells (Supple-
mentary Fig. S5C and S5D). Loss of Ar in TrampCl1 cells
increased MHCI expression (Fig. 3E) and sensitivity to IFNy-
induced MHCI expression (Fig. 3F). In vivo (Fig. 3G), TrampC1
Ar-KD tumors were significantly smaller (Fig. 3H), and the
number of tumor-infiltrating CD8 T cells was significantly
greater in Ar-KD tumors (Fig. 3I). Using the Nur77GFP mouse
in which GFP is upregulated by TCR engagement (25) and can
be used as a tool to identify tumor-reactive T cells that recently
received strong TCR signals (26), we observed significantly
increased Nur77GFP" CD8 T cells in A-KD tumors (Fig. 3J).
Furthermore, we recovered more Spasl tetramer-positive
CD8 T cells in A»-KD tumors (Fig. 3K and L; Supplementary
Fig. SSE) and upon stimulation observed a significant in-
crease in the total number of IFNy-producing CD8 T cells in
Ar-KD tumors compared with WT (Fig. 3M and N). Finally,
we explored the requirement for T cell-mediated tumor con-
trol in our models. In the absence of lymphocytes (Rag-KO),
we observed no difference in tumor growth in Ar-KD versus
WT (Fig. 30 and P) and extended these observations into the
PPSM model (Supplementary Fig. SSF-S5H). Overall, our
data suggest that loss of tumor-intrinsic Ar expression in-
creases MHCI expression and the frequency and function of
tumor-specific CD8 T cells, enhancing tumor control.

MHCI Expression Increases following AR Inhibition
in Patients with Prostate Cancer

Last, we explored evidence for androgen axis-targeted
therapies modulating MHCI in patients. We analyzed RNA
expression data from a phase 2 clinical trial that stud-
ied the effects of enzalutamide in early prostate cancer
(NCT03297385; ref. 27). Paired biopsies from treatment-
naive patients and 3 months after neoadjuvant enzalutamide
treatment without ADT showed significantly increased tran-
scription of HLA-A and B2M and MHC-regulating genes
IRFI and IRF2 posttreatment (Fig. 4A) and an enrichment
of interferon activity (Supplementary Fig. S6A). These data
were consistent with data from a second cohort of patients
(NCT02430480) treated for 6 months with neoadjuvant ADT
plus enzalutamide (Fig. 4B; Supplementary Fig. S6B; ref. 28).
Pathway analysis of these paired biopsies also revealed an
increase in antigen presentation (Supplementary Tables
S4 and SS). To determine if this correlation was observed in
lethal, metastatic castration-resistant disease, we generated
an MHCI signature (see “Methods”), applied it to a hormone-
refractory metastatic prostate cancer biopsy dataset (29), and
observed a significant negative correlation between MHCI
activity and AR activity (Fig. 4C).

To determine if there was clinical significance to our
observations in the context of immunotherapy, we lever-
aged a single-cell dataset in metastatic hormone-sensitive
prostate cancer (mHSPC; ref. 30). Two groups of patients
permitted analysis of tumor cell-intrinsic changes in MHCI
with ADT (on ADT) versus ADT with anti-PD1 (on combi-
nation). Cells from all patients were combined and clustered
into hematopoietic and non-hematopoietic cells (Fig. 4D;
Supplementary Fig. S6C). There was a distinct luminal ep-
ithelia cell cluster (EPCAM+AR+TMPRSS2+, Supplemen-
tary Fig. S6C), which we evaluated for pretreatment AR
and MHCI gene expression. Pretreatment lesions had low
MHCI processing and presentation gene expression and
high AR and AR target genes (Fig. 4E). Using the Virtual
Inference of Protein-activity by Enriched Regulon analysis
(VIPER) to infer protein activity (31), we observe decreased
AR activity and a corresponding increase in MHCI activity
with treatment (Supplementary Fig. S6D and S6E). Iso-
lating only epithelial cells, we observed a clear conserved
reduction of AR activity in paired individual biopsies in
both treatment groups with a strong increase in MHCI
with ADT that was further increased with ADT+anti-PD1
(Fig. 4F and G). The increased MHCI with anti-PD1 treat-
ment likely reflects an increase in T-cell-derived IFNy activity
(14) that was not observed with ADT alone but was signifi-
cantly increased with ADT+anti-PD1 (Supplementary Fig.
S6F and S6G).

DISCUSSION

Immunotherapy has become a mainstay of the oncology
landscape for many solid tumors. In prostate cancer, the
low response rate to immunotherapy has been seen as a fail-
ure of the treatment to restore T-cell function. However, an
alternative hypothesis is plausible; failure of immunother-
apy responses in patients with prostate cancer reflects our
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Figure 3. ARinhibition increases T-cell cytotoxicity in vitro and in vivo. A, Expression of NY-ESO1 in C42B cells. B and C, NY-ESOI-expressing C42B
cells treated with either DMSO (C) or enzalutamide (D) for 14 days and then cocultured with CD8 T cells transduced with a NY-ESO1 TCR for 3 days.
D, NY-ESOI-expressing C42B cells treated with enzalutamide for 14 days and then cocultured with CD8 T cells transduced with a NY-ESO1 TCR for 3
days in the presence of an HLA-blocking antibody or control antibody. E and F, MHCl expression of WT or Ar-KD TrampC1 cells without (E) or with (F) rIFNy
treatment. G, Schematic of in vivo TrampC1 tumor experiment. H, Tumor weights at time of harvest (day 12 posttumor implantation). I, Number of CD8 T
cellsin WT or Ar-KD TrampC1 tumors. J, Number of Nur77-GFP+T cells in WT or Ar-KD TrampC1 tumors. K, Representative cytograms showing CD44 and
Spas1 tetramer staining in the tumor. Gated on live, TCRB+, CD8*. L, Number of Spas1 tetramer + CD8 T cells in the tumor. M, Representative cytograms
showing CD44 and IFNy expression in CD8 T cells in the tumor. Gated on live, TCRB+, CD8*. N, Number of IFNy-expressing CD8 T cells in the tumor. O, Growth
curves of WT and Ar-KD TrampC1 tumors in WT and Rag-KO animals. P, Tumor weights on day 29. Data representative of two to four independent experi-
ments, with three to four animals per group for D-J and eight animals per group for Kand L. For D-F, H, and J, unpaired two-tailed Student t test. For Kand

L, Two-way ANOVA, *, P <0.05;*, P <0.01;** P <0.001; *** P <0.0001.

limited understanding of what regulates immunity in this
tissue microenvironment. In this regard, we set out to iden-
tify regulators of MHCI in prostate cancer with the goal
of understanding the mechanisms of response and resis-
tance in this disease. Importantly, our investigation herein
compliments a previous report that AR inhibition leads to

aberrant endogenous retrovirus regulation, thereby induc-
ing type I interferons and MHCI (21), a mechanism that is
likely synergistic with the work presented here.

