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Chapter 1: Introduction

The theory of cancer immunosurveillance was first proposed by Thomas and Burnet in 1957,
and posits that the host’s immune system is capable of specifically sensing and disposing of
malignant cells bearing “non-self” genetic alterations. Despite historical records of the use of
heat-attenuated bacteria as “immunotherapy” by Coley dating back to the late 19" century,
this theory was largely rejected until two major intellectual advances in the late 20" century.
Schreiber and colleagues definitively showed that cancer could be surveilled by the immune
system, and that the interplay between immune cells and tumors could endow cancer cells
with immune-evasive characteristics (1). Additionally, Allison and colleagues identified a key
mechanism by which tumors counteract productive immunosurveillance, and produced both
preclinical and clinical evidence that modulation of this immune regulatory pathway could
liberate the immune system to regress advanced cancer (2, 3). These advances ushered in a
new era in oncology, with immunotherapy being elevated amongst the three traditional pillars
of cancer therapy; surgery, chemotherapy, and radiation. Over the past decade, immune
checkpoint blockade therapies have been evaluated and FDA approved to treat an array of
cancers, and unprecedented durable responses can now be achieved for patients that were
recently without any hope of a cure. However, many patients still fail to respond to current
immunotherapies, and some malignancies including prostate and pancreatic cancer remain
almost entirely refractory. In the following chapter, | aim to (i) provide an overview of the
current understanding of why tumors respond or fail to respond to immunotherapy, with a
focus on prostate and pancreatic cancers, (ii) discuss the role of myeloid cells as mediators
of immune suppression in the tumor microenvironment, and (iii) review the stimulator of
interferon genes (STING) pathway and discuss its potential role in modulating tumor myeloid

cells and sensitizing refractory cancers to immunotherapy.



1.1: Tumor Immunogenicity: Beyond “Hot” and “Cold”

The ultimate goal of clinical oncology is to identify and prescribe for each patient the
most efficacious therapeutic modality available based upon objective, observable
characteristics of a patient’s disease. Cancer is not one disease but many; tumors differ not
only across tissues, but tumors of the same histology can differ drastically in nature. Thus, a
major goal of cancer research is to discover which molecular and cellular traits of a tumor are
most informative for guiding clinical decisions and predicting how patients will respond to
therapy. Traditionally, tumors are grouped according to histology, as malignancies that arise
from a common tissue tend to share common traits. Within a given histology, tumors are
classified according to their size and the extent to which they have metastasized. Classical
TNM staging involves characterizing a patient’s disease by the size of the primary tumor (T),
the number and location of lymph nodes that contain cancer (N), and the degree to which
disease has metastasized to distal regions of the body (M). Algorithms exist to guide clinicians
to chemotherapeutic, surgical, or radiation interventions based upon specific TNM status.

While TNM staging is practical, accessible, and built upon decades of clinical research,
our increasing understanding of the genetic basis of cancer and its interaction with the host is
illuminating novel avenues for classifying tumors in specific but non-traditional ways. For
example, a number of targeted therapies have been designed that attack specific oncogenic
pathways found in many tumors. Thus, mutational analysis of a patient’'s tumor can reveal a
specific mutation such as BRAF V600E that can be directly targeted regardless of tumor
histology with much greater therapeutic potential than standard TNM-guided therapy (4). The
acceptance of immunotherapy at the clinical level has added even greater complexity, as a
patient’s response to immune-based interventions can be related to both tumor genetics as
well as the dynamic composition of the tumor immune microenvironment. Patients with the
optimal combination of immune and genetic factors can achieve unprecedented durable tumor
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regressions never before seen in previously-terminal cancers, however these patients remain
relatively rare. Thus, there is great interest in understanding what characteristics define a “hot”
tumor that is primed to respond to immunotherapy in contrast to “cold” tumors that do not
respond, so that therapeutic approaches can be designed to render more tumors sensitive to
therapy.

This section aims to provide a discussion of the key genetic, molecular, and cellular
factors that are thought to contribute to “hot” and “cold” tumors in general, and provide a
summary of two clinically “cold” tumors studied in this dissertation: castration resistant

prostate cancer (CRPC) and pancreatic ductal adenocarcinoma (PDAC).

1.1.1: Defining Characteristics of “Hot” and “Cold” Tumors

Tumor Antigenicity. The human immune system is fundamentally fashioned to distinguish
“self” from “non-self.” Specifically, both innate and adaptive immune cells are trained to ignore
or protect any and all self tissues, yet express receptors that together are theoretically able to
recognize any possible protein epitope not found natively within the host. For example, viruses
contain genetic material encoding proteins that differ in sequence and structure compared to
human proteins; thus these non-self protein epitopes can serve as targets for host immune
cells. Though cancer is indeed derived from native host tissue, it becomes malignant through
the obligatory accumulation of genetic mutations that ultimately alter cellular function. As
these mutated gene products by definition differ in protein sequence compared to their
unmutated healthy forms, they can theoretically be recognized by the immune system as
“altered-self” targets, making cancer an immunologically visible disease. Therefore, the
number and nature of mutations carried by a given tumor dictates its antigenicity, which in

turn impacts the likelihood of an immune response being generated against it.



The idea that tumors by nature possess antigens that are targets of immune
surveillance was first proposed in the mid 20" century by Burnet and Thomas (5), however
not until the turn of the century were there proper experimental tools to decisively confirm the
theory. Experimental confirmation of the concept of immunosurveillance (1) garnered interest
in defining what antigens the immune system specifically recognizes in cancer. Early work
defined many “shared” tumor antigens, which represent non-mutated molecules aberrantly
overexpressed in cancer relative to normal tissue. These antigens have been studied as
targets for vaccination, however endogenous immunity against them is limited due to
mechanisms of central and peripheral immune tolerance that protect against autoimmune
responses to self tissues. More recently, the advent of next-generation genetic sequencing
together with immunogenic peptide epitope prediction algorithms has facilitated the
identification of bona fide tumor-specific mutated antigens, termed neoantigens. In contrast to
shared tumor antigens, neoantigens are found only in tumor cells and not in healthy tissues,
thus T cell responses can be generated against them without the barrier of overcoming central
tolerance. It has been clearly demonstrated in both mice and humans that neoantigens can
be targeted by T cells and that checkpoint blockade immunotherapies can enhance the
function of these neoantigen-specific T cells (6, 7). Therefore, there is currently significant
interest in understanding how tumor mutational burden influences neoantigen quantity and
guality, in order to develop clinically informative associations between tumor antigenicity and
response to immunotherapy.

In theory, the more genetic mutations a tumor possesses, the greater the probability it
will contain targetable neoantigens available for immune surveillance. In support of this theory,
there is a compelling clinical observation that tumors which commonly arise due to carcinogen
exposure tend to exhibit relatively high response rates to immunotherapy. For instance,
melanoma and lung cancer — associated with exposure to UV light and cigarette smoke,
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respectively — on average possess very high somatic mutation rates of around 10 mutations
per megabase of DNA (8). Indeed, these cancers were the first to receive FDA approval for
checkpoint blockade immunotherapies (9, 10). Interestingly, in a later study correlating tumor
mutational burden with response to immunotherapy, Yarchoan and colleagues found that the
median value of 10 coding somatic mutations per megabase generally separates tumors with
high response rate (>25%) from tumors with lower response rates (<20%)(11). While
carcinogen exposure is a common harbinger of high mutational burden in human cancer,
defects in DNA damage repair machinery can additionally contribute to “hypermutated” tumor
genomes. A small percentage of patients across all cancer types possess defects in the DNA
mismatch repair (MMR) pathway, which senses and repairs single nucleotide mutants or
minor insertions and deletions that occur during DNA replication (12). In colorectal cancer,
nearly 15% of patients carry tumors with MMR defects, resulting in a hypermutation phenotype
called microsatellite instability (MSI) (13). While colorectal cancer is historically refractory to
immunotherapy, patients with MSI exhibit response rates analogous to those seen in patients
with metastatic melanoma. In a landmark phase Il study of pembrolizumab in metastatic
colorectal cancer, MSI patients exhibited a response rate of 40%, while none of the 18
microsatellite stable patients responded (14). These results were rapidly generalized to any
patients with MMR deficiency, and pembrolizumab was shown to be similarly effective
regardless of histology (15). These findings precipitated FDA approval of pembrolizumab for
any patient with MMR defects; the first ever tissue-agnostic approval of a cancer therapy
based on MMR biomarker testing. Together, these clinical observations suggest that tumors
with high mutational burden are more likely to be immunologically “hot” and possess higher
response rates to immunotherapy.

While the correlation between tumor mutational burden and response to
immunotherapy is strong, it is not perfect. For example, after melanoma and lung cancer,
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kidney cancer was the third to receive FDA approval for checkpoint blockade targeting PD-1,
however it is characterized by a relatively low median mutation rate of ~3 mutations per
megabase (8). A growing body of evidence suggests that not all mutations equally engender
relevant neoantigens; rather, the specific nature of the somatic genetic alteration may
influence its relative immunogenicity. An early observation in support of this was provided by
Snyder et al, who performed whole exome sequencing on malignant and healthy tissue from
64 melanoma patients that received ipilimumab or tremelimumab. In this study, tumor
mutational load was not sufficient to predict response to immunotherapy; however, a specific
neoantigen “landscape” was found uniguely in responders, and constituted a strong predictive
marker of response (7). The authors mapped this signature to short 4 amino acid tetrapeptide
motifs found within immunogenic neoantigen peptides, which may by sequence and structure
have a greater tendency to form high-affinity interactions with host T cell receptors. While the
feasibility of identifying a similar neoantigen signature has proven controversial in other
datasets (16), these results provide a mechanistic hypothesis to explain why neoantigens may
differ in immunogenicity. A recent study by Turajlic and colleagues comprehensively probed
whole-exome sequencing data from The Cancer Genome Atlas to characterize neoantigens
arising from single nucleotide variants as well as small insertions and deletions (indels). The
authors found that frameshifts resulting from indel alterations are nine times more likely to
generate neoantigen peptides that are strong predicted binders to host MHC compared to
single nucleotide variants (17). Furthermore, they determined that kidney cancer possesses
the highest frequency of indel mutations, which may explain its sensitivity to checkpoint
immunotherapy despite its low average tumor mutational load (8). These data further suggest
that, with regard to antigenic epitopes, there may exist a spectrum of “non-selfness,” with
some genetic alterations engendering more immunogenic epitopes than others. A precise
mechanistic explanation for this has not yet been described in the field, however algorithms
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to predict high-quality non-self neoantigens have been reported. Using a unique cohort of
pancreatic cancer patients with extremely long-term survival, Balachandran and colleagues
described a neoantigen quality model that predicts patient survival based upon homology
between their expressed neoantigens and infectious disease-related epitopes, and
demonstrated that this model predicts survival with greater accuracy than a model that
associates immunogenicity with the number of tumor neoantigens (18). Based upon these key
observations, it is becoming clear that the mere quantity of neoantigens is not sufficient to
fully predict whether a tumor will be immunologically “hot”; rather, the quality of those antigens

must also be taken into account to more accurately predict a tumor’s immunogenicity.

Tumor Microenvironment. While tumor antigens provide the necessary means of detection
for an immune response against cancer, the eradication of a tumor ultimately relies on the
capacity for immune cells to exert potent and specific cytolytic effector functions at the tumor
site. This is no small task, as the human immune system is endowed with a wealth of
regulatory mechanisms to suppress or prevent untoward damage of self tissue. In the local
battle for survival that occurs upon immune recognition of cancer, it is evident that immune
killing creates an evolutionary pressure that selects for outgrowth of tumor clones that
summon these mechanisms to locally disable the immune response (19). As early as 1997, it
was known that cancer cells bearing a targetable antigen could grow progressively while non-
malignant skin grafts bearing the same antigen could be rejected in the same host (20). These
observations suggested that it is tumor-mediated locoregional control of immune response,
rather than systemic immune dysfunction, that allows for outgrowth of antigenic tumors.
Therefore, it follows that an understanding of the relevant components of the tumor immune
microenvironment (TME) and how they interact can aid in predicting whether a tumor will
respond or is actively responding to immunotherapy.
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In most cases, cytotoxic CD8 T cells are the indispensable mediators of immune-
mediated tumor rejection, thus the prevalence of CD8 T cells in a tumor ought to have
prognostic or predictive value in cancer. Early studies quantifying T cell numbers in colorectal
tumor biopsies found that a greater density of infiltrating CD8 T cells correlates with both
earlier stage disease and the absence of metastatic invasion (21, 22). Incredibly, a simple
histopathological algorithm termed the Immunoscore which enumerates the total number of
CD3* and CD8* T cells in the center and periphery of a tumor has high prognostic value in
these patients, and outperforms both TNM staging and MSI status in predicting recurrence as
well as survival in colorectal cancer (23, 24). While the Immunoscore remains to be validated
in other histologies, independent reports have associated CD8 T cell infiltration with tumor
stage, recurrence rate, or survival in melanoma (25, 26), ovarian cancer (27, 28), head and
neck cancer (29), liver cancer (30), bladder cancer (31), and gastrointestinal stromal tumors
(GIST) (32). Therefore, a high density of CD8 T cells within the tumor core is a generalizable
characteristic of immunologically “hot” tumors across many human cancers.

Given the critical import of CD8 T cells in controlling cancer progression and lethality,
it is important to understand how and why tumors become T cell-infiltrated. Interestingly, a
recent report by Spranger et al suggests that the prevalence of CD8 T cells in melanoma is
not related to the number of nonsynonymous somatic mutations in a given tumor, and these
findings could be generalized across solid tumors in the TCGA database (33). These data
suggest that the majority of solid tumors likely possess sufficient neoantigen burden to support
a T cell response, thus the capacity or failure to achieve CD8 T cell infiltration is chiefly
determined by molecular and cellular characteristics of the tumor microenvironment. Gene
expression analysis of human tumors bearing differing levels of T cell infiltration have hinted
that a foundational determinant underlying the presence of CD8 T cells is the host type |
interferon response (34). Historically associated with antiviral immunity, type | interferons in
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cancer are critical for facilitating myeloid activation in the sterile tumor microenvironment.
Specifically, IFN-B released in the microenvironment acts upon Batf3-lineage dendritic cells
(DCs), and signals through the IFN-o/BR and Statl to induce a transcriptional program
associated with antiviral antigen presentation (35). These DCs, characterized by expression
of the surface markers CD8a or CD103 in mice and CD141 in humans (36), are capable of
tumor antigen cross presentation, which allows for priming of CD8 T cells against tumor
antigens exogenously acquired by tumor DCs. Moreover, type | interferons trigger release of
chemokines by myeloid cells including CCL5 and CXCL10 that are required to recruit CD8 T
cells to the tumor bed (37, 38). Mice deficient in type | interferon signaling or Batf3-lineage
DCs thus exhibit deficiencies in T cell infiltration and spontaneous immunity against otherwise
immunogenic tumors (34, 38-40). Therefore, the presence of type | interferon signaling and
Batf3-lineage DCs capable of tumor antigen cross presentation are critical determinants of
immunologically “hot” tumors bearing CD8 T cell infiltration.

If priming and recruitment of tumor antigen-specific CD8 T cells are necessary
characteristics of immunogenic “hot” tumors, then it follows that any factors that interfere with
T cell priming, recruitment, or cytolytic function at the microenvironment can contribute to
poorly immunogenic “cold” tumors. Again, given the evolutionary emphasis on immune
regulation to avoid autoimmunity, such mechanisms are numerous and diverse in the human
immune system. Broadly, these immunoregulatory influences can be conceptually grouped
into three categories; immune suppression, immune exclusion, and immune ignorance (Fig
1).

Suppression of CD8 T cell cytolytic function can be achieved by a number of cell types
often present in the tumor microenvironment, and occurs through modulation of T cell
signaling, polarization, and metabolic fithess. After activation, T cells will begin to express an

array of coinhibitory receptors including CTLA-4, PD-1, LAG-3, Tim-3, and TIGIT, among
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MSIM CRC —

Melanoma —

NSCLC —

RCC —

HECC —

MSS CRC —

PDAC —

CRPC —
GBM —

Figure 1. The “Hot” vs “Cold” tumor paradigm. Tumor immunogenicity is broadly
determined by tumor antigen burden and the composition and quality of the tumor immune
microenvironment. Represented are human solid tumors ranked in rough order of relative
immunogenicity, as well as the multiple mechanisms by which tumors can be
immunologically “cold.” It should be emphasized that multiple mechanisms can be present
and relevant at the level of a given tumor type as well as within an individual patient’s
tumor.
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others. Ligation of these receptors generally suppresses signaling downstream of the T cell
receptor (TCR) and costimulatory receptors, limiting T cell function and longevity (41).
Specifically, PD-1 is thought to be a dominant coinhibitory factor for T cells within the tumor
microenvironment (42). PD-1 signals through SHP1 and SHP2 phosphatases to
dephosphorylate and inactivate ITAM motifs on CD28, and additionally removes phosphate
groups that are required for the function of downstream TCR signaling proteins such as ZAP70
and PI3K (43-45). Expression of the ligands for PD-1 (PD-L1 and PD-L2) can be found on
both myeloid cells infiltrating tumors (46), and on tumor cells themselves, and can be further
induced on these cells in response to T cell-derived IFN-y (47, 48). These observations
provide rationale for the blockade of T cell coinhibitory molecules in cancer, an approach
which has revolutionized clinical management of cancer over the past decade. However, a
number of other T cell suppressive mechanisms exist in the TME that occur independently of
coinhibitory checkpoint receptors. Many of these are the product of immune cells that possess
an anti-inflammatory influence in cancer, including FoxP3* regulatory T cells (Tregs), myeloid
derived suppressor cells (MDSCs), and tumor associated macrophages (TAMs). Three critical
immunosuppressive mechanisms include the presence of suppressive cytokines that limit
inflammatory T cell function and longevity, the production of reactive oxygen and nitrogen
species that have toxic effects on cytotoxic T cells, and the enzymatic catalysis of T cell-
essential nutrients. As suppressive myeloid cells are key contributors to these methods of T
cell inhibition in the TME, the above mechanisms will be reviewed in detail in the next chapter.
Overall, an increased density of coinhibitory ligands in the TME together with the coordinated
actions of Tregs, MDSCs, and TAMs can render the TME a hostile environment for the survival
and functional fitness of CD8 T cells.

Immune exclusion involves the construction of physical or metabolic barriers that
preclude access of CD8 T cells to some or all of the tumor bed. For circulating T cells primed
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in secondary lymphoid organs against tumor antigens, neovascular tumor endothelium
presents the first barrier to T cell entry. Whereas healthy endothelium facilitates T cell
extravasation into tissues through clustered expression of adhesion molecules such as ICAM1
and VCAML1, aberrant tumor neovasculature often displays reduced expression of these
proteins (49) and aberrant expression of inhibitory ligands such as PD-L1 and PD-L2 (50, 51),
anti-adhesive molecules such as endothelin B receptor (52), or apoptosis-inducing ligands
such as TRAIL and FasL (53). Thus, the tumor vasculature can suppress T cell infiltration into
tumors by promoting anergy or outright apoptosis in circulating T cells. If extravasation through
the neovasculature is permitted, T cells often encounter stromal barriers at the tumor site.
Mesenchymal fibroblasts have been shown to be immunosuppressive in many tumors (54),
and possess the capacity to lay down thick webs of extracellular matrix composed of collagen,
fibrinogen, laminin, and other glycoproteins. The dense patterns of ECM present in many
tumors can either block T cell entry or interfere with chemotaxis, thus inhibiting T cell entry
into the tumor bed (55, 56). Blockade of chemokine signals that recruit cancer-associated
fibroblasts (CAFs) can boost T cell access and sensitize tumors with dense stroma to immune-
based therapies (57), however outright depletion of CAFs has had mixed results in mouse
and man, with some reports suggesting stromal depletion can accelerate tumor progression
and metastasis (58). Absent stromal barriers to T cell chemotaxis, many tumors possess
regions which are metabolically incompatible with T cell survival. Segments of a tumor that
are spatially separated from sufficient vasculature can be deeply hypoxic, and limited access
to oxygen promotes immunosuppressive phenotypes in both T cells and myeloid cells through
activation of the hypoxia-responsive signaling protein Hifla (59-61). Elimination of
intratumoral hypoxia through hypoxia-activated pro-drug therapy or respiratory hyperoxemia
can restore T cell infiltration and sensitize tumors to immunotherapy (62, 63). Therefore,
exclusion of T cells from the tumor via non-permissive neovasculature, dense ECM
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deposition, or intratumoral hypoxia can contribute significantly to a poorly-immunogenic, “cold”
tumor phenotype.

Immune ignorance chiefly involves a failure of the innate immune system to sense the
presence of a tumor, as innate antigen presenting cells such as DCs are required to prime a
T cell response against cancer. In this context, tumors with exceptionally low mutational
burden may possess an insufficient number of quality neoantigens to contain an epitope
capable of being targeted by host T cells. While this has been postulated to contribute to the
poorly immunogenic nature of genetically engineered murine models (GEMMSs) (64), it is
unclear whether this is a relevant mechanism for human tumors that naturally develop over
long periods of time, where chromosomal instability makes the accumulation of some number
of passenger mutations essentially inevitable. An alternative explanation is that host DCs may
be shielded from tumors, denying them access to tumor antigens to utilize for T cell priming.
An interesting mechanism for this was provided by Spranger and colleagues, who found that
human melanoma tumors that lack T cell infiltration exhibit activation of the WNT/B-catenin
signaling pathway. Analysis of the effects of B-catenin signaling revealed an inhibition of the
cytokine CCL4, which is utilized to recruit Batf3-lineage DCs to the tumor microenvironment
(65). Thus, oncogenic signaling through the WNT/B-catenin pathway can further promote
tumor progression by precluding recruitment of DC populations required to mount antitumor
T cellimmunity. As this pathway is active in other cancers beyond melanoma, it may constitute
a generalizable mechanism of immune ignorance across histologies (66).

In summary, the success or failure of an antitumor immune response is governed in
large part by the dynamic composition and character of the tumor microenvironment.
Immunogenic “hot” tumors tend to be characterized by robust infiltration of CD8 T cells which
have been primed by Batf3-lineage DCs activated by type | interferon to mediate tumor

antigen cross-presentation. In contrast, poorly immunogenic “cold” tumors are either devoid
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of T cells through immune ignorance or immune exclusion, or possess functionally inept T
cells through the concerted actions of immunosuppressive cells and coinhibitory ligands within
the tumor microenvironment. In the future, coordinate analysis of both microenvironmental
immune factors together with tumor antigen burden may be a uniqgue method to
comprehensively approximate tumor immunogenicity and provide powerful prognostic and

predictive value (67).

1.1.2: Castration Resistant Prostate Cancer (CRPC); a Quintessential “Cold” Tumor

Biology and Clinical Management of CRPC. Prostate cancer is the most commonly
diagnosed cancer in men, and is one of the leading causes of male death in western countries
(68). Of the 164,690 men predicted to be diagnosed with prostate cancer this year, nearly
80% will present with localized disease (68), which is relatively indolent and associated with
good prognosis. Active surveillance through PSA screenings and MRI screening — in place of
traditional interventions including radical prostatectomy, radiotherapy, or brachytherapy — is
sufficient to allow for a 1% risk of death over 10 years for these low risk patients (69, 70).
However, around 35% of prostate cancer patients either treated or monitored for localized
disease will eventually exhibit increases in serum PSA levels associated with disease
progression, and require further therapy (71). Unfortunately, serum PSA is the only
standardized method for monitoring prostate tumor progression, as imaging techniques of the
organ are insufficient to provide definitive diagnoses. The first-line intervention for advanced
prostate cancer patients is surgical or chemical castration through use of antiandrogens such
as bicalutamide. While temporary control of PSA is common with this therapy, eventual
progression to metastatic castration-resistant disease is inevitable given sufficient time. In

contrast to localized disease, metastatic castration resistant prostate cancer (INCRPC) is an
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incurable disease with a 5-year survival rate of 29% (68). Most commonly, these patients see
metastatic spread to bone or distal lymph nodes, though involvement of visceral organs such
as the liver can occur and is associated with more aggressive disease (72, 73). Traditionally,
chemotherapy with docetaxel is the standard of care for these patients (74, 75), however in
the last decade a number of novel therapies have been successfully evaluated in large
randomized studies including an autologous vaccine sipuleucel-T (76), hormonal agents
abiraterone (77, 78) and enzalutamide (79-81), the novel taxane cabazitaxel (82, 83), and a
bone metastasis targeting radionuclide radium-223 (84, 85).

Genetic and molecular classification of mMCRPC has proven a difficult task, due to the
rare but complex genetic alterations associated with the disease. The mCRPC genome
generally exhibits a low mutation rate of 2 mutations per megabase, with common mutations
targeting tumor suppressor genes TP53, PTEN, and SPOP, as well as components of the
androgen receptor (AR) signhaling pathway (86, 87). Copy number alterations are also
relatively infrequent, but target common pathways such as PTEN, MYC, and AR (88). A
characteristic quality of advanced prostate cancer is the presence of complex coordinated
chromosomal translocations, termed “chromoplexy” to represent a rewiring of the genome
(89). Specifically, mMCRPC contains frequent gene fusions involving members of the ETS
transcription factor family, which often fuse with components of the AR signaling pathway such
as TMPRSS2 (90, 91). This has led to an effort to classify tumors based upon the presence
of ETS fusions, as common mutations in genes such as PTEN, TP53, SPOP, or SPINK1 tend
to be enriched in either ETS-positive or ETS-negative tumors (86, 92-94). Unfortunately, these
common alterations are not amenable to available targeted therapeutic approaches, rendering

personalized therapy using clinical genomics currently untenable for patients with mCRPC.

Immunotherapy for CRPC. Inflammation is linked to prostate carcinogenesis, suggesting the
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host immune system interacts with and plays a role in the initiation and progression of CRPC
(95, 96). To date, the most commonly evaluated and only successful immune-based
interventions in CRPC are therapeutic vaccines. The first therapeutic vaccine created for
prostate cancer was GVAX, which initially consisted of autologous irradiated prostate cancer
cells retrovirally engineered to produce GM-CSF (97), though for large randomized studies
allogeneic cell lines LNCaP and PC3 were utilized in place of autologous tissue (98, 99).
Unfortunately, two phase Il studies of GVAX for CRPC were halted early due to lack of
efficacy in the treatment arms (100), preventing clinical approval of GVAX as a single agent
therapy. An alternative vaccine, Sipuleucel-T, is a live cell-based vaccine consisting of
autologous monocytic DCs differentiated with a fusion peptide containing GM-CSF and a
prostate antigen prostatic acid phosphatase (PAP). In a phase Il study of men with mCRPC,
Sipuleucel-T extended survival 4.1 months compared to placebo, despite having no significant
effect on PSA or time to disease progression (76). Based on these results, Sipuleucel-T
received FDA approval for mCRPC in 2010. However, some controversy clouds these data,
as patients age 65 or older in the placebo arm of the trial appear to have exhibited
uncharacteristically short survival relative to historical controls, which may have skewed the
survival data in favor of the Sipuleucel-T arm (101). Additionally, the cellular product infused
into patients in the placebo arm was kept without supportive cytokine at 2-8°C during the
culture period in which GM-CSF-PAP was added to the cultured monocytic DCs in the
treatment arm, thus the quality (or lack thereof) of the “placebo” infusion product has been
guestioned (101). Despite these allegations, Sipuleucel-T remains the only FDA-approved
immunotherapy for prostate cancer patients. A number of other vaccines have reached late-
phase clinical investigation, including a poxvirus-based vaccine named ProstVac-VF (102). A
large phase Il study of this vaccine was recently halted however due to futility upon interim
analysis (103). Together, vaccine approaches have been rigorously evaluated clinically in
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prostate cancer but to date have demonstrated little or marginal benefit in comparison to
chemotherapy or androgen modulating therapies.

Given the unprecedented clinical success of monoclonal antibodies targeting T cell
coinhibitory checkpoints CTLA-4 and PD-1 in metastatic melanoma, lung cancer, and
numerous other tumor types, there has been significant interest in evaluating checkpoint
blockade immunotherapy in CRPC. To date, two phase Il studies have been completed
evaluating ipilimumab in men with mCRPC. The first trial evaluated ipilimumab in combination
with low-dose radiation versus radiation and placebo (104), while the second trial tested
ipilimumab or placebo in earlier-stage chemotherapy-naive patients (105). Neither study
demonstrated a significant enhancement in survival in the treatment arms, thus ipilimumab
has not received FDA approval for CRPC. However, close analysis of the data illuminates
trending advantages in either overall survival or progression-free survival in the respective
studies, suggesting ipilimumab as a single agent may possesses marginal, non-negligible
efficacy in prostate cancer. In light of this, ipilimumab is currently being evaluated in
combinatorial regimens together with vaccines such as Sipuleucel-T (106) or ProstVac-VF
(NCT02506114), or with androgen deprivation therapies including leuprolide, goserelin, or
degarelix (NCT01377389). Blockade of PD-1 is additionally being evaluated in CRPC, based
in part upon the observation that approximately 32% of mCRPC tumors test positive for PD-
L1 expression (107). Preliminary data from the first large-scale evaluation of pembrolizumab
in patients with docetaxel-refractory CRPC show a meager response rate of 9% in patients
with RECIST-measurable disease (108). However, higher response rates are observed in
patients with mutations in DNA repair genes such as BRCAL1/2 or ATM, indicating biomarker
evaluation for mutations in DNA repair genes, MMR genes, or MSI status can be beneficial in
finding rare patients capable of responding to PD-1, as seen in other tumor types. Fortunately,
a relatively high proportion of patients (~12%) are believed to bear this hypermutated
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Chapter 4: Intratumoral Delivery of a Novel STING Agonist Repolarizes

Suppressive Myeloid Cells and Sensitizes Pancreatic Ductal Adenocarcinoma

to Checkpoint Blockade

4.1: Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy whose defining
characteristics render it resistant to available therapies. Over 80% of PDAC patients present
with metastatic disease precluding surgical resection, and relapse occurs in the majority of
early-stage surgical candidates within one year (68, 118). First-line chemotherapy regimens
consisting of gemcitabine and albumin-bound paclitaxel (Abraxane®) or a cocktail of
leucovorin, fluorouracil, irinotecan, and oxaliplatin (FOLFIRINOX) extend median overall
survival up to 11 months, yet 5-year survival rates remain dismal (~7%) and treatment related
toxicities can be severe (120, 121). The PDAC genome bears few actionable targets, as the
characteristic genetic alterations common to nearly all PDAC patients (KRAS, TP53,
CDKN2A, and SMAD4) are considered “undruggable” by current targeted therapies. A
uniquely desmoplastic tumor microenvironment also contributes to the refractory nature of
PDAC tumors. High interstitial pressures from densely-deposited extracellular matrix limits
drug perfusion into the tumor bed, and restriction of the sparse tumor vasculature creates
regions of deep hypoxia (137, 138). While oncogenic Kras drives metabolic adaptions to
sustain tumor growth under these conditions (141-144), many anti-tumor components of the
PDAC stroma, chiefly cytotoxic CD8 T cells, are excluded or rendered locally dysfunctional by
this hostile environment (146). As a result, PDAC tumors are generally considered
immunologically “cold”, and immunotherapies targeting T cell checkpoints CTLA-4 or PD-1
have failed in clinical evaluation in this indication (162, 164, 165, 469).

However, contrary to its perception as an immunologically silent tumor, PDAC relies

on numerous intimate interactions with the host immune system from its earliest discernable
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Figure 10: In vitro characterization of IACS-8803. (A) 1x10° THP-1 Dual and 5x10* J774
Dual reporter cells (Invivogen) were stimulated for 20 hours with 1ug/mL of indicated CDN.
IRF3 activity was measured by luciferase assay according to manufacturer’s instructions.
(B) CDN titration assay using the THP-1 Dual reporter cell line as in (A). (C) 1x10° THP-1
parental cells were plated in flat-bottom 96 well plates and were incubated with 10ug/mL
indicated CDN. After 72 hours, IFN-B levels in the supernatant were measured by ELISA
(PBL Assay Science). (D) Chemical structures of 2’3’ cGAMP, ML-RR-S2-CDA, and IACS-
8803. (E) 5x10* HEK-Blue reporter cells expressing the indicated human STING allele
were incubated with 100ug/mL of the corresponding CDN for 24 hours. IRF3/9 activity was
measured by SEAP assay according to manufacturer’s instructions. Statistical significance
was calculated using Student’s T test. ns = not significant, * = p<0.05, ** = p<0.01, *** =
p<0.001, **** = p<0.0001.
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Supplemental Figure S7: Extended in vitro characterization of IACS-8803. (A) 1x10°
THP-1 Dual reporter cells (Invivogen) were stimulated for 20 hours with a range of indicated
CDN. NF-kB activity was measured by SEAP assay according to manufacturer’s
instructions. (B) Splenocytes were harvested from WT C57BL/6 or STING®’®' mice and
2x10° cells were plated in flat bottom 96-well plates in the presence of 10ug/mL CDN. After
72 hours, IFN-B levels in the supernatants were measured by ELISA (PBL Assay Science).
Statistical significance was calculated using Student’s T test. ns = not significant, * =
p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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4.2.2: In vivo characterization of 8803 relative to known CDNs

To determine whether the superior potency of 8803 in in vitro cell lines translates to
enhanced in vivo anti-tumor efficacy compared to other known CDNs, we performed
intratumoral injection of CDNs into subcutaneously-implanted PDAC tumors using a
Kras*c?PTP53*R172Hpdx1-Cre (KPC) derived cell line mT4-2D (445). Tumors were harvested
following three successive injections with 5ug of indicated CDN for mass measurement and
analysis by multi-parameter flow cytometry, probing for compositional and functional
modulation of the tumor immune microenvironment (Fig 11A). We find that relative to PBS
vehicle injection, CDG and cGAMP at this dose have minor effects on tumor mass. However,
ML-RR and 8803 induce regression of mT4-2D tumors, with 8803 delivering superior efficacy
over ML-RR (Fig 11B). Local delivery of 8803 triggers expansion of the CD45* immune
infiltrate (Fig 11C), which is dominated by recruitment of CD11b*Ly6G*Ly6C™IF4/80
granulocytes that likely consist largely of inflammatory neutrophils (Fig 11D). This
granulomatous response occurs at similar or reduced levels in tumors exposed to ML-RR or
CDG, but interestingly is not as prominent in cGAMP-treated mT4-2D tumors. Nearly all other
analyzed immune cell populations exist at higher densities following injection with 8803
relative to vehicle (Fig 11E), however among lymphocytes, particular expansion occurs within
the CD8 T cell compartment, with these cells exhibiting increased expression of functional
markers including Ki67 and Ly6C (Fig 11E-G). In the myeloid compartment, expansion of
CD11b*Ly6C*Ly6G F4/80™% monocytes occurs in response to 8803, with resulting
monocytes bearing reduced expression of the functional M2-like marker Arginase (Fig 11E,I).
Tumor associated macrophages (TAM) as defined by CD11b*Ly6CLy6G F4/80" marker
expression do not significantly expand in response to 8803, yet undergo phenotypic

conversion through downregulation of CD206 (Fig 1H). Together, these data describe in vitro
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stimulatory capacity and in vivo therapeutic effects of a novel STING agonist IACS-8803, and
detail its high relative potency compared to natural STING ligands CDG and cGAMP and the

clinical compound ML-RR-S2-CDA.
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Figure 11: In vivo characterization of 8803 in subcutaneous KPC-derived PDAC. (A)
Mice received subcutaneous injection of 2.5x10° mT4-2D cells in 30% matrigel, then were
injected intratumorally with 5ug CDN on days 15, 18, and 21 before tumor harvest on day
23. Tumors were massed, counted, and processed for flow cytometry analysis as
described in methods. Data shown represent (B) tumor mass, (C) CD45" infiltration, (D)
overall composition of analyzed CD45" cells, (E) cellular densities, (F) Ki67 and (G) Ly6C
expression on tumor CD8 T cells, (H) normalized CD206 expression on macrophages, and
(I) arginase expression in MO-MDSC. Data are cumulative of 2 independent experiments
with 5 mice per group. Statistical significance was calculated using Student’'s T test. ns =
not significant, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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4.2.3: Profiling effects of CDNs on murine bone marrow-derived MDSCs

STING agonists are known to act on a number of different cell types within the tumor
microenvironment, including dendritic cells, macrophages, endothelial cells, and
radioresistant stromal cells (414, 429, 443), and induction of CD8 T cell priming by activated
professional antigen presenting cells (APCs) is thought to be central to the efficacy of CDNs.
Phenotypic “M2 to M1” conversion of macrophages following STING activation has been
documented (442, 471), suggesting repolarization of suppressive myeloid populations may
contribute to the efficacy of CDNs in tumors with high myeloid infiltrates. However, it is
currently unknown whether CDNs modulate the phenotype or function of myeloid derived
suppressor cells (MDSC), which are numerous and highly immunosuppressive in many tumor
types. Therefore, we sought to describe the effects of CDNs on MDSC signaling and T cell
suppressive function.

We chose to study in vitro differentiated populations of bone marrow-derived MDSCs
(BM-MDSCs) due to the sensitivity of tumor MDSCs to ex vivo culture and the lack of definitive
phenotypic markers to differentiate bona fide MDSCs from mature neutrophils or monocytes
recruited following intratumoral CDN injection. Culture of murine bone marrow aspirates with
recombinant GM-CSF and IL-6 for 4 days vyields consistent populations of both
polymorphonuclear (PMN-) and monocytic (MO-) MDSCs as defined by expression of CD11b,
Ly6G, and/or Ly6C (Fig 12A, Supplemental Fig S8) (199). In these cultures, PMN-MDSCs
predominate numerically over MO-MDSC at a ~2:1 ratio, which reflects the relative abundance
of these populations observed in many tumor models (Supplemental Fig S8). We found this
mixed population of MDSCs capable of efficiently suppressing proliferation of naive CFSE-
labeled splenic CD8 T cells in the presence of polyclonal aCD3/a.CD28 stimulation, indicating

they are functionally valid MDSC as has been previously published (Fig 12B). To evaluate
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whether CDN are capable of modulating the suppressive function of MDSCs, we harvested
BM-MDSCs following 4-day in vitro differentiation and stimulated them with increasing
concentrations of 8803 for 1-2 days, then evaluated their suppressive function by T cell
suppression assay (Fig 12A). In comparison to unstimulated BM-MDSCs, 8803-treated BM-
MDSCs exhibit reduced suppressive function in a dose-dependent manner, with maximum
repolarization occurring at 10ug/mL 8803 (Fig 12B). These data suggest STING-activating
CDNs can reduce the suppressive function of BM-MDSCs in a dose-dependent manner. To
evaluate the relative capacity of different STING agonists to modulate MDSC function, we
stimulated BM-MDSCs with 2.5ug/mL of indicated CDN, then evaluated suppressive function
by T cell suppression assay. Under these conditions, CDG has no observable effects on BM-
MDSC function, while cGAMP stimulation yields BM-MDSCs with a trending decrease in
suppressive capacity at a 1:1 MDSC:T cell ratio. In contrast, both ML-RR and 8803 mediate
significant reversal of MDSC suppression, with a majority of T cells escaping suppression by
treated BM-MDSC at the equivalent 1:1 ratio (Fig 12C). Compared to ML-RR, 8803-treated
BM-MDSCs exhibit a trending, but not significant reduction in suppressive function. Together,
these data indicate the CDN can reverse the T-cell suppressive activity of in vitro differentiated
MDSC populations, and synthetic dinucleotides 8803 and ML-RR-CDA are superior to natural

STING ligands at mediating these effects.
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Figure 12: STING activation reduces the suppressive capacity of bone marrow-
derived MDSC. (A) Generation of BM-MDSC and repolarization protocol as described in
detail in methods. (B) Evaluation of MDSC suppression by CD8 T cell suppression assay
following MDSC repolarization using indicated concentration of 8803. (C) Evaluation of
MDSC suppression by CD8 T cell suppression assay following repolarization with
2.5ug/mL indicated CDN. Data are representative of at least two independent experiments.
Statistical significance was calculated using Student’s T test. ns = not significant, * =
p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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Supplemental Figure S8: MDSC subsets in unstimulated BM-MDSC cultures. Bone
marrow harvested from WