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ABSTRACT

Adult prostate stem cells (PSC) are a rare epithelial progenitor population in the prostate.
While essential for normal homeostasis, they have also been implicated in hyperplasia and cancer
initiation (1-7). While studies have shown that inflammatory growth factors and cytokines can fuel
stem cell expansion, the impact of inflammation on PSC is not well understood (1, 8, 9). To study
the impact of inflammation on the prostate, the Ratliff laboratory developed the Prostate
Ovalbumin Expressing Transgenic 3 (POET3), an inducible mouse model of abacterial T cell
mediated prostate inflammation, which functions as a model for human autoimmune prostatitis
(20). Previous studies using the POET3 demonstrated that inflammation increased proliferation
and differentiation of PSC enrichments (11). Based on these findings, it was speculated that
inflammation impacts prostate stem cells to enhance mechanisms of survival, possibly as a means
of tissue protection.

Since androgen receptor (AR) signaling is the major driver of cellular differentiation and
survival in the prostate, it was further hypothesized that inflammation promotes AR signaling in
the PSC. To address this hypothesis, PSC and their resulting organoids from inflamed and non-
inflamed (naive) POET3 mice as well as human patient samples were assessed for AR and its
signaling components.

These data were expanded by single cell mRNA sequencing using Fluidigm’s C1 platform,
which revealed changes in stem cell populations, differential expression of interleukin 1 alpha (IL-
la) and its signaling components, and upregulation of various genes associated with immune
regulation. Thus, experiments described herein probed the impacts of inflammation on AR, IL-1q,
and T cell regulatory abilities in the PSC.

The results of these studies indicate that indeed, inflammation increases PSC survival.
Inhibition of IL-1«a via inflammation-mediated up-regulation of IL-1 receptor antagonist (IL-1RA)
promotes AR signaling, resulting in proliferation, differentiation, and AR target gene expression
which can be modulated by Enzalutamide (a clinical AR inhibitor). Furthermore, PSC from
inflamed mice are able to suppress cytotoxic T cell function in ex vivo assays. These studies set
the foundation for new ways to treat proliferative diseases of the prostate by targeting IL-1a, AR,

and immune regulation in the PSC.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

1.1 The Prostate
1.1.1 Basic Biology of the Human and Murine Prostate

The prostate is a walnut-sized secretory gland. The peak of the cone-shaped prostate
encircles the penile urethra, and the base extends toward the bladder (12). While the developing
human prostate consists of distinct “lobes,” the adult prostate is composed of less distinct “zones”
described by McNeal et al. in 1981 (13, 14) (Figure 1.1). The majority of the prostate (70%) is
comprised of the peripheral zone, which surrounds the wedge-shaped central zone (25%) (12, 13).
These two zones contain the major secretory ducts. The third lobe is described as the transition
zone, which lacks ducts of its own but is traversed by ducts of the peripheral zone. The anterior
prostate is composed of thick fibromuscular stroma (13). These distinct zones function to produce
the fluids that nourish and protect the sperm, making the prostate essential for mammalian
reproduction (15).

Architecturally, the glandular tissue of the human prostate is composed of acini and ducts
that are described as undulating and papillary (with small rounded projections) in appearance (12)
(Figure 1.2). It is fairly homogeneous, although the central zone contains more notable papillae.
The prostatic acini are lined by tall, cuboidal luminal cells that are the functional cells of the
prostate. Interspersed among them are rare neuroendocrine cells. These sit upon a layer of basal
cells, which separate the lumen from a prominent fibromuscular stroma (12). These cellular ducts
run toward the urethra, and function together to secrete prostatic fluids.

The prostate is prone to diseases including prostatitis, benign prostate hyperplasia (BPH),
and prostate cancer (PCa), which impact male fertility and quality of life (15); however, it is
impossible to study the development and changes between healthy and diseased tissues in living
humans. Therefore, we rely on animal models to provide insight to prostate development and
reveal the underlying causes and mechanisms of progression of prostate disease.

The murine prostate, while performing the same function as the human prostate, has several
key differences. Similar to the human prostate, murine prostate lobes contain acini lined by
epithelial cells composed of cuboidal to columnar luminal cells, interspersed basal cells, and rare

neuroendocrine cells surrounded by fibromuscular stroma cells (these cell types are described in
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detail below). Generally, the murine prostatic stroma is less prominent than that of the human
prostate (16). While the human prostate has no external lobe structures, the mouse prostate has 4
pairs of distinct lobes, which can be easily identified by eye (Figure 1.3). These consist of the
anterior lobes, dorsal lobes, lateral lobes, and ventral lobes (17, 18). The characteristics are defined
in detail by Oliveria et al. (18). Along with being physically distinct, hematoxylin and eosin (H&E)
staining reveals architectural and cellular differences between murine lobes. The anterior lobes
consist of large, open acini that are described as “cribriform” or “papillary” in shape and form
prominent infoldings. The dorsal lobes are characterized by small acini with sparse infoldings. The
lateral lobes possess acini of varying sizes with flat epithelial borders that lack infoldings; and
while similar in appearance to the lateral lobes, the ventral lobes lack the eosinophilic luminal
secretions present in the other murine lobes (12, 13, 16, 18). The secretions produced by each lobe
are also different in composition; however, the end result is similar to that produced by humans in
role and makeup (19, 20).

In terms of prostatic morphology and the development and progression of cancer, canine
models may be most similar to human (21, 22). However, canine studies are difficult to control
and mainly dependent on patient samples (23), while the mouse is easy to manipulate and control
in a laboratory setting (16, 24). Thus, while it is difficult to draw direct comparisons between the
zones and lobes of murine and human prostate, the mouse remains the most prominent and well-
studied model of prostatic development and disease.

Despite the apparent differences between murine and human prostate composition, there are
many similarities between the two organs. The human peripheral zone, where the majority of
prostate cancer (PCa) occurs, is often compared to the dorsolateral murine prostate in terms of
gene expression (13, 25).The human central zone most closely resembles the anterior prostate of
the mouse (18), while the transition and anterior zones have no murine equivalent. This is
unfortunate since the transition zone is the origin of benign prostate hyperplasia and a subset of
PCa with distinct characteristics from those that originate in the peripheral zone (13, 26-29). This
lack of essential regions hindered the use of mouse models in studies of prostate disease until
recently. With the development of widely applicable genetic modifications and xenograft models,
the mouse has provided substantial insight to the areas of prostatitis, benign prostate hyperplasia,

and invasive carcinoma (24, 30-32).
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1.2 The Epithelial Cell Components of the Prostate

In order to understand the diseases of the prostate described below, an understanding of the
cellular componentsis required. The human and murine prostatic ducts are composed of two major
cellular layers: the fibromuscular stroma and the epithelium (Figure 1.3). The stroma is essential
for prostate development, fueling proliferation and differentiation with growth factors and
paracrine signals, and plays a supportive role in mature prostate function (33, 34). These same
factors may contribute to prostatic disease (35); however, the topic of this work is the epithelium,
which will be the focus of the discussion below. The epithelium can be divided into functional
luminal cells, supportive basal cells, and rare neuroendocrine cells. Each of these cell types plays
an essential role in prostate function and contributes to different aspects of prostate disease. The
cellular composition is similar between species; therefore, the following section is relevant to both

human and murine prostate.

1.2.1 Luminal Cells

The luminal cells are the functional secretory cells of the prostate. They are predominantly
columnar in shape and line the prostatic acini described above. They are the functional cells of the
prostate and produce three major components of seminal fluid to help buffer and nourish the sperm.
These include prostatic acid phosphate (PAcP), beta-microseminoprotein, and, in humans, prostate
specific antigen (PSA) (36, 37). Mature luminal cells are recognized by their expression of
androgen receptor (AR), Nkx3.1, cytokeratin 8, cytokeratin 18, and kallikreins (38). They are most
sensitive to circulating androgens, particularly dihydrotestosterone (DHT) and its less potent
precursor testosterone (T). If there is loss of circulating androgens, the luminal cells undergo rapid
apoptosis resulting in drastic involution and a reduction in prostate size. Upon reintroduction of
androgens, the prostate regenerates and resumes normal function (39, 40). Luminal cells have been
implicated in prostate cancer initiation (41, 42); however, their role is debated as they may arise

from trans-differentiation and maturation of transformed basal cells described below (5, 43-45).

1.2.2 Neuroendocrine Cells

Neuroendocrine cells compose a small percentage (<1%) of the prostate (46). They are

thought to play a role in development, and they produce various growth factors including
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transforming growth factor alpha (TGF-a) and vascular endothelial growth factor (VEGF) (47).
Coupled with their lack of AR expression and resistance to androgen deprivation therapy, this
makes them particularly pernicious in the tumor setting. Because of these features, neuroendocrine
cells are studied extensively for their role in treatment resistant prostate cancer (46, 48). In the
normal setting, these rare cells exist interspersed among the basal and luminal cells. They are
difficult to identify morphologically, but express unique markers chromogranin A (CgA), neuron
specific enolase (NSE), and synaptophysin (SYN) at varying intensities (48). Neuroendocrine cells
are heterogeneous, and there is great variability in the number and density of these cells from
person to person (49, 50), leaving room for speculation about their importance and contribution to
normal prostate biology.

1.2.3 Basal Cells

The basal cells of the prostate play a supportive role in prostate function and are the focus
of the studies described herein. In the mature prostate, they exist in a dispersed layer between the
functional luminal cells and the stroma, and are characterized by their expression of p63,
cytokeratin 5, cytokeratin 14, and CD49f (integrin alpha-6) (Figure 1.4). Despite some
controversy, basal cells are considered the developmental origin of the prostate epithelium. Fetal
urogenital sinus epithelial cells of p63 knockout mice can form prostate grafts that lack basal cells
but maintain luminal and neuroendocrine populations (51); however, this does not definitively rule
out basal cells as the developmental source of the prostate epithelium, as the inductive stroma used
in these experiments can drive bladder and urethral epithelium to generate functional prostate
lumens (52). Furthermore, lineage tracing studies indicate that basal, luminal, and rare
neuroendocrine cells all originate from p63* basal cells (53).

A small percentage of basal cells retains these multipotent capabilities in the adult prostate.
As early as the 1980s, based on the prostate’s ability to regenerate after a period of involution post-
castration, a portion of the human prostate epithelium was speculated to possess stem cell functions
(54, 55). Over a decade later, stem like cells were found to reside proximal to the urethra (56).
These cells were further characterized as basal stem cells, due to their lack of luminal markers and
expression of basal cytokeratin 5 and 14 (57, 58). More recent studies also demonstrated high
expression of CD49f (integrin alpha-6), CD133, and later by stem cell antigen-1 (sca-1) in the

mouse (59, 60). Upon in vitro 3D culture, these cells form prostate spheres, also called organoids
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or spheroids (61, 62); or they can be implanted with fetal urogenital sinus mesenchyme in vivo to
regenerate a representative prostate (63, 64). Thus, while still containing substantial transit-
amplifying (cells with limited bipotential differentiation capacity) (65), these enrichments are
useful for studying the prostate stem cell response to treatment, stimulation, and transformation.
They have also been invaluable for investigating prostate development, maintenance, and response
to disease.

More recently, rare luminal progenitors have been identified and isolated. This led to the
finding that, while basal prostate stem cells can produce daughter cells of all epithelial types,
luminal and basal progenitor cells remain fairly lineage restricted during normal homeostasis (41,
62, 66, 67). This has been the topic of debate in the realm of inflammation and tissue destruction,
where tissue integrity may be disrupted beyond the capacity of luminal progenitor repair. While
the extent of their contribution to luminal regeneration remains unclear, it is apparent that adult
basal progenitor cells can trans-differentiate to luminal cells and that inflammation and subsequent
loss of luminal cells induces proliferation and trans-differentiation from basal cells (11, 43, 44, 62,
68, 69).

1.3 The Androgen Receptor

1.3.1 Structure and Function of the Androgen Receptor

The androgen receptor (AR) is a zinc finger transcription factor, which mediates the cellular
effects of male hormones (androgens). Its gene is located on the X chromosome and spans 2757
nucleotides and 8 exons. The resulting protein is 110 kilodaltons (kDa) and composed of 919
amino acids (AA) (70). Itis similar to other steroid hormone receptors. The N-terminal region (AA
1-555) isresponsible for transcriptional activity. The DNA binding domain (AA 555-623) contains
two zinc-fingers that interact directly with cellular DNA. The hinge region (AA 623-665), connects
the C-terminal ligand binding domain (AA 665-919), which is responsible for binding
dihydrotestosterone and, to a lesser degree, testosterone (70-73). Nuclear import and export signals
are located within the DNA binding and ligand binding regions. These signals are responsible for
engaging other proteins that shuttle the AR into or out of the nucleus, depending on the presence

of ligand (mainly androgens such as testosterone (T) and dihydrotestosterone (DHT) (74).
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The AR is essential for prostate development and function. Under normal conditions, the
AR remains in the cytoplasm, bound by heat shock proteins (HSP) that hold it in the proper
conformation to accept ligand (75). Once bound to ligand, the AR is imported to the nucleus where
it forms a dimer and binds androgen response elements (ARE) of the DNA (74). It then recruits
various cofactors and coactivators to initiate transcription of a multitude of targets, including
TMPRSS2, NKX3A, and KLK (PSA) genes resulting in the proliferation and maturation of
prostate cells (76).

In addition to ligand binding, the AR can be regulated through post-translational
modifications (PTM) including phosphorylation, methylation, SUMOylation, acetylation, and
ubiquitination (77). AR activation and nuclear translocation can also be induced by inflammatory
molecules such as interleukin 6 (78). These noncanonical AR activating mechanisms are

associated with aberrant AR signaling and prostate cancer severity (79).

1.3.2 Aberrant Androgen Receptor Signaling

Aberrant AR signaling plays a role in two major diseases of the prostate: benign prostate
hyperplasia and prostate cancer (explained in detail below). In fact, AR has been studied in the
context of prostate disease since groundbreaking work by Huggins and Hodges in 1941
demonstrated a castration-induced decrease in prostate cancer markers in patients (80). Aberrant
AR signaling can occur by numerous mechanisms. At the genomic level, it may undergo
amplification leading to over expression of the protein (81), or it may gain activating mutations
that promote constitutive signaling or promiscuous ligand binding (82). At the protein level, along
with the post-translational modifications described above, it may undergo alternative splicing
events during translation. These androgen receptor splice variants (ARSV) often lack the ligand
binding domain while retaining functional DNA binding domains and nuclear localization signals.
This allows them to function in the absence of androgens and evade clinical inhibitors that target
the ligand binding domain (83).

Since prostate cancer is also associated with inflammatory disease of the prostate (8, 9, 27,
84-86), various cytokines have been studied for their impact on AR. To this end, interleukin 6
(IL6) has been found to activate AR and promote transcription of target genes associated with
luminal phenotype (78, 87, 88). Other cytokines, such as interleukin 1 (IL-1) have also been
studied in this context (89, 90).
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1.3.3 Interleukin 1 Alpha and Androgen Receptor Signaling

Cytokines are molecules that broadly function by binding cell membrane receptors and
initiating signaling cascades. They can act in an autocrine (same cell), paracrine (nearby cell), or
endocrine (distant cell) manner. They play an essential role in immune system function, as they
can be produced at the site of infection or injury to recruit the cells necessary to repair damage or
eliminate a pathogen (91). Cytokines can be classified into pro-inflammatory and anti-
inflammatory categories, with some overlap between the two groups mediated by receptor
interactions.

Interleukin cytokines, first identified in leukocytes, are no different. Interleukin 1 alpha (IL-
1 a) and beta (IL-1 B) both signal through the same receptor, the interleukin 1 receptor 1 (IL-1R1).
This complex recruits the interleukin 1 receptor activating protein IL-1RAcP), which activates
Myd88 and phosphorylates IRAK, resulting in activation of nuclear factor kB (NFxB), JNK, and
p38 mitogen activated kinase (p38MAPK). The result is a change in expression of hundreds of
genes including IL-6, IL-8, MCP-1, COX-2, IkBa, IL-1a, IL-13, MKP-1 (92).

While IL-1 o and IL-1 B are very similar, they possess several key differences. IL-1 B is
produced and secreted by cells under stress as opposed to constitutive expression of IL-1 a, which
remains intracellular until released by cell death (93). As the interleukin pathway is highly
inflammatory, there are many mechanisms in place to control its signaling. This includes decoy
receptor IL1R2, soluble versions of the IL1R1, and the naturally occurring inhibitor, interleukin 1
receptor antagonist (IL-1RA), which has the sole function of blocking IL-1 signaling (92).

The IL1 pathway has been predominantly studied for its role in immune function; however,
there is evidence to suggest it could contribute to prostate cancer progression (94). Notably, I1L-1
a can enhance AR signaling (89). Conversely, IL-1 o can also induce senescence and decreased
AR signaling in basal cells of the prostate (95), indicating a dual role for the signaling pathway in

normal and malignant cells.
1.4 The Major Diseases of the Prostate

Benign and malignant prostate diseases have a tremendous impact on male health. Their

study spans centuries, with documents from the 1800s speculating their prevalence and causes (96,
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97). The three major afflictions include prostatitis, benign prostate hyperplasia, and prostate

cancer. Each of these diseases will be discussed in this section.

1.4.1 Prostatitis

Prostatitis encompasses two major types of inflammatory prostate disease, bacterial and
abacterial, that may or may not include symptoms of pain and urine retention. A lack of clearly
defined criteria led to conflicting information and debate among researchers (98), until a thorough
categorization was implemented by the National Institutes of Health (NIH) in 1999 (99). At that
point, prostatitis was defined as four categories: category I, acute bacterial prostatitis, category I,
chronic bacterial prostatitis, category Ill, chronic prostatitis/pelvic pain syndrome, and category
IV, asymptomatic inflammatory prostatitis (99). Categories 11l and IV are distinct in their lack of
bacterial cause. Despite the category system, the prevalence of each is not entirely clear due to
inconsistencies between physician diagnosis and pathology (100, 101); however, the overall
impact of prostatitis on men’s health is immense. The economic burden of prostatitis alone was
estimated to be $84 million in 2000 in the United States, and it is speculated that up to 15% of men
will experience symptomatic prostatitis during their lifetimes (102, 103).

The most common form of prostatitis encompasses categories 11 and IV, chronic abacterial
prostatitis. Despite the widespread use of antibiotics to treat symptomatic prostatitis, only 10% of
cases are estimated to be bacterial (100). Additionally, in spite of attempts to clarify, these
abacterial syndromes remain nebulous in definition and study. In fact, due to the lack of defined
symptoms, many men only come to be diagnosed after biopsy for prostate cancer (the third major
disease of the prostate, which will be discussed in detail below) (101). There remains some
controversy as to the bacterial origin of categories 11 and I'V; however, treatment with antibiotics
remains ineffective and sensitive methods of detection, such as polymerase chain reaction (PCR)
have failed to detect the presence of pathogenic bacteria (104, 105).

Treatment options for prostatitis are limited. They consist of antibiotics, nonsteroidal anti-
inflammatory drugs, and alpha blockers to relieve symptoms (100). These all fail to address
chronic abacterial prostatitis, which is poorly understood and thus, difficult to treat.

In addition to its prevalence and impact on male health, chronic prostatitis is associated with
more severe pathologies of the prostate. There is an abundance of evidence that chronic prostatitis

can contribute to benign hyperplasia and invasive carcinoma, especially in mouse models of
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disease (9, 27, 84, 86, 106-108). Indeed, inflammatory cytokines can fuel hyperplastic growth (86,
109-111). Yet, despite the clear correlation between prostatitis and hyperplastic disease, a
mechanism by which chronic prostatitis may persist and result in hyper proliferation of prostate

cells remains elusive.

1.4.2 Benign Prostate Hyperplasia

The next major disease of the prostate is benign prostate hyperplasia (BPH). BPH may begin
as early as age 30, affecting 50% of 60-year-old men, and its incidence continues to increase with
age (112, 113). Its source is an enlargement of the transition zone of the prostate, which eventually
compresses the urethra (26). Symptoms include frequent need to urinate, urination at night
(nocturia), weak or intermittent stream, difficulty starting urination, incomplete voiding, and
dribbling with urination. In extreme cases, BPH may even lead to urinary tract infections and renal
failure due to retention of urine (114, 115).

Since BPH is a benign disease, therapy is aimed at symptom relief. Treatment of BPH
consists of alpha blockers, which relax the smooth muscle cells of the stroma to release the urethral
constriction (116), or 5 alpha reductase inhibitors (5ARI), which block conversion of testosterone
to the more potent dihydrotestosterone leading to decreased prostate epithelium (117).
Unfortunately, pharmaceutical intervention is rarely effective, and patients often require surgical
intervention (118, 119). This is partly due to a great deal of heterogeneity in BPH nodules, which
may be composed predominantly of epithelium or stroma) and partly due to resistance of epithelial
basal cells to androgen deprivation (7, 120).

While the symptoms and histopathology of BPH are well established, the cause of BPH is
not clear. There are a few predominant theories that include: 1) an age-related accumulation of
dihydrotestosterone as opposed to testosterone, 2) a reactivation of developmental processes, and
3) a shift in the balance of growth factors (121). Reactivation of developmental processes and a
plethora of growth factors are associated with inflammation (1, 8, 9). Indeed, the correlation
between BPH and prostatitis (inflammation of the prostate, described above) is well established.
Up to 80% of BPH patients have concurrent inflammation (84, 122), and the presence of prostatitis
contributes to BPH progression (107). Mouse models also point to a relationship between
prostatitis and BPH (123); however, there is controversy as to whether one is causal to the other
(124-126).
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In addition to the uncertainty regarding the role of prostatitis in BPH initiation and
progression, immune infiltrating cells are also poorly characterized in BPH patients. Studies by
Robert et al. found a high prevalence of macrophages, B cells, and T cells in BPH patient samples
(122). More specifically, BPH samples possess prominent chronically activated CD4* T cell
populations, indicating a potential for chronic inflammation (127-129). These authors speculated
that chronic inflammation could cause a cycle of tissue destruction and regeneration enriching the
environment for growth factors and cytokines that could promote BPH. Further study is required
to validate these findings; thus, this is the goal of some of the studies described below, which
examine the response of regenerative prostate stem cells to cytotoxic T cell mediated
inflammation.

While BPH is characterized by abnormal expansion of epithelial and stromal components of
the transition zone of the prostate, it is a benign disease. Cancer of the prostate may begin with
preinvasive lesions or intraepithelial neoplasia (PIN); however, as these lesions progress, the tissue
architecture becomes disrupted, leading to invasive carcinoma (130). Similar to BPH, there is

evidence to suggest that prostatitis contributes to initiation and progression (27).

1.4.3 Prostate Cancer

Prostate cancer is one of the most impactful and prevalent cancers. It is the second leading
cause of male cancer deaths worldwide (131). The American Cancer Society Cancer Statistics for
2020 predicts prostate cancer to account for 21% of male cancer diagnoses (not including
squamous cell skin cancer) and cause over 33,000 deaths (132). While the five year survival rate
for local prostate cancer is >99%, for cases where distant metastases occur, five year survival is
closer to 30% (132). With the advent of improved screening by use of the prostate specific antigen
(PSA) test in the early 1990’s, documented cases surged (133); however, the androgen sensitive
and non-essential role of the prostate, which lends itself to surgical removal, allowed for a high
survival rate (132). The American Cancer Society recognizes multiple kinds of prostate cancer.
The most common is adenocarcinoma, with few cases of small cell carcinoma, transitional cell
carcinoma, sarcoma, and neuroendocrine tumors. Mucinous, signet ring cell, ductal, and
adenosquamous cancers of the prostate are also possible, but exceedingly rare (134). As localized
prostate cancer has a very good outcome and five year survival rate, the following discussion will

be focused on metastatic adenocarcinoma, which is the fatal form of prostate cancer.
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As the prostate is an androgen-responsive organ, most of modern pharmaceutical
intervention for metastatic prostate cancer has focused on control of the androgen receptor
(discussed above). The simplest way to target the androgen receptor is to remove circulating
androgens through androgen deprivation therapy (ADT) via physical or chemical means (135).
Unfortunately, the effects of ADT are temporary and tumor growth resumes in the form of
castration resistant prostate cancer (CRPC, also referred to as hormone refractory prostate cancer)
within 2-3 years.

The mechanisms by which CRPC may circumvent ADT are many, and most involve
reactivation of the androgen receptor (AR) by intratumoral androgen synthesis or other aberrant
AR signaling processes described above. Thus, the most recently developed pharmaceutical agents
against CRPC target the AR directly (74, 136). Unfortunately, even these leave great room for
improvement; direct AR inhibition can only extend life 5 months over placebo (137).

With the advent of cancer immunotherapy, the contribution of immune infiltrates to prostate
cancer has drawn massive attention. Indeed, cancer immunotherapy was named breakthrough of
the year in 2013 by the journal Science (138). The main goal of cancer immunotherapy is to help
the patient’s own immune system to recognize and eliminate cancer cells to boost efficacy of
existing chemotherapy (139). This can be achieved using vaccines against tumor antigens,
adoptive transfer of T cells with chimeric antigen receptors (CAR T cells), or checkpoint
inhibitors. These major focal areas all aim to take advantage of cytotoxic T cells, which can target
and kill other cells (139-141).

To that end, immunotherapy has proven ineffective against prostate cancer (142-145). This
is possibly because prostate cancer possesses a “cold” tumor microenvironment. This means that
while there may be significant peritumoral inflammation, the tumor mass lacks infiltrating immune
cells (144). Thus, the invigorated anticancer T cell response that immunotherapy aims for cannot
exert an effect. The treatment options for BPH and CRPC are ineffective It is clear that an increased
understanding of prostate disease and its cellular signaling processes, particularly those mediated

by inflammation, is necessary in order to improve treatment options and patient outcomes.

1.5 Basic Immunology of the Prostate

To better understand the mechanisms by which chronic prostatitis may contribute to BPH

and prostate cancer, an understanding of the normal immune landscape of the prostate is
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necessary. The normal human prostate contains low levels of infiltrating myeloid and lymphoid
cells (146, 147). More recently, innovative studies by Henry et al. of the Strand laboratory
performed unbiased analysis of young patient samples by single cell RNA sequencing, but were
unable to obtain sufficient leukocytes (CD45 positive) for analysis (34). While this may have
been due to digestion protocols used, the low numbers were not addressed. However, these data
are consistent with murine prostates, where studies by Haverkamp et al. found CD45 positive
cells in non-inflamed murine prostates to be as low as 0.93% (148).

In addition to being vague in symptoms, studies regarding the immunology of prostatitis are
lacking. There is evidence that an autoimmune component is involved; animal models have been
utilized to induce sensitization to prostatic proteins leading to prostatitis (149, 150), and human
studies indicate a role for both the innate and adaptive immune responses (146). In fact, T cells
from prostatitis patients were shown to react to native prostate proteins, including prostate specific
antigen (PSA) (151-153). This is indicative of an autoimmune component; however, the extent of
their contribution to chronic prostatitis is unclear.

Studies of BPH patient samples are more conclusive. CD45 positive cells may account for
up to 45% of prostate cells, based on flow cytometry analysis (90); and studies by Henry et al.
indicated that 50% of these were CD11b positive monocytes (of which 36% were also positive
for M2 markers typically associated with anti-inflammatory properties), 0.3% were CD4 positive
T cells and 3% were CD8 positive (64). Unpublished data from the Ratliff and Hayward
laboratories also revealed that the CD4* and CD8* T cell populations were enriched for genes
associated with exhaustion and anergy that would indicate chronic inflammation and an immune
suppressive environment.

Prostate cancer is also thought to possess immune suppressive characteristics. The current
paradigm for prostate cancer is that it is characterized by a “cold” microenvironment. While the
periphery may contain prominent inflammatory cells, the bulk of the tumor tends to exclude
leukocytes (144, 154). This has become an important topic of study due to the advent of cancer
immunotherapies. Indeed, even the surrounding lymphocytes were found to have decreased
function (154, 155).

All three of these diseases exhibit characteristics of aberrant T cell function, whether
autoimmune activation (chronic prostatitis), blockade (prostate cancer), or suppression (BPH),

for which the causes are unclear or debated. They illustrate the tug-of-war between an
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autoimmune response to endogenous prostate proteins and failing tolerance mechanisms that
may contribute to an overly suppressive environment conducive to tumor formation. By studying
the response of the epithelial stem cells to the infiltrating cytotoxic T cells, we may begin to

identify targets to improve patient outcomes and non-surgical options for disease treatments.

1.6 Introduction to Research Questions and Methodology

The discovery that adult prostate stem cells (PSC) could be enriched by fluorescence
activated cell sorting (FACS) as lineage” (CD457/CD31") sca-1* CD49f* (LSC) ushered in a new
era for studying the normal and pathological development of the prostate (62, 64, 66). Their ability
to recapitulate the source prostate made them invaluable for assessment of the overall impacts and
contribution of inflammation on BPH and PCa. After the Ratliff laboratory characterized
inflammation associated with epithelial and stromal hyperplasia in the Prostate Ovalbumin
Expressing Transgenic 3 POET3 mouse, the next logical step was to assess the overall changes to
their PSC. Thus, studies were initiated by the Ratliff lab to define PSC expansion in response to
abacterial autoimmune inflammation. To this end, Wang et al. found that PSC from inflamed mice
were not only more proliferative, but they skewed more toward a transit amplifying (CK5*/CK8*)
phenotype and their resulting organoids were larger and more differentiated (11). Since these are
features of AR signaling, it was hypothesized that inflammation increased AR signaling in the PSC
to promote proliferation and differentiation.

Initial experiments in inflamed prostate tissues revealed increased AR protein in freshly
isolated LSC and cultured 3D organoids and a surprising dependence on AR for organoid
formation. This observation was contrary to previous studies in non-inflamed prostate LSC that
showed only degraded AR, suggesting that the PSC were AR-independent (61). Thus arose the
questions of 1) whether that increase in AR was the cause of proliferation and differentiation in
the inflamed PSC, 2) by what mechanism inflammation increased AR, and 3) how inflammation-
mediated PSC proliferation and differentiation would impact human prostate disease. By
continuing to utilize FACS, flow cytometry, 3D organoid culture, and other basic molecular
biology techniques as well as more specialized methods such as RNA (ribonucleic acid)
sequencing, orchiectomy and renal graft implantation, these questions were explored.

At the initiation of these studies, prostate basal cells were assumed to function

independently of AR signaling due to their AR low-to-negative state and survival during
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castration-mediated involution of the prostate. Thus, the results of experiments to inhibit AR
signaling by enzalutamide, which indicated an essential role for AR by severely impacting
organoid formation, were surprising. Unfortunately, this also impacted the ability to measure the
impact of reduced AR signaling. These findings were later corroborated by Xie, et al. in 2017
(156).

Multiple avenues for inflammation-mediated increases in AR signaling were also pursued
to various levels of success. With the advent of single cell mMRNA sequencing, the authors saw the
opportunity not only to identify broader inflammation-mediated changes to PSC biology, but also
to identify the true stem cells from the mixed population of LSC (discussed in chapter 4). Once a
putative mediator of AR signaling (the IL-1 o pathway) was identified, experiments to manipulate
this effect using transgenic mice, chemical inhibitors, and neutralizing antibodies in 3D organoid
cultures were initiated.

A major benefit of single cell RNA sequencing is that it is not restricted by the lens of the
researcher’s questions. Due to the unlimited nature of the assay, it was revealed that multiple genes
associated with immune regulation were modulated in the LSC by inflammation. To this end,
suppression assays and other tests of activation were adapted to examine the impact of LSC on T

cell function.

1.7  Purpose of Studies

The overall purpose of these studies is to define the mechanism(s) by which inflammation
modulates AR and contributes to prostate stem cell survival. Through understanding these
mechanism(s), the foundation will be set for improving prognosis and treatment options for men
with prostate disease. While this end result will require decades of continued investigation, by
gaining insight to the alterations that inflammation induces in adult prostate stem cells, we hope
to identify key changes that can be targeted in the clinic. These targetable areas include an
inflammation-mediated increase in AR signaling as well as immune regulatory capabilities that
may contribute to persistent inflammation and epithelial hyperplasia.

While much is known about AR signaling in prostate cancer and luminal cells, there is very
little information on its signaling and role in normal basal stem cell biology. It was only recently
that they were found to be dependent on AR for proliferation and differentiation (156). Since basal

cells are enriched in BPH and a potential source of prostate cancer, understanding their complex
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signaling processes, especially AR signaling, remains essential for improvement of treatment
options (7, 41).

Because of their roles in BPH and prostate cancer, the discovery of a novel immune-
regulatory component to basal stem cell biology provides an exciting new avenue for the
development of treatment options. The studies described herein set the foundation for recognition

and further analysis of these cells as key players in shaping the immune landscape of the prostate.
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Figure 1.1. The Human Prostate. The human prostate, consisting of the central zone, transition
zone, peripheral zone, and anterior zone. It is located at the base of the bladder and surrounds the
urethra. Adapted from Toivanen, R. and Shen M. M. (157).
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Figure 1.2. Cellular Structure of Prostatic Ducts. The human and murine prostate is composed
of acini and ducts. These are lined by epithelial cells. Functional, secretory luminal cells are
surrounded by interspersed basal cells and rare neuroendocrine cells. A small percentage of basal
cells maintain stem like abilitiesand can produce basal, luminal, and neuroendocrine cells, through
an intermediate transit amplifying cell. The epithelium is supported by a fibromuscular stromal
cell layer that consists predominantly of smooth muscle and fibroblast cells.
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Figure 1.3. The Murine Prostate. The murine prostate, consisting of 4 pairs of distinct lobes.
These surround the urethra, at the base of the bladder and extend toward the seminal vesicles.
Adapted from Toivanen, R. and Shen M. M. (157).
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Figure 1.4. Cytokeratin Staining in the Prostate. A representative immunofluorescent image of
a human prostate. Luminal cells are positive for cytokeratin 8 (green), while basal cellsare positive
for cytokeratin 5 (red). Intermediate cells are positive for both cytokeratin 5 and 8 (yellow).
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CHAPTER 2. INFLAMMATION-INDUCED ANDROGEN RECEPTOR
SIGNALING VIA THE INTERLEUKIN 1 ALPHA PATHWAY IN BASAL
PROSTATE STEM CELLS

2.1 Abstract

Adult prostate stem cells (PSC) are a rare epithelial progenitor population in the prostate.
PSC are rare and often difficult to isolate; thus, they tend to be overlooked during bulk analysis of
tissues. Despite their lack of abundance, these cells possess tremendous proliferative capacity and
have been implicated in benign and malignant hyperplasia (5, 7, 41, 158, 159). While it is
recognized that stem cells can respond to tissue damage and inflammatory cytokines, the impact
of inflammation on PSC is not well understood (1, 8, 9). Previous studies using the Prostate
Ovalbumin Expressing Transgenic 3 (POET3) demonstrated that inflammation increased
proliferation and differentiation of PSC (11). Since androgen receptor (AR) signaling is the major
driver of differentiation in the prostate, it was hypothesized that inflammation affects AR signaling
in the basal PSC. To address this, PSC enrichments were isolated from inflamed and naive (not
inflamed) POET3 mice and assessed by molecular, in vitro, and in vivo methods to demonstrate 1)
an essential role for AR in both murine and human PSC, 2) inflammation-induced AR and its target
genes in these cells, 3) persistence of inflammation-induced changes to PSC through androgen
deprivation, and 4) that increased AR signaling is mediated by inhibition of interleukin-1 alpha
(IL-1a) by interleukin-1 receptor antagonist.

These findings have implications for the development and persistence of treatment-resistant
prostate hyperplasia. They set the foundation for further study and potential targeting of PSC
pathways in the clinic.

2.2 Introduction

Adult stem cells are implicated in many hyperplastic diseases and often respond to
inflammation in a proliferative manner (5, 6). While prostate stem cells (PSC) have also been
implicated in prostate disease, their response to inflammation is poorly understood (5, 158, 159).
Studies from the Ratliff lab previously demonstrated that the Prostate Ovalbumin Expressing

Transgenic 3 (POET3) mouse model of autoimmune prostate inflammation develops epithelial and
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stromal hyperplasia closely modeling autoimmune prostatitis, and PSC from inflamed POET3
produce larger, more differentiated organoids in 3D androgen-free culture (11). These data, along
with the finding that basal cell enrichment occurs in human benign prostate hyperplasia (BPH) (7),
led to the hypothesis that PSC may contribute to BPH and other inflammation-induced androgen-
independent conditions of the prostate.

The androgen receptor (AR) plays a critical role in normal prostate biology; however, AR is
also prone to aberrant signaling, which has been studied extensively due to its role in hormone
refractory prostate cancer where AR can be activated promiscuously by other ligands or may form
constitutively active splice variants that lack the ligand binding domain entirely (160-164). It may
also be activated by phosphorylation by kinases such as CDK1 and p38 MAPK (79, 161) or by
upstream signaling from inflammatory cytokines including interleukin 1 and 6 (35, 89, 165). Basal
prostate stem cells are generally considered AR negative or low, due to their very low expression
levels that often go undetected (62). Despite the apparent lack of AR in basal PSC, studies by Xie
et al. showed that these cells require AR for proliferation and differentiation in vivo (156). These
data, coupled with Wang et al.’s findings that PSC from inflamed mice produce more differentiated
organoids in androgen-free conditions (11), indicate a potential role for increased AR signaling in
the PSC’s response to inflammatory conditions.

The studies described herein assess the impact on and persistence of inflammation-induced
increased AR signaling in the PSC, concluding with an investigation into interleukin 1a signaling

as a mediator of the effects.

2.3 Methods
2.3.1 RNA and Protein Isolation by Trizol Reagent

Tissue samples and cells were lysed using Trizol (Thermo Fisher Scientific) reagent
according to manufacturer protocol. Briefly, samples were suspended 1:10 in Trizol reagent and
homogenized by passage through 22G needle. BCP (1-bromo-2 chloropropane) was added to
separate RNA from the organic phase containing DNA and protein. RNA was precipitated by
addition of glycogen and isopropanol (IPA), then washed with 75% ethanol (EtOH) and re-
suspended in RNAse free water before measure by NanoDrop (ThermoFisher). RNA was then

processed for cDNA synthesis, described below. The remaining organic phase was further
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fractioned by addition of 100% EtOH, and protein precipitated by addition of IPA. Protein pellet
was washed in 3M guanidine hydrochloride (GUHCL) in 95% EtOH before final cleanup in 100%
EtOH. Resulting pellet was resuspended in 1% sodium dodecyl sulfate (SDS), measured by

NanoDrop, and stabilized with protease inhibitor cocktail.

2.3.2 cDNA synthesis

Fifty —100 ng of RNA was added to 250uM dNTPs (Amresco), 0.5 uM random hexamers
(Promega), 0.5 uM oligo(dT) 15 primers (Promega), 1 pl of RNase inhibitor (NEB), and 200 units
of M-MuLV reverse transcriptase were combined in 10X reaction buffer (NEB) for a 20 pl
reaction. The reaction occurred at 25°C for 5 minutes, 42°C for 30 minutes, 85°C for 5 minutes,
and 4°C hold using a Bioer GenePro thermalcycler. The resulting cDNA was diluted in 80 or180
ul Buffer EB (Qiagen).

2.3.3 Real-Time Quantitative Polymerase Chain Reaction

Analysis of relative gene expression was performed using real-time quantitative
polymerase chain reaction (RT-qPCR). cDNA was added to a 20 pl reaction of PerfeCTa FastMix
Il (Quanta Biosciences) and 6-FAM/ZEN/IBFQ labeled gPCR probes (Integrated DNA
Technologies). These were used in combination with VIC labeled probes for the internal
housekeeping gene, 18s (Thermo Fisher Scientific). Relative gene expression was calculated using
the formula 2-[Ct(gene)-Ct(18s)] where Ct refers to the threshold cycle number given by the Roche
Lightcycler 96 instrument.

2.3.4 Western blot

Protein samples isolated from Trizol reagent (described above) were heated to boiling for
5 minutes with added Dithiothreitol (DTT) and 6X SDS sample loading buffer. Samples were
loaded into hand-cast or Novex SDS PAGE 4-12% gradient gels in 1X MOPS SDS running buffer.
Electrophoresis was run at continuous voltage for 1 hour or until appropriate resolution was
obtained. Protein was transferred on ice in 1 X Tris-Glycine 20% methanol (MeOH) transfer buffer
to Millipore Immobilon PVDF-FL 0.22 um pore membrane for 1-3 hours depending on the size of
protein. The membrane was blocked for 1-4 hours in 50% Odyssey blocking buffer (LICOR) in
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1X PBS before probing with one or more primary antibodies listed below. Secondary antibody
staining was performed according to manufacturer protocol using 680LT or 800CW before
imaging and quantification on LICOR Odyssey imaging system. Where applicable, protein pixel

intensity was normalized to beta actin loading control.

2.3.5 Histology

Sample embedding, slide preparation, and staining were performed by Victor Bernal-
Crespo at the Purdue University Histology Research Laboratory, a core facility of the NIH-funded
Indiana Clinical and Translational Science Institute.

2.3.6 3D organoids

Methods were adapted from Lukacs et al (66) and described in detail in the common
methods section. Briefly, after cell isolation and counting, lineage negative (CD45/CD31), stem
cell antigen 1 positive, CD49f positive (LSC) was resuspended in 1 part prostate epithelial growth
medium (PrEGM, Lonza) to 2 parts Matrigel or growth factor reduced Matrigel (Corning). The
mixture was deposited in a ring around the edge of a refrigerated 12-well plate and allowed to
solidify for 15 minutes at 37°C before addition of pre warmed PrEGM with or without treatments
to the well. Growth medium was changed every 2-3 days before counting and harvesting on day

7, 8, or 10. The following treatments were used with vehicle controls:

Enzalutamide (Selleckchem S1250)
Dihydrotestosterone (DHT)

R1881 (Sigma Aldrich R0908)

Abiraterone (Selleckchem S1123)

ILIRA, murine recombinant (Sigma SRP6006)
ILIRA, human recombinant (Sigma Aldrich SRP3084)
IL1a, murine recombinant (Sigma Aldrich 15396)
IL1a, human recombinant (Sigma Aldrich 12778)
IL-1a neutralizing antibody (abcam ab7632)
EP1-001 (Selleckchem S7955)

Dinaciclib (Selleckchem S2768)

SB203580 (Selleckchem S1076)
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2.3.7 BrdU labeling

Thermo Fisher Scientific BrdU labeling kit (8812-6600-42) was used. Mice were injected
intraperitoneally 24 hours before harvest. Permeabilization, DNAse, and antibody labeling steps

were performed per manufacturer protocol.

2.3.8 Mice

Due to the exclusively male nature of the prostate, male mice aged 8-12 weeks were utilized
for all studies. Mice were maintained in breeding colonies managed by Purdue University under
12-hour light/dark cycles with food and water provided ad libitum. All procedures were performed
in accordance to protocols approved by Purdue University Animal Care and Use Committee
(PACUC). Mice were euthanized prior to harvest by CO, asphyxiation using Euthanex regulators

approved and maintained by PACUC, followed by secondary cervical dislocation.

POETS3:

The Prostate Ovalbumin Expressing Transgenic 3 is an inducible mouse model of
abacterial T cell induced inflammation developed by the Ratliff lab. These mice produce probasin-
driven ovalbumin, which is restricted to prostate tissues. Upon introduction of OT] cells (described
below), they develop T cell-mediated prostatitis that results in epithelial and stromal hyperplasia,
functioning as a model for human category Il1/IV prostatitis (10, 166). Mice were maintained in
homozygous colonies. At age 8-12 weeks, inflammation was induced by adoptive transfer of pre-
activated OT-I cells via retroorbital injection. Inflammation was allowed to develop for 6 days
before euthanasia and prostate harvest. For inflammation/castration studies, mice were inflamed
by adoptive transfer two days before surgical orchiectomy. Mice were euthanized and prostates

harvested on day 7.

2.3.9 Renal grafts

Rat urogenital sinus mesenchyme cells were a generousgift from Dr. Simon Hayward’s
lab. Murine urogenital sinus mesenchyme cells were isolated as described by Lukacs et al. (66).
These were combined with an equal number of LSC from POET3 mice and/or human PSC in pellet

made of type I collagen (rat tail).
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Mice were anesthetized using Isoflurane gas and sedation ensured by toe pinch. After
shaving and thorough cleaning of the surgical area, a small incision was made below the ribs. The
kidney was pushed out through the opening and, using a microdissection scope, the renal capsule
was gently lifted using forceps. A small opening was formed using a blunted glass Pasteur pipette
for insertion of grafts. After assurance that grafts were well placed with minimal bleeding, the
kidney was reinserted. Incisions were sutured before clipping shut the skin with surgical staples.
Flunixin and Bupivacaine were administered as analgesics. Mice were monitored until fully alert,
and then checked daily to ensure full recovery. Grafts were allowed to grow for 6-8 weeks before

induction of inflammation or harvest.

2.3.10 Orchiectomy

Mice were anesthetized using Isoflurane gas and sedation ensured by toe pinch. After
thorough cleaning of the surgical area, a small incision was made at the base of the scrotum.
Another, smaller incision was made in the inner membrane surrounding the testicle, which is
pushed out by gentle pressure on the abdomen. Once extracted, the connective tissue and blood
vessels were cauterized with heated forceps before cutting. This was repeated for the second
testicle. The incisions were sutured shut. Flunixin and Bupivacaine were administered as

analgesics. Mice were monitored until fully alert, and then checked daily to ensure full recovery.

2.3.11 Human prostate samples

Human specimens were obtained from Indiana University Tissue Procurement Core and
Indiana University Methodist Hospital. PSC isolation methods were adapted from Strand et al.
(64). Briefly, tissue was minced to a paste like consistency before overnight digestion in 25U type
Il collagenase (Gibco 17101-015) and 0.2 mg/mL Dispase (Gibco 17105-041) in complete RPMI
on a shaker at 37°C and 200 RPM. The next morning, samples were centrifuged to remove
digestion medium and further digested in pre warmed TrypLE express (Gibco 12605-010). After
neutralization with RPMI, samples were passed through 18G and 22G syringes before filtration
through 70 pm nylon cell filters. After Ammonium-Chloride-Potassium (ACK) lysis to remove

red blood cells, samples were stained using:
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Zombie UV fixable viability dye (Biolegend 423108)
FITC- CD45 (Clone H130, Biolegend 304006)
APC- CD26 (Clone BA5b, Biolegend 302710)
PE- EpCAM (Clone 9C4, Biolegend 324260)
BV421- CD49f (Clone eBioGoH3, Biolegend 313624)
Once stained, fluorescence activated cell sorting was performed by Purdue Flow Cytometry and

Cell Sorting Core.

2.3.12 Murine AR target gene array

Global AR target gene array analysis was done by Qiagen RT2 ProfilerTM PCR Array-
mouse AR signaling targets (#PAMM-142ZF) and Qiagen online data analyzer
(https://www.giagen.com/us/products/genes%20and%20pathways/data-analysis-center-
overview-page/?UID=1746638c-e792-4988-9bfc-e4ef8f6887a7). Differentially expressed genes
in both naive and inflamed groups (threshold cycle <35) were further subjected to statistical

analysis, where the significance was determined by a=0.05.

2.3.13 ATAC sequencing

Methods were adapted from Buenrostro et al. (167). Briefly, nuclei were prepared by cell
lysis using ice cold lysis buffer (10 mM Tris-Cl, pH 7.4, 10 mM NaCl, 3 mM MgCI2 and 0.1%
IGEPAL CA-630) before immediate transposition of DNA in 25 pl 2x TD buffer, 2.5 pl
Transposase (Illumina) and 22.5 ul of nuclease free water for 30 minutes at 37°C. Samples were
then purified using Mini Elute Kit (Qiagen). PCR amplification and library prep was performed
using 10 ul transposed DNA, 9.7 ul nuclease free H20, 0.3 pul 100x SYBR Green 1** (Invitrogen
S-7563), 25 uL NEBNext High-Fidelity 2x PCR Master Mix (New England Labs M0541), and 2.5
ul each of individual 25uM dual unique Nextera PCR primers in a 50 pl reaction. Bioer GenePro
thermalcycler was used for all PCR steps. First amplification was:

(1) 72°C, 5 min

(2) 98°C, 30 sec

(3) 98°C, 10 sec

(4) 63°C, 30 sec

(5) 72°C, 1 min

(6) Repeat steps 3-5, 4x
(7) Hold at 4°C
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Once the initial amplification was complete, a side reaction was performed to identify the optimal
number of cycles to reduce GQ and size bias as follows:

5 ul of the initial 5 cycle PCR amplified DNA was added to 4.44 ul nuclease free H20, 0.06 pl
100x SYBR Green I, 5 ul NEBNext High-Fidelity 2x PCR Master Mix, and 0.25 pl each of the
same individual 25uM dual unique Nextera PCR primers as before, with RT-qPCR as follows:

(1) 98°C, 30 sec
(2) 98°C, 10 sec
(3) 63°C, 30 sec
(4) 72°C, 1 min
(5) Repeat steps 2-4, 19x
(6) Hold at 4°C

Once the RT-gPCR was complete, linear Rn vs cycle number was plotted using Roche Lightcycler
96 instrument and software, with threshold set at 5000 RF. The cycle number that corresponded to
Y4 of the maximum fluorescence intensity was determined and used for amplification of the
remaining sample (45 pl) as follows:

Completed amplification

(1) 98°C, 30 sec

(2) 98°C, 10 sec

(3) 63°C, 30 sec

(4) 72°C, 1 min

(5) Repeat steps 2-4, for a number of times determined by the side reaction

(6) Hold at 4°C

Purify

Quality control and sequencing (150 million reads) were performed by Purdue Genomics Core
Facility. Analysis was performed by Bingyu Yan in Dr. Majid Kazemian’s laboratory at Purdue
University.

2.3.14 Single Cell RNA Sequencing

Freshly isolated LSC were collected by Purdue Cell Cytometry Facility. After re-sorting
for maximum viability, they were loaded to a Fluidigm C1 96 well chip with SMARTer chemistry
(Clontech, Mountain View, CA) to generate cDNA from captured single cells. Wells were checked
for doublets and viability before lysis and cDNA synthesis were completed by the C1. cDNA
concentration was checked by Qubit fluorimetric quantitation. The Purdue Genomics Facility

checked quality using an Agilent Bioanalyzer with the High Sensitivity DNA Chip before library
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preparation using a Nextera kit (Illumina, San Diego, CA). Single-end 1x50 bp reads were
sequenced using the HiSeq2500 on rapid run mode.

Files were downloaded and stored in the Purdue University Data Depot. Reads were quality
trimmed and adapter sequences were removed using Trimmomatic v. 0.32 (168). Trimmomatic
removed adapter sequences and trimmed short Illumina reads based on quality. Adapters were
from the SMARTer kit (Clontech, Mountain View, CA) as well as the Nextera kit (Illumina, San
Diego, CA). FastQC v. 0.11.2 (169) was run in order to observe data quality both before and after
quality trimming/adapter removal. FastX-Toolkit v. 0.0.13.2 (170) quality trimmer was used to
further trim reads based on quality score, and FAST X-Toolkit quality chart was used to make read
per-base quality plots. The minimum quality score for trimming reads was 30, based on FastX
trimscore, and reads shorter than 30 bases were discarded. Maximum length was set to 151 bases.
All plots were checked to ensure the reads that would be used in the remainder of the analysis were
of high quality and that there were no obvious problems.

Before any statistical analysis could be performed, reads resulting from sequencing were
aligned to a reference in order to quantify relative amounts of genes/transcripts. Tophat2 was used
to align reads to the reference genome (171, 172). Tophat2 was run with defaults except that the
number of mismatches allowed was 1. The htseg-count script in HTSeq v.0.6.1 was run to count
the number of reads mapping to each gene (173). HTSeq used Biopython v.2.7.3 in the analysis.
HTSeq was run using the Ensembl GTF file with rRNA genes removed on “intersection-
nonempty” mode. The HTSeq feature was set to “exon” to specify which feature from the GTF
file was to be used. The HTSeq attribute parameter was set to “gene_id”, which specified that the
Ensembl gene IDs were to be used as row names in the count files. The Purdue Bioinformatics
Core’s RNA-Seq pipeline was used in trimming reads, running fastQC, running Tophat, and
running HTSeq. Once the pipeline was completely done running, all error and output files were
checked to ensure that everything ran as expected. The Samtools flagstat command was run to
generate read alignment statistics for each BAM file resulting from the alignment of reads to the
reference genome (174).

A popular method for performing differential expression analyses on bulk RNA-seq data
is edgeR (175), which uses TMM (Trimmed Mean of M-values) normalization (176) to scale
counts into pseudocounts, on which the hypothesis tests are performed. TMM normalization

allows for scaling factors to be calculated from the raw data and used in the ensuing statistical
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analysis, thus normalizing for differences in library size and also RNA composition. A trimmed
mean is the average after removing the upper and lower x% of the data. The pseudocounts were
used to represent the counts that would have been observed assuming the fitted model, if
sequencing depths for each library had been equal. The edgeR package also used generalized linear
models to account for multifactor experimental designs (177). In edgeR, a matrix of raw counts
was the input. Then normalization factors were computed and entered into the statistical model. In
the current analysis, gene-specific correction factors were entered into the functions as offsets to
allow each gene to have a different dispersion.

Before hypothesis test were carried out, when fitting the negative binomial model, edgeR
estimated the biological coefficient of variation (BCV), which is the coefficient of variation with
which the unknown true abundance of the gene varies between replicated RNA samples. In RNA-
seq experiments, the total coefficient of variation is composed of both a technical coefficient of
variation and the biological coefficient of variation. The BCV is likely to be the dominant source
of uncertainty for high count genes and represents the coefficient of variation that would remain if
infinite sequencing depth were possible for biological replicates.

Under the negative binomial model, the reads are distributed as:
Ygi ~ NB(Mipg;, ¢)

Where Yigijk is the read count for gene g, from sample i, M; is the total number of reads for
sample i, pgis the proportion of reads mapping to gene g in group j to which sample i belongs, and
@g 1S the gene-specific dispersion. The Benjamini-Hochberg false discovery rate correction was
used to correct p-values for multiple testing.

Genewise dispersion estimates were used in the analysis, which allowed each gene to have
a different dispersion parameter, providing greater flexibility and power in the model. A false
discovery rate (FDR) of 5% was used as a cutoff for differential expression and a fold-change
cutoff of 2 was employed to ensure that results were biologically replicated and meaningful.

Differentially expressed genes (DEG) identified using edgeR (or genes exhibiting large
fold-changes if no differentially expressed genes were identified) were uploaded, along with
associated false discovery rate, and log fold-changes, into Ingenuity IPA software and a network

analysis was performed (IPA, QIAGEN Redwood City, www.giagen.com/ingenuity). An

upstream regulator analysis, mechanistic networks analysis, causal network analysis, and

downstream effects analysis were performed using IPA. Top overrepresented canonical pathways
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were also identified within IPA. Default settings were used, and results were filtered based on p-
value (results were deemed significant if the p-value<0.01). The upstream regulator analysis
identified potential upstream regulators connected to the DEG either directly or indirectly. The
mechanistic networks analysis buildt networks based on the putative upstream regulators by
connecting regulators likely to be involved in the same signaling pathways or involved in the same
processes. The causal effects analysis connects upstream regulators to the DEG both directly and
indirectly by adding intermediate regulators which may be involved in the networks. Finally, the
downstream effects analysis identifies biological functions and diseases downstream of the DEG
and, where possible, predicts whether these functions are likely to be up-regulated or down-

regulated as the result of cell type or treatment (178).

2.3.15 Human Organoid RNA seq

Libraries were prepared by the Ratliff Lab. 2x100 bp reads were sequenced using the
NovaSeq 6000 in the Purdue Genomics Facility.

Data were processed in a similar manner to those from the Fluidigm C1 (described above),
with the exception of a FastX trimscore of 30 (the minimum quality score for trimming reads was
30) and a trim length of 50 (reads shorter than 50 bases were discarded).

Before any statistical analysis can be performed, reads resulting from sequencing must be
aligned to a reference in order to quantify relative amounts of genes/transcripts. STAR v2.5.4b
(179) was used to align reads to the GRCh38.p12 Ensembl human genome. STAR was run with
defaults except that the number of mismatches allowed was 1 and due to the strand-specificity of
the library, the library-type was set to “fr-firststrand”.

The htseg-count script in HTSeq v0.7.0 (173) was run to count the number of reads
mapping to each gene. HTSeq used Biopython v2.7.3 in the analysis. HTSeq was run on
“intersection-nonempty” mode rather than “union” mode. While union mode is the default, it
throws away all reads mapping to overlapping genes, even when there is evidence that suggests
that the read originated from one gene over another. The HTSeq feature was set to “exon” to
specify which feature from the GTF file was to be used. The HTSeq attribute parameter was set to
“gene id”, to indicate that the Ensembl gene IDs were to be used as row names in the count files.
The --stranded=reverse option was set for the differential expression analysis. The Purdue

Bioinformatics Core’s RNA-Seq pipeline was used in trimming reads, running fastQC, running
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STAR, and running HTSeq. Once the pipeline completed, all error and output files were checked
to ensure that everything ran as expected.

The Bioconductor package DESeq2 v1.28.0 (180) was used for differential expression
analysis. DESeq2 incorporates estimates of dispersion and logarithmic fold changes in negative
binomial generalized linear models to test for differential expression of genes. DESeq?2 takes raw
count data as input, in the form of a matrix with count integers. Columns are samples (libraries)
and rows are gene names. These counts are then normalized and corrected to account for library
size (differences in sequencing depth).

The differential expression analysis in DESeg2 uses a generalized linear model:

Kij ~ NB(uij, o)

Hij = Sidij

loga(qij) = Xj 5
where Kjj is the counts for gene i in sample j and the counts are modeled using a negative binomial
distribution with fitted mean pjj and the dispersion parameter aj, which is specific to every gene.
Dispersions are estimated using the expected mean values from the maximum likelihood estimate
of log fold changes. The fitted mean is the product of a size factor s; and the parameter q;;, which
is proportional to the expected true concentration of sequence fragments for sample j. For each
column of the model matrix X, the i coefficients give the log, fold changes for gene i. The steps
in the DESeq2 differential expression analysis first normalize the data based on the estimated size
factors and the estimated dispersions, and finally to fit a negative binomial generalized linear
model and to calculate Wald statistics were used to calculate p-values. The Benjamini-Hochberg
false discovery rate correction was used to correct p-values for multiple testing.

Generally, many genes in RNA-seq data will have very low counts. These low counts tend
to be highly variable, are less robust, and tend to have little or no chance of showing significant
differential expression due to their high dispersion. Additionally, these genes lower the ability to
detect differentially expressed genes (DEG) by decreasing the power. Thus, generally in RNA-seq
projects, filtering of lowly expressed genes is performed in order to increase the power and thus
reduces the severity of the multiple testing adjustment made. Initially, rows with only zero counts
were filtered to decrease the memory size of the DESeq data object, thus increasing the speed of
DESeqg2 functions. Later, independent filtering was performed by using the mean of the

normalized counts as a filter statistic. A threshold was found which optimized the adjusted p-values
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lower than a significance level a. Using the mean of normalized counts is independent in that it
does not use any of the variables specified in the design formula. Genes with low normalized
counts were filtered out, thus the majority of the low adjusted p-values were kept.

A diagnostic called Cook’s distance was used to test for outliers. Cook’s distance is a
measure of how much a single sample is influencing the fitted coefficients for a gene - the larger
the value of Cook’s distance, the more likely it is that a count is an outlier. Potential outlier counts
were flagged based on comparison with the other biological replicates. If a count was flagged, the
p-value and adjusted p-value in the results table were set to “NA”. The Cook’s distance cutoffused
was the 99% quantile of the F(p,m-p) distribution, with p being the number of parameters including
the intercept and m being the number of samples.

For differential expression analysis raw counts and discrete distributions were used;
however, for unsupervised data exploration it was useful to work with transformed versions of the
data. The regularized logarithm, or rlog, was used in the current data analysis. This incorporated a
prior on the sample differences. The rlog function transforms the original count data to the log>
scale by fitting a model with a term for each sample and a prior distribution on the coefficients
which is estimated from the data. The resulting data is of the form:

log2(ij) = Bio + Bij
where g is a parameter proportional to the expected true concentration of sequence fragments for
gene i and sample j, Bio is an intercept (this term does not undergo shrinkage), and pj; is the sample
specific effect which is shrunk toward zero based on the dispersion-mean trend over the data. A
prior on the sample specific effect terms is added. This regularized log transformation is preferable
to other scaling transformations such as the variance stabilizing transformation if the size factors
vary widely.