The interaction between hormones and immune responses
is extremely complex with cell-intrinsic and cell-extrinsic
mechanisms at play. There is growing evidence that the sexual
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Figure 4. MHCI expression increases following AR inhibition in patients with prostate cancer. A, Bulk RNA expression of MHC|-related genes from
primary prostate cancer tissues before and after 3 months of neoadjuvant enzalutamide treatment without ADT. B, Bulk RNA expression of MHCl-related
genes from paired prostate tissues pre- and posttreatment with 6 months neoadjuvant ADT plus enzalutamide. C, Scatterplot showing the correlation
between AR activity and MHCl activity in WCDT cohort (n=99). Statistical significance was evaluated using two-tailed Pearson’s correlation test. D,
UMAP showing the distribution of 14 major cell types from human PCa scRNA-seq dataset (30). DCs, dendritic cells; Endo, endothelial cells; Fib, fibro-
blasts; Mono, monocytes; Mph, macrophages; Neu, neutrophils. +ADT = 4 weeks after ADT,+ADT + anti-PD1 = 10 weeks after ADT+anti-PD1 and/or upon
recurrence. E, Heatmap illustrating expression (Z-score normalization) of genes associated with indicated pathways within luminal cells among different

treatment groups. On combination, ADT+anti-PD1 treatment group. F and G,

Box plots showing the activity of AR (F) or MHCI (G) pathways within luminal

cells among treatment groups from the PCa scRNA-seq dataset. Each dot represents an individual sample of PCa. Paired patient analysis (indicated by

gray line); NS, not significant (P> 0.05); *, P <0.05; **, P < 0.01.

dimorphism observed in inflammatory diseases, such as
cancer, is in part mediated by androgen signaling (32-36).
In a recent study of individuals receiving gender-affirming
hormone therapy, testosterone treatment repressed anti-
gen presentation pathways in circulating monocytes (37).
In another study, 17 different mouse tissues were profiled
to reveal sex differences mediated by androgens, and of the
top 10 genes differentially expressed in male and female
mice, 9 were MHCI genes (38). Together, these recent bodies
of work highlight the immunomodulatory nature of andro-
gens but come up short in providing a mechanism. Herein,
we provide a mechanistic link via AR which directly represses
MHCI expression (Supplementary Fig. S7). Interestingly,
in a phase I clinical trial in men with nivolumab-refractory
melanoma, patients were treated for 28 days with an AR
axis inhibitor in an effort to make them sensitive to immu-
notherapy. A RECIST of 42.8% was reported in this small
study (39), suggesting the potential clinical application of

androgen axis inhibition in improving immunotherapy re-
sponses in other tumors that have hijacked androgen sig-
naling to evade immunity.

Our investigation of AR regulation of MHCI expression
also revealed a temporal period in which androgen axis
blockade was immunostimulatory. Over 91 days, early an-
drogen axis inhibition was immunomodulatory and corre-
sponded with tumor cell growth arrest. As the tumor cells
transitioned from a period of arrest to growth, MHCI ex-
pression also decayed. Notably, under chronic AR inhibition,
tumor cells increased GR expression prior to loss of MHCI,
suggesting a possible transition of AR- to GR-mediated re-
pression of MHCI (40). GR-conferred repression of MHCI
upon chronic AR inhibition is perhaps not surprising as
this has been reported for tumor cell survival in other pros-
tate cancer models (41). Unique to our discovery is the idea
that perhaps GR promotes immune evasion in addition to
cell survival.
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Finally, our observation of a potential AR-to-GR switch is
interesting considering the design of immunotherapy clinical
trials in prostate cancer and standard of care treatment for
this patient population. The KEYNOTE 991 trial (35) was
the largest clinical study to date that tested the hypoth-
esis that early combination of androgen axis inhibition with
immunotherapy in patients with mHSPC would be effective.
Unfortunately, the trial was ended due to a lack of signal in
combination therapy over the control arm. The trial was de-
signed to enroll patients with no prior history of androgen
axis blockade; however, patients were allowed to be treated for
up to 3 months with ADT prior to starting immunotherapy.
Given the work of others, as well as data presented herein, an-
drogen axis blockade might be initially immunogenic but then
lost due to the activation of other nuclear receptors that repress
MHCI. Future immunotherapy clinical trials should be de-
signed to harness the window of ADT-induced immunogenic-
ity and/or the development of biomarkers to identify patients
for which androgen axis blockade remains immunogenic.

METHODS

Cell Lines and Reagents

Most cell lines were originally purchased from the ATCC and
cultured following standard ATCC protocols. C42B-dCas9 and
LNCaP-dCas9 cell lines [generated by Das and colleagues (RRID:
CVCL_0395; ref. 42)] and TrampC1 cells were cultured in RPMI 1640
medium (Gibco) with 10% (Gibco) and 5% penicillin/streptomycin
(Invitrogen). VCaP (RRID:CVCL_2235), PC3 (RRID:CVCL_0035),
and HEK293T cells (RRID:CVCL_0063) were cultured in DMEM
(Gibco) with 10% FBS and 5% penicillin/streptomycin. For AR-positive
PC3 cells, a lentiviral vector was designed to express AR-ORF and
mCherry selection marker in PC3 cells. HEK293T cells were trans-
fected with AR/mCherry-expressing lentiviral plasmid together with a
second-generation psPAX2 (RRID:Addgene_12260) packaging vector
and pMD2.G (RRID:Addgene_12259) envelope-expressing plasmid.
The virus was harvested 24 and 48 hours post-transfection and pre-
cipitated using Lenti-X concentrator (Takara). PC3 cells were trans-
duced with virus in the presence of polybrene (4 pg/mL) for 24 hours,
and mCherry-positive cells were sorted using Aria (BD). All cells
were grown in a 5% CO; humidified incubator at 37°C. Cell line
STR authentications were done at the UC Berkeley DNA Sequencing
Facility. Mouse Pten”; pS37"; Smad4”/~ (PPSM) castration-resistant
prostate tumor model was a gift from R. DePinho. TrampCl1 cells
were purchased from ATCC (RRID:CVCL_3614). Cell lines were
STR authenticated prior to use, tested for mycoplasma monthly,
and used under passage 50. Enzalutamide was purchased from
Selleckchem, and the AR PROTAC degrader ARD-61 was a gift from
Dr. Shaomeng Wang’s lab at the University of Michigan (18).

