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ABSTRACT OF THE
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Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2016
Professor Arnold I. Chin, Co-Chair

Professor Genhong Cheng, Co-Chair

Abstract

The role of immune signaling in cancer is complex and conflicting. Inflammatory signaling
can drive an anti-tumor response, but copious evidence suggests that chronic inflammation also
promotes tumorigenesis. The most well-characterized of inflammatory pathways is the Toll-like
receptor (TLR) pathway, which promotes downstream NF-»B activation. Mutations in TLRs are
associated with a higher risk of prostate cancer.

Using the TRAMP model of prostate cancer, we report the impact of TLR signaling

disruption on tumor growth and progression. The adaptor protein MyD88 is an essential
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component of signaling for almost all TLRs, so loss of MyD88 abrogates most TLR signaling.
Absence of MyD88-dependent signaling in TRAMP prostate tumors resulted in a more aggressive
disease, as determined by histology. Analysis of infiltrating immune cells revealed an increase in
CD11b*Gr-1* MDSCs (myeloid-derived suppressor cells) in MyD88” tumors when compared to
MyD88** tumors, both in number and in functional output. MyD88" tumors also displayed
increased expression of some chemokines involved in MDSC recruitment.

An explicit link between MyD88-dependent signaling and MDSC accumulation was
suggested by the expression of S100A9, a chemokine and a TLR4 ligand. Specifically, this
indicates that MyD88-dependent signaling may play a role within the MDSCs themselves. In vitro
differentiation of MDSCs from bone marrow skewed towards the granulocytic subset (gMDSCs)
in MyD88" cells, supporting an internal role for MyD88 signaling. MyD88" MDSCs also showed
an increased sensitivity to chemotaxis mediated by SIO0A9 and an increase in Arg-1 expression
following S100A9 stimulation. We conclude that MyD88-dependent signaling may play an
essential role in regulating the population of tumor-infiltrating cells by reducing MDSC activity

and MDSC response to S100A9-mediated chemotaxis, thus limiting prostate tumor progression.
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CHAPTER1

INTRODUCTION



PROSTATE CANCER

Incidence and treatment. Prostate cancer is the most common cancer in men, representing 26% of
new cases of cancer'”. Currently, 2.9 million men are living with prostate cancer in the US, and 1
in 6 men will be diagnosed within their lifetime. However, prostate cancer constitutes only 9% of
male cancer deaths in the US. Patients’ 5-year relative survival depends heavily on the progression
of their disease: for localized and regional tumors, survival is 100%; for metastatic disease, 5-year

survival is merely 29.3%".

The first line therapeutics for patients with metastatic disease are typically anti-androgen therapies.
As part of the male reproductive system, the prostate responds to growth signals from testosterone
and other hormones through the androgen receptor (AR)’. Tumors can stimulate their own growth
by increasing activity of the AR pathway, so therapeutics are used to inhibit androgen-AR binding
and suppress androgen production. Typically, this castration therapy results in rapid tumor
regression and reduction in metastatic lesions, and patients may be treated simultaneously with

radiotherapy or prostatectomy.

Castration-resistant disease. Eventually, many tumors become resistant to androgen deprivation
therapy and are then termed castration-resistant prostate cancer (CRPC). This stage represents a
particular focus for the research community. While most prostate tumors initially respond to
androgen deprivation, CRPC therapeutic responses are more measured. In recent years, several
therapies (of varying efficacy) have been developed: abiraterone, enzalutamide, docetaxel, and
sipuleucel-T*. Both abiraterone and enzalutamide are anti-androgens- abiraterone inhibits

androgen synthesis and partially blocks AR, while enzalutamide blocks AR with very high affinity
2



and inhibits effectors of downstream AR signaling. Sipuleucel-T, the first cell-based cancer
immunotherapy approved by the FDA, involves the removal and priming of patient dendritic cells
with a common prostate cancer protein’. The activated cells are then re-infused and stimulate an

anti-tumor immune response.

Barriers to immunotherapy. Despite the success of sipuleucel-T in mCRPC, prostate cancer
notoriously responds poorly to immunotherapies. While promising results were seen with
nivolumab (anti-PD-1) in non-small cell lung cancer, renal cell carcinoma, and melanoma, no
objective response was seen in patients with mCRPC®’. Similarly, a phase III trial of ipilimumab
(anti-CTLA-4) in mCRPC with almost 800 patients showed no significant difference in overall

survival®.

Given previous efficacy with cell-based therapies, adoptive T cell therapies have been proposed,
but advanced prostate cancer lacks tumor-specific markers needed to direct those T cells. For
example, increased PSA levels have long been associated with prostate cancer, but PSA is prostate-
specific and not tumor-specific. Additionally, PSA is a secreted protein. While the non-coding
PCA3 transcript is tumor-specific, it lacks a surface protein for immune cells to target’. At this
point, the most promising immunotherapies appear to be mostly ineffective with CRPC.
Understanding the tumor and its interactions with immune cells may elucidate novel targets and

ways to enhance susceptibility to existing therapies.

Mouse models. Mice do not spontaneously develop prostate cancer, limiting the design of potential

research models. Most of the early models of prostate cancer were in rats: the Lobund-Wistar rat
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developed spontaneous disease at 26 months (earlier with chemical treatment)'’; the Fischer F344
rat developed non-metastatic tumors after chemical treatment''; the Dunning R-3327 system used

cell lines derived from the spontaneous tumor of a Copenhagen rat'?.

An autochthonous mouse model of prostate cancer called TRAMP (transgenic adenocarcinoma of
the mouse prostate) was developed using a prostate-specific transgene'. A rat probasin promoter
drives the expression of the SV40 large T antigen, a viral protein that targets and inhibits the
Rb/p53 family of tumor suppressors. Over time, the mice develop prostate tumors that mimic the
histology and progression of human disease'*". In addition, several TRAMP cell lines derived
from the transgenic tumors have been established and characterized'®. These cell lines can be
grown subcutaneously in C57B1/6 mice, though they do not recapitulate the prostate histology seen

in patients.



TOLL-LIKE RECEPTOR SIGNALING

Activation of immune pathways. Toll-like receptors (TLRs) are an essential part of the innate
immune system, recognizing foreign or unusual molecules and triggering a humoral response'’.
TLRs are transmembrane proteins that each recognize a conserved molecular pattern and, upon

recognition, transduce a signal across the cell membrane. TLRs 1-10 have been identified in

humans, and TLRs 1-9 plus 11-13 have been identified in i
mice'®. g
MyD88
Following activation of the TLR, an adaptor protein -
MyD88 associates with the intracellular domain, leading UEviA @O UBCT5

to phosphorylation of IRAKI1 (Figure 1.1). IRAKI <:>

attracts TRAF6, which then forms a complex with TAK1,

TAB1, and TAB2. TRAF6 is ubiquitinylated, activating

TAKI1, which phosphorylates IKK and MAPK. ,
@Y@ MAP kinases
g

Phosphorylated IKK promotes degradation of IxB, which

releases its inhibition of NF-»B. After translocation to the

nucleus, NF-»B modifies expression of its target genes. e

Through this canonical TLR-NF-zB pathway, TLR

el
” %
activation promotes inflammation and innate immune G ﬂ%ﬁﬂ@ D
N &

NF-kB-binding motif

activation. Not all the TLRs use MyD88 as an adapter

Nuclear membrane

molecule. TLR3 uses TRIF exclusively, while TLR4 uses

Figure 1.1. Toll-like receptor signaling.
both MyD88 and TRIF.
Adapted from Akira & Takeda (2004).



Ligands. Individual TLRs can recognize multiple ligands, but there are two main categories:
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs). The PAMPs are better-studied, as most of the early research on TLRs focused on
response to infection'”. For example, TLR3 binds to dsSRNA and TLR9 binds CpG DNA, both
unique structures of viral or bacterial pathogens. TLR4 meanwhile binds to LPS, a component of

Gram-negative bacterial cell walls.

DAMPs, meanwhile, are released from or near necrotic cells, indicating that tissue damage has
occurred. These molecules can also bind TLRs and activate inflammatory signaling. HMGBI is a
nuclear protein that is only released into the extracellular space following cell necrosis, but not
apoptosis®*'. HMGBI1 can bind TLR2, TLR4, and RAGE. S100A8 and S100A9 are calcium-
binding molecules specifically secreted by some cells following damage or stress. They can homo-

or hetero-dimerize to activate their receptors, TLR4 and RAGE***.

TLRs in cancer. Activation of TLRs is intended to drive an immune response to fight off invading
pathogens and/or rebuild damaged tissue. Therefore, one could expect TLR activity in or around
a tumor would promote an anti-tumor response. The class of immune checkpoint inhibitors (anti-
PD-1/PD-L1) have been successful by specifically removing suppressive forces on infiltrating T
cells***. However, chronic inflammation, particularly through NF-«B, has been consistently tied
to tumorigenesis®®*’. Specifically in prostate cancer, areas of chronic inflammation are common
surrounding prostatic intraepithelial neoplasia (PIN) lesions®®®. Additionally, a series of SNPs

have been identified within the TLR gene cluster that indicate an increased prostate cancer risk™.
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This duality of inflammation also plays out in various tumor models when TLR signaling is
perturbed (Table 1.1). In colorectal®**, gastric**, breast®, and prostate models®, disruption of TLR
signaling produces an anti-tumor effect. However, additional studies in colorectal’”*, lymphoma™,
pancreatic*, and prostate*' models show that disruption of TLR signaling enhances tumor growth
and progression. No obvious conclusion can be drawn, as the same mutation in different disease
models, or even different mutations within the same disease model show varying results. We hope

to gain a deeper understanding of how TLR signaling affects different tissue types.

Modification Ref Model Tumor Effect
TLR3™" 41 Prostate (TRAMP) A
IKK-B” 36 Prostate (TRAMP) 7
TLR2"or MyD88” 35  Breast (xenograft) 7
MyD88™ 40 Pancreatic (Kras®'*®) N
MyD88 L265P 39 DLBCL patients A
MyD88" 37 Colitis (DSS) A
TLR2™" 34 Intestinal (DSS) 7
Mal (TIRAP)™ 38 Colorectal (CAC) A
IKK-B™" 31 Colorectal (CAC) 7
MyD88 inhibitor 33 Colorectal (CAC) 7
MyD88" 32 Colon (APC) 7
MyD88" 34 Gastric (Gan) 7

Table 1.1. TLR disruption in cancer models.



MYELOID-DERIVED SUPPRESSOR CELLS

MDSC markers and function. The immune system employs several mechanisms to regulate non-
specific or self immune activation and prevent the emergence of autoimmune disease. Distinct cell
types with regulatory functions have been identified, including Tregs and myeloid-derived
suppressor cells (MDSCs)*. In mice, MDSCs are defined as a heterogeneous group of CD11b*
Gr-17" cells and can be subdivided into populations of granulocytic and monocytic lineages®.
Granulocytic MDSCs (gMDSCs) are Ly6G* Ly6C™"°, while monocytic MDSCs are Ly6G
Ly6C", and they are currently identified as immature cells from different myeloid lineages that
share a similar functional output***°. Human MDSCs have not been fully characterized, and there
are no markers to correspond with the murine subpopulations, but the current identification is

CD11b* CD33" HLA-DR" .

Generally, MDSCs are important for suppressing T cell function, particularly blocking the
cytotoxic action of CD8" cells, by producing arginase-1 and inducible nitric oxide synthase
(iNOS)**. Arginase-1 depletes the amino acid L-arginine, which is central to T cell
proliferation®, and iNOS uses L-arginine to produce nitric oxide (NO) and reactive oxygen species
(ROS) that react to form peroxynitrites™. Peroxynitrites are powerful oxidants that will then
promote nitration of T cell receptors and CD8 molecules, preventing antigen-specific T cell
activation®®. Though they ultimately perform the same function, the two MDSC subsets prefer
different oxidant species: gMDSCs produce ROS, while mMDSCs produce NO’'. This is the only
confirmed functional difference in the subpopulations, and it does not cause differences in the T

cell suppressive activity of MDSCs*. MDSCs can also function to suppress NK cells, both in

8



52-54

differentiation and in activity’™", and some effects on dendritic cell development have been

observed™.

MDSCs in cancer. MDSCs have recently been identified as an important barrier to the success of
cancer immunotherapies™. Present in the tumor microenvironment of mice and circulating in the
bloodstream of most human patients, these cells promote escape from immune surveillance’’.
For example, in breast cancer, more circulating MDSCs correlated with increased clinical stage,
larger metastatic burden, and decreased response to chemotherapy®. Similar results are seen in

prostate cancer® and a host of other cancers®®

. The tumors themselves, as part of an immune
escape mechanism, will often secrete or promote the expression of chemokines that recruit
MDSCs**". Notably, a reduction in tumor inflammation delays MDSC recruitment to the tumor
microenvironment, consequently slowing tumor progression®. Given our current understanding of

MDSC-tumor interactions, targeting MDSC recruitment and activity should reduce tumor growth

and increase the efficacy of immunotherapies®.

Many signaling molecules that regulate aspects MDSC function have been well-characterized”.
Several members of the colony-stimulating factor family’' are important for MDSC generation and
differentiation: G-CSF*”°, GM-CSF’*”, and M-CSF”**. While these proteins are not directly
involved in recruitment, they drive production of MDSCs and regulate differentiation into the g-
and m-MDSC populations. The cytokines IL-1f and IL-13 play a role in MDSC activation, as IL-
1 promotes inflammation in the tumor that indirectly induces MDSCs, and IL-13 drives a Th2
immune response and increases Arg-1 expression in MDSCs *'*. Members of the CC and CXC

chemokine families are shown to play the most direct role in MDSC accumulation in the tumor®>

9



% Chemokines CCL2, CCL3, CCL5, CCL7, CXCL1, CXCL8, CXCL12, and CX3CL1 have all
been identified as potential recruiters of MDSCs. However, CCL2 activity has been studied in
more depth, as MDSCs express its receptor, CCR2, and CCL2-CCR2 binding directly recruits
MDSCs to tumors™®. Additionally, blockade of CCL2 or inhibition of its synthesis has been

shown to augment immunotherapies and induce tumor regression”".

10



S100A9

Inflammatory activity. As described previously, DAMPs (damage-associated molecular patterns)
are endogenous proteins that activate Toll-like receptors (TLRs) following tissue damage or
necrosis. One of the best-studied DAMPs is S100A9, a member of the S100 calcium binding
pathway that is often hetero-dimerized with S1I00A8”. SI00A9 binds to two surface receptors:
TLR4>*® and RAGE”. Downstream of TLR4, S1I00A9 signaling activates the MyD88-dependent

NF-»B pathway”'”, while MAPK pathways are activated downstream of RAGE™'*""'%,

S100A9 expression and activation of both receptors has been repeatedly documented in a variety

of cancers, where SI00A9 signaling appears to promote tumor growth'®*"'%

. This is particularly
true in prostate cancer, where SI00A9 is considered a diagnostic marker due to its close association
with more proliferative, more aggressive tumors''*'"”. Notably, SI00A9 is also a chemokine that

recruits MDSCs"'*""°, It is therefore unsurprising that high expression of S100A9, leading to

increased MDSC infiltration, would be correlated with more advanced tumors.

11
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BACKGROUND. The influence of pattern recognition receptor (PRR) signaling in the
prostate tumor microenvironment remains unclear. Although there may be a role for PRR
agonists as adjuvants to therapy, prior evidence suggests tumor promoting as well as tumor
inhibiting mechanisms. The purpose of this study is to examine the role of the key Toll-like
receptor (TLR) signaling adaptor protein myeloid differentiation primary response gene 88
(MyD88) in prostate cancer development.

METHODS. MyD88”/~ mice in a C57Bl6 background were crossed with transgenic
adenocarcinomas of the mouse prostate (TRAMP) mice to create MyD88”/~ TRAMP 8/~
animals, which were compared to MyD88"/+ TRAMP"8"/~ animals and their non-transgenic
counterparts at 30 weeks. Prostates were examined histologically, by immunohistochemistry
and immunofluorescence staining, and by qPCR, to characterize tumor-infiltrating immune
populations as well as activation of the downstream NF-kB pathway and androgen receptor
(AR) expression. Splenocytes were examined for development of distinct immune cell
populations.

RESULTS. Absence of MyD88 led to increased prostatic intraepithelial neoplasm (PIN) and
areas of well-differentiated adenocarcinoma in TRAMP transgenic mice. Analysis of
infiltrating immune populations revealed an increase in CD11b* Grl* myeloid-derived
suppressor cells (MDSCs), as evidenced by increased expression of prostatic arginase-1 and
iNOS as well as the cytokine IL-10, and a deficiency in NK cells in prostates from MyD88”/~
TRAMP"8+/~ compared to MyD88*/* TRAMP'8*/~ mice, whereas a decrease in splenocytic
NK cell differentiation was observed in MyD88”" mice. Prostate tumors revealed no
significant differences in NF-kB or AR expression in MyD88+/ +* TRAMP'&*/~ compared to
MyD88”/ TRAMP"8"/~ mice.

CONCLUSIONS. During prostate cancer development in the TRAMP model, MyD88 may
play a role in limiting prostate tumorigenesis by altering tumor-infiltrating immune
populations. This suggests that in the context of specific cancers, distinct PRRs and signaling
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pathways of innate immune signaling may influence the tumor micrcenvironment and
represent a novel therapeutic strategy. Prostafe

i 2015 Wiley Periodicals, Inc.
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tumor-infiltrating lymphocytes

INTRODUCTION

Inflammation within the prostate cancer micro-
environment is often observed adjacent to areas of
focal atrophy and adenocarcinoma, although the
contribution of distinct subsets of tumor infiltrating
lymphocytes (TILs) to prostate cancer development,
growth, and metastasis is unclear [1]. These inflam-
matory processes may promote anti-tumor responses,
as clonal expansion and presence of circulating
prostate-antigen specific CD8™ T cells have been
observed clinically [2]. Conversely, pro-tumor inflam-
mation has been observed with the release of pro-in-
flammatory chemotactic agents from areas of tumor
necrosis into the tumor microenvironment that stim-
ulate angiogenesis and proliferation [3-5]. The pros-
tate cancer microenvironment may be globally
immunosuppressive, as studies have linked TCF-8
production to a bias of CD4" T cells in the human
prostate cancer microenvironment towards both
CD47CD25 Foxp3™ regulatory Tcells (T..;.) and Th17
cells [6,7]. Nonetheless, the clinical importance of the
immune system in prostate cancer is borne out by the
efficacy of the cancer vaccine sipuleucel-T, which
justifies the necessity to parse out the contributions of
distinct inflammatory pathways and to examine for
adjuvants to tumor immunity.

Pathogens or cancerous cells alike can produce
danger signals that elicit the activation of immune
responses. These signals, consisting of conserved
molecules termed pathogen-associated molecular
patterns (PAMPs) or danger-associated molecular
patterns (DAMPs), can be discriminated from
self-antigens by a family of pattern-recognition recep-
tors (PRRs) such as the Toll-like receptors (TLRs) of
the innate immune system [8-12]. Thirteen mamma-
lian TLRs have been identified to date with ligands
ranging from lipopolysaccharide (LPS) found in
gram-negative bacterial walls recognized by TLR4,
double stranded RNA produced by viruses recog-
nized by TLR3, viral CpG motifs by TLR9, to
endogenous ligands, such as heat-shock protein 70
and chromatin component HMG-B1 [8,13]. TLRs
recruit adaptor proteins that promote activation of
downstream transcription factors such as NF-xB or
interferon regulator factors (IRFs), mediating down-
stream development of adaptive immune effector cells
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such as cytotoxic T lymphocytes (CTLs) and dendritic
cell (DC) maturation [14].

Although the majority of TLRs recruit the adaptor
protein myeloid differentiation primary response gene
88 (MyD88), TLR3 exclusively interacts with the adaptor
protein TIR-domain-containing adapter-inducing inter-
feron-B (TRIF) to activate a MyD88-independent path-
way leading to IRF3 activation and production of type I
interferons. We have previously implicated the pattern
recognition receptor TLR3 and type I interferons to play
a critical role in prostate cancer immune surveillance in
TRAMP mice, with increased tumor growth in absence
of TLR3 [15]. Using polyl:C as a TLR3 agonist, we
showed a marked reduction in prostate cancer growth
which influenced the tumor microenvironment by creat-
ing an influx of CD3 " T cells and NK cells [15]. The role
of TLR signaling in the inherent development of
prostate cancer has important clinical correlation, as
sequence variants in a 3-untranslated region of TLR4
and polymorphisms in the TLR gene cluster encoding
TLR1, 6, 10, and the downstream signaling mediators
IRAKI] and IRAK4, confer increased prostate cancer
risk [16-19]. How distinct TLR signaling pathways
modulate the prostate cancer tumor immune environ-
ment is an open question.

In this study, we investigated the role of MyD88 in
prostate cancer development using the autochthonous
TRAMP model. TRAMP mice express the SV40 large T
antigen in the prostate epithelium under the control of
the rat probasin promoter, and are a well-described
immunocompetent prostate cancer model that develops
histologic PIN by 8 to 12 weeks of age and adenocardi-
noma by 24 to 30 weeks of age. We hypothesized that
loss of MyD88 will promote prostate cancer develop-
ment, as a result of alterations in tumor-infiltrating
immune populations. This work complements our prior
studies of TLR3 in prostate cancer and the intracellular
Nod-like receptor pathway in bladder cancer, to extend
the idea that distinct PRRs differentially mediate tumor
immune surveillance [15,20].

MATERIALS AND METHODS

Mice

TRAMP 5/~ mice (Jackson Laboratories) on a
C57B1/6 background were genotyped as previously
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described [21,22]. MyD88”' mice backcrossed to a
C57B1/6 background for 10 generations were bred
with TRAMP transgenic mice to homozygosity gen-
erating M/yDBS" © TRAMP™®” and MyD88”
TRAMP'#" /" mice [23]. Mice were housed in patho-
gen-free conditions in accordance to UCLA Animal
Research Committee protocols. All animal work was
performed through the approved UCLA Institutional
Animal Care and Use Committee protocol #2010-
023-11C in accordance with the Public Health Service
Policy on Human Care and Use of Laboratory
Animals and USDA Animal Welfare Act Regulations.

Tumor Models

MyD88"/~ TRAMP™*/", MyD88*/~ TRAMP'5*/~,
MyD88 '~ TRAMP'®"", and MyD88~ TRAMP'#*/~
male mice at 25 and 30 weeks of age were sacrificed,
with lungs, liver, and abdominal lymph nodes grossly
inspected for metastases. Whole prostates with semi-
nal vesicles were removed, weighed, and a portion
fixed in formalin or embedded in OCT. Spleens were
removed and dispersed into single cell suspensions
for flow cytometric analysis of immune populations.

Histology

Representative paraffin embedded, formalin-fixed
tissues were sectioned at 0.4pm and stained by
hematoxylin and eosin. Images were assessed by light
microscopy using an Axio Imager 2 (Zeiss).

Immunofluorescence and Immunohistochemistry

Immunofluorescence was performed on OCT-em-
bedded tissue. Sections were fixed in 4% paraformal-
dehyde for 10min and then blocked for 1hr with
either standard (5% BSA and 5% goat serum in PBS)
or specific, when using mouse primary antibodies,
(M.OM kit block, Vector Labs) reagents. Sections
were stained overnight at 4°C with anti-CD8 at 1:100
(53-6.7, R&D Systems), anti-CD11b at 1:400 (M1/70,
R&D Systemns), anti-Gr-1 at 1:300 (RB6-8C5, eBio-
science), anti-CD49 at 1:300 (DX5, Biolegend),
anti-Foxp3 at 1:300 (MF23, BD Biosciences), and
anti-AR at 1:2000 (ab3510, Abcam). Secondary anti-
bodies using goat anti-rat Al488 (Invitrogen) or goat
anti-rabbit Al594 (Invitrogen) were incubated at 1:750
for 1hr and sections counterstained with DAPI and
mounted using Vectorshield (Vector Labs). Images
were assessed by fluorescence microscopy using an
Axio Imager 2 (Zeiss).

Immunohistochemistry was performed on formal-
in-fixed and paraffin embedded tissues. Sections were
deparaffinized and rehydrated before blocking for
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one hour in 5% BSA and 5% goat serum in PBS.
Sections were stained with anti-p40 at 1:30 (2073,
BioSB), anti-MyD88 1:100 (ab2064, AbCam), anti-IL-10
at 1:100 (JESS-16E3, eBioscience), and anti-plkB at
1:500 (S32/36, 5A5, Cell Signaling), followed by
incubation with biotinylated goat anti-rabbit or goat
anti-mouse secondary antibodies at 1:750 using the
ABC kit (Vector Labs). Sections were developed using
streptavidin-conjugated HRP and substrate, counter-
stained with hematoxylin, then dehydrated and
mounted with Cytoseal 60 (Richard-Allan Scientific).
Representative formalin-fixed tissues were stained by
hematoxylin and eosin. Images were assessed by light
microscopy using an Axio Imager 2 (Zeiss).

Quantitative RT-PCR

Total RNA from frozen prostate tissue was used to
synthesize cDNA using High Capacity cDNA Reverse
Transcription Kits (Applied Biosystems). Relative
gene  expression was determined using SYBR
Green PCR Master Mix (Applied Biosystems) on a
Bio-Rad iCycler, normalized to GAPDH as a gene
reference with the comparative threshold cycle
method. Primers sets for the following genes
were  used:  Arginase-l, 5-AGAGATACTTC-
CAACTGCCACGACT, 3-ACCTGCCCTTTGTTGATG-
TCCCTA; INOS, 5-GCTCGAAGCCACTGACAC-
TTCG, 3-CCAGATGGTCAGGGTCCCCT; GAPDH,
5“CGACCCCTTCATTGACCTCAAC, 3-CTTCTCCAT-
GCTGGTGAAGA.

Flow Cytometry

Spleens were dispersed into single cell suspensions
and stained with immune cell markers CD4-APC
(RM4-5, BD Bioscience), CD8-FITC (53-6.7, BD Bio-
science), B220-FITC (RA3-6B2, BD Bioscience),
CD11b-FITC (M1/70, BD Bioscience), GR1-PE (RB6-
8C5, BD Bioscience), Foxp3-PE (MF23, BD Bioscience),
and NKL.1-PE (PK136, BD Biosciences). For Foxp3
staining, cells were fixed and permeabilized using an
intracellular staining protocol per manufacturer’s
instructions (00-5523-00, eBioscience). Cells were ana-
lyzed on an LSRII flow cytometer (BD Biosciences).

RESULTS

More Extensive PIN and Adenocarcinoma in
Prostates of MyD88" TRAMP'*"'~ Compared to
MyD88 '~ TRAMP "'~ Mice

To examine the role of MyD88 in prostate cancer
development, we crossed TRAMP®"/ mice with
MyD88~ mice in a C57Bl/6 background to generate a



Peek et al.

syngenic  immune-competent  prostate cancer
model. Male MyD88'/"~ TRAMP'®/, MyD88 /"
TRAMP'®"/~, MyD88 /* TRAMP'®/", and MyD88 "
TRAMP™™/~ mice were sacrificed at 25 weeks and
prostate sections were stained with hematoxylin and
eosin and examined by light microscopy. Prostates
from non-transgenic MyD88 '~ and MyD88"~ mice
showed normal prostate development, while compa-
rable development of PIN without areas of adenocar-
cinoma were observed in prostates of TRAMP'S ™/~
MyD88"'" and MyD88~ animals (Fig. 1A). To better
understand the role of MyD88 in development of
adenocarcinoma, we elected to examine a cohort of
animals at 30 weeks. In the absence of the TRAMP
transgene, prostates from MyDS88 /° TRAMP'®/
and MyD88&/" TRAMP™®/~ mice showed similar
glandular architecture. Interestingly, prostates from
MyD88/" TRAMP'®*'/" mice revealed larger and
more densely packed glands then prostates from
MyD88"'~ TRAMP'®™'~ mice. These glands exhib-
ited higher density of PIN as well as increased areas
of well-differentiated adenocarcinoma, defined as loss
of p40 staining and disruption of the basal cell layer,
in MyD88/* TRAMP™®'/" compared to MyD88 '~
TRAMP'®'/" mice (Fig. 1B). In 60% of TRAMP trans-
genic mice in each genotype, a phyllodes-like tumor
was observed arising from the seminal vesicles as
previously described with an intact basal layer by p40
expression (Fig. 1C) [24]. Collectively, 30-week pros-
tate and seminal vesicle weights were similar between
TRAMP™®'/~ MyD88' /" and MyD88’' mice
(Fig. 1D). To quantitate the extent of PIN and
adenocarcinoma, we assessed the percentage of
glands harboring PIN and adenocarcinoma and found
a significant increase in the prostates from MyD88/~
TRAMP™*™/~ compared to MyD88™'~ TRAMP'®™/~
mice (Fig. 1E). The presence of lung metastases were
examined histologically and there was no evidence
in either MyD88"/~ TRAMP'®*™/~ or MyD88”"
TRAMP'® '/ mice (data not shown).

Decreased NK Cells and Increased Myeloid Cells

in Tumor Infiltrating Lymphocytes in MyD88™"
TRAMP™®'" Mice Compared to MyD88 '
TRAMP™® ' Mice

To investigate the role of MyD88 in programming
the tumor infiltrating lymphocytes (TILs), we exam-
ined expression of distinct immune populations by
immunofluorescence staining of prostate tissues.
There were no significant differences in expression of
the cytotoxic T cell marker CD8 or T regulatory cell
marker Foxp3. However, significantly increased mye-
loid cells, denoted by expression of CD11b and Grl,
and decreased infiltration of NK cells, characterized
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by the expression of CD49, were observed in
MyDBS'f' TRAMP'&"/ compared to MyD&"‘
TRAMP™®"/ " animals (Fig. 2).

CDIIb™ Grl~ Myeloid Cells Represent
Myeloid-Derived Suppressor Cells (MDSCs)

To assess the role of MyD88 in mediating tumori-
genesis and tumor infiltrating lymphocytes in
MyD88”" TRAMP'*"/~ compared to MyD88 /'~
TRAMP'®™/~ animals, prostatic expression patterns
of MyD88 were examined and found intensely local-
ized in the stroma, along with diffuse expression in
the prostate epithelium in MyD88 ™'~ mice (Fig. 3A).
Appropriately, no specific staining was found in
MyD88”~ mice. MDSCs are early myeloid cells char-
acterized by the surface markers CD11b™ and Gr1™ in
mice, and produce cytokines such as IL-10, and
arginase-1 and iINOS, to mediate its negative regula-
tory functions on T cells and NK cells [25]. We
examined expression of IL-10 and found increased
stromal IL-10 expression in MyD88/~ TRAMP'#'/
compared to MyD88™'~ TRAMP™*™/~ mice (Fig. 3B).
Furthermore, whole prostates from MyD88"
TRAMP'®"/" mice produced si/gniﬁcantly more argi-
nase-1 and iNOS than MyD88™'~ TRAMP'**/~ mice,
supporting the ion of infiltrating MDSCs in
MyD88 "/ TRAMP'#"/ " mice (Fig. 3C).

ol

Deficiency of NK Cells in Spleens of
TRAMP '~ and MyD88" TRAMP*" Mice

As the absence of MyD88 biased the composition
of the tumor microenvironment with respect to tumor
infiltrating NK and myeloid cells, we were interested
in characterizing the immune populations of spleens
from MyD88'/ "~ and MyD88 " mice as a measure of
the systemic influences in immune cell development.
In 30-week old mice, no significant differences were
observed in the myeloid, B cell, or T cell lineages of
the various genotypes. However, a significant
decrease in NK cells was observed in both MyD88™”~
TRAMP'™®*/" and MyD88’ TRAMP'™'/  animals
compared to their wild-type counterparts (Fig. 4).

Loss of MyD88 Results in No Significant
Differences in NF-xB Signaling or AR Expression

Activation of TLRs through MyD88-dependent
pathways leads to activation of canonical NF-«xB path-
ways through the NEMO/IKKa/IKKB complex
resulting in phosphorylation of IkB, allowing trans-
location of p50/p65 subunits to the nucleus [26]. With
a bias composition in the tumor infiltrating lympho-
cytes and increased areas of prostate adenocarcinoma
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Fig. I. MyD88™ TRAMP™*""" mice show more aggressive prostate adenocarcinoma compared to MyD88* TRAMP'®*'~ mice. (A)
Histology by H&E staining of prostates from mice as indicated at 25 weeks. Histology by H&E staining and immunohistochemistry by p40
staining of prostates (B) and seminal vesicles (C) from 30 week-cld mice. (D) Prostate and seminal vesicle weights from mice at 30 weeks.
(E) Percentage of glands contzining PIN or adenocarcinoma. Magnfication as indicated. Columns, mean of five animals; bars, standard
deviatons. Data are representative of five mice per group.
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Fig. 2. MyD8g™ TRAMP™® prostates show distinct TIL populations when compared to MyDE88 TRAMP' mice. Prostate
sections staned by immunofluorescence using immune cell markers as indicated to determine the infiltration of specific immune
populations in 30 week MyD88 '~ TRAMP", MyD88"~ TRAMP'®"", MyD88 " TRAMP", MyD88" TRAMP'*""" mice as indicated.
Representative merged fluorescence images are shown (400x). CDI Ib, Grl, and CD49 quantified by mean positive staining cells in four
high-powered field fields (400x); bars, standard deviations. Al P-values were determined by two-talled Student’s t-test, with statistical

significance defined as P < 0.05.
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Fig. 3. Increased expression of IL-10, arginase-1, and INOS from prostates of MyD88"~ TRAMP*'~ compared to MyD88"'"
TRAMP™®"'~ mice. Prostate sections stained by immunohistochemistry using antibodies against MyD88 (A) and IL-10 (B). Representative
images (400x) shown, with arrows highlighting representative staned cells. (C) Levels of arginase-1 and INOS by quantitative PCR from
prostate ussue of mice as indicated. Columns, mean of three animals; bars, standard deviations. All P-values were determined by two-taled

Student’s ¢ test, with statistical significance defined as P < 0.05.

in absence of MyD88, we asked whether this pheno-
type would be associated with altered activation
of NF-xB. Staining of prostates from MyD88"/~
TRAMP'®”", MyD88™'~ TRAMP'*™/~, MyD88"
TRAMP'*/ and MyD88 /" TRAMP'®'/" animals
revealed similar activation of canonical NF-xB in
prostate epithelial cells manifested by detection of
phosphorylated IkB (p-IxB) (Fig. 5A). As NF-«xB has
been linked with androgen receptor expression, we
examined expression of AR, which
unchanged with the loss of MyD88 [27-30] (Fig. 5B).

DISCUSSION

Using the TRAMP autochthonous prostate cancer
model, we have observed increased areas of PIN and
adenocarcinoma of the prostate in the absence of
MyD88. This result is consistent with our prior
observations of PRRs TLR3 and the intracellular kinase
Rip2 of Nod-like receptors in tumor surveillance and
in programming distinct lymphocyte populations
within the tumor microenvironment [15,20]. In each
of these instances, the nature of the inflammatory
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microenvironment correlated with the response in
hmmngmshpmdonmmltstronnlexpmmof
MyD88 suggests that the prostate epithelium is
responding to the altered tumor microenvironment
rather than an intrinsic alteration. Similarly, MyD88
blockade has been shown to increase inflammation
and progression in a murine model of TLR4-acceler-
ated pancreatic carcinogenesis, thought to be in part
mediated by dendritic cell induction of a Th2-polariz-
ing response [31]. However, blockade of TRIF pro-
tected against this model of pancreatic carcinogenesis,
which is not congruent with our observations of TLR3
signaling in prostate cancer [15]. The anti-tumor effect
of TLRs and their signaling molecules is supported by
the efficacy of TLR agonists as adjuvants to enhance
host immunity with the TLR7 agonist imiquimod FDA
approved for treatment of basal cell carcinoma and
TLRY agonists in clinical trials against malignancies
including breast, melanoma, and lymphomas [32-36].

Nonetheless, the role of TLRs in tumor surveillance
and modulating cancer is not clear, as reports have also
supported tumor-promoting effects. For instance, defi-
dency in MyD88 has been shown to decrease the
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Fig. 4. Splenocytes from MyDBB" TRAMP" and MyDBB" TRAMP'®"'" mice show a deficiency in NK cells. (A) Representative flow
cytometry of splenic immune populations from mice as indicated. (B) The percentage of immune populations in total splenocytes is shown
for each genotype as indicated. Columns, mean of five animals; bars, standard deviations. All p values were determined by two-tailed

Student's t-test, with statistical significance defined as P < 0.05.
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TRAMP'E"'
expression. Representative prostates stained by immunohistochemistry with phospho-IkB and by immunoflucrescence with AR, merged
fluorescence images shown (400:x).

Fig. 5. Prostates of MyDB8"""

development of tumors in mouse models of sponta-
neous colorectal cancer and diethylnitrosamine-in-
duced hepatocellular tumors, through mechanisms
including enhancing tumor evasion and tissue
repair [3738]. In immune- or tumor-specific knockouts
of IKKB using a colitis-associated cancer model, inves-
tigators showed that loss of IKKB in the tumor
epithelium decreased tumor incidence, while loss in
myeloid cells ]cd to dccrc.xscd tumor size [39]. Pre-
viously, TLR4” TRAMP'®'/ animals showed a delay
in the onset of palpable tumor from 26 to 31 weeks
compared to WT controls, however no histology or
examination of TILs were performed [40]. This appa-
rent discrepancy may be explained by the pleiotropic
TLRs that utilize MyD88 to active NF-xB and MAP
kinase pathways, the persistence of MyD88-independ-
ent pathways, and the cellular distribution of these
receptors in the tumor microenvironment. Perhaps the
distribution and bias between epithelial and stromal
expression of PRRs and specificity of signaling remains
a critical question. Despite these differences in specific
knockouts of TLR signaling components, the influence
of positive or negative immune regulators and tumor
growth remain consistent.

In our study, we identified the decreased presence
of tumor infiltrating NK cells and increased CD11b+
Grl™ cells in the absence of MyD88 in TRAMP murine
prostates at 30 weeks (Fig. 3). The loss of infiltrating
NK cells in MyD88 /" prostates reinforces previously
observed NK-mediated IFN-y production in response
to Chlamydia trachomatis infection [41]. Further charac-
terization of the activity of NK cells and the subset of
CD11b™ Grl™ cells will be an important future
direction. Although TLRs have been shown to inhibit
negative regulatory cells such as Tregs, the relation-
ship between TLRs and myeloid-derived suppressor
cells (MDSCs) is less clear [4243]. Our findings

and MyDB8" TRAMP'®"
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mice show similar canonical NF-xB activation and AR

support the MyDB88 pathway in modulating infiltrat-
ing myeloid-derived suppressor cells, which have
been implicated in tumor immune evasion and pro-
gression and may explain the decrease in NK cells
that we observed [25,44]. It is quite possible that
distinct TLR pathways in the context of different
tumors and tumor characteristics can specifically
shape and program the tumor infiltrating microenvir-
onment. It is unclear the specificity of upstream TLRs
utilizing MyD88 in prostate cancer and the bias
between MyD88-dependent and -independent path-
ways upon their activation. We expect future work
will categorize the various PRR signaling pathways
that will differentially regulate the prostate immune
tumor microenvironment.

We observed no significant difference in canonical
NF-«B activation comparing prostates of MyD88"/~
TRAMP'*™/~ compared to MyD88”~ TRAMP 5/~
mice. These data suggest that MyD88-independent
pathways may exert the majority activation of NF-xB,
which has been implicated in development of castrate
resistant prostate cancer. A prior report in a subcuta-
neous model of prostate cancer showed that loss of
IKK8 in immune cells prevented metastasis and
delayed castration resistance in part through lympho-
toxin expression, which can activate non-canonical
NF-kB through the LTB receptor [4546]. Future
directions will specifically examine the mechanistic
nature of canonical versus non-canonical NF-«B sig-
naling pathways and their influence in TILs, to
examine if a dichotomous relationship exists. Care
may need to be exercised in designing therapeutic
TLR agonists that will preferentially activate the
canonical versus non-canonical pathway in balancing
anti-tumor and pro-tumor effects.

One of the criticisms of the TRAMP tumor model is
the high percentage of neuroendocrine differentiation
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compared to human prostate cancers. In our studies,
we did not observe any neuroendocrine differentia-
tion, which appears more common when crossed to
the FvB background. An alternative PTEN'"P/"% x
PB-Cre4' mouse model has been suggested to more
closely mimic the human disease [47]. Indeed, pros-
tates from PTEN'™P/"*¥ x PB.Cre4” show an expan-
sion of CDI1lb4+ Grls+ MDSCs [40). However, the
majority of immunological studies have utilized the
TRAMP model. Another limitation of our system is
that we cannot discriminate loss of MyD88 in the
immune system, stroma, or prostate epithelial tissues
although expression was highest in the stroma. Future
directions will utilize models that can combine differ-
ent genotypes in the immune, tumor, and stromal
environments that will define the role of MyD88 and
other PRR signaling components in these distinct
compartments. Preliminary studies have shown thata
kidney implantation model holds promise in dissect-
ing out the various compartments [48].

CONCLUSIONS

The composition of the tumor microenvironment
can alter tumor growth by mediating tumor surveil-
lance and mediating negative immune regulators. We
have provided evidence that MyD88 signaling path-
ways can alter the tumor immune microenvironment
and development of prostate cancer. Future studies
will need to clarify the mechanisms involved and
whether activation of MyD88-dependent pathways can
reverse our observations. Defining the role of tumor
immune surveillance in the prostate cancer microenvir-
onment will contribute towards the basic comprehen-
sion of tumor immunology as well as the development
and enhancement of novel therapeutics, vaccines, and
immune adjuvants against prostate cancer.
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CHAPTER III

MYDS8S8-DEPENDENT SIGNALING IN PROSTATE CANCER MODULATES MDSC

INFILTRATION AND ACTIVITY
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ABSTRACT

The role of immune signaling in cancer is complex and conflicting. Inflammatory signaling
can drive an anti-tumor response, but chronic inflammation is strongly tied to tumorigenesis and
many tumors exploit mechanisms of immunosuppression to block an anti-tumor response. The
most well-characterized of inflammatory pathways is the Toll-like receptor (TLR) pathway, and
mutations in TLRs are associated with a higher risk of prostate cancer.

We have previously reported the impact of TLR signaling disruption on tumor growth and
progression in the TRAMP model of prostate cancer. The adaptor protein MyD88 is an essential
component of signaling for almost all TLRs, so loss of MyD88 abrogates most TLR signaling.
Absence of MyD88-dependent signaling in TRAMP prostate tumors resulted in a more aggressive
disease, likely driven by increased infiltration of CD11b"Gr-1" MDSCs (myeloid-derived
suppressor cells) when compared to MyD88** tumors.

The goal was to identify an explicit link between MyD88-dependent signaling and MDSC
accumulation, at some level likely tied to chemokines that promote MDSC recruitment. Various
chemotactic agents were expressed by the tumors, but the most promising was S100A9, a TLR4
ligand also known to directly recruit MDSCs to tumors. SI00A9 activity indicates that MyD88-
dependent signaling may play a role within the MDSCs themselves. In vitro differentiation of
MDSCs from bone marrow skewed towards the granulocytic subset (gMDSCs) in MyD88™ cells,
supporting an internal role for MyD88 signaling. MyD88"~ MDSCs also showed an increased
sensitivity to chemotaxis mediated by SI0O0A9 and an increase in Arg-1 expression following
ST100A9 stimulation. We conclude that MyD88-dependent signaling may play an essential role in
regulating the population of tumor-infiltrating cells by reducing MDSC activity and MDSC

response to SI00A9-mediated chemotaxis, thus limiting prostate tumor progression.
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INTRODUCTION

Prostate cancer is the second most common cancer for men in the US, with 2.9 million men
currently living with prostate cancer'. One in six men will be diagnosed in their lifetime, and, while

localized disease is highly survivable, the 5-year survival for metastatic disease is 29.3%.

The role of inflammation in the development and progression of cancer was originally proposed
by Rudolf Virchow in 1863. However, inflammatory signaling still continues to show both pro-
and anti-tumor effects in a variety of models®’. Within prostate cancer, chronic inflammation has
been identified as a common feature in tumor-adjacent tissue®, and some SNPs in TLR genes

increase the risk of prostate cancer’.

Previous work in our lab' has focused on the role of the adaptor protein MyD88 in murine prostate
cancer using the established TRAMP model'""?. We showed that MyD88-dependent signaling is
important for regulating the tumor-infiltrating immune populations and that loss of this signaling

led to a more immunosuppressive tumor microenvironment and a more advanced disease.

Specifically, myeloid derived suppressor cells (MDSCs) appeared to play an important role, as
TRAMP tumors lacking MyD88 showed a significantly increased MDSC population. These cells
are part of a heterogeneous group of cells with similar suppressive activity but different lineages
1314 'MDSCs are typically identified as CD11b*Gr-1* cells, though Gr-1 can be further broken
down into Ly6G and Ly6C. The granulocytic lineage of MDSCs is CD11b"Ly6G*Ly6C™"", while

the monocytic lineage is CD11b*Ly6G Ly6C". Both subpopulations inhibit T cell activation and
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NK cell differentiation, and both are associated with more aggressive tumors and worsened

survival>'¢,

Recruitment of MDSCs, both in infection and disease models, is well-characterized. Many secreted
proteins have been identified as promoting MDSC differentiation and recruitment'’: members of
the CCL and CXCL families of chemokines'®*; interleukins IL-1f3, -5, -6, and -13*'*’; and colony

stimulating factors (M-CSF, G-CSF, GM-CSF)**.

We aim to determine the mechanistic link between MyD88 signaling and MDSC population
changes in prostate cancer, with the hope that any mechanism be more broadly applicable. Only
by teasing out the complex interactions mediated by inflammatory signaling in cancer can we

understand how to exploit those interactions to design therapeutics.
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MATERIALS & METHODS

Tumor model

MyD88*"* TRAMP'*" MyD88"* TRAMP"*"", MyD88"~ TRAMP™" and MyD88" TRAMP"¢*"
male mice were previously sacrificed at 30 weeks of age'®, with lungs, liver, and abdominal lymph
nodes grossly inspected for metastases. Whole prostates with seminal vesicles were removed, fixed

in formalin, or embedded in OCT.

Immunofluorescence and Immunohistochemistry

Immunofluorescence was performed on OCT-embedded tissue. Sections were fixed in 4%
paraformaldehyde for 10min and then blocked for 1hr with either standard (5% BSA and 5% goat
serum in PBS) or specific, when using mouse primary antibodies, (M.O.M kit block, Vector Labs)
reagents. Sections were stained overnight at 4°C with FITC anti-CD11b (M1/70, BD Bioscience),
PE anti-Gr-1 (RB6-8C5, BD Bioscience), anti-CD49b (DXS5, Biolegend), and FITC anti-CD3e
(145-2C11, BD Bioscience) at 1:500. Secondary antibody staining using goat anti-rat AI568
(Invitrogen) was performed, with incubation at 1:1000 for 1hr. Sections were counterstained with
DAPI and mounted using Vectorshield (Vector Labs). Images were assessed by fluorescence

microscopy using an Axio Imager 2 (Zeiss).

Immunohistochemistry was performed on formalin-fixed and paraffin-embedded tissues. Sections
were deparaffinized and rehydrated before blocking for one hour in 5% BSA and 5% goat serum
in PBS. Sections were stained with anti-S100A9 at 1:500 (SC-20173, Santa Cruz), followed by

incubation with biotinylated goat anti-rabbit antibodies at 1:750 using the ABC kit (Vector Labs).
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Sections were developed using streptavidin-conjugated HRP and substrate, counterstained with
hematoxylin, then dehydrated and mounted with Cytoseal 60 (Richard-Allan Scientific). Images

were assessed by light microscopy using an Axio Imager 2 (Zeiss).

In vitro MDSC differentiation

WT and MyD88” C57BI/6 mice were sacrificed at 8-12 weeks, and bone marrow was harvested
from the femurs and tibiae. Bone marrow was dispersed by fine needle aspiration in PBS before
red blood cells were lysed with ACK buffer. Once counted, cells were plated at 1x10° cells per ml
in M-CSF media (RPMI with 10% fetal calf serum and 1% penicillin/streptomycin solution, plus
20% 1.929 conditioned media) and incubated overnight. The following day, non-adherent cells

were harvested and recounted.

Those cells were replated in specific stimulation buffers: M-CSF+GM-CSF (M-CSF media
described above with 10 ng/ml) or G-CSF+GM-CSF (RPMI complete media with 10 ng/ml G-
CSF and 10 ng/ml GM-CSF). Media was changed after 3 days, and only adherent cells were

reserved. Cells were harvested on day 5 for flow cytometric analysis.

Transwell migration assay

Following in vitro differentiation, 1-5x10° cells were plated in 100 y1 of media on cell culture plate
inserts (Corning 24-well plate, 6.5 mm transwell, 5.0 gm pore). 600 p1 of media (with or without
a chemokine) was placed in the bottom of the well. Cells were incubated for 24 hours at 37°C, at
which point, the transwell insert was carefully removed. The cell concentration within the bottom

of the well was used to quantify the amount of migration, and the experimental results were
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compared to a control with no chemokine. Results were reported as fold change in migration from

the control, as has been described previously”®*.

Quantitative PCR

Total RNA extracted from frozen prostate tissue was used to synthesize cDNA using High
Capacity cDNA Reverse Transcription Kits (Applied Biosystems). Relative gene expression was
determined using SYBR Green PCR Master Mix (Applied Biosystems) on a Viia 7 system
(Applied Biosystems), normalized to GAPDH as a reference gene, using the comparative threshold

cycle method. Primer sets for the following genes were used:

Gene Forward Primer Reverse Primer

Arg-1 5’-AACACGGCAGTGGCTTTAACC -3’ 5’- GGTTTTCATGTGGCGCATTC-3’
iNOS 5’-GCTGGAAGCCACTGACACTTCG-3* | 5’- CGAGATGGTCAGGGTCCCCT-3’
CCL2 5’-GAAGGAATGGGTCCAGACAT-3’ 5’-ACGGGTCAACTTCACATTCA-3’
CCL3 5’-ACTGCCTGCTGCTTCTCCTACA-3’ 5’-AGGAAAATGACACCTGGCTGG-3’
CCLS 5’-CCTCACCATCATCCTCACTGCA-3’ 5’-TCTTCTCTGGGTTGGCACACAC-3’
CXCL1 5’-CCAACACAGCACCATGATCC-3’ 5’-CCTCGCGACCATTCTTG-3’

G-CSF 5’-CTCAACTTTCTGCCCAGAGG-3’ 5’-AGCTGGCTTAGGCACTGTGT-3’
GM-CSF | 5’-GCCATCAAAGAAGCCCTGAA-3 5’-GCGGGTCTGCACACATGTTA-3’
IL-1b 5’-CACAGCAGCACATCAACAAG-3 5’-GTGCTCATGTCCTCATCCTG-3’
IL-4 5’-GGATGTGCCAAACGTCCTC-3’ 5’-GAGTTCTTCTTCAAGCATGGAG-3’
IL-13 5’-ATGAGTCTGCAGTATCCCG-3’ 5’-CCGTGGCAGACAGGAGTGTT-3’
S100A9 5’-GTTGATCTTTGCCTGTCATGAG-3’ 5’-AGCCATTCCCTTTAGACTTGG-3’
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RESULTS

Increased infiltration of MDSCs
Prostates of all genotypes were stained for CD11b and Gr-1 (Figure 1A). While CD11b" cells are
found sparsely in both normal and Tg prostates, co-stained cells are abundant in MyD88"

TRAMP™* prostates, as reported previously'.

Prostates were also co-stained for CD3e and CD49b (Figure 1B); CD49b" single staining defines
the NK cell population, and double staining with CD3e more specifically stains the NKT cell
population. As is expected, the large population of MDSCs in the MyD88” tumor coincides with

reduced NK cell presence.

An established function of MDSCs is to suppress NK cell differentiation and activity*~>'. There
does not appear to be any significant difference in NKT cell populations in WT vs. MyD88”
tumors, though there are few cells present at all. The observed effect on tumor-infiltrating

populations recapitulates previous data.