Another popular method for performing differential expression analyses on RNA-seq data
is edgeR v3.18.1 (175), which is highly similar to DESeq2 but uses TMM normalization (176) to
scale counts into pseudocounts, on which the hypothesis tests are performed. TMM normalization
(Trimmed Mean of M-values) allows for scaling factors to be calculated from the raw data and
used in the ensuing statistical analysis, thus normalizing for differences in library size and also
RNA composition. A trimmed mean is the average after removing the upper and lower x% of the
data. The pseudocounts are used to represent the counts that would have been observed assuming

the fitted model, if sequencing depths for each library had been equal. The edgeR package also
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uses generalized linear models to account for multifactor experimental designs (177). In edgeR,
like in DESeq2, a matrix of raw counts is the input. Then, normalization factors were computed
and entered into the statistical model. In the current analysis, gene-specific correction factors were
entered into the functions as offsets to allow each gene to have a different dispersion.

Before hypothesis test were carried out, edgeR estimated the biological coefficient of
variation (BCV), which is the coefficient of variation with which the unknown true abundance of
the gene varied between replicated RNA samples. In RNA-seq experiments, the total coefficient
of variation is composed of both a technical coefficient of variation and the biological coefficient
of variation. The BCV is likely to be the dominant source of uncertainty for high count genes and
represents the coefficient of variation that would remain if infinite sequencing depth were possible
for biological replicates.

Under the negative binomial model, the reads are distributed as
Ygi ~ NB(Mipg;, ¢)

Where Yigijk is the read count for gene g, from sample i, M; is the total number of reads for
sample i, pgis the proportion of reads mapping to gene g in group j to which sample i belongs, and
@g IS the gene-specific dispersion. As in DESeq2, the Benjamini-Hochberg false discovery rate
correction is used to correct p-values for multiple testing.

As the DESeq2 analysis, low count genes were removed from the edgeR analysis. Genes
were kept in the analysis provided that they were present at a minimum of 0.06 count per million
(CPM), which in this dataset corresponds to approximately 6 counts in the smallest sample
(MD_37). Genewise dispersion estimates were used in the analysis, which allowed each gene to
have a different dispersion parameter, allowing for greater power and flexibility in the model. A
false discovery rate (FDR) of 1% was used as a cutoff for differential expression.

DAVID v6.8 (the Database for Annotation, Visualization, and Integrated Discovery) and
GAGE v2.26.3 (Generally Applicable Gene-set Enrichment) were used in the annotation of genes
and in performing the GO (gene ontology) enrichment analyses. The analyses were performed for
differentially expressed genes found using DESeq2. Default settings were used, and results were

filtered based on p-value (results were deemed significant if the p-value<0.01).
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2.3.16 3’RACE

After harvest of Enza and DMSO-treated murine organoids, First Choice RLM RACE
(rapid amplification of cDNA ends) kit was used (Thermo Fisher AM1700M) to select for and
amplify full length mRNA. Wide-Sequencing was performed by Purdue Genomics Core Facility,

followed by assessment by Drs. Yunlong Liu and Jun Wan.

2.3.17 pGL3 Luciferase Reporter

pGL3-IL-1a Luciferase reporter plasmid (Promega) was a generous gift from Dr. Eugenie
S. Kleinerman, M.D. from the University of Texas M. D. Anderson Cancer Center. The reporter
construct consists of the IL-1a promoter region fused to the gene for luciferase (181). Cells were

transfected with the plasmid using FUGENE HD Transfection reagent (Promega).

2.4 Results

2.4.1 Androgen Receptor in Prostate Stem Cells

Adult prostate stem cells are rare epithelial progenitor cells, predominantly of basal cell
lineage. While luminal progenitor cells play an essential role in tissue homeostasis, basal stem
cells are recognized to be the developmental source of all epithelial prostate cells (41, 182, 183).
These cells are involved in tissue homeostasis and regeneration during disease, but also play a role
in abnormal hyperplasia (7, 120). They can be isolated in an enriched population by fluorescence
activated cell sorting (FACS) as lineage negative (CD45/CD31°), stem cell antigen 1* (Sca-1%),
CD49f* (LSC). Previous studies by Wang et al. revealed freshly isolated LSC to be more
proliferative by bromodeoxyuridine (5-bromo-2'-deoxyuridine; BrdU) incorporation and
differentiated by cytokeratin 5 and 8 staining (11). Since these are features of androgen receptor
(AR) activity, we began to assess expression of Ar and its signaling components. The androgen
receptor is the major driver of differentiation and proliferation of prostate epithelial cells (72, 184).
The zinc finger transcription factor functions predominantly through ligand binding (to
testosterone (T) and its more potent ligand, dihydrotestosterone (DHT)). Once bound, it forms a
dimer and is transported to the nucleus where it relies on cofactors to mediate the effects of male

hormone (71).
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To assess AR for gene expression and protein production, several techniques were used.
While quantitative reverse transcription polymerase chain reaction (RT-qPCR) showed variability
of Ar gene expression, flow cytometry and western blot consistently showed high levels of full-
length AR protein in the inflamed LSC (Figure 2.1A-C). This indicated that, rather than increased
gene expression, the AR protein was being affected by inflammation. The LSC had traditionally
been considered AR negative due to lack of detectable expression and their resistance to androgen
deprivation (62). More recently, they were found to depend on AR for proliferation and
differentiation to luminal lineage (156); however, modulation of AR had not been studied in the
context of basal cell response to inflammation. Thus, we continued experiments to test the effects
of increased AR in the LSC.

Typically, basal cells are positive for cytokeratin 5 (krt5), while luminal cells are positive
for cytokeratin 8 (krt8). Transit-amplifying cells, or those that are intermediates between basal and
luminal are positive for both krt5 and 8. Studies by Wang et al. demonstrated that while LSC from
naive mice were predominantly krt5 positive, LSC from inflamed mice were positive for both krt
5 and 8 indicating a transition to luminal cells (11). To investigate the extent of differentiation to
from basal to luminal, we tested AR target genes associated with luminal cells by RT-qPCR. We
found increased expression of direct AR target gene, Tmprss2, while other typical luminal genes
such as Nkx3.1 and Pbsn were not upregulated by inflammation (Figure 2.1D). The unexpected
lack of luminal gene upregulation supported a partial differentiation or a novel role for AR
signaling in basal cell regulation. To paint a more complete picture of the changes in gene
expression, an AR target gene array (Qiagen) was run to compare cDNA from naive and inflamed
LSC. Multiple direct AR target genes, signaling components, and cofactors were upregulated by
inflammation (Table 3.1, Figure 2.1E). Together, these data indicated that there may be an
incomplete differentiation to luminal lineage. Studies by Kwon et al. demonstrated that E. coli-
mediated inflammation of the prostate induced basal to luminal trans-differentiation that
contributed to prostatic carcinoma (43). The incomplete transition from basal to luminal cells
identified here requires further study but may contribute to certain features of prostate cancer
(PCa), including androgen independence and resistance to androgen deprivation therapy.

These ex-vivo experiments confirmed that inflammation impacts AR and its signaling
pathway in the LSC. This novel finding provides insight to the means by which inflammation can

lead to hyperplasia and prostate disease through partial luminal differentiation and increased
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proliferation. Benign prostate hyperplasia (BPH) is characterized by an enrichment of basal cells
and is often resistant to androgen deprivation therapy and other treatments that manipulate the AR
(7, 120). Thus, we continued studying the AR pathway in the context of 3D organoids which could

be more easily manipulated to recapitulate treatment conditions.

2.4.2 Androgen Receptor in 3D Prostate Organoids

In order to be relevant to the clinical features of prostate disease, the increase in AR and
resulting proliferation would need to persist once the initial inflammatory conditions had resolved.
To test the persistence of inflammation-mediated AR signaling, 3D organoid cultures were used.
After 7 days in androgen-free conditions, in an environment free of inflammatory cytokines, we
were able to detect nuclear localization of AR in organoids from inflamed POET3 by
immunofluorescence (Figure 2.2A-B). Western blot confirmed the presence of full-length AR
(Figure 2.2C). Since the AR must translocate to the nucleus to act as a transcription factor and is
quickly degraded when not in use, these data suggested that AR was indeed functional (70, 72).

Next, to identify some of the target genes modulated by persistent AR function, the Qiagen
AR target gene array described above was used. This array revealed upregulation of various target
genes and co-factors, including Tmprss2, Slc26a2, and Steap4, although with less consistency than
the LSC (Table 2.2, Figure 2.2D). This was likely due to the androgen free organoid conditions
which contrasted with the development of the assay (using LnCAP, a prostate cancer cell line
treated with synthetic AR ligand R1881). In accordance, treating organoid cultures with
dihydrotestosterone (DHT), the naturally occurring steroid hormone ligand for the androgen
receptor, did not further increase expression of AR target genes (Figure 2.2E).

To further validate this finding, organoids were treated with clinical inhibitors for
Cytochrome P450 17A1 (CYP17Al) and 5-alpha reductases (5ARI), Abiratirone (Abi) and
Dutasteride (Duta), respectively. These reduced organoid numbers; however, adding DHT or
R1881 to culture medium did not rescue organoid formation (Figure 2.3 A-B). Abi may also inhibit
glucocorticoid and other steroid synthesis pathways (185), and Duta may interact directly with the
AR (186, 187). Furthermore, there was no detection of androgens in the medium or cell
homogenates. Although the possibility of intracellular DHT synthesis was not ruled out, the

reduction in organoid numbers was attributed to off-target effects rather than hormone synthesis.
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These data are consistent with the previous experiments showing no change in AR target gene
expression upon addition of DHT to culture conditions.

Together, these data indicated that the AR was acting without ligand. Ligand-free AR
signaling is generally associated with prostate disease and has been studied extensively with
regards to prostate cancer (PCa) (164). When treated by androgen deprivation therapy, PCa
becomes enriched for cells that can proliferate and survive in androgen-free conditions. In addition
to intracellular androgen synthesis, they often contain amplification of the AR at the genomic
locus, mutations to the AR that make it promiscuous to other ligands, or other changes that allow
AR signaling in the absence of circulating androgens (81, 135, 161).

AR inhibitors, such as Enzalutamide (Enz) are used in the clinic to block AR signaling; thus,
we used Enz to block AR function in 3D organoid cultures. Treatment with Enz reduced organoid
size, numbers, and altered morphology in inflamed organoids (Figure 2.4A-D). The resulting
organoids more closely resembled naive, indicating that the effect was AR-mediated. Notably, Enz
caused a significant decrease in proliferation (organoid size), LSC from inflamed POETS3 still
formed significantly more organoids than their naive counterparts. These secondary findings are
most relevant to castration resistant prostate cancer (CRPC), which initially responds to androgen
deprivation therapy, but rebounds and metastasizes (136). Treatment of CRPC patients with
Enzalutamide results in 3-5 months of prolonged life over placebo, indicating that androgen-
independent cellular proliferation persists despite AR inhibition. Continued studies of the
inflammation-mediated resistance to Enz may reveal mechanisms by which prostate cancer cells
may achieve this deadly state.

These findings suggested that AR target gene expression was not due to androgen, but
ligand-free AR signaling. This could be mediated by various factors including splice variants,
phosphorylation, or promiscuous ligand binding, which have been studied extensively in prostate
cancer and BPH (74, 76, 135, 160, 188). To investigate the source of ligand-independent and
noncanonical AR signaling, studies were initiated to test for production of AR splice variants
(ARSV). ARSV often lack the C-terminal ligand binding domain yet retain the nuclear localization
signal and DNA binding domains. Competitive AR inhibitors, such as Enzalutamide, bind the C-
terminal ligand-binding domain to prevent dimerization and nuclear localization. Since ARSV lack
this portion, they are able to avoid inhibition and maintain persistent signaling without circulating

androgens. ARSV have been extensively studied in human prostate cancer; however, murine
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studies are few and rely on genomic alterations rather than alternative mRNA splicing events
(162). Thus, reagentsare not readily available for mouse studies that are relevant to human disease.

Despite these drawbacks, we began our investigation by performing 3’RACE (rapid
amplification of cDNA ends) for AR in naive and inflamed POET3 organoids. This technique
allows for non-specific amplification of cDNA, which allows for detection of sequences that are
unknown. This did reveal potential alternative splice locations that could produce a truncated AR
lacking the C-terminal ligand binding domain (Figure 2.5); however, further evaluation of these
variants and development of reagents to address protein expression were beyond the scope of these
studies. Experiments were continued in human organoids described below.

Aberrant AR signaling can also occur when the AR undergoes post-translational
phosphorylation (79, 161). Single Cell RNA-seq described below revealed significant up-
regulation of kinases involved in post-translational modification of AR, Mapk14 (p38MAPK) and
Cdk1. RT-gPCR confirmed significant up-regulation of Cdkl1 and an upward trend in Mapkl in
freshly isolated LSC (Figure 2.6A-B). Treatment with p38MAPK inhibitor, SB203580, showed
no impact on AR by western blot; however, CDK1 inhibitor, Dinaciclib, did reduce full length
protein (Figure 2.6C-D). Attempts were made to progress this finding, including
immunoprecipitation of AR and proteomics assay to detect phosphorylation; but due to low cell
yield and lack of reagents appropriate for murine studies, these were inconclusive.

These studies, along with those by previous students in the lab, all helped to rule out various
mechanisms by which inflammation could promote AR signaling; however, definitive results were
necessary to draw any meaningful conclusions. To gain a broader perspective, single cell RNA
sequencing (scCRNA-seq) was performed on Fluidigm’s C1 platform. Cells were processed for
sequencing by Purdue Genomics Core Facility, as described in the methods section. Quality
control indicated high quality sequence data (Figure 2.7A-B). Unsupervised clustering, which
allowed for segregation of cells based on gene expression alone, also indicated that the sequencing
data were accurate. The cells clustered well based on inflammation status, with naive segregated
from inflamed (Figure 2.7C).

In addition to changes in AR signaling, an assessment of the true stem cells of the mixed
LSC population was of interest. In addition to the two major clusters (naive and inflamed), further
analysis (based on gene expression without user input) revealed 5 cell sub clusters: 1) inflamed

major, 2) naive major, 3) inflamed minor 1, 4) inflamed minor 2, and 5) naive minor 1 (Figure
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2.8). While a thorough assessment of the minor populations is in progress, it is reasonable to
assume one of these sub populations may contain true stem cells.

Since the source of the changes to AR signaling was yet to be determined, a pathway analysis
was performed to identify the major upstream regulator for the changes in gene expression. This
analysis used the differentially expressed genes between naive and inflamed LSC in the single cell
RNA sequencing described above to assess potential factors that could drive the changes in
expression. Thisanalysis identified interferon gamma (Ifny) as a major upstream regulator (Figure
2.9), which was reasonable, since IfnY is produced in large quantities by the cytotoxic T cells that
are present in POET3 inflammation (148, 166). Notably, the IL1 pathway was identified as a major
node in this signaling process; however, further analysis is necessary to evaluate the source and
role of Ifny in PSC.

To identify major changes in the LSC induced by inflammation, differential gene expression
analysis was performed between naive and inflamed LSC (Figure 2.10). This revealed
upregulation of Il1a (Interleukin-la (IL-1a)) and its signaling components, 111r1 (Interleukin-1
receptor 1) and naturally occurring inhibitor 111rn (Interleukin-1 receptor antagonist) (Figure 2.11,
Table 2.3). While the literature is suggestive that IL-1a can increase AR signaling in prostate
cancer and luminal cells, studies of PSC indicate that they do not produce IL1a in detectable
quantities and high dose treatment in culture actually decreases AR (95). Whether the PSC
regulated AR via IL1a activation of IL1R1 or inhibition by IL-1RN remained unclear; thus, our

attention turned to this signaling process.

2.4.3 Interleukin 1 Alpha and Androgen Receptor Signaling

Initially, it was hypothesized that AR signaling promoted IL-1a. Studies were performed
using prostate cancer cell line LnCaP and Myc-CaP transfected with PGL3-Luciferase IL-1la
reporter. This construct contains the IL-1a promoter region fused to the gene for luciferase. Thus,
if transcription of the IL-1a gene were to occur, there would also be production of luciferase (181).
These were grown in complete and serum free medium treated with the AR inhibitor, Enzalutamide
(Enz). There was no effect of androgen deprivation or AR inhibition on luciferase measures
(Figure 2.12). Thus, we continued studies to determine whether IL-1a mediated AR signaling.

To test whether the interleukin 1 pathway contributed to increased AR signaling in

inflamed PSC, 3D organoid cultures were used. Initially, the hypothesis was that IL-1a would
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promote organoid formation and AR signaling, and inhibition of this pathway would revert the
effect; however, the opposite was the case. Treatment with IL-1a decreased organoid numbers
significantly (Figure 2.13), while IL-1RA caused an increase in organoid numbers and size (Figure
2.14A-B). Western blot confirmed IL-1RA protein in untreated cells (LSC and organoids) from
naive and inflamed mice (Figure 2.14C), while an assessment of downstream phosphorylated
IRAK was inconclusive (Figure 2.14D).

AR signaling was also affected by supplementation with IL-1RA. Immunofluorescence
revealed increased AR protein in IL-1RA treated organoids and those treated with IL-la
neutralizing antibody (Figure 2.15A). It also produced an upward trend in AR gene expression and
significant upregulation of AR target gene Steap4 (Figure 2.15B-C).

To validate the hypothesis that IL-1RA treatment was acting through the AR pathway,
lentiviral Cre recombinase was used to manipulate these factors at the genomic level. LSC were
isolated from il-1rn floxed mice (a generous gift from Dr. Cem Gabay from University of Geneva),
which possess lox P sites that flank the il-1rn gene. Introduction of Cre recombinase results in
genomic loss of il-1rn. Indeed, when transduced with lentiviral Cre-GFP, there was loss of
organoid formation and an upward trend in numbers when treated with IL-1RA (Figure 2.16A).
AR floxed mice, which contain lox P sites that flank the N-terminal domain. When Cre
recombinase is introduced into these cells, it results in a non-functional AR product. Consistent
with previous studies, loss of AR reduced organoid numbers significantly, and addition of IL-1RA
was unable to rescue organoid formation (Figure 2.16B). Additionally, the lentivirus insertsa GFP
reporter, which would result in GFP-positive transduced cells. Treatment with IL-1RA did not
produce a significantly greater number of GFP positive organoids, indicating that the effect was
mediated by AR (Figure 2.16C).

Organoid culture experiments described above indicated that changes to AR signaling were
persistent in nature. Thus, it was hypothesized that epigenetic changes could be occurring via
chromatin remodeling. To address this, a collaborative investigation with students in Dr. Majid
Kazemian’s lab to assess differences in open regions of the genomic chromatin using an assay for
transposase-accessible chromatin using sequencing (ATAC-seq) was begun. This assay uses a
transposase reaction to cut and tag DNA fragments, sparing the regions wrapped around chromatin
(167). Thisassay revealed greater open regions of the chromatin at the 111rn gene of inflamed LSC.

Figure 2.17 shows representative quality control of the transposase reaction with notable peaks at
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DNA fragment sites and notable peaks (open regions of DNA) at the illrn gene (Figure 2.17).
These open regions of chromatin allow for transcription factor access to the DNA, indicating that
the gene may be active. The open regions surrounding the 111rn gene in inflamed LSC confirmed
that epigenetic changes were occurring to these regions.

Studies to expand these findings are underway, but thus far it is clear that inhibition of IL-
la contributes to the increased AR signaling seen in inflamed LSC and their resulting organoids.
By manipulation of this pathway, it may be possible to ameliorate the symptoms of basal cell

hyperplasia in BPH.

2.4.4 In Vivo Analysis of Inflammation-Mediated AR and PSC Proliferation

While 3D organoid cultures are an excellent model of prostate development and disease, it
is important to validate the in vitro findings in vivo, where confounding factors such as neighboring
cells and an intact immune system may impact results. Thus in vivo inflamed castrate experiments
were performed on POET3 mice. Circulating DHT is depleted rapidly after orchiectomy, and upon
loss of circulating androgens, prostatic luminal cells undergo apoptosis, leading to an influx of
immune cells resulting in inflammation (80). To achieve castrate conditions without induction of
castration-induced inflammation, mice were inflamed on day 0, castrated on day 2, and prostates
harvested on day 7. BrdU was injected IP 24 hours before harvest. Flow cytometry analysis
revealed LSC from inflamed castrate mice to be significantly more proliferative than naive castrate
(Figure 2.18).

Histological evaluation (Figures 2.19-2.21) of castrate inflamed prostates revealed
maintenance of epithelial tissue, as well as both nuclear and cytoplasmic AR as compared to naive
castrate. Inflamed castrate also contained a greater presence of p63 positive basal cells, consistent
with the hypothesis that they contribute to prostatic disease induced by inflammation. These data
confirmed that inflammation induces AR and proliferation in the basal cells that persist despite

androgen deprivation.

2.45 AR in Human Prostate Stem Cells

Inan attempt to validate these findings in human PSC, stem cell enrichments were obtained

and cultured as described above. Unfortunately, human samples were obtained from patients with
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symptomatic BPH, which contained a tremendous range of inflammation and lacked control (non-
inflamed) for comparison. Thus, we were unable to determine whether inflammation of the human
prostate impacts AR signaling in PSC in a manner similar to POET3.

Many cancers are able to hijack stem cell mechanisms to resist treatment and proliferate
unchecked (110, 158). Since prostate cancer is initially sensitive to androgen deprivation and AR
inhibition therapy, but rebounds in a fatal resistant form, we speculate that PSC would provide
insight to the mechanisms by which this occurs. We began studying the impact of androgen
deprivation on the PSC through organoid cultures and evaluated their response to AR inhibition
by enzalutamide. To test their dependence on AR signaling, 3D organoid cultures were treated
with Enz. Consistent with the murine findings, Enz treatment significantly reduced organoid
numbers (Figure 2.22).

Hormone refractory and treatment resistant prostate cancer may bypass the need for DHT
and evade inhibition by Enz. To identify broader changes to gene expression and potential
mechanisms by which human organoids may still form upon Enz treatment, RNA sequencing was
performed comparing DMSO (vehicle) to Enz treated organoids from four different patients.
Assessment by Dr. Nadia Atallah Lanman at Purdue Bioinformatics Core indicated excellent
quality and good library size (Figure 2.23A-C). Samples clustered nicely into distinct groups for
treated and untreated (Figure 2.24A-C).

Resulting gene expression analysis revealed an assortment of highly expressed genes
(Figure 2.25), as well as enrichment for the antigen presentation pathway (Figure 2.26) and protein
digestion and absorption (Figure 2.27). A directed analysis did reveal high expression of IL1RN,
but no differential expression of cytokines or AR (Figure 2.28). These results provided insight to
the changes PSC may undergo to resist AR blockade, and with further study may yield targets for
improving patient outcomes.

This still left the question of whether inflammation impacted human PSC in a manner
similar to the POET3. To explore human PSC in the context of abacterial inflammation, methods
were created for inducible inflammation of recombinant grafts. These were composed of rat
urogenital sinus mesenchyme, LSC from POET3, and PSC from human samples in a collagen
pellet. Grafts were implanted under the renal capsules of NRG mice to develop for 12 weeks before
induction of inflammation by adoptive transfer of pre-activated OT-I cells. While an imperfect

means of studying inflammation in the human prostate, this novel technique would provide
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valuable insight to the human PSC response to local inflammation. Indeed, the grafts did prove

inflammable; however, no human cells were detected by nucleolar staining (Figure 2.28).

2.5 Discussion

Previous studies using POET3 mice demonstrated a striking increase in prostate stem cell
(PSC) proliferation and differentiation caused by autoimmune inflammation of the prostate. Since
proliferation and differentiation are features of androgen receptor (AR) signaling in prostate cells,
it was hypothesized that inflammation was impacting AR signaling resulting in these changes. The
finding that indeed, AR and its target genes were impacted in a non-luminal manner were
intriguing and had implications in the realm of stem cell differentiation and function during
prostate disease. When experiments were initiated, it was believed that PSC were AR negative or
non-responsive due to their low AR expression and their persistence during physical or chemical
castration (61). Thus, early experiments using chemical inhibition of AR by Enzalutamide were
striking in their revelation that AR was necessary for naive PSC proliferation.

While Xie et al. since performed a more thorough in vivo analysis demonstrating a
requirement for AR in normal PSC function (156), subsequent studies described here demonstrated
that inflammation increased AR and AR signaling in this cell population. This raised the question
of whether this was impacting basal to luminal trans-differentiation, which has been associated
with loss of luminal cells and initiation of prostate cancer (43, 68). Concordant with previous data
from our lab demonstrating higher proliferative capacity and increased CK8 expression in
inflamed LSC (11), the increase in AR signaling supported the hypothesis that inflammation
promotes basal PSC commitment to differentiation toward luminal lineage. This transition is
further supported by high expression of some canonically luminal genes (Tmprss2), but not others
(Nkx3.1, Pbsn).

Furthermore, while studies by Horton et al. demonstrated that loss of luminal cells promotes
PSC proliferation and differentiation to luminal lineage (68); how this related to inflammation and
T cell-mediated cell loss had not been investigated. Trans-differentiation of basal to luminal cells
was examined by Kwon et al., in a model of bacterial prostate inflammation (43). In this setting,
bacterial inflammation promoted differentiation from basal to luminal cells and accelerated tumor
formation in a transgenic mouse model of prostate cancer. They did not, however, identify a

mechanism by which this would occur. The studies described here point to an autocrine IL-1RA
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function in the PSC response to inflammation that drives AR signaling and promotes trans-
differentiation to a luminal-like phenotype.

While there are various mechanisms by which inflammation may increase AR (70, 72, 78,
87, 90), many were ruled out by experiments performed by previous students in the Ratliff lab.
Due to the overwhelming focus on luminal cells in the literature, it was reasonable to assume that
basal cells, especially rare basal stem cells, may rely on atypical mechanisms of AR regulation.
To this end, single cell RNA sequencing revealed upregulation of various interleukin 1 signaling
components. Studies by Zhang et al. had examined IL-1a in the context of E. coli-mediated
inflammation of the prostate. In their studies, loss of AR in the luminal cells led to decreased
integrity of the prostate and promoted inflammation and AR-independent proliferation. This effect
was abrogated by ablation of macrophages, indicating that the impact on luminal cells relied on an
external source of signaling (90). The studies described here provided a novel examination of
autocrine epithelial production and response to IL-1a by over production of IL-1RA in the basal
stem cells. In contrast to the luminal data, these experiments revealed a striking IL-1RA-mediated
up-regulation of AR in the PSC, which contributed to proliferation and differentiation. The IL-1a
pathway is tightly regulated and influenced by many inhibitory and stimulatory molecules (92,
189). The many epithelial and immune cells present in the inflammatory environment of the
prostate are conducive to intricate and multifaceted signaling processes, which will be the topic of
continued study via lineage tracing and genomic recombination in the POET3 mouse.

The persistent AR signaling revealed in androgen-free 3D organoid cultures of inflamed
bPSC reveal striking long-term changes induced by inflammation. Considering the high
correlation between inflammation and BPH (1, 113) and the hyperproliferative nature of bPSC
from inflamed prostates (11), our findings that inflammation-driven IL1RA induced persistent
changes to AR signaling to promote proliferation in the bPSC begin to form a molecular bridge
between inflammation and hyperplastic disease. Aberrant AR signaling has recently been
identified in BPH specimens, which often become resistant to treatments targeting the AR axis
(160). BPH also often contains an enrichment for basal cells (7). Thus, the persistence of AR and
its target genes in inflamed LSC point to a possible cell of origin for this resistance.

Another important question that was revealed by these studies was the means by which
inflammation impacted PSC in the long term. To this end, epigenetic changes were a likely

candidate. The ATAC sequencing experiments described above revealed notable changes in open
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regions of DNA at the location of the I11rn gene. Thus, the possibility remains that AR or other
factors may be inducing remodeling of chromatin. These and other questions regarding the
mechanisms of long-term changes to differential gene expression and PSC function will be the
topic of further collaborative study between the Ratliff, Jerde, and Kazemian labs.

While in vitro experiments revealed persistent AR signaling and proliferation by isolated
PSC in androgen-free conditions, it remained necessary to demonstrate consistency in the complex
multicellular environment of the prostate. In vivo inflammation-castration experiments revealed
similar findings with regards to basal cell enrichment and maintenance of AR protein. These data
are particularly relevant to benign prostate hyperplasia, where basal cell enrichment may confer
resistance to non-surgical treatments (7, 120). Experiments are currently underway to assess the
LSC and other cellular populations from inflamed castrate mice for IL-1a and its signaling
components (IL-1RA, IL-1R1, IL-1R2). Additionally, it will be important to validate the findings
in human PSC.

The organoid culture system provided an invaluable resource for studying the effects of
pharmaceutical agents on PSC biology. Since cancers may hijack developmental pathways utilized
by stem cells (5, 159, 190), the results of these studies are applicable to various areas of cancer
research. RNA sequencing of comparing Enz treated and untreated human organoid cultures
revealed an enrichment for changes in gene expression associated with the antigen presentation
and protein digestion pathways. Protein digestion remains unexplored in the PSC; however, the
antigen presentation pathway may be relevant for improving immunotherapy for prostate cancer
(discussed in the next chapter). Studies by Olson et al. demonstrated that T-cell immunotherapies
for prostate cancer are impacted by AR during androgen deprivation (191). The inflammation-
induced changes to AR identified by the studies described here may prove relevant to evasion of
immune therapy by advanced prostate cancer. With further study, these aspects may lead to new
targets for improved patient outcomes.

To summarize, the data presented herein begin to identify a multitude of mechanisms by
which inflammation drives PSC to maintain AR signaling and proliferate in the absence of
circulating androgens; however, future studies will be required to demonstrate a definitive role for
inflammation in human hyperproliferative disease. The data demonstrating an increase in AR and

its target genes in bPSC from inflamed prostates provide evidence that chronic abacterial
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inflammation contributes to persistent AR-mediated proliferation of prostate tissues by induction
of IL-1RA.
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2.6 Tables and Figures

Table 2.1. Genes over-expressed in inflamed LSC vs. naive LSC.
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Table 2.2. Genes upregulated in inflamed LSC as compared to naive.

PAR 38444 0.002925 NM_013476
2.1377 0.031692 NM_010828
9.9365 0.007704 NM_010518
2.3995 0.014287 NM_010591
2.2544 0.034606 NM_008480
5.8675 0.016003 NM_010513
2.4051 0.006992 NM_019928
5.2394 0.00112 NM_013584
2.6197 0.018571 NM_145547

*Top 3 differentially upregulated genes.
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Table 2.3. Interleukin 1 alpha and its signaling component genes upregulated in inflamed LSC as
compared to naive.

6.10E-22 10.954
_ 7.02E-22 11.106
om0 3.00E-3 4.9969

Fluidigm single cell mRNA sequencing revealed up regulation of interleukin 1 alpha (IL1a),
its receptor 111r1, and the naturally occurring inhibitor I11rn in inflamed LSC.
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Figure 2.1. Identification of AR activity in inflamed Lin'Scal*CD49f" (LSC) population ex vivo. (A)
Representative FACS analysis of intracellular stained AR in naive and inflamed POET3 prostates
(histogram), in the LSC population. (B) Bar graph percentages of AR™ cells within naive and inflamed LSC
populations (Mann-Whitney test, n=10 in naive and n=5 in inflamed; data value= means + s.e.). (C) Western
blot of full-length AR in naive and inflamed LSC. (D) gRT-PCR analysis of conventional AR target genes,
Tmprss2, Nkx3.1, and Pbsn, in LSC and its counterpart luminal population (n=3 individual mice, data
value= means = s.e.). (E) A heatmap of murine AR regulated gene analysis. (n=3 individual mice, Student’s
t-test, significance was determined by 0=0.05).
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Figure 2.2. Identification and modulation of AR activity in naive and inflamed organoids.
(A) Immunofluorescence staining of AR in organoids derived from naive and inflamed LSC.
Representative nuclear localized AR (green, indicated by white arrows) was shown in the inflamed
setting (Scale bar: 100um). (B) A bar graph showing the distribution of AR in organoid cells.
Significantly higher incidence of nuclear AR vs cytoplasmic AR was observed in inflamed
organoids, and nuclear localized AR was higher in inflamed organoids compared to naive
organoids. (Mann Whitney test, n=13-17, collected from 3 independent experiments; data value=
means + s.e.) (C) Western blot analysis showing full-length AR in inflamed organoids in the
absence of 1nM synthetic AR ligand, R1881. (D) A heatmap of global murine AR regulated gene
expression (n=3 individual mice, Student’s t-test, significance was determined by a=0.05). (E)
gRT-PCR analysis showing that the top three up-regulated genes in inflamed organoids, Steap4,
Slc26a2, and Igfbp5, can be down-regulated by introducing 10uM AR inhibitor, Enzalutamide
(n=3 individual mice, data value= means % s.e.). (F) gRT-PCR analysis showing that Igfbp5 is
DHT responsive whereas Steap4 and Slc26a2 are not (n=2-4 individual mice, data value= means
ts.e.).
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Figure 2.3. Androgen Synthesis in organoid cultures. Treatment of naive organoids with androgen
synthesis inhibitors dutasteride (5 alpha reductase inhibitor) or abiraterone (Cypl7al inhibitor) blocks
organoid formation, which is not rescued by addition of DHT or R1881.
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Figure 2.4. Abrogation of AR activity via AR antagonists abolishes basal PSC characteristics. (A)
Representative H&E stained images show a morphological difference between vehicle and Enz treated
organoids, where Enz treated more closely resemble naive (Scale bar: 100pum). (B) The number of
organoids formed in vehicle and 10uM Enzalutamide in both naive and inflamed settings. (5 separate
experiments in naive group and 9 separate experiments in inflamed group, each experiment was presented
in duplicates; Student’s t-test was performed within groups) (C) Inflamed organoids treated with
enzalutamide produce more solid organoids and fewer tubule-like. (D) Inflamed organoids are significantly
larger than naive, while Enz treated inflamed are similar in size. (Unpaired T test) (E) CK5 (green) and
CKa8 (red) staining show lack of organization in Enz treated organoids compared to control (Scale bar:
25um). (F) gRT-PCR showing that the top three up-regulated genes in inflamed organoids, Steap4, Slc26a2,
and Igfbp5, can be down-regulated by introducing 10uM AR inhibitor, Enzalutamide (n=3 individual mice,
data value= means * s.e.).
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Figure 2.5. 3°’RACE (Rapid amplification of cDNA ends). Diagram depicts enrichments for potentially
truncated transcriopts that would lack the c-terminal ligand binding domain.
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Figure 2.6. Inflammation induces CDK-1 mediated phosphorylation of AR. (A) rt-gPCR showing a
significant increase in Cdk1 and no change in Mapk14 in murine LSC. (B) rt-gPCR showed no change in
Cdkl or Mapkl4 in organoids derived from naive or inflamed mice. (C) Western blot for Androgen
Receptor shows no impact of p38MAPK inhibitor, SB203580, while CDK1 inhibitor, Dinaciclib, did reduce
full length protein in inflamed organoids. (D) bar graph showing quantification of AR protein normalized
to B-Actin.
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Figure 2.7. Quality Control for Single Cell mMRNA Sequencing. (A) Per base sequence quality for
Inflamed A3 trimmed right reads. The y-axis shows quality scores and the x-axis shows the position in the
read. The red line is the median and the blue line is the mean. The yellow box represents the inter-quartile
(25%-75%) range, and the upper and lower whiskers represent the 10% and 90% points. The dip in
sequence quality at the end of the read is normal and is nearly always observed in lllumina sequencing data.
Due in part to trimming, all positions in the reads have high quality. This graph is typical for what was
observed across all read files. (B) Per sequence quality score for Inflamed A3 trimmed right reads. This
plot shows allows identification of samples in which a subset of sequences in the FASTQ file have
universally low-quality scores. The Y axis shows the number of sequences and the x axis shows the mean
quality score. This plot shows that the reads post-trimming have very high quality. This plot looks similar
to all the other per sequence quality score plots seen across the trimmed FASTQ files. (C) MDS plot with
libraries colored based on inflammation status. Inflamed cells are colored in blue and naive cells are colored
in red. The samples are clustering quite well based on inflammation status.
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Figure 2.8. Heatmap showing results of unsupervised clustering. Cells were categorized into 4 groups:
Inflamed Major, Naive Major, Inflamed Minor 1, Inflamed Minor 2, and Naive Minor 3. Vertical columns
represent individual cells, while horizontal axis represents top clustering genes. Yellow indicates highest
fold change gene expression, while violet indicates lowest. Thanks to Purdue Genomics Core and
Bioinformatics Core (Dr. NadiaAtallah Lanman and Emery Goossens)
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Figure 2.9. Upstream regulator IFNG and its predicted mechanistic network. The list of differentially
expressed genes, along with p-values were used as input for the analysis. IFNG is one of the top predicted
upstream regulators in the BSC naive versus inflamed comparison, connecting directly to 45 target
molecules in the differentially expressed genes. The list of differentially expressed genes, along with log
fold-change and false discovery rates were used as input for the analysis. Nodes shown in orange are also
predicted to be upstream activators and those that are predicted to be inhibitors are shown in blue. Orange
edges show activating relationships and blue show inhibiting relationships. Black edges do not have an
effect predicted and yellow edges show literature findings which are inconsistent with the state of the
downstream molecule. This mechanistic network determines which network edges between pre-determined
upstream regulators are likely relevant for the causal mechanism behind the dataset. The mechanistic
network algorithm is run upon the regulators from the upstream regulator analysis results. Solid edges show
direct interactions and dashed lines show indirect interactions between molecules.
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Figure 2.11. Canonical Interleukin 1 pathway. The diagram shows the interleukin 1 pathway, one of the
overrepresented pathways found in the naive versus inflamed LSC comparison by IPA. Genes in the
pathway which are present in the differentially expressed gene list are shown outlined in pink. Upregulated
molecules are colored in red and downregulated molecules in green. The intensity of the color indicates the
degree of down or upregulation. The expression value used in coloring the molecules was the log p-value.
Thanks to Dr. Nadia Atallah Lanman.
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Figure 2.12. PGL3 Luciferase IL-1a Reporter Assay. Murine prostate cancer cell line, Myc-CaP, as
well as human lines LnCAP and C42 were transfected with PGL-3 luciferase IL-1a reporter. These were
then incubated in RPMI 1640 with charcoal stripped serum and supplemented with R1881 for 1, 2, and 4
hours before lysis and assessment of luciferase activity by fluorometric assay. There was no change in
luciferase activity in any cell line at any timepoint.
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Figure 2.13. Interleukin 1 Alpha Treatment of Organoid Cultures. 3D organoid cultures of naive and
inflamed LSC were treated with various concentrations of synthetic interleukin 1 alpha. Contrary to the
hypothesis, treatment decreased organoid numbers.
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Figure 2.14. Interleukin 1 Receptor Antagonist in 3D Organoids. 3D organoid cultures were treated
with 50ng/ml of IL-1RA or a 1:100 dilution of IL-1a neutralizing antibody. (A) Representative H&E
images demonstrate an increase in stratification and size of treated organoids. (B) Treatment also induced
a significant increase in organoid numbers. (C) Western blot for IL-1RA showed expression in naive and
inflamed LSC and organoids. (D) Western blot to assess downstream phosphorylation of IRAK protein
proved inconclusive.
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Figure 2.15. Interleukin 1 Receptor Antagonist Impacts Androgen Receptor Signaling. (A)
Representative immunofluorescence images show increased AR in naive organoids treated with 50ng/ml
IL-1RA and an IL-1a neutralizing antibody. (B) rt-qPCR for Ar showed an upward trend in gene expression
in treated organoids and (C) significant modulation of AR target gene, Steap4, which returned to baseline
upon inhibition of AR by Enzalutamide.
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Figure 2.16. Genomic Manipulation of AR and IL-1RA. (A) LSC from II-1rn floxed mice were
transduced with lentiviral Cre-GFP, resulting in loss of organoid formation. An upward trend in numbers
was noted upon treatment with IL-1RA. (B) LSC from Ar floxed mice were treated in the same manner,
with similar results. (C) However, there was no rescue of GFP positive organoid formation by addition of
IL1-RA to the culture conditions.
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Figure 2.17. ATAC Sequencing. Representative quality control plots showing notable peaks where the
DNA was transposed around chromatin regions. The plot below portrays enrichment for open regions in
the DNA of inflamed LSC at il1rn.
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Figure 2.18. Short-term Inflammation Castration and BrdU incorporation. POET3 mice were
inflamed on day O, castrated on day 2, injected with BrdU on day 6, and harvested on day 7. Flow cytometry
analysis showed significantly higher proliferation in the LSC isolated from inflamed castrate mice.
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Figure 2.19. Short-term Inflammation Castration Representative H&E Staining. POET3 mice were
inflamed on day 0, castrated on day 2, and harvested on day 7. H&E staining shows the state of prostatic

tissues under each condition.
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Figure 2.20. Short-term Inflammation Castration Representative AR Staining. POET3 mice were

inflamed on day 0, castrated on day 2, and harvested on day 7. AR staining shows maintenance of AR
staining in inflamed castrate as opposed to naive castrate.
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Figure 2.21. Short-term Inflammation Castration Representative p63 Staining. POET3 mice were
inflamed on day O, castrated on day 2, and harvested on day 7. P63 staining shows accumulation of basal
cells in the inflamed that are maintained in the inflamed castrate.
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Figure 2.22. Enzalutamide Treatment of Human Organoids. Human PSC enrichments were isolated
and cultured in 3D Matrigel with and without Enzalutamide (Enz). Treatment resulted in a significant
decrease in organoid numbers.
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Figure 2.23. Quality Control for RNA Sequencing of Human Organoids (A) Per base sequence quality
for the trimmed reads of all samples. The y-axis shows quality scores and the x-axis shows the position in
the read. The red line is the median and the blue line is the mean. The yellow box represents the inter-
quartile (25%-75%) range, and the upper and lower whiskers represent the 10% and 90% points. The dip
in sequence quality at the end of the read is normal and is nearly always observed in Illumina sequencing
data. Due in part to trimming, all positions in the reads have high quality. This graph is very typical for
what was observed across all read files. (B) Per sequence quality score for the trimmed reads of all samples.
If a subset of sequences in the FASTQ file have universally low quality scores it will show up in this plot.
The Y axis shows the number of sequences and the x axis shows the mean quality score. This plot shows
that the reads post-trimming have very high quality. This plot looks very similar to all the other per
sequence quality score plots seen across all the trimmed FASTQ files. (C) Library size for each sample
sequenced. The x-axis gives the sample ID and the y-axis shows the counts (read pairs aligning to features)
for each sample. Overall each sample had sufficient reads aligning to perform a differential expression
analysis.
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Figure 2.24. Clustering Analysis of Human Organoid RNA Sequencing. (A) MDS plot with libraries
colored based on phenotypes. On the plot, baseline samples of “Ctrl” are shown in red; treatment samples
of “MD” are shown in blue. The data was normalized in edgeR. It looks that there are clear separations of
samples based on conditions. (B) PCA plot of libraries. The PCA plot shows that samples are separating
based on conditions. Overall, 63.5% of the variance is captured by the first principle component (PC1,
shown on the x-axis), and principle component two (PC2, shown on the y-axis) accounts for 14.7% of the
variation. Data was normalized in DESeg2 and a regularized log transformation performed prior to doing
the PCA. (C). A heatmap showing the Euclidian distances between samples, made with the DESeq2
transformed data after a regularized log transformation was performed
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Figure 2.25. Heatmap showing the expression data of the 40 most highly expressed genes of
comparison and all samples. The data show normalized counts after a regularized log transformation
performed.
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Figure 2.26. Antigen Presentation Canonical Pathway in Human Organoids. The diagram (shown on
the next page) shows the antigen presentation pathway, one of the overrepresented pathways found in the
BSC naive versus inflamed comparison by IPA. Nodes represent genes, and node shape represents the
class of the gene product, as shown in the legend on the right side of the diagram. Edges indicate the
relationship between gene products. Genes in the pathway which are present in the differentially expressed
gene list are shown outlined in pink. Upregulated molecules are colored in red and downregulated
molecules, if any had been observed, would be colored in green. The intensity of the color indicates the
degree of down or upregulation. The expression value used in coloring the molecules was the log p-value.
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Figure 2.27. Protein Digestion and Absorption (hsa04974) in Human Organoids. The diagram shows
the Protein digestion and absorption pathway, one of the overrepresented pathways by PAGE. Nodes
represent genes. Edges indicate the relationship between gene products. Genes in the pathway which are
present in the differentially expressed gene list are converted as pseudo colors. Upregulated molecules are
colored in red, and downregulated molecules are colored in green. The intensity of the color indicates the
degree of down or upregulation. The expression value used in coloring the molecules was the log fold-
change. Any value outside the (-1,1) limits was truncated to the closest limit.
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Figure 2.28. Heatmap Showing Expression Data for Genes of Interest. (AR and cytokines). The data
show normalized counts after a regularized log transformation performed
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Figure 2.29. Production of Inflammable Recombinant Prostate Grafts in Renal Capsule Assay.
Implanted LSC grafts produce tissues that recapitulate POET3 inflammation.
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CHAPTER 3. T CELL REGULATION BY ADULT PROSTATE STEM
CELLS

3.1 Abstract

Adult prostate stem cells (PSC) are a rare epithelial progenitor population in the prostate.
While essential for normal homeostasis, they have also been implicated in hyperplasia and cancer
initiation (1-7). Studies show that inflammation fuels hyperplastic diseases through its production
of growth factors and cytokines (1, 8, 9); however, the impact of inflammatory factors on PSC and
how PSC interact with infiltrating immune cells is not well studied.

To begin to examine the cross talk between epithelial PSC and immune cells, the Prostate
Ovalbumin Expressing Transgenic 3 (POET3), an inducible mouse model of autoimmune T cell-
induced inflammation was used. The POET3 produces epithelial and stromal hyperplasia, similar
to human autoimmune inflammation (10). PSC enrichments were obtained from inflamed and non-
inflamed (naive) mouse prostates by fluorescence activated cell sorting (FACS) as described by
Lucaks et al. as lineage” (CD45/CD31°) stem cell antigen 1- (Sca-1) CD49f (LSC). Single cell
MRNA sequencing (described in the previous chapter) revealed significant regulation of various
immune regulatory genes (table). Notably, prostates from inflamed POET3 mice showed a marked
enrichment for LSC. While inflamed LSC were also found to be more proliferative, these data
suggested that LSC evaded T cell-mediated apoptosis. Coupled with human BPH data indicating
prominent T cell populations enriched for exhaustion and anergy genes, it was hypothesized that
adult basal prostate stem cells harness immune regulatory capabilities to suppress T cell function
and.

The studies described herein demonstrate 1) that LSC from inflamed POET3 mice
upregulate multiple immune regulatory genes, 2) possess T cell suppressive capabilities, and 3)
begin to characterize the mechanisms by which they suppress T cells. This work provides a

foundation for more thorough investigation of rare stem/progenitor cells in immune regulation.

3.2 Introduction

The role of prostatitis, especially chronic prostatitis, in the development and progression
of BPH has been a topic of interest for decades (9, 84, 124, 192). The correlation between the

96



presence of both diseases is well documented; however, the mechanism by which one may lead to
or contribute to the other is poorly understood.

Cytotoxic CD8+ T cells are indispensable for clearance of viral infection and tumor cell
surveillance. They possess surface receptors (TCR) that recognize specific antigens (140). When
CD8+ T cells encounter that specific antigen bound by major histocompatibility complex I (MHC
1), they become activated. This is characterized by proliferation, production if interferon gamma
(IFNy), and cytotoxic abilities. To prevent unchecked destruction of tissues, T cell activity is
tightly controlled. When those mechanisms of control fail, it may lead to autoimmune and chronic
T cell mediated inflammation (140).

Chronic prostatitis is often characterized by a persistent autoimmune component. In fact,
T cells that recognizes and responds to native proteins of the prostate have been identified in
patients with abacterial prostatitis (153, 193). More recent studies of the prostate have revealed a
remarkably complex, dynamic balance between inflammation and immune suppression in the
development and progression of hyperplastic disease (9, 27, 84, 194-197). The prostate’s
capability for immune regulation is made apparent by studies using the POET3 mouse model of
autoimmune inflammation, in which adoptive transfer of pre-activated CD8* OT-I cells leads to
epithelial and stromal hyperplasia and an influx of endogenous immune cells which persists as far
as 80 days after initial inflammation (10, 166). Rather than causing complete destruction of the
prostate by the OT-I, inflamed prostates become enriched for basal cells (Figure 2.21), which may
contribute to repopulation of the luminal cells. This epithelial persistence points to a level of
control over the infiltrating T cells.

In order to control inflammation, a variety of immune cells can halt CD8* T cell activity.
During disease states such as cancer and chronic inflammation, continual suppression of T cell
function may be induced by myeloid cells (especially myeloid derived suppressor cells (MDSC)),
mesenchymal cells or by epithelial cancer cells (198-200). Mechanisms of suppression include
expression of Argl (which can deplete arginine from the local environment, impacting the TCR),
production of reactive nitrogen and oxygen species, and activation of T cell exhaustion and anergy
through checkpoint ligands such as PD-L1 (166, 201, 202). While studies described above show
that prostate stem cells (PSC) survive and proliferate during inflammation, whether they can

produce factors to suppress T cell function or survive T cell attack has not been investigated.
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Previous studies of POET3 inflammation demonstrate an enrichment and increased
proliferative capacity of lineage’, Sca-1*, CD49f* (LSC) during inflammation (11), suggesting that
these cells evade cytotoxic T cell-mediated apoptosis. Notably, an accumulation of LSC persists
despite targeted T cell attack, hinting at the presence of suppression and escape mechanisms.
Single cell RNA sequencing (ScCRNA-seq), described above, comparing of non-inflamed (naive)
and inflamed LSC revealed an assortment of up-regulated immune regulatory genes in the
inflamed group. While the prominent mechanisms employed by MDSC and mesenchymal stem
cells were not differentially expressed, there was significant modulation of multiple immune
regulatory and antigen presentation genes. Along with data from human prostate organoids treated
with Enzalutamide, which show modulation of the antigen presentation pathway, it is likely that
mechanisms employed by PSC to manipulate and evade T cells may also be used by prostate cancer
to resist immunotherapy (142, 191, 196).

The studies described herein form the foundation for an exciting new area of study:
epithelial stem cell control of T cell function. Experiments compare LSC from inflamed and naive
mice, mature luminal cells, and recognized T cell suppressive MDSC. They also begin to

characterize the means by which LSC may suppress T cell function.

3.3 Methods
3.3.1 OT-I Activation for Suppression

RAG17OT-I* mice (a gift from Dr. William Heath, University of Melbourne) were kept
according to PACUC conditions described above. To isolate CD8* OT-I T cells, spleens from
RAG17OT-I* mice were ground between frosted slides in complete RPMI-1640 medium. The
resulting cell slurry was filtered through a 70 um cell strainer before treatment with Ammonium-
Chloride-Potassium (ACK) lysis buffer to remove red blood cells. Remaining splenocytes were re
suspended in complete RPMI1-1640, counted, and plated 2x10° in 24-well plates with added beta-
mercaptoethanol and 1ug/ml SIINFEKL peptide (Bachem). These were allowed to activate for 24

hours before purification using FicoLite L/M according to manufacturer protocol.
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3.3.2 Cell Sorting

To isolate murine MDSC, inflamed POET 3 prostates were harvested and digested as described in
chapter 2. Isolation was performed by Purdue Flow Cytometry and Cell Separation Core Facility.

Cells were stained using:

Zombie Live/Dead Fixable Viability Dye (Biolegend)
FITC- CD31 (Biolegend clone MEC13.3)

FITC- CD45 (Biolegend clone 30-F11)

APC- Sca-1 (Biolegend clone E13-16.7)

PE- CD49f (Biolegend clone eBioGoH3)

CD11b (Biolegend clone M1/70)

Ly-6C (Biolegend clone HK1.4)

Ly-6G (Biolegend clone 1A8)

3.3.3 Liquid Organoid Culture and Suppression Assay

After FicoLite purification of pre activated OT-I T cells, these were combined with target
cells at varying ratios between 1:1 and 1:4 in 96-well ultra-low adhesion plates (Corning) with or
without 0.4 pum transwell inserts and with or without treatments. All suppression assays were
performed under hypoxic conditions (1% O,). MDSC suppression experiments were performed in
complete RPMI with 1ug/ml SIINFEKL peptide. LSC suppression experiments were performed
in PrEGM (Lonza) with 5% Matrigel and 1pg/ml SIINFEKL peptide.

Treatments:

PD-L1 neutralizing antibody
L-NMMA

IDO1 inhibitor

3.3.4 Flow Cytometry

All samples were analyzed using a BD LSRFortessa flow cytometer. Subsequent

evaluation was performed using FlowJo software.

3.4 Results

The control and suppression of T cell activity is essential for the prevention of autoimmune
disease; however under pathological conditions, it may interfere with the necessary T cell function

or contribute to chronic inflammation (166, 201). Various mechanisms of T cell control have been
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demonstrated to occur in immune and mesenchymal cells. These include mechanisms such as nitric
oxide synthesis, production of reactive oxygen species, depletion of essential factors from the local
environment, activation of immune checkpoints by ligands such as PD-L1, or production of
exosomes containing these factors (200, 203, 204). Single cell RNA sequencing (sScCRNA-seq)
described in chapter two revealed differential expression of various genes associated with immune
regulation (Table 3.1). While single cell RNA sequencing (SCRNA-seq) did not reveal expression
of suppressive genes commonly studied in MDSC (Argl, Nos2, Cd274 (the gene for PD-L1)),
there was significant up regulation of Idol and Ido2. Increased protein expression of PD-L1
(CD274) was also seen by flow cytometry (Figure 3.1).

The presence of immune regulatory gene expression was novel and unexpected; however,
it was important to validate the finding with in vitro studies. To test whether the LSC were
suppressive, and whether their mechanism of suppression was PD-L1, suppression assays were
performed combining freshly isolated LSC and pre-activated OT-I cells at ratios of 1:1 and 1:2,
with and without an anti PD-L1 neutralizing antibody. Indeed, freshly isolated inflamed LSC were
able to suppress OT-I proliferation, and the addition of PD-L1 neutralizing antibody had minimal
effect on T cell suppression (Figure 3.2). Based on these data, the ratio of 1:2 was determined to
be appropriate for further experiments.

Since the scRNA-seq data compared naive and inflamed LSC, it was hypothesized that
immune regulatory mechanisms were activated by inflammation. Additionally, since luminal cells
were not present in FACS of inflamed prostates but were apparent on histology slides (Figure 2.20)
whether mature luminal cells could suppress was also tested. To assess this, a comparison of
inflamed and naive LSC was performed. Indeed, inflamed LSC were highly suppressive while
luminal cells and naive LSC were unable to suppress T cell proliferation (Figure 3.3).

The next area of interest from the scRNA-seq data was the over expression of Idol and
Ido2 (Indoleamine 2, 3-dioxygenase 1 and 2). IDO1 and IDO2 function to suppress T cell activity
via depletion of tryptophan from the local environment, thereby inhibiting T cell receptor (TCR)
function (205-207). It was also of interest to examine recognized MDSC suppressive factors that
may have been missed by scRNA-seq. Thus, a functional evaluation of these factors was
performed to compare the suppression of LSC and MDSC, using inhibitors for IDO1 (Epacadostat,
EPA), nitric oxide synthetase (NG-monomethyl-L-arginine, L-NMMA), and the anti PD-L1

neutralizing antibody. Consistent with previous experiments (166, 208), MDSC suppression was
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inhibited by addition of LNMMA and the anti PD-L1 neutralizing antibody had minimal effect
(Figure 3.3). Intriguingly, none of the tested inhibitors had an effect on LSC suppressive abilities.
These data suggested that a novel suppressive mechanism may be at play.

Both soluble (reactive oxygen species, media depletion) and contact-mediated (PD-L1,
checkpoint, anergy, and exhaustion induction) mechanisms can suppress T cell activity. To narrow
the search for suppressive mechanisms, transwell assays were employed. Under these conditions,
cell-cell contact cannot occur; thus, suppression under transwell separation would indicate that a
depletion mechanism or secreted factor would be at play while loss of suppression would suggest
ligand- or contact-mediated factors. While replicate experiments are necessary, transwell assay
revealed that contact was required for LSC suppression of OT-I proliferation (Figure 3.4). This
helped us rule out most secreted and depletion factors, allowing the focus to turn to ligand- and

contact-dependent mechanisms for future experiments.

3.5 Discussion and future directions

These studies are still in the early stages; however, they point to a novel and essential role
for PSC in the immune landscape of prostate disease. The implications for prostate disease are
many. If the hypothesis that PSC can survive and proliferate in the chronic inflammatory
environment is correct, it would be reasonable that they would be the source of the prominent basal
cell nodules found in BPH (7). Coupled with the findings described in Chapter 2, that PSC-derived
organoids from inflamed POET3 mice resisted treatment with enzalutamide, and those from BPH
patient samples underwent changes in antigen presentation and protein digestion pathways upon
treatment, these cells may also contribute to treatment resistance in BPH (120).

The findings also have implications for prostate cancer, which is resistant to immune
therapy (200, 209). As studies by Zhang et al. demonstrated that prostate cancer aggression could
be linked to stem cell characteristics (190), and those by Olson et al. showed that castrate
conditions (which increase the presence of basal and stem cells) may be linked to poor response
to CAR T cells (191), the studies of PSC immune evasion may help to explain these features.
Continued research into the precise mechanisms by which these cells exert suppressive, and
possibly evasive, functions would provide novel treatment targets for improved patient outcomes.

Based on the early experiments performed here, it is clear that PSC from inflamed POET3

possess strong suppressive capabilities. Whether the effects are maintained long-term and what the
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biological impact of this function may be remains unclear. These aspects are the topic of studies
proposed in an R21 grant (with fundable score) and will be investigated by similar experiments.
Future studies will focus on manipulation of contact-dependent factors identified by scRNA-seq
including Ceacaml (exhaustion), Entpd1 (CD39, TCR dysfunction), and Bax (anergy) (210-214).
These factors will be manipulated in vitro using inhibitors as well as in vivo by floxed and knockout
mouse models.

Additional studies will be performed to assess the in vivo impact of PSC suppression. Using
implanted inflammable POET3 grafts (Figure 2. 29) in transgenic mice deficient in suppressive
MDSC and T regulatory cells, as well as MDSC depletion experiments, the extent of their T cell
regulatory effects will be assessed.

To summarize, the data presented herein revealed a novel suppressive mechanism unique
to PSC from inflamed prostates. The implications are broad and extend into the areas of BPH and
cancer development and treatment resistance. These experiments set the foundation for continued

and thorough study of this distinct epithelial stem cell ability.
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3.6 Tables and Figures

Table 3.1. Differential Expression of Immune Regulatory Genes in Inflamed LSC vs Naive

T cell regulation

adj_p_value log2_fc

0.01535574 1.927666719
0.00046424 5.877048779
0.007101201 1.8667483
5.15E-05 2.326910404
Y 2.30E-28 13.08870682
BTy 2.63E-06 8.462788392
PR 0.001841485  1.637497658
T I 4.32E-06 4.089007094
0.007213591  -7.108446735
4.22E-06 -0.946684395
1.17E-06 11.04156491
0.007440989  -3.150854634
2.83E-09 3.316014635
e 1.62E-33 13.6357606
PPEY  2.91E-57 12.5295688
| H2.d1 A7 3.197001867
| H2.dmb1 XN 4.319302736
PP 1.35E-17 2.838142069
1.12E-09 4.596759514
| H2.05 PEYIEV 9.851578536
2.10E-05 5.772970109
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Figure 3.1. PD-L1 expression in naive and inflamed LSC Flow cytometry analysis revealed increased
PD-L1 in inflamed LSC
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Figure 3.2. Suppression Assay With Anti-PD-L1 Neutralizing Antibody Despite the increase in PD-L1
in inflamed LSC, there was little effect of an anti PD-L1 antibody on suppression of T cells.
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Figure 3.3. LSC Suppression Assays. An assessment of EJU incorporation to pre-activated OT-I T cells
co cultured with MDSC, luminal cells, or LSC from inflamed and naive mice. These were treated with
inhibitors of various mechanisms of suppression that are recognized in other cell types. An anti PD-L1
antibody, L-NMMA, and Epacadostat (EPA) had no effect on suppression. Separation by transwell inserts
significantly decreased LSC suppressive capabilities.
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