CRISPRi Flow Cytometry Screen

The genome-wide CRISPRi flow cytometry screen was performed
using the Weissman lab protocol (weissmanlab.ucsf.edu) with some
modifications (43). In brief, C42B-dCas9 cells were generated by
infecting C42B cells with a lentivirus containing dCas9-KRAB (KRAB
domain, Kriippel-associated box), a repressive chromatin-modifying
complex to induce transcriptional silencing. dCas9 (from Streptococcus
pyogenes) was fused to two copies of a nuclear localization signal, HA
tag, and blue fluorescent protein (44). Approximately 132 million
C42B-dCas9 cells were then infected in duplicate with a lentivirus
containing the CRISPRi-V2 library (RRID:Addgene_1000000093),
a kind gift from Dr. Luke Gilbert’s lab at UCSF, at an MOI of 0.3
and 8 pg/mL polybrene (TR-1003-G). After 3 days, cells were put into

media containing 8 pg/mL puromycin (A11138-03). After another
3 days, cells were placed into drug-free media and allowed to re-
cover for 24 hours. Cells were then harvested and fixed in 4% PFA
(5 million cells per 1 mL of PFA solution) at room temperature for
20 minutes, washed with cold 1x PBS, and incubated with human
Fc Block (564220) in FACS buffer for 10 minutes at room tempera-
ture. An anti-human HLA-ABC antibody was then added (Thermo
Fisher Scientific, Cat# 17-9983-42, RRID:AB_10733389) and incu-
bated on ice for 20 minutes in the dark. Finally, cells were washed
and resuspended in cold FACS buffer and sorted on a BD FACSAria
Fusion cell sorter to collect the 25% to 30% highest and lowest
HLA-ABC-expressing cells. This protocol was also followed for the
ARE sub-library CRISPR screen in C42B cells, using virus generated
as described below. DNA was extracted using the Zymo Quick-DNA
FFPE Kit (56404) and amplified for 26 cycles using NEBNext Ultra
II Q5 Master Mix (M0544S) and primers containing TruSeq index-
es for NGS analysis. Libraries were gel purified and extracted using
the Zymoclean Gel DNA Recovery Kit (11-301C) and assessed on a
high-sensitivity DNA bioanalyzer kit (5067-4626). Sample libraries
were run on a HiSeq 4000 and analyzed using standard protocols
(ScreenProcessing) as previously described (43).

Lentivirus Generation and Infection

To validate gene hits from the CRISPRi flow cytometry screen,
sgRNA sequences (Supplementary Table S6) were cloned into the
PLG20 pU6-sgRNA Ef1 alpha Puro-T2A GFP vector (RRID:Addgene_
111596) and lentivirus generated as previously described (42). Cells
were plated in a six-well dish at 150,000 cells/well in 2 mL of media
and infected with virus the next day with 10 pg/mL polybrene
(TR-1003-G). Cells were harvested after 72 hours and analyzed as
described above. Gene knockdown was measured by extracting RNA
using the Zymo Quick-RNA MiniPrep Kit (R1054), performing
cDNA synthesis using SuperScript III First Strand Synthesis Kit
(18080051), and conducting qRT-PCR using Fast SYBR Green Master
Mix (4385612) all according to the manufacturer’s protocols.

Drug Treatments and Antibodies

C42B, LNCaP, VCaP, and PC3 cells were treated in their respective
media with either DMSO, 10 pmol/L enzalutamide, or 100 nmol/L
ARD for 14 days and refreshed every 5 days at minimum. Cells treated
with CSS (Gibco) were maintained in phenol red-free media and
refreshed every 7 days at minimum. Cells treated with the synthetic
androgen R1881 (10 nmol/L) were refreshed every 3 days. Following
14 days of treatment, cells were harvested for flow cytometry and
qRT-PCR (Supplementary Table S7), as described above, or Western
blot analysis using anti-AR (D6F11), anti-MHCI (OriGene, Cat#
AM33035PU-N, RRID:AB_3662758), or anti-Lamin B1 (Cell Signal-
ing Technology, Cat# 15068, RRID:AB_2798695) antibodies. Gene
expression of MHCI processing genes (normalized to GAPDH) was
measured by qRT-PCR and compared with control. Drug-treated
cells were stained with a fluorescent HLA-ABC antibody (17-9983-42)
and analyzed using flow cytometry. Median fluorescence intensity
(MFI) of cells stained with a fluorescent HLA-ABC antibody was mea-
sured by flow cytometry and compared with control to determine
MHC fold change. MHCI expression of cells infected with sgRNAs
targeting GAL4 (nontargeting control), AR, GRHL2, FOXAI, or B2M
was measured by flow cytometry and compared with GAL4 to deter-
mine MHC fold change.

RNA Expression Analysis of Neoadjuvant Enzalutamide
Patient Samples

Bulk RNA expression analysis of MHCI-related genes was per-
formed on primary prostate cancer tissues before and after neoadjuvant
enzalutamide treatment without ADT from the phase 2, prospective,
single-arm DARANA study (ClinicalTrials.gov #NCT03297385) at the
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Netherlands Cancer Institute Antoni van Leeuwenhoek Hospital.
RNA-seq was performed as previously described (27). In brief, RNA
from FFPE material was isolated from 2 to 10 sections of 10 pm
using the AllPrep DNA/RNA FFPE Kit (Qiagen). cDNA was syn-
thesized from 250 ng of RNA using SuperScript III Reverse Tran-
scriptase (Invitrogen) with random hexamer primers. For RNA-seq,
strand-specific libraries were generated with the TruSeq RNA Ex-
ome Kit (Illumina) and sequenced on a HiSeq 2500 (65-bp reads,
single end). Sequencing data were aligned to hg38 using Hisat2
(RRID:SCR_015530; ref. 45), and the number of reads per gene was
measured with HTSeq count (RRID:SCR_005514; ref. 46). For anal-
yses, gene counts were normalized using DESeq2 (RRID:SCR_015687;
ref. 47) and subsequently log transformed. Significance of expression
level differences between pre- and posttreatment samples was deter-
mined using a Mann-Whitney U test. RNA-seq data from paired pre-
and posttreatment prostate tumors from patients enrolled in a phase
2 clinical trial of 6 months of neoadjuvant ADT plus enzalutamide
(ClinicalTrials.gov #NCT02430480) at the National Cancer Institute
were downloaded from GEO (Study Accession: GSE183100; refs.
28, 48). Responding tumors with residual disease volumes less than
0.001 cm? were omitted from analysis (n = 5).

RNA-seq Analysis

RNA extraction was performed using the Zymo Quick-RNA
MiniPrep Kit (R1054) and sent to the QB3 Genomics Sequencing
Facility at UC Berkeley for library preparation and sequencing
(RRID:SCR_022170). RNA-seq data were generated in FASTQ format.
We quantified the gene-level expression using kallisto (49) and then
used the abundance calls for downstream analysis. DESeq2 (50) was
used for differential gene expression analysis, including evaluating
the effect size and statistical significance. Length-scaled transcripts
per million (TPM) generated by tximport (51) were used for plotting
gene expression values. For treatment x time interaction analysis,
P values were evaluated using the likelihood ratio test implemented
in DESeq2 to compare the full model [treatment (ENZA vs. DMSO),
time (day 7, day 28, day 49, and day 91), and treatment x time inter-
action| with the reduced model (treatment and time without the in-
teraction term). All statistical analyses were performed using R 4.2.0,
and plots were generated using ggplot2 (RRID:SCR_014601; https://
cran.r-project.org/web/packages/ggplot2/citation.html).

ChIP-seq Analysis

ChIP-seq data for AR and H3K27ac were obtained from Hwang
and colleagues (22). Briefly, Raw ChIP-seq data were downloaded
from SRA (SRP222785). Reads with base quality scores more than 30
across all bases were aligned using bwa-mem v0.7.17 (RRID:SCR_
022192; ref. 52) to build hg38. The aligned reads were deduplicated,
and peaks were called using MACS2 v.2.2.5 (53) with a FDR thresh-
old of 0.01. Peaks in ENCODE (RRID:SCR_015482) hg38 blacklist
(ENCSR636HFF) were excluded, and only peaks that were enriched
at least 10-fold more than background were kept for further analy-
sis. The hg38 reference genome was segmented into 200-bp windows.
The number of sequencing reads aligning to each window was deter-
mined and adjusted relative to the total number of mapped reads in
the sample, yielding counts per million (CPM) values. Nonoverlap-
ping unique ChIP-seq narrow peak regions were obtained from the
samples analyzed, and CPM values for the 200-bp bins overlapping
the ChIP-seq peaks were obtained. Further, the differential ChIP-seq
analysis on the CPM values was performed using the Student ¢ test.

ARE Identification, Sub-library Generation, and Screen
Analysis
Genomic DNA was extracted from C42B cell lines using the

ENZA tissue DNA kit (D3396-02), sheered using Covaris ME220
Focused Ultrasonicator (RRID:SCR_019818), and cleaned up using

the MinElute Reaction Cleanup Kit (28204). Sample quality was
assessed using a high-sensitivicy DNA bioanalyzer kit (5067-4626)
and sequenced on a NovaSeq S4 PE150 to reach 50x coverage per
samples. Whole-genome sequence data were aligned to GRCh38
using the Burrows-Wheeler Aligner version 0.7.17 (52). The con-
sensus sequence FASTA files were generated using bcftools algo-
rithm version 1.9-213 (54). A list of AREs, including full, half-site,
and lenient motifs (55), were downloaded as position site-specific
matrix models from JASPAR database (RRID:SCR_003030; ref. 56).
The Find Individual Motif Occurrences (FIMO) version 5.1 was em-
ployed to identify potential AREs upstream of MHC that may exist
within FASTA files derived from the cell lines or using the Cistrome
database (http://cistrome.org; ref. 57). Hits passing the FDR q value
< 0.05 were considered significant and prioritized by the highest
FIMO occurrence score.

The Broad Institute sgRNA designer CRISPick was used to gen-
erate sgRNA sequences based on the location of the cut site (within
the ARE sequence or a maximum of 3 bp outside), on-target cut-
ting efficiency >0.2, and minimal off-target binding. In addition
to ARE-targeting guides, 10% of the sub-library contained control
guides targeting nonessential genes, positive control genes (AR,
GRHL2, and FOXAI), negative control genes (B2M, TAP1, and HLA-A),
and nontargeting guides. A 1-pmol guide pool was ordered from
IDT with the addition of forward/reverse primer adapter sequenc-
es and a BSMBI cut site flanking the guide sequences. Cloning was
performed using the Weissman lab protocol for cloning of pooled
sgRNAs into lentiviral vectors with some modifications. In brief,
libraries were amplified using HF Phusion enzymes (F-530S), pu-
rified using the MinElute Kit (28204), and cloned into the Lenti-
CRISPR-V2 plasmid (Addgene, #52961). Ligation products were
transformed with Stellar chemically competent cells (636736) and
purified using Qiagen Maxi Prep Kit (12263). Guide distribution
was validated by PCR using the Broad Institute’s protocol for
PCR of sgRNAs for Illumina sequencing using Ex Taq DNA Poly-
merase (RR001) and purified using SPRI select reagent (B23317)
according to the Weissman lab protocol for Illumina Sequencing
Sample Prep. Sample quality was assessed using a high-sensitivity
DNA bioanalyzer kit (5067-4626) and sequenced on the MiSeq V3
150SR (RRID:SCR_016379) at the California Institute for Quanti-
tative Biosciences at UC Berkeley. In evaluating element distribu-
tion, we took into account the 90% confidence interval of element
abundance (i.e., the ratio between read counts of the 95th percen-
tile most expressed element and that of the Sth percentile element).
A 90% confidence interval less than 10 suggests a reasonably tight
distribution with few missing elements.

Lentivirus was generated, and a FACS-based screen was per-
formed as described above. In brief, C42B-dCas9 cells were infected
with lentivirus containing an ARE-targeted sub-library at a 30%
MOI for 3 days, selected with puromycin for 3 days, and allowed
to recover for 24 hours. Cells were then fixed, stained with a
HLA-ABC antibody, and sorted for 25% to 30% high and low MHC
expression. DNA was extracted using the Zymo Quick-DNA FFPE
Kit (56404) and amplified for 26 cycles using NEBNext Ultra II
QS5 Master Mix (M0544S) and primers containing TruSeq indexes
for NGS analysis. Libraries were purified using SPRI select reagent
(B23317) according to the Weissman lab protocol for Illumina
Sequencing Sample Prep. Sample quality was assessed using a
high-sensitivity DNA bioanalyzer kit (5067-4626) and sequenced
on a HiSeq 4000, SES0, at the UCSF Core Facility. Counts per target
guide were calculated using MAGeCK (50) and normalized per
sample by dividing by the total number of counts and multiplying
with 1,000. Normalized counts were transformed by log,(normalized
counts + 1). Differences between high and low MHCI groups were
calculated at day 0 using the average of log-transformed counts
across replicates. A t test was used to test for statistical signifi-
cance per guide.
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T-cell Isolation and Coculture

PBMCs were ordered from STEMCELL Technologies and T cells
isolated using EasySep Human T Cell Isolation Kit (17951) according
to the manufacture’s protocol. Cells were resuspended in complete X
VIVO media with 5% FBS, 10 mmol/L N-acetyl cysteine, 55 pmol/L
-mercaptoethanol, and 50 IU/mL IL2. T cells were activated using
Dynabeads Human T-Activator CD3/CD28 for T-Cell Expansion
and Activation (11132D) and infected with lentivirus containing the
NY-ESO1 expression construct (Genecopoeia EX-Q0397-LV205) and
8 pg/mL polybrene 24 hours after activation. NY-ESOI expression
was validated by flow cytometry 6 days postinfection. T cells were
thawed the day prior to coculture in ATCC-modified RPMI media
+10% FBS +5% penicillin/streptomycin + 1/10,000 IL2 + 5% human
serum (H4522).

NY-ESOI was expressed in C42B cells by infecting with lenti-
virus containing the NY-ESOI expression construct (Genecopoeia
EX-Q0397-LV205) and 8 pg/mL polybrene and sorted twice for GFP
expression. NY-ESOI expression was confirmed via Western blot
(D1Q2U). For use in Incucyte experiments, C42B-NY-ESO1-expressing
cells were infected with Nuclight Lentivirus Reagent (NLR; 4627)
and sorted for RFP expression. For coculture experiments, C42B-
NY-ESO1-NLR cells were treated with either DMSO, 10 pmol/L
enzalutamide, 100 nmol/L ARD, or CSS for 14 days; drug treat-
ment was refreshed at minimum every 5 days. Tumor cells were then
harvested, washed, and replated in triplicate in a 96-well plate at
either 2,500 or 10,000 cells per well, and T cells were added the fol-
lowing day. Cells were imaged and counted every 6 hours for 3 days
using an Incucyte. For the indicated experiments, 5,000 U/mL of
interferon gamma (I117001) was added 2 days prior to plating for
coculture experiments and mouse anti-human HLA-ABC (311402)
or IgG2a isotype control (400202) was added 2 hours prior to add-
ing T cells.

Ar Knockdown TrampC1/PPSM Cells, Ar qPCR, and In Vitro
Cell Growth Assessment

AR was deleted in TrampC1 or PPSM cells according to the proto-
col (58). sgRNA targeting the murine Ar gene (sgRNA 1: AATACTGAA
TGACCGCCATC and sgRNA 4: GGGTGGAAAGTAATAGTCGA)
and the mouse genome nontargeting Ctrl sgRNA (5'-GCACUACC
AGAGCUAACUCA-3') were obtained from Synthego. Cas9 recombi-
nant protein was obtained from IDT. Following electroporation of
the Cas9/sgRNA complex into 2 x 10¢ TrampC1 tumor cells, cells
were plated in complete media and allowed to grow for 3 days. Cells
were then subcloned, and 10 clones were analyzed for Ar expression
by qPCR. Total RNA was extracted (RNeasy, Qiagen) and subjected
to one-step RT-qPCR for Ar and Sdha (GoTaq one-step RT-qPCR)
amplified in a QuantStudio 3 thermocycler (Applied Biosystems).
Mouse qPCR primer sequences were as follows: mouse Ar (forward:
S'GGAGAACTACTCCGGACCTTAT3'; reverse: S'GGGTGGAAAGT
AATAGTCGATGG3') and mouse Sdha (forward: 5'GAGATACGC
ACCTGTTGCCAAG3'; reverse: S'GGTAGACGTGATCTTTCTCA
GGG3'). One clone with the lowest Ar mRNA expression was selected
for further studies, referred to as TrampC1 Ar-KD. In vitro growth
potential of TrampC1l Ar-KD cells was assessed by platting 5,000
cells in a 96-well plate, and confluency was measured using an Incu-
cyte, with measurements every 2 hours for 30 hours.

MHCI Expression in TrampC1 and PPSM Cells by Flow
Cytometry

To measure MHCI expression, 1 x 105 TrampC1 WT and TrampC1
Ar-KD or PPSM WT and PPSM Ar-KDc7 cells were plated in a
six-well plate. Approximately 10 ng/mL of rIFNy (BioLegend) was
added. After 24 hours, cells were harvested and incubated on ice for
20 minutes with e506 fixable viability dye (eBioscience) and H-2Kb

antibody (AF6-88.5, BioLegend, RRID:AB_2721683). Data were col-
lected with a Fortessa Flow Cytometer (BD Biosciences) and analyzed
using FlowJo software (Tree Star; RRID:SCR_008520).

In Vivo Mouse Studies

C57BL/6 (RRID:IMSR_JAX:000664), Nur77-GFP (RRID:IMSR_
JAX:016617), and Rag2-KO (RRID:IMSR_JAX:008449) were pur-
chased from the Jackson Laboratory. All animals were maintained
under specific pathogen-free conditions in the Oregon Health &
Science University animal facility. Eight-week-old males were used
in all the experiments described. All cell lines were tested and con-
firmed to be Mycoplasma- and endotoxin-free using the MycoAlert
Detection Kit (Lonza) and the Endosafe-PTS system (Charles River
Laboratories). All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of OHSU. Animals were
implanted with 1 x 10 TrampC1 WT, TrampC1 Ar-KDc6, PPSM WT,
or PPSM Ar-KDc7 tumor cells passaged no more than three times
after thawing on both hind flanks. Tumors were harvested and
weighed 12 days postimplantation. Tumor-infiltrating lymphocytes
(TIL) were isolated by dissection of tumor tissue into small frag-
ments in a 50-cc conical tube followed by digestion at room tem-
peraturein a bacterial shaker at 180 rpm for 30 minutesin 1 mg/mL
collagenase type IV (Worthington Biochemicals) and 20 mg/mL
DNase (Roche) in PBS. Cells were then further disrupted with a
1-cc syringe plunger through a 70-pm nylon cell strainer (BD Bio-
sciences) and filtered to obtain a single-cell suspension. TILs were
incubated on ice for 20 minutes with e506 fixable viability dye
(eBioscience), Spasl tetramer (peptide sequence STHVNHLHC,
NIH tetramer core), and the following antibodies: CD8 (53-6.7,
RRID:AB_11124344), TCRb (H57-597, RRID:AB_1272173), and
CD44 (IM7, RRID:AB_494011). For intracellular cytokine staining,
TILs were plated at 1 x 10° cells/well in 96-well plates and stimulated
for 5 hours with PMA (80 nmol/L) and ionomycin (1.3 pmol/L) for
restimulation, in the presence of brefeldin A (BFA). Cells were
then stained for surface markers, fixed and permeabilized using
the BD Cytofix/CytoPerm kit, and stained with IFNy (XMG1.2,
RRID:AB_466193) antibody. All the antibodies were purchased
through BioLegend or eBioscience. Data were collected with a
Fortessa Flow Cytometer (BD Biosciences) and analyzed using
FlowJo software (Tree Star; RRID:SCR_008520). For long-term
tumor growth assessment, tumors were measured using a caliper

from day 8 until day 29.

Analysis of Previously Published Single-Cell RNA-seq Data

The recently published human PCa scRNA-seq dataset (30) was
obtained from https://doi.org/10.17632/5nnw8xrhSm.1. We rean-
alyzed this dataset using the Seurat pipeline (RRID:SCR_016341;
v4.1.0). The BBKNN algorithm (59) was employed to mitigate po-
tential batch effects. Clustering and single-cell distribution were
visualized using Uniform Manifold Approximation and Projection
(UMAP) with the Leiden algorithm. Subsequently, cell clusters were
annotated based on previously reported cell-type marker genes of
human PCa (60) and the combined automatic annotation method
CellTypist (61). AR activity was calculated using the VIPER analysis
(62), an algorithm that employs the transcriptional gene regulatory
network targeted by AR to infer its activity. Pathway activity of MHCI
(3) or IFNy was calculated using AUCell algorithm (v1.16.0). The pre-
processed matrix of gene counts versus cells contained 40,270 cells
from 19 individual biopsies from a total of 11 patients. Of patients
published, our initial analysis included patients 1, 3, 5, 6, 7, 9, 10,
11, and 12. Patient 11 was not included in the published table but
was included in the shared dataset. After clustering all cells, luminal
cells were subset for further analysis. Patient 3 was excluded for sub-
sequent analysis due to less than 1 luminal epithelial cell with ADT
and/or upon recurrence.
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Activity Analysis of WCDT Biopsy Samples

To measure AR regulon activity of each sample in the WCDT
cohort, we used the VIPER R package (version 1.26.0; ref. 62). A
loglp-transformed TPM gene expression matrix and a regulatory net-
work were used as inputs for VIPER analysis. The viper function was
employed to calculate AR activities. The regulatory network used in
the VIPER analysis was the same as described above. To quantify the
activity of the MHCI signature (HLA-A, HLA-B, HLA-C, IRF2, TAPI,
TAPBP, and B2M genes) in each sample, we used the single-sample
gene set enrichment analysis (ssGSEA; ref. 63) implemented in the
GSVA (64) R package (version 1.44.5). The ssGSEA algorithm is
a rank-based method to assess the expression levels of genes of a
gene signature against all other genes in each sample within a given
dataset. Log-transformed gene expression profiles and the MHCI
signature were used as input to ssGSEA. FDR g values were used to
determine statistical significance.

Master Regulator and GSEA Analysis

RNA-seq data of pembrolizumab-treated patient samples were
used to evaluate differential transcription factor activities and to
perform GSEA analysis (RRID:SCR_003199). Differential gene ex-
pression analysis between responders and nonresponders was first
performed using DESeq2 (version 1.32.0; ref. 47). Gene expression
differences were considered significant when the adjusted P value is
<0.0S. Transcription factor activity was inferred by msVIPER algo-
rithms provided in the VIPER R package (version 1.26.0). The Wald
test statistic results from DESeq2 output served as a gene list input
data for the VIPER analysis. The transcriptional regulatory network
used in this study was curated from four databases as previously
described (65). GSEA version 3.0 (66) was used to identify gene sets
that were significantly activated in pembrolizumab nonresponders
compared with responders from the Hallmark database [version
7.4 of the Molecular Signatures Database (MSigDB; https://www.
gsea-msigdb.org/gsea/msigdb/)]. The expression data normalized by
variance-stabilizing transformation in DESeq2 were used as the
input of GSEA, and the default metric Signal2Noise in GSEA was
applied to calculate the differential expression with respect to non-
responders and responders. The gene sets were considered to be ac-
tivated if their FDR g value was less than 0.05.

Statistical Analysis

Significance of expression level differences in primary prostate
cancer pre- and posttreatment samples was determined using either
a Mann-Whitney U test or a prespecified FDR significance level of
0.05 as indicated above. Unpaired ¢ tests were used to determine the
statistical significance for the column plots, denoted by asterisk (*).
* P<0.05; %% P<0.01; *** P <0.001. For mCRPC RNA-seq analy-
sis, we calculated the correlation between two continuous variables
using Pearson’s correlation coefficients. The threshold of P < 0.05
indicates the significance of correlation.

Data Availability

RNA-seq data generated from the DARANA study are available in
the European Genome-Phenome Archive (EGA) under the accession
number EGAS00001006016. RNA-seq data from patient prostate
tumors before and after 6 months of neoadjuvant ADT plus enzalut-
amide were downloaded from GEO (GSE183100). RNA-seq data
and corresponding clinical annotations of tumor samples in WCDT
cohort were downloaded from previously published studies (29).
Single-cell RNA-seq data from patients with mHSPC were obtained
from the authors (30). Newly generated RNA-seq data from 91 days
of enzalutamide treatment in the C42B cells are available from GEO
(GSE277299).
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Appendix IV: Curriculum Vitae

Reed M. Hawkins

Overview:

A PhD candidate and immunologist with over 9 years of experience in biomedical
research

Extensive experience and formal training in coordinating and implementing research
involving mouse models and human clinical trials, utilizing a combination of wet
bench and computational approaches to characterize immune responses and
mechanisms of immunotherapy efficacy

An accomplished scientific communicator with experience writing successful grant
applications, contributing authorship to scientific journal articles, and teaching and
mentoring students and trainees in the classroom and lab setting

Skills:
e High-parameter flow cytometry (18+ colors)
e Mouse colony management and studying mouse models of disease
e Preparation of protein, DNA, and RNA for -omics sequencing and analysis
e Computational analysis of RNA sequencing data (R, Linux, Bioconductor packages)

Education:

PhD Candidate; Cancer Biology
Oregon Health & Science University (OHSU), Portland, OR
Expected completion: Spring 2025

BS Cellular and Molecular Biology; BS Biochemistry, Summa Cum Laude
Seattle Pacific University (SPU), Seattle, WA 2015, GPA 3.94

Bonney Lake High School, Bonney Lake, WA 2011, GPA 4.0, Valedictorian

Research Experience:

Graduate Research Assistant, Moran Lab, Cell, Developmental and Cancer Biology

Department: OHSU, Portland, OR 2020-Present

Developed an independent dissertation project investigating the role of androgen
receptor (AR) in regulating CD8+ T cell responses in both mouse and human
models, leveraging a combination of wet bench and computational approaches.
Characterized the role of AR in epigenetically and transcriptionally controlling the
acquisition of CD8+ T cell effector phenotype and function in response to acute
infection, with implications AR activity in CD8+ T cells as a driver of sex differences
in CD8+ T cell responses to disease, a critical finding to contribute to our
understanding of the causes of sex differences in disease susceptibility.
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Led a scRNAseq project on over 40 prostate cancer patient tumor biopsies to
characterize the tumor microenvironment and the changes in vascularization and
immune cell infiltration/activation that occur in response to neoadjuvant
pembrolizumab plus androgen deprivation therapy (NCT03753243).

Contributed to a body of work published in Nature in March 2022 and Cancer
Discovery in 2024 and currently preparing two first-author manuscripts for
publication.

Research Technician ll, Turtle Lab, Clinical Research Division/Program in Immunology: Fred

Hutchinson Cancer Research Center, Seattle, WA 2015-2019

Coordinated three phase I/ll CD19 Chimeric Antigen receptor (CAR) T-cell and
combination therapy clinical trials for patients with relapsed/refractory B-cell
malignancies in collaboration with principal investigators, research staff, nurses,
and hospital personnel.

Assisted with functional, transcriptomic, and epigenetic correlative studies
regarding efficacy of the CAR T cell treatments; pre-clinical studies of new CAR
designs; and studies investigating immune reconstitution following allogeneic
hematopoietic stem cell transplantation.

Gained extensive experience in T-cell transduction, T cell functional assays, high-
parameter flow cytometry panel design and optimization, RNA sequencing, human
biospecimen handling and processing, and meticulous clinical trial data
management in compliance with FDA regulations.

Volunteer Research Intern, Jensen Lab, Ben Towne Center for Childhood Cancer Research:

Seattle Children’s Research Institute, Seattle 2014

Contributed to the “Transgene X” project with the goal of increasing efficacy of
transgenic T-cells as therapy for pediatric cancer.

Research Assistant, Ridgway Lab, SPU, Seattle 2014-2015

Investigated the cellular production, localization, and release of DMSP toxins by the
marine alga, Ulva lactuca, an important organism in Pacific marine ecosystems.

Publications:

Chesner LN, Polesso F, Graff JN, ..., Hawkins RM, ..., Feng FY, Moran AE. Androgen
receptor inhibition increases MHC class | expression and improves immune
response in prostate cancer. Cancer Discovery. 2025 Mar 3. doi:
https://doi.org/10.1158/2159-8290.CD-24-0559

Guan X, Polesso F, ..., Hawkins RM, ..., Graff JN, Xia Z, Moran AE. Androgen receptor
activity in T cells limits checkpoint blockade efficacy. Nature. 2021 Mar 23. doi:
https://doi.org/10.1038/s41586-022-04522-6, PMID: 35322234

Hirayama AV, Chou CK, ..., Hawkins RM, ..., Riddell SR, Marcondes MQ, Turtle CJ. A
novel polyer-conjugated human IL-15 improves efficacy of CD19-targeted CAR-T cell
immunotherapy. Blood Advances. 2022 Nov 5. doi:
https://doi.org/10.1182/bloodadvances.2022008697

Gauthier J, Bezerra ED, ..., Hawkins RM, ..., Riddell SR, Maloney DG, Turtle CJ.
Factors associated with outcomes after a second CD19-targeted CAR T-cell
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infusion for refractory B-cell malignancies. Blood. 2021 Jan 21;137(3):323-335. doi:
10.1182/blood.2020006770. PMID: 32967009; PMCID: PMC7819764.

Gauthier J, Hirayama AY, ..., Hawkins RM, ..., Riddell SR, Maloney DG, Turtle CJ.
Feasibility and efficacy of CD19-targeted CAR T cells with concurrent ibrutinib for
CLL after ibrutinib failure. Blood. 2020 May 7;135(19):1650-1660. doi:
10.1182/blood.2019002936. PMID: 32076701; PMCID: PMC7205814.

Sheih A, Voillet V, ..., Hawkins R, ..., Turtle CJ. Clonal kinetics and single-cell
transcriptional profiling of CAR-T cells in patients undergoing CD19 CAR-T
immunotherapy. Nat Commun. 2020 Jan 10;11(1):219. doi: 10.1038/s41467-019-
13880-1. PMID: 31924795; PMCID: PMC6954177.

Hirayama AV, Gauthier J, ..., Hawkins RM, ..., Riddell SR, Maloney DG, Turtle CJ.
High rate of durable complete remission in follicular lymphoma after CD19 CAR-T
cellimmunotherapy. Blood. 2019 Aug 15;134(7):636-640. doi:
10.1182/blood.2019000805. PMID: 31648294; PMCID: PMC6695558.

Hirayama AV, Gauthier J, ..., Hawkins RM, ..., Riddell SR, Maloney DG, Turtle CJ. The
response to lymphodepletion impacts PFS in patients with aggressive non-Hodgkin
lymphoma treated with CD19 CART cells. Blood. 2019 Apr 25;133(17):1876-1887.
doi: 10.1182/blood-2018-11-887067. Epub 2019 Feb 19. PMID: 30782611; PMCID:
PMC6484391.

Hay KA, Gauthier J, ..., Hawkins RM, ..., Riddell SR, Maloney DG, Turtle CJ. Factors
associated with durable EFS in adult B-cell ALL patients achieving MRD-negative CR
after CD19 CAR T-cell therapy. Blood. 2019 Apr 11;133(15):1652-1663. doi:
10.1182/blood-2018-11-883710. Epub 2019 Feb 6. PMID: 30728140; PMCID:
PMC6460418.

Turtle, CJ, Hanafi LA, ..., Hawkins RM, ..., Riddell SR, Maloney DG. (2016).
Immunotherapy of non-Hodgkin’s lymphoma with a defined ratio of CD8+ and CD4+
CD19-specific chimeric antigen receptor-modified T cells. Sci Trans! Med 8(355):
355ra116.

Funding Awards:

NRSA T32: OHSU Program in Enhanced Research Training (Award # 5T32GM71338-
5); 2020-2021

NRSA T32: OHSU Program in Biomedical Sciences Training Grant (Award
#1T32GM142619-01); 2021-2022

NRSA T32: Integrated Cancer Systems Biology Training Grant (Award #[]); 2023-
Present

Teaching and Mentoring Experience:

OHSU Wy’east Postbaccalaureate Program, OSHU, 2022-2025

The Wy’east program at OHSU serves as a post-baccalaureate path for Alaska
Native and American Indian students into medical school. | had the privilege to
teach these students for two sessions titled “Introduction to Innate Immunity” and
“Innate Immune Sensors: Host-Pathogen Interactions”. | received very positive
feedback on my teaching method from the program coordinators and staff and
faculty observers from the OHSU Teaching and Learning Center and Portland State
University.
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Training Future Faculty, OHSU, 2021-2022
e The Training Future Faculty program is organized by the Teaching and Learning
Center at OHSU, and is aimed at providing teaching experience, enhanced training
in pedagogy, and guidance through teaching observation and workshops.

Research Rotation Student Mentorship, Moran Lab OHSU, 2022-2024
e |nvolved in planning rotation projects for 5 research rotation students from the
OHSU PBMS program, including training, teaching and mentoring the students
during their 4-week rotations.

Introduction to Biostatistics Teaching Assistant, OHSU, 2022
e Served as a teaching assistant for the graduate-level Introduction to Biostatistics
class, including answering student questions, hosting study sessions, hosting office
hours, and grading homework and exams.

Cell Biology Teaching Assistant, OSHU, 2020
e Organized and led weekly study sessions and literature discussions for graduate
students enrolled in the Cell Biology class.

Student Learning Center, OHSU, 2020
e Organized and hosted review sessions for students entering the OHSU Program in
Biomedical Sciences and beginning their core competency classes.

Peer Mentor Program, OHSU, 2020
e Mentored a first-year graduate student in the Program in Biomedical Sciences at
OHSU and met with them regularly to help the make decisions and navigate their
first year.

Seattle Pacific University Mentor Program, SPU, 2018-2019
e Mentored SPU undergraduate students who were interested in entering academic
research careers by sharing my experiences with them, helping to connect them
with other researchers, and advising them on how to prepare for a career as an
academic researcher.

Cell Biology, Biochemistry, Organic Chemistry, and Gen. Chemistry Teaching Assistant,
SPU, 2013-2015
e Provided procedural and writing guidance to the students, prepared/maintained
biological samples, maintained lab reagent stocks, and graded research reports,
quizzes, and examinations

Presentations:

e Oral: Hawkins R, Polesso F, Ko A, Cheney J, Huynh R, Moran AM. Androgen receptor
activity tunes CD8 T cell effector responses. AAl Immunology 2025. Honolulu, HI
(May 2025)
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Poster: Hawkins R, Ko A, Polesso F, Moran AE, Androgen receptor activity tunes
CDB8T cell effector responses. Sex Differences in the Immune System, Trinity
College Dublin (June 2024)

Poster: Hawkins R, Weeder B, Kumar S, Kopp R, Garzotto M, Thompson R, Moran
AE. Leveraging a neoadjuvant clinical trial in high risk localized prostate cancer to
unveil mechanisms of androgen-mediated immune suppression. PNW Prostate
SPORE Conference, UCLA, CA (March 2024)

Poster: Hawkins R, Polesso F, Ko A, Moran AE. Androgen receptor regulation of CD8
T cellimmune responses. GRC Sex Differences in Immunity 2023, Pacific Grove, CA
(April 2023)

Oral and Poster: Hawkins R, Sehrawat A, Polesso F, Moran AE. Androgen receptor
regulation of CD8 T cellimmune responses. Immunology 2022, AAl, Portland, OR
(May 2022)

Poster: Hawkins R, Guan X, Polesso F, Wang C, Sehrawat A, Murray SE, Thomas GV,
Caruso B, Graff JN, Xia Z, Moran AE. Suppressing androgen receptor activity in T
cells promotes effective checkpoint blockade. Midwinter Conference of
Immunologists, Pacific Grove, CA (January 22, 2022)

Poster: Hawkins R. Androgen Receptor Regulation of T Cell Immune Responses.
OHSU Research Week, Portland, OR (May 3, 2021).

Oral: Hawkins R, Kenyon R, Anderson M, Wood D. Suspect genes involved in Wnt
pathway signaling and intestinal cell fate in C. elegans. Erickson Undergraduate
Research Conference, Seattle, WA (May 16, 2014).

Poster: Hawkins R, Kenyon R, Nelson TA, Ridgway RL. DMSP localization in the
macroalga, Ulva lactuca, by immunofluorescence microscopy. Murdock
Undergraduate Research Conference, Vancouver, WA (November 14, 2014)

Leadership and Volunteer Experience:

OHSU Recruitment 2020, OHSU - Assisted in welcoming, orienting, and recruiting
prospective  students for the OHSU Program in Biomedical Sciences (PBMS)
Seattle Pacific University Mentor Program, SPU, 2018-Present — Mentoring aspiring
undergraduate scientists as they begin to transition from undergrad to research jobs
or graduate school.

Executive Board Member and Co-founder of MEDLIFE (Medicine, Education, and
Development for Low Income Families Everywhere) — SPU Chapter, Associated
Students of SPU, 2013-2015

Ivy Honorary, SPU’s Mortar Board National Honor Society Chapter, 2014-2015
Student Leadership Development Committee, Associated Students of SPU, 2014-
2015

Executive Member of SPU American Chemical Society Club, Associated Students of
SPU, 2014-2015

Chief Justice, Constitutional Advisory Board, Associated Students of SPU, 2013-
2015

Elections Task Force, Associated Students of SPU, 2013

Moyer Hall Senator, Associated Students of SPU, 2012-2013

Moyer Executive Hall Council, SPU, 2012-2013
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Awards and Honors:

e Student Mentor Award, OHSU Graduate Student Organization, 2021-2022

e Dean’s List throughout enrollment, SPU

e Trustees’ Scholar Award, SPU, The highest academic scholarship offered at SPU

e Alpha Kappa Sigma, SPU, Honors society for students in the top ten percent

e Certificate of Excellence in Cellular and Molecular Biology 2015, SPU, Awarded to

one student with exceptional performance in and support of the major
e Valedictorian, Bonney Lake High School, Awarded for ranking first in the class of
2011

e Advanced Placement Scholar with Distinction, The College Board, 2010-2011
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