Chemokine-mediated MDSC recruitment

An increase in MDSCs within the tumor microenvironment does not automatically suggest a role
for MyD88-dependent signaling. However, there is an extensive body of literature on the many
chemokines that have a role in MDSC recruitment, both generally and within a cancer model’>*.
We selected the most relevant chemokines and observed the expression of these proteins in

prostate tissue from all four mouse genotypes (Figure 2A).
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Two major expression trends presented themselves. IL-13, IL-13, CCL2, CCL3,and CXCLI were
highly expressed in only the MyD88" TRAMP tumors, with low expression in the rest. In another
set of genes, G-CSF, GM-CSF and S100A9 all showed low expression in the non-transgenic
prostates but increased expression in both the categories of TRAMP prostates, with no difference

in expression between the MyD88"* and MyD88™ tumors.

Predictions for a recruitment mechanism
The chemokine expression data suggest two possible mechanisms (Table 1) explaining the
increased MDSC recruitment seen in MyD88" tumors: the “expression” model and the

“sensitivity” model.

In the expression model, more of the essential chemokine(s) responsible for MDSC recruitment
will be found in the tumor microenvironment. That necessitates a chemokine-secreting cell near
the tumor responsible for the increased expression. The loss of MyD88-dependent signaling would
be relevant in that chemokine-secreting cell or another activating cell upstream. Therefore, the
effect of MyD88-dependent signaling could be directly regulating MDSC recruitment or indirectly

functioning to activate chemokine-secreting cells.

In the sensitivity model, the same chemokine expression is observed in both MyD88** and MyD88"
" tumors. The putative chemokine-secreting cell from the previous model is not necessarily
influenced by MyD88-dependent signaling here. Instead, the MyD88” MDSCs are more sensitive

to the chemotactic effects of the protein. The same amount of chemokine recruits more MDSCs
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when MyD88-dependent signaling is disrupted. Here, the role for MyD88 signaling is within the

MDSC and downstream of the chemokine stimulation.

All of the tested chemokines activate various pathways known to promote an inflammatory
response (MAPK, JAK/STAT, AKT, NF-kB)'?**"# These pathways are also known to
influence each other through signaling crosstalk and downstream transcriptional changes, meaning
that the loss of MyD88-dependent signaling would likely have downstream consequences even if
the chemokine signaling did not specifically require MyD88. Obviously, this complicates the
search for a specific mechanism regulating MDSC recruitment in this case, but the goal would be

to find a direct connection between a chemokine and MyD88-dependent signaling.

S100A9
After a careful analysis of chemokine-related signaling, one protein stands out as having a direct

signaling axis involving MyD88. S100A9 is both a robust recruiter of MDSCs to the tumor

47-4! 50-52
7 4

microenvironmen and a well-studied endogenous ligand for TLR , which promotes

signaling through MyD88.

S100A9 also displays significantly increased mRNA expression within the TRAMP tumors
(Figure 2A). Protein expression within the tumor microenvironment was confirmed by
immunohistochemistry (Figure 2B). We see no significant difference in the expression of SIO0A9
within MyD88** and MyD88" tumors, though the non-transgenic prostates had reduced

expression. These data preliminarily support the “sensitivity” model, which is defined by inherent
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MyD88-dependent signaling within MDSCs. To probe the cells themselves, we needed to generate

MDSC:s in vitro.

In vitro differentiation

Mouse bone marrow from WT and MyD88™ mice was stimulated with various colony stimulating
factors to promote differentiation of MDSCs, as described previously’>”’. MDSC subpopulations
were analyzed, using surface biomarkers, to characterize their differentiation®. MDSCs derived
from a granulocytic lineage are CD11b* Ly6G* Ly6C™¢, while MDSCs from a myeloid lineage
are defined as CD11b* Ly6G™ Ly6C". While the differences between these subpopulations are not
fully understood, they appear to be functionally similar and equally able to suppress T cell

activation®.

Differentiation of MyD88” bone marrow with G-CSF+GM-CSF shows a skewing of the
subpopulations when compared to the WT bone marrow (Figure 3A,B). Cells lacking MyD88-
dependent signaling appear to favor the granulocytic subset, with a corresponding decrease in the
myeloid subset. The MDSCs differentiated in vitro did show a difference in expression of Arg-1/
and iNOS, indicating a change in the immunosuppressive activity (Figure 3C). Generally, MyD88-
/- MDSCs showed the same expression of Arg-1 but a significant decrease in the expression of
iNOS. This decrease in iNOS expression can be attributed to the skewing of differentiation toward
g-MDSCs, which favor ROS production over NO. Additionally, stimulation of these MDSCs with
various TLR ligands did not have any effect on the functionality, except in the case of SI00A9.
Stimulation by S100A9 increased the expression of both genes from the control MyD88™ cells,

indicating a potential role for SI00A9 to activate MDSCs as well.
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Taken together, these changes imply that MyD88-dependent signaling plays a role within MDSCs
themselves. In the context of the models described previously, this would indicate that MyD88™
MDSCs may be inherently more sensitive to chemotactic proteins due to some alteration of internal

signaling.

The chemotactic response of WT and MyD88” MDSCs (derived in vitro) was measured using a
standard trans-well migration assay”**®. The response to SI00A9 was compared to other standard
TLR ligands (Table 2). Both HMGBI1 and S100A9 are damage-associated molecular patterns
(DAMPs), endogenous ligands that stimulate TLR signaling in the case of internal injury or cell
death®™®. From this panel of ligands, only SI00A9 showed a significant ability to promote
chemotaxis. Most compellingly, the migration induced by S100A9 was markedly increased in

MyD88" MDSCs as compared to WT (Figure 3D).

We can therefore postulate a mechanism linking MyD88-dependent signaling to MDSC
recruitment to the tumor (Figure 4). Cells from the prostate tumor, surrounding stromal cells, or
infiltrating immune cells secrete chemokines that promote MDSC chemotaxis. This includes
S100A9, which binds to TLR4 on MDSCs. Loss of downstream MyD88 signaling induces a
stronger chemotactic response to SIO0A9 than if MyD88 signaling was intact. An increased
response to S100A9 leads to an increase in MDSC recruitment to the tumor. The increase in MDSC

infiltration promotes tumor growth and limits any anti-tumor immune activity.
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DISCUSSION

Role of MyDS88

We report here that disruption of MyD88-dependent signaling results in the increased recruitment
of myeloid-derived suppressor cells (MDSCs) to the tumor microenvironment in murine prostate
cancer. Tumors showed increased expression of chemokines that are known to drive MDSC
recruitment, though in some cases the exact expression scheme differed. MDSCs derived in vitro
indicate that MyD88-dependent signaling is essential within the MDSC population to regulate

subset differentiation and migration.

Crucially, the chemokine SI00A9 produced an elevated recruitment response in cells lacking
MyD88 signaling. As SI00A9 is known to bind TLR4, the data elucidate a mechanism where a
dysregulated chemotactic response to SI00A9 leads to an overabundance of tumor-infiltrating
MDSCs (Figure 4). The end result is that prostate tumors in MyD88” animals show greater

evidence of immunosuppression and advanced disease.

RAGE and TLR signaling

Existing literature also clarifies the role of MyD88 in chemotactic signaling. In fact, the ability of
ST100A9 to recruit MDSCs has been specifically linked to downstream RAGE signaling and not
TLR4 activation®. Chen et al. definitively show that blockade of TLR4 does not prevent S100A9-
induced RAW cell migration, while migration was inhibited by RAGE blockade®'. RAGE
blockade has been shown to suppress tumor growth and metastasis in glioma, breast, and prostate

cancers as well®**,

47



Compellingly, RAGE does not appear to rely on MyD88-dependent signaling, while TLR4 signals
heavily (but not exclusively) through MyD88. RAGE can also directly activate MAPK (ERK1/2,
p38, SAPK/INK), PI3K/Akt, and cell migration (RhoA, Rac-1, Cdc42) pathways®”, and RAGE
was shown to oppose MyD88 signaling in a liver resection model®. Therefore, disrupted MyD88-
dependent signaling may bias SI00A9-induced activation towards RAGE, increasing the MDSC

response to chemotaxis.

Tasquinimod

The drug tasquinimod (TASQ) was first introduced as an anti-angiogenic agent in animal models
of prostate cancer®, but it was quickly shuttled into clinical trials for patients with metastatic
castration-resistant prostate cancer (mCRPC)®. Tasquinimod was found to bind S100A9 and
prevent binding to both RAGE and TLR4, reducing angiogenesis and tumor growth by modulating
MDSCs®. It also significantly slowed patient progression and improved progression-free survival

in phase II trials™"".

Due to the success of TASQ in early trials, a phase III trial was undertaken using TASQ as a single
agent in chemotherapy-naive men with mCRPC. While progression-free survival was significantly
improved, overall survival was not affected’”. Unfortunately, the mediocre results of the phase III

trial led partners Active Biotech and Ipsen to discontinue all prostate cancer studies.

Given the data presented here, we may not expect an SI00A9 inhibitor to function robustly as a

single agent. When MyD88 signaling is disrupted, a significant increase in tumor-infiltrating
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MDSCs is observed, which produces only a modest increase in tumor progression. Depleting
MDSCs alone may not be the most effective way to utilize the drug. In a field so rife with
combinatorial therapies, TASQ is likely better-equipped to succeed as a complement therapy. In
fact, TASQ previously showed significant enhancement to a prostate cancer tumor vaccine
(SurVax M)”. Prostate cancer has typically shown poor responses to immunotherapies, other than
Sipuleucel-T™7®. By reducing the immunosuppressive activity perpetuated by MDSCs, other

immunotherapies may begin to show increased efficacy.
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FIGURES

Figure 3.1. MyD88” TRAMP tumors show increased infiltration of CD11b*Gr-1* MDSCs. Prostates
from MyD88** and MyD88™ mice, expressing or not expressing the TRAMP transgene, were embedded
in OCT and frozen. Sections were stained by immunofluorescence with (A) CD11b and Gr-1 to show
MDSCs or (B) CD3¢ and CD49b to show T cells, NK cells, and NKT cells. DAPI was added to visualize
the nuclei. Representative prostates from multiple mice are shown as merged fluorescence images (400x or
1600x). Staining was quantified by mean positive-staining cells per field for 10 high-powered fields. All p-

values were determined by two-tailed Student ¢-test, with statistical significance defined as p<0.05.
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Figure 3.2. Loss of MyD88-dependent signaling results in increased recruitment driven by chemokine
expression in the tumor microenvironment. (A) Normal prostate and tumor samples were analyzed by
gPCR to determine the expression of various known chemokines. The graphs depicted are representative
experiments (n=2), with three animals per tumor category and one per normal prostate. Error bars represent
standard deviation values, and all p-values were determined by two-tailed Student #-test, with statistical
significance defined as p<0.05. (B) Prostate sections were stained by immunohistochemistry using anti-
S100A9 antibodies to measure protein expression in mouse prostates. Representative prostates from

multiple mice are shown (n=2).
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Figure 3.3. Loss of MyD88 signaling within MDSCs skews in vitro differentiation in favor of gMDSCs
and alters response to various stimuli. Mouse bone marrow was differentiated in vitro and then stained
with APC-CD11b, FITC-Ly6C, and PE-Ly6C for analysis by flow cytometry. (A) CD11b" cells were gated
based on the combination of Ly6G and Ly6C expression into gMDSC (Ly6G* Ly6C™") and mMDSC
(Ly6G™ Ly6C™) subpopulations. (B) The proportion of each subpopulation found within the CD11b*
differentiated cells was quantified. Representative experiment (n=3) is shown. Columns depict
differentiated bone marrow samples from four mice, and error bars represent standard deviation values. All
p-values were determined by two-tailed Student #-test, with statistical significance defined as p<0.05. (C)
Differentiated MDSCs were stimulated for 24 hours with known TLR ligands. The expression of MDSC
functional genes Arg-1 and iNOS were analyzed by qPCR. Representative experiment is shown (n=2). (D)
Differentiated MDSCs were placed in the upper well of a trans-well plate, while a chemokine or other
protein was added to the media of the lower well. After 24 hours, the change in migration due to chemotaxis
was observed, as compared to the control. MDSCs were pooled from multiple differentiated samples (n=4-

6). The mean of two experiments is shown, and error bars represent standard deviation values.
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Figure 3.4. Model of MDSC recruitment to the tumor microenvironment. (A) In prostate tumors of
MyD88** mice, immune populations in the tumor microenvironment are diverse, with T cells, NK cells,
and other populations present. This is contrasted with (B) tumors in MyD88™ mice, where many more
MDSCs are observed around the tumor, and NK cell differentiation and tumor infiltration are disrupted.
S100A9 expression within the tumor recruits MDSCs, but MyD88" MDSCs are more sensitive to
S100A9-mediated chemotaxis. Therefore, MyD88™ tumors see a drastic increase in MDSC infiltration

and a corresponding effect on tumor progression.
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Table 3.1. Potential mechanisms underlying MDSC recruitment.

Expression Sensitivity ‘
More chemokine in tumor microenvironment Same amount of chemokine
More chemokine secreted by upstream cell No change in upstream secretion
MyDS88 role upstream of MDSCs MDSCs are more sensitive to chemokine
MyD88 role within MDSC

Table 3.2. Toll-like receptor ligands.

Ligand Receptor MyD88-dependent Source
Poly(I:C) TLR3 No Exogenous (PAMP)
CpG TLRO9 Yes Exogenous (PAMP)
Lipid A TLR4 Partially Exogenous (PAMP)
S100A9 TLR4/RAGE Partially Endogenous (DAMP)
HMGBI1 TLR2/TLR4/RAGE Partially Endogenous (DAMP)
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Abstract: The development of new cancer therapeutics would benefit from incorporating efficient tumor models that
mimic human disease. We have developed a subcutaneous bladder tumor regeneration system that recapitulates
primary human bladder tumor architecture by recombining benign human fetal bladder stromal cells with SW780
bladder carcinoma cells. As a first step, SW780 cells were seeded in ultra low attachment cultures in order to select
for sphere-forming cells, the putative cancer stem cell (CSC) phenotype. Spheroids were combined with primary hu-
man fetal stromal cells or vehicle control and injected subcutaneously with Matrigel into NSG mice. SW780 bladder
tumors that formed in the presence of stroma showed accelerated growth, muscle invasion, epithelial to mesen-
chymal transition (EMT), decreased differentiation, and greater activation of growth pathways compared to tumors
formed in the absence of fetal stroma. Tumors grown with stroma also demonstrated a greater similarity to typical
malignant bladder architecture, including the formation of papillary structures. In an effort to determine if cancer
cells from primary tumors could form similar structures in vivo using this recombinatorial approach, putative CSCs,
sorted based on the CD44'CD49f" antigenic profile, were collected and recombined with fetal bladder stromal cells
and Matrigel prior to subcutaneous implantation. Retrieved grafts contained tumors that exhibited the same struc-
ture as the original primary human tumor. Primary bladder tumor regeneration using human fetal bladder stroma
may help elucidate the influences of stroma on tumor growth and development, as well as provide an efficient and
accessible system for therapeutic testing.

Keywords: Bladder cancer, cancer stem cell (CSC), subcutaneous tumor model, stroma, sphere

Introduction architecture, a model that may uniquely sup-
Bladder cancer is the second most common portthe of ther )
genitourinary malignancy, with transitional cell The last few decades of cancer research have
carcinoma representing 90% of the cases [1]. focused on the identification of oncogenes and
Although BCG immunotherapy is effective in up tumor suppressors involved in the emergence
to 75% of patients [2], treatments for bladder of tumors. The effects of the surrounding stro-
cancer have not significantly advanced in the mal tissue have been largely ignored until
last 30 years. Advances in therapeutics heavily recently. While the quantity of stroma does not
depend on disease models. Subcutaneous appear to correspond with malignancy [7), sig-
models involving the direct injection of bladder naling between tumor and stromal tissue is
tumor cells suffer from the inability of the tumor important for the formation of a complex tumor
to form biologically relevant architecture [3). microenvironment and can influence the phe-
Conversely, transgenic models [4-6] lack fiexi- notype of the tumor [8).

bility and require a longer incubation period.

Here, we present a subcutaneous bladder Tumor cells are known to directly influence their

tumor model with the ability to create papillary surrounding stroma through invasion and angio-
68
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genesis [9). Growth factors such as VEGF, EGF,
FGF, and TGF-B, as well as other cytokines,
modulate the tumor microenvironment to pro-
mote a more permissive stroma and facilitate
tumor growth [10, 11). We postulated that
tumor-adjacent stroma influences both the
growth and differentiation of malignant cells.

Recent strides have been made in the identifi-
cation and characterization of cancer stem
cells (CSCs), the cancer-initiating cells within
the tumor. By targeting CSCs specifically with
new therapies, the risk of tumor recurrence is
expected to be greatly reduced [12], justifying
the inclusion of and focus on CSCs in any new
tumor model. Breast cancer stem cells have
been demonstrated to engage in stromal
remodeling [13], but a more focused view of the
interaction between CSCs and the surrounding
stroma is necessary.

Stem cells have been shown to grow in three-
dimensional spheroids in culture [14, 15). This
culture system has proven effective at growing
cancer stem cells as well [16-18] and allowed
for the culture of immortalized cell lines with
cancer stem cell properties. For this study, we
utilized the SW780 transitional bladder carci-
noma cell line, which we found form spheres
when grown in serum-free media. These cells
exhibit the cancer-initiating cell phenotype,
defined as CD44°CD49f". When combined with
fetal bladder mesenchymal cells in a novel sub-
cutaneous model, the SW780 spheroids devel-
op tumors that recapitulate primary tumor
architecture. Therefore, the addition of stroma
to a tumor model may promote both larger and
less differentiated tumors.

Materials and methods
Cell lines and tumor samples

The SW780 immortalized human urinary blad-
der cell line (ATCC #CRL-2169) and the HT-1376
immortalized human urinary bladder cell line
(ATCC #CRL-1472) were used in our in vitro and
in vivo models. SW780 monolayer cells were
maintained in RPMI 1640 with L-glutamine sup-
plemented with 10% fetal bovine serum (FBS),
and 1% penicillin/streptomycin. Sphere cul-
tures for staining and implantation were main-
tained in floating culture as previously described
[19, 20] on uncoated plates in RPMI 1640 with
Lglutamine supplemented with 2% B-27

69

serum-free, 1% Pen/Strep, 2 pg/ml heparin, 20
ng/ml FGF, and 20 ng/ml EGF. When passaged,
spheres were gravity-separated for 15-20 min-
utes before fresh media was added. Fresh
bladder tumor samples were surgically resect-
ed, immediately suspended in PBS or DMEM,
and maintained at 4°C until processed. Tumors
were digested in 0.25% collagenase IV-DMEM
for 4 hours and plated as above. Experiments
were performed under |IRB approved protocol
#11.001363.

Acquisition, isolation, and culture of fetal biad-
der stroma

Human fetal bladder tissue was acquired from
16-17 week gestation specimens in accor-
dance with federal and state guidelines. Fetal
bladder, prostate, and urethra were removed
en bloc. A portion of the specimen was fixed in
formalin and paraffin-embedded to confirm cor-
rect anatomic localization. The remainder of
the tissue was mechanically and enzymatically
digested as previously described [21].
Dissociated bladder cell suspensions were
sequentially filtered through 100-micron and
40-micron fiters, and then passed through a
23-gauge needle. Cells were counted with a
hemocytometer and resuspended in RPMI sup-
plemented with 10% FBS and 1% Pen/Strep,
and Methyitrienolone R1881 (Sigma) for cul-
ture in vitro. After 3 passages, cells were cryo-
preserved and thawed/expanded as needed
for use in recombination assays.

Sphere formation efficiency assay

To guantify the percentage of cells that pro-
duce spheres, we adapted a previously
described MatriGel culture system [22]. SW780
monolayer cells using 0.05% Trypsin-EDTA incu-
bated at 37°C for 5-6 minutes before quench-
ing with RPMI| 1640 with L-glutamine supple-
mented with 10% FBS. Media was replaced
with sphere media and cells were resuspended
at 2.5 x 10° cells/mL. 40 pL of cell mixture was
then mixed with 60 pL ice-cold MatriGel, and
well-mixed. 100 pL of MatriGel mixture was
then pipetted around the rim of a chilled 12-well
plate. Plate was then swirled to evenly distrib-
ute the mixture around the edges and incubat-
ed at 37°C for 30 minutes to allow the MatriGel
to set. 1 mL of sphere media was then gently
added to the center of each well. 500 pL of
media was aspirated and replaced with fresh
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Figure 1. Spherical cultures express both luminal and basal markers. SW780 spheres from serum-free culture were
fixed and bisected for IHC (A). Sections were stained with basal (CKS5) and luminal (CK20) cell markers, as well as
H&E. Representative views are shown, and images were captured at 400X magnification. SW780 spheres were
dissociated and compared to SW780 cells grown in monolayer by flow cytometry (B). Cells were stained with anti-

CD44-PE and anti-CD4Sf-FITC antibodies or isotype controls.

sphere media every three days. Spheres were
counted at 7 days and 14 days.

Immunohistochemistry

Paraffin-embedded sections were stained with
hematoxylin and eosin (H&E) for histological
analysis. |Immunohistochemistry was per-
formed using antibodies against CK5/6
(Invitrogen), CX20 (DAXO), CD44 (eBioscience),
EGFR (BIOCARE), pS6 (Cell Signaling),
E-cadherin (BD Biosciences), and N-cadherin
(ZYMED). Slides were probed with biotinylated
goat anti-rabbit or goat anti-mouse secondary
antibodies and with streptavidin conjugated to

HRP. Photographs were taken using an Axio
Imager 2 (Zeiss).

Fiow cytometry

Cell surface marker analysis was performed by
flow cytometry using the LSR |1 {(BD Biosciences).
Cells were incubated with antibodies against
CD44 conjugated to PE (BD Biosciences) and
against CD49f conjugated to FITC (BD
Biosciences). Mouse IgG antibodies conjugated
with each fluorochrome were used as isotype
controls.

70

Subcutaneous tumor mode!

Non-obese diabetic severe combined immuno-
deficient gamma (NSG) mice between 6 and 8
weeks old were used for in vivo subcutaneous
tumor growth experiments. Approximately 10°
monolayer cells were suspended in 0.1 mL of
media for inoculation. Cultured SW780 spheres
and patient-derived spheres were prepared for
xenograft implantation by first gravity-separat-
ing spheres for 15-20 minutes. Approximately
500 spheres were suspended in 0.1 mL of
media for inoculation, and an equal guantity of
Matrigel (BD Biosciences) was added. All mice
were inoculated subcutaneously in the lower
flank. Mice were monitored daily, and tumor
growth was observed. Mice were sacrificed
when tumor size reached 1 cm.

Results

Spherical cultures exhibit a cancer stem cell
phenotype

To establish the validity of spheres as a cancer
stem cell culture method, SW780 cells were
grown in a Matrigel suspension and allowed to
form spheres. The efficiency of sphere forma-
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Figure 2. Stromal influence promotes increased tumor growth and
invasiveness. NSG mice were implanted subcutaneously with SW780

C spheres with and without the presence of fetal bladder stroma. After

4 weeks, tumors were harvested and weighed (A) (n=7 mice/group.

P < 0.001). Nearby satellite tumors were also included in this weight.

Error bars indicate standard deviation from the mean. Tumor sections

were stained with H&E for histology. Tissue architecture (B) was com-

pared in representative images captured at 50-100X magnification.
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Figure 3. Tumors formed in the presence of stroma are less differentiated and functionally distinct. NSG mice were
implanted subcutaneously with SW780 spheres with and without the presence of fetal bladder. After 4 weeks,
tumors were harvested and embedded in paraffin for IHC. Slides were stained with H&E (A) for histology, as well
as differentiation markers CD44, CKS, and CK20 (B-D). Tumor sections were also stained for functional markers:
EGFR, pS8, E-cadherin, and N-cadherin (E-H). Representative views are shown, and images were captured at 400X
maghnification.
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tion was measured at 2-4% (data not shown).
Spheres from floating culture were fixed and
sectioned for staining with basal and luminal
markers to determine the cell phenotype
(Figure 1A). The spheres showed expression of
CK20, a luminal marker, towards the center
and expression of the basal marker CK5 in the
periphery. SW780 spheres were also shown to
have a more undifferentiated phenotype than
monolayer cells by measuring cell surface lev-
els of the stem cell markers CD44 and CD49f
(Figure 1B).

Stromal influence on tumor growth and func-
tion

To test the influence of stromal cells on tumors
in an in vivo model, NSG mice were challenged
subcutaneously with spheres with or without
human fetal bladder stroma. Tumors were har-
vested, weighed, and stained. Supporting the
assertion that the influence of stroma creates a
more aggressive tumor, mice challenged with
spheres and fetal bladder mesenchyme devel-
oped larger tumors than mice challenged with
spheres alone (Figure 2A). The tumors with
stroma present also showed evidence of inva-
sion into the muscle (Figure 2C) and surround-
ing satellite tumors (data not shown), which
were not observed in tumors formed without
the influence of stroma. Histological analysis
(Figure 2B, 3A) showed that tumors formed in
the presence of stroma grew papillary architec-
ture, creating a malignant bladder-like struc-
ture in the subcutaneous compartment.
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Primary Tumor

Figure 4. Subcutaneous
model using human cells
recapitulates both murine
and primary tumor archi-
tecture. Primary human
bladder tumor was sorted
o isolate the CD44°CD4Sf"
population. Cells were
combined with human fe-
tal bladder and injected
subcutaneously into NSG
mice. Tumor sections were
stained with H&E for his-
tology (A). Pathology slides
from the criginal human
bladder tumor were stained
with H&E for histology (B).
Representative views are
shown, captured at 50X
and 100X magnification.

The tumors that included fetal bladder also
showed higher expression of basal markers
CD44 (Figure 3B) and CX5 (Figure 3C), while
conversely, the expression of the luminal mark-
er CK20 is decreased (Figure 3D). This indi-
cates the presence of less differentiated malig-
nant cells, which are associated with more
advanced tumors [23).

The stromal-influenced tumors expressed more
EGFR (Figure 3E) and pS6 ribcsomal protein
(Figure 3F), indicating an increase in growth
factor signaling. A decrease in E-cadherin
(Figure 3G), suggested an early stage of epithe-
lial-to-mesenchymal transition (EMT) although
we did not observe a corresponding increase in
N-cadherin (Figure 3H). Both early EMT and
activation of growth pathways would be expect-
ed in a more advanced tumor.

Primary human bladder tumor was also used to
validate this model. A primary tumor was sorted
to isolate CD44°CD49f" cells previously
described as the cancer stem cell population
[24). NSG mice were challenged with sorted
cells combined with fetal bladder. The resulting
tumor (Figure 4A) not only formed papillary
architecture comparative to the murine model
(Figure 2B), but the architecture recapitulated
the structure of the original primary tumor
(Figure 4B).

Discussion

With this work, we suggest a model! for bladder
cancer that creates a subcutaneous tumor that
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exhibits typical human bladder tumor architec-
ture. It maintains the benefits of subcutaneous
implantation while gaining more physiological
relevance, allowing comparisons to orthotopic
or induced models.

The use of spheres to seed the tumor is vali-
dated by their demonstrated expression of the
cancer stem cell {(CSC) phenotype and their
ability to express markers of both basal and
luminal cells (Figure 1). As CSCs have the abili-
ty to differentiate into the heterogeneous malig-
nant cell types found in a tumor [25], they are
ideal for implantation. Their use isolates the
model from extraneous factors and increases
tumor-forming efficiency, as seen in breast can-
cer with CD44°CD49" cells [24).

Within the framework of this model, we can
also explore the stromal contribution to tumor
growth and progression. Fetal bladder induced
significantly accelerated tumor growth (Figure
2A). The tumors were also less differentiated,
showed signs of EMT, and began invading the
surrounding muscle (Figure 2C, 3), indicating a
more advanced disease. The effects appear to
be mediated, at least partially, by stromal acti-
vation of growth pathways (Figure 3E, 3F), as
has been previously observed [26, 27].

For this tumor model to be physiologically rele-
vant, it should mimic typical bladder tissue
architecture. With the addition of the stromal
component, the tumors effectively recreated
malignant bladder tissue (Figure 2B). Similar
effects were seen when primary human CSCs
were used in place of a cell line {Figure 4A).
Most significantly, the model recapitulated the
architecture seen in the primary tumor (Figure
4B).

This novel model of subcutaneous bladder can-
cer presents a unique opportunity to analyze
the influence of the surrounding stroma to
tumor growth. The elucidation of the role of
stroma represents a significant area of research
interest, and a subcutaneous model is particu-
larly well suited to disentangle the contribution
of malignant cells and stroma to the tumor
microenvironment.
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Synergy of Histone-Deacetylase Inhibitor AR-42 with
Cisplatin in Bladder Cancer
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Gang Li and Arnold I. Chin*

From the Department of Uralogy (DRL. HZ AIC), Eb and Egythe Broad Stem Cell Rasesrch Center (HZ. AICI, Mokecuiar

Buology Institute (EF. AIC), Department of Blostatstes (LD, GU and Jonsson Comprehensive Cancer Center IGL. AXC)
Unwersity of Calforne-Los Angeles, Las Angeles, Calfarni, and Uralogy Center, Frst Hospital of Mo University (ISWI),
Changchun, Pecple’s Republic of Chine

Purpose: Cisplatin based chemotherapy regimens form the basis of systemic
bladder cancer treatment, although they show limited response rates and effi-
cacy. Recent molecular analysis of bladder cancer revealed a high incidence of
mutations in chromatin regulatory genes, suggesting a therapeutic avenue for
histone deacetylase inhibitors. We investigated the ability of the novel histone
deacetylase inhibitor AR-42 to synergize with cisplatin in preclinical models of
bladder cancer.

Materials and Methods: We assessed the ability of the pan-histone deacetylase
inhibitor AR-42 with and without cisplatin to destroy bladder cancer cells by
survival and apoptosis assays in vitro, and by growth and differentiation in an
in vivo xenograft model. We also assessed the response to the bladder cancer stem
cell population by examining the effect of AR-42 on the CD44 ' CD49f" population
with and without cisplatin. Synergy was calculated using combination indexes.
Results: The AR-42 and cisplatin combination synergistically destroyed bladder
cancer cells via apoptosis and it influenced tumor growth and differentiation
in vivo. When tested in the CD44'CD49f" bladder cancer stem cell population,
AR-42 showed greater efficacy with and without cisplatin.

Conclusions: AR-42 may be an attractive novel histone deacetylase inhibitor
with activity against bladder cancer. Its efficacy in bladder cancer stem cells and
synergy with cisplatin warrant further clinical investigation. Our in vitro and
animal model studies provide preclinical evidence that AR-42 may be adminis-
tered in conjunction with cisplatin based chemotherapy to improve the treatment
of bladder cancer in patients.

Key Words: urinary bladder neoplasms, histone deacetylase inhibitors,
cisplatin, apoptosis, chromatin
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Brapper cancer affects more than
54,000 men and 17,000 women in the
United States annually, making it the
fourth most common cancer in men
and the ninth most common cancer in
women.' Primary chemotherapy is
the mainstay of locally advanced and
metastatic disease while neoadjuvant
chemotherapy is indicated for muscle
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invasive urothelial carcinoma before
radical cystectomy. Since its
approval by the FDA (Food and
Drug Administration) in 1978, plat-
inum containing chemotherapeutic
cis-diamminedichloroplatinum, or
cisplatin, has formed the backbone of
primary bladder cancer regimens
in combination with methotrexate,
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SYNERGY OF HISTONE-DEACETYLASE INHIBITOR WITH CISPLATIN IN BLADDER CANCER

vinblastine and doxorubicin or gemcitabine, in part
through its ability to induce apoptosis.” Limitations
of cisplatin based therapy for bladder cancer reflect
its limited response rate (40% to 50%) as well as its
dose limiting nephrotoxicity and neurotoxicity.”

Histone acetylation and deacetylation have a
critical role in chromatin formation and gene regu-
lation. Histone acetylation relaxes the chromatin
structure into transcriptionally active euchromatin
while the opposing effect occurs upon deacetylation.
HDAC inhibitors represent a class of compounds
that disrupts the function of histone deacetylases, of
which there are 4 classes and more than 11 sub-
types. HDAC inhibitor function leads to the hyper-
acetylation of histone as well as nonhistone
proteins.® Recently interest has focused on the
antitumor ability of HDAC inhibitors to interfere
with cancer cell proliferation through mechanisms
such as cell cycle arrest, apoptosis and the induction
of cellular differentiation.” Currently the HDAC
inhibitors vorinostat and romidepsin are approved
as treatment of cutaneous T-cell lymphoma.®”

Bladder cancer is an attractive disease for the use
of HDAC inhibitors. Chromatin structure modula-
tion may be a critical step in bladder cancer pro-
gression because increased expression of HDAC-1
and 2 is linked to high grade noninvasive urothelial
carcinoma. Data from TCGA (The Cancer Genome
Atlas) revealed that 76% of the bladder tumors
analyzed had an inactivating mutation in at least 1
chromatin regulatory gene.*® In previous studies
using VA, TSA and belinostat the bladder cancer
cell lines were inhibited through cell cycle blockade,
induction of apoptosis and reduced tumor growth in
in vivo bladder cancer models.®** This suggests
the possibility that HDAC inhibitors may synergize
with the apoptotic effects of cisplatin and potentially
increase clinical efficacy and the overall response
rate.

AR-42 is a class I (HDAC 1, 2, 3 and 8) and class
IIb (HDAC 6 and 10) HDAC inhibitor with activity
against multiple cancer types, including chronic
lymphoeytic and acute myeloid leukemia, B-cell
lymphoma, prostate and ovarian cancer, and human
glioma cells.’ In fact AR-42 has the distinct ability
to target leukemic stem cells while preserving
normal hematopoietic stem and progenitor cells.
Although it is a phenylbutyrate derivative, AR-42
shows increased activity even at sub pM concen-
trations.”® AR-42 is currently being evaluated in
phase I/la clinical trials for hematological malig-
nancies (unpublished data).

We provide essential preclinical data on the
potential efficacy of AR-42 in bladder cancer. We
hypothesized that the therapeutic ability of AR-42
against bladder cancer would be enhanced by syn-
ergy with cisplatin in vitro and in vivo.
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MATERIALS AND METHODS

Bladder Cancer Cell Lines

The 2 human urothelial carcinoma cell lines SW780
(CRL-2169) and HT1376 (CRL-1472, ATCC®) were
maintained as monolayer cultures in RPMI 1640 with
L-glutamine supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin.

Flow Cytometry

Cells stained with anti-CD44 (559942/550989), anti-
CD49f (555735) and isotype controls were analyzed on
the LSR Il flow cytometer (BD™). CD44"CD49f" cells
were sorted using the FACSAria™ cell sorter.

In Vitro Drug Viability Assay

SW780 and HT1376 cells cultured in 96-well plates at
5,000 per well were treated in triplicate for 48 hours with
a titration of cisplatin and 1 of 4 HDAC inhibitors,
including AR-42, NaB (303410-5G), VA (P4543-10G,
Sigma-Aldrich®) and TSA (99508, Cell Signaling Tech-
nology®). At 48 hours MTT was added. The preparations
were incubated for 2 hours at 37C, dissolved in dimethyl
sulfoxide and quantitated against a standard curve using
an Infinite® M1000 Pro spectrophotometer.

On combination drug assays cisplatin was titrated with
individual HDAC inhibitors at a constant ratio based on
the IC., concentration of each drug. The ratio of cisplatin
to the HDAC inhibitors AR-42, NaB, VA and TSA was 5:1,
1:75, 1:75 and 80:1, respectively.

Time course combinations were performed using certain
treatment regimens during 48 hours, including 1) cisplatin
and AR-42 for 0 to 24 hours, 2) cisplatin and AR-42 for
24 to 48 hours, 3) cisplatin for 0 to 24 hours and AR42 for
24 to 48 hours, and 4) AR42 for 0 to 24 hours and cisplatin
for 24 to 48 hours. All cells were washed and plated with
fresh treatments or medium at the 24-hour mark.

In Vivo Tumor Model and Therapy

Total SW780 cells or a sorted CD44 " CD4Sf" fraction of
SW780 cells were combined with human fetal bladder
mesenchyma in a 1:10 ratio, mixed with Matrigel™ in a
1:1 ratio and subcutaneously implanted in NSG mice.'”
At the onset of a palpable tumor on day 15 treatments
were started in 1 of 4 groups, including 1) vehicle control,
2) 50 mg'kg AR-42 intraperitoneally 3 times per week, 3)
1.5 mg/kg cisplatin intraperitoneally weekly and 4) com-
bined AR-42 and cisplatin. Tumor size was measured and
tumor volume was estimated by multiplying width,
length and depth by a factor of 0.4. The mice were
sacrificed and the tumors were weighed and fixed in
formalin.

Histology and Immunohistochemistry

Representative formalin fixed, paraffin embedded tissues
were sectioned at 0.4 um. Histology was assessed after
hematoxylin and eocsin staining. Immunochistochemistry
was performed on sections that were deparaffinized and
rehydrated, and then blocked for 1 hour in 5% bovine
serum albumin and 5% goat serum in phosphate buffered
saline. Sections were stained with CK5 at 1:5,000
(ab53121, Abcam®) and CK20 at 1:300 (M7019, Dako™)
followed by incubation with biotinylated goat anti-rabbit
or goat anti-mouse secondary antibodies at 1:750 using
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an avidin-biotin complex kit (Vector Laboratories,
Burlingame, California). Sections were developed with
streptavidin conjugated horseradish peroxidase and sub-
strate, counterstained with hematoxylin, and dehydrated
and mounted with Cytoseal™ 60. Images were assessed
by light microscopy using an Axio Imager 2 (Carl Zeiss
Microscopy, Thornwood, New York) and quantitated by
the percent stained in deciles per high power field (400x).

Apoptosis Assay

To assay the apoptosis rate SW780 monolayer cells were
treated with [C,; doses of 20 pM cisplatin and/or 5 uM
AR-42 for 24 hours. Apoptosis was assessed by flow
cytometry on the LSR Il device using annexin V and Pl
staining with the Apoptosis Assay Kit (Biotium, Hayward,
California) according to manufacturer instructions. We
identified live cells by negative staining for annexin V and
PI, early apoptotic cells by positive staining for annexin V
but negative staining for PI, and late apoptotic cells by
positive staining for annexin V and PL

Statistics

One-way and 2-way ANOVA, and post hoc analysis were
performed for group comparisons. Log transformations
were done for tumor volume to improve normality. [Cyy
values of single drug treatments were calculated using
CaleuSyn 2.1 (Biosoft®). The CI was calculated for each
combination drug treatment at ICy,, IC;4 and ICy; points
using CalcuSyn, version 2.1. CI less than 1.0 indicates
synergistic interaction between drugs, values around 1.0
indicate an additive relationship and values greater than
1.0 reflect an antagonistic interaction.

Cisplatin AR-42

A

Sodium Butyrate Valproic Acid

Conc (mM)

RESULTS

Bladder Cancer Cell Susceptibility to HDAC
Inhibition

To test SWT80 and HTI1376 cell sensitivity to
cisplatin and HDAC inhibition the cells were
treated with a titration of cisplatin or one of the 4
HDAC inhibitors AR-42, NaB, VA or TSA. Cells
were assessed for viability and 1C,, was calculated
(fig. 1, A). SW780 cells appeared more sensitive to
all agents than HT1376 cells, which could have been
due in part to the source of the cell lines. SW780
cells were derived from a low grade tumor while
HT1376 cells were derived from a high grade tumor,
potentially explaining the decreased drug sensi-
tivity. The ICs; concentrations of NaB and VA
showed significantly greater minimum effective
doses than those of AR-42 and TSA, potentially
limiting efficacy in vivo (fig. 1, B).

Synergy between Cisplatin and HDAC Inhibitors
We next investigated combination treatment with
cigplatin and each of the HDAC inhibitors to explore
synergistic effects on cell viability (fig. 2, A).
Cisplatin plus AR-42 and cisplatin plus NaB showed
synergy at ICsq and ICyq dose levels as determined
by combination index calculations and visualized in
isobolograms (fig. 2, B). Cisplatin plus VA and
cisplatin plus TSA showed synergy at 1C5p but not
at ICy, doses (see table).

Trichostatin A

~+—SW780 —E—HT1376

0 v 0
0 50
Conc (uM) Conc (uM)
B Drug SWT80ICS0 | NT13761CS0

Cisplabn 85w 305 uM
AR42 14 14w
Sodwm Butyrate 38 mM 8.5 mM
Valgroic Ackd 6.0 mM TAmM
Trichostatn A 025 uM 0.12uM

Figure 1. Viability according to MTT incorporation in SW780 and HT1376 cells treated for 48 hours with titrated doses of single cisplatin
and HDAC inhibitor drugs (A). Dashed horizontal lines indicate ICss (Conc). Data represent mean of triplicate preparations and
represent 3 independent experiments. Bars indicate SD. Calculated ICg, concentrations (8). uM, uM.
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Sodium Butyrate AR-42

Valproic Acid

Trichostatin A

SW780 HT1376

100 100
50 50
0+ - . 0+ - .

% Survival

o &8 8

o 8 8
% Survival

0 20 40 ] 5 10
Cisplatin Conc (uM) AR-42 Conc (M) Cisplatin Conc (uM) AR-42 Conc (M)
g1oo 100 100 100
@ 50 50 § 50 50
¥ #
0+ - - 0+ - 0+ - . 0+ -
0 20 40 0 2000
Cisplatin Conc (uM) NaB Conc (uM) Cisplatin Conc (uM) NaB Conc (uM)
— 100 100
§ 100 100
@ 50 50
2 - 50 50
0+ - : 0+ - 0+ v . 04 x
0 20 40 0 2000
Cisplatin Conc (M) VA Conc (M) Cisplatin Conc (uM) VA Conc (uM)
gmo 100
@ 50 50
R
0+ 0+
0 20 40 0 025 05 025 05
Cisplatin Conc (M) TSA Conc (uM) cnpuin Conc (pu) TSA Conc (M)

—o— Cisplatin (Single) ~&-—Drug of Interest (Single) ~&—Cisplatin & Drug of Interest

§4o 40
§2 20

AR-42 Conc (M) NaB Conc (mn) ® vacont (mu) ® rsaconc (uu)
= IC50 + IC75 + ICS0

Figure 2. Cisplatin synergized with HDAC inhibitors, including novel broad-spectrum classes | and 2b HDAC inhibitor AR-42. Cisplatin
was combined with AR-42, NaB, VA and TSA at ratio of 5:1, 1:75, 1:75 and 80:1, respectively, as determined by each ICy; {Conc] |A).
Viability was measured by MTT incorporation in SW780 and HT1376 cells treated for 48 hours. Green curves represent combined
therapies. Blue curves represent cisplatin alone. Red curves indicate HDAC inhibitor alone. Data represent mean of triplicate
presentations and represent 3 independent experiments. Bars indicate SD. Isobolograms created with CalcuSyn show relationship
of cisplatin and each HDAC inhibitor in SW780 cells (8). Combination data points on diagonal, lower left and upper right indicate
additive, synergistic and antagonistic effects, respectively.

79



SYNERGY OF HISTONE-DEACETYLASE INHIBITOR WITH CISPLATIN IN BLADDER CANCER

Cl of cisplatin plus AR-42, NaB, VA or TSA in SW780 and
HT1376 cells by IC

Cisplatn

Combination (dosa| Swrao CI* HT1375 CI*
AR-42

Ceo 0.561 0.375

Lo 048 0.708
NaB:

Cro p228 06N

Lo 0.629 0.988
VA

Cro 0728 0.961

Czo 1.0 5.565
TSk

Cro 0.6€5 0.764

Czo 143 3887

*Value less than 1 indicztes synergy.

Cancer Stem Cell Population More Sensitive to
Combined Cisplatin and AR-42

Cancer stem cells are more chemotherapy resis-
tant.'” Because AR-42 had efficacy in leukemic stem
cells,' we assessed the response of AR-42 against
bladder cancer stem cell populations. We analyzed
SW780 cells by flow cytometry using the expression
of CD44 and CD49f, which are surface markers
characteristic of bladder cancer stem cells.'® This
established that approximately a third of the SW780
monolayer populations were CD447CD49f". To
examine whether AR-42 had higher affinity to
target the bladder cancer stem cell population
SWT780 cells were treated with cisplatin, AR-42 and
cisplatin plus AR-42 at IC;; concentrations. Flow
cytometry was then done to examine the expression
of stem cell surface markers in surviving pop-
ulations. The percent of CD447CD49f" cells
remained similar at 27% to 30% after cisplatin
treatment but the percent of CD44'CD49f" cells
decreased significantly after treatment with AR-42
alone and combined with cisplatin (fig. 3). This
suggests that compared to cisplatin alone AR-42
may increase the susceptibility of the bladder can-
cer stem cell population to treatment.

In Vivo AR-42 Decreased Tumor Growth

To examine the effects of cisplatin and AR-42 on
bladder cancer in vivo growth and differentiation we
treated NSG mice implanted with a subcutaneous
xenograft consisting of SW780 cells combined with
fetal bladder mesenchymal cells. The cisplatin plus
AR-42 combination led to a decreased rate of tumor
growth and reduced tumor size with a significant
decrease in tumor volume after combined treatment
vs treatment with AR-42 or cisplatin alone (fig. 4, A).
To test the effects of treatment in the cancer
stem cell population we sorted SW780 cells and
implanted the same number of CD44'CD49f" frac-
tion cells with fetal bladder mesenchyma. Compared
to tumors derived from wild-type SW780 cells the
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CD44"CD49f" SW780 tumors grew larger but were
more sensitive to AR-42 treatment. Cisplatin plus AR-
42 significantly decreased tumor growth compared
to treatment with AR-42 or cisplatin alone (fig. 4, B).
We examined tumor differentiation by staining
with basal CK (CK5) and luminal CK (CK20).
Changes in tumor differentiation significantly
differed between cisplatin only and cisplatin plus
AR-42 treatment in tumors derived from native
SWT80 cells and from the CD44"CD49f" fraction of
SW780 cells. Adding AR-42 decreased basal cell
expression, as shown by CKS5 staining, and increased
luminal cell expression, as characterized by CK20
staining. This suggests that AR-42 treatment may
lead to more tumor differentiation than that of
untreated or cisplatin treated tumors (fig. 4, C).

Cisplatin and AR-42

Combination Enhanced Apoptosis. To evaluate the
effects of combined cisplatin and AR-42 in apoptosis
induction we examined apoptotic activity using a
flow cytometry based assay. We found increased
apoptosis in the combination treated population
compared to that in cells treated with AR-42 or
cigplatin alone (fig. 5, A).

No Difference in Sequence. Clinically the sequence of
combination drug delivery may be important and
affect the synergic effects. Thus, we performed in vitro
studies to test differences in cell viability based on the
sequence of cisplatin and AR-42 administration.
During 48 hours concurrent administration in
the first or second half of the treatment period
yielded no difference in cell viability compared to
treatments with 1 drug administered in the first
24 hours followed by the second drug in the next
24 hours (fig. 5, B). This finding suggests that the
mechanism of synergy between cisplatin and AR-42
is not sequence dependent.

DISCUSSION
Bladder cancer treatments have remained essen-
tially unchanged for decades with limited patient
options. Cisplatin forms the basis of bladder cancer
chemotherapy but it is limited by its efficacy and
toxicity. However, recent understanding of its mo-
lecular subtypes, molecular targets and widespread
development of novel immune and targeted thera-
pies, such as those targeting the PD-L/PDL-1 axis,
are encouraging and have made inroads in bladder
cancer therapy.”'#°

VA combined with cisplatin in bladder cancer cell
lines previously demonstrated the synergistic effects
of HDAC inhibitors.”*’ However, a phase II trial of
VA in prostate cancer revealed significant neuro-
toxicity whether administered intravenously or
orally.*® TSA remains in preclinical development and
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Figure 3. Cisplatin and AR-42 combination decreased CD44 ' CD43f' population. SW780 cells treated with indicated doses of cisplatin
and AR-42 to achieve approximately IC;. doses were examined by flow cytometry to assess CD44 and CD43f expression in surviving
population. Higher 2 pyM AR-42 dose was combined with cisplatin to evaluate dose response. Data represent 3 independent
experiments. MFJ, median fluorescence intensity. Asterisk indicates CD44 " CD49f" cell group comparisons statistically significantly
different [1-way ANOVA p <0.05).

NaB requires a mM concentration to achieve a report for the first time that the novel HDAC inhib-
measurable response. Because AR-42 has shown itor AR-42 synergizes with cisplatin against bladder
efficacy for multiple cancers, including cancer stem cancer cells in vitro and in an in vivo tumor model.
cells in particular,”® we chose it as a promising Bladder cancer stem cells, which are marked by
HDAC inhibitor for analysis. To our knowledge we the surface markers CD44' and CD49f", represent
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Figure 4. In vivo combined cisplatin and AR-42 decreased tumor size relative to single treatment or untreated tumors in NSG mice
implanted with unsorted {A) or CD44'CD49f " enriched (B) SW780 cells mixed with fetal bladder mesenchymal cells in Matrigel
suspension. Treatments began on day 15 after palpable tumor first presented. Curves indicate mean of 6 tumors. Bars indicate
SEM. Asterisk indicates statistically significant {2-way ANOVA p <0.05). Represantative unsorted and CD44 CD49f" enriched tumors
(C). CK5 and CK20 staining, reducaed from x400. Cis, cisplatin. Columns indicate mean of percent positive staining cells in 4
representative sections at 400x magnification. Bars indicate SD. Asterisk indicates statistically significant (1-way ANOVA p <0.05).
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a hierarchical organization of cells that can recon-
stitute all cell types of a specific tumor.’® Their
resistance to chemotherapy may explain recurrence
after latency periods. Studies suggest that more
poorly differentiated tumors, which are marked by
the basal surface markers CK14'CK5' and the
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surface marker profile CD90'CD44 'CD49f", have a
worse prognosis than less differentiated luminal
subtypes that express luminal CK (CK20") and the
associated surface markers CD90 CD44 CD49f" .=
These subtypes were validated in e-scale anal-
yses of patient expression patterns.®!
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Figure 5. SW780 cells treated with cisplatin (Cis), AR-42 (AR] or cisplatin plus AR-42 for 24 hours showed enhanced apoptosis on
annexin V and Pl staining followed by flow cytometry (Al. Annexin V'P1  calls were considered early apoptotic cells (blue bars).
Annexin V'PI" calls were considered late apoptotic cells (red bars). Live cells were unstained (green bars). Ctri, control. Single
asterisk indicates statistical significance between all populations and other treatment groups (1-way ANOVA p <0.05). Double
asterisks indicate statistical significance between all populations and other treatment groups except early apoptotic cells between
AR-42 and AR-42 plus cisplatin (1-way ANOVA p <0.05). SW780 cells were treated with varying cisplatin and AR-42 concentrations
for 48 hours (B). Viability was assessed by MTT incorporation. Curves indicate mean of triplicate preparations and represent 2
independent experiments (not significant according to 1-way ANOVA p <0.05).

The efficacy of HDAC inhibitors in stem cells is transcrig{.ion factors Oct4, Nanog, Esrrb and
supported by recent evidence showing that HDAC-1 Rex1.’*** AR-42 previously showed efficacy for spe-
and 2 may be critical in embryonic stem cell self- cifically targeting leukemic stem cells.”® Our results
renewal, in part by maintaining expression of the suggest that AR-42 has improved ability to destroy
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the CD44 " CD49f" population of bladder cancer cells
compared to cisplatin. Treatment with combined
AR-42 and cisplatin may lead to more differentiated
and, therefore, less aggressive tumors.

Study limitations include the use of bladder cell
lines as a surrogate for evaluating primary bladder
cancer. The subcutaneous model may also not
reflect the bladder microenvironment. However,
we noted inconsistencies in generating orthotopic
xenografts using human bladder cancer cell lines
compared to our established murine models and the
subcutaneous model facilitated the measurement of
tumor growth. To our knowledge the potential tar-
gets of AR-42 to nonhistone proteins has not been
addressed. An important future direction is to
explore its mechanisms and expand the under-
standing of bladder cancer biology. Reports of
HDAC inhibitors mediating autophagy and the
potential inhibition of autophagy by cisplatin in
melanoma cells must also be explored.”*®

CONCLUSIONS

In our objective to provide a preclinical analysis of
the efficacy of AR-42 in bladder cancer we identified
the ability of AR-42 to synergize with cisplatin to
augment the destruction of bladder cancer cells
in vitro and in vivo, and preferentially target the
cancer stem cell population. This synergistic effect
may not only improve cisplatin efficacy but also
improve its overall response rate or allow for a lower
cigplatin dose to be used. This remains a subject of
future study. Whether these observations translate
clinically to long-term durable responses must be
tested in future clinical trials. In the future we may
select the use and sequence of novel therapies for
bladder cancer based on molecular and genetic
markers.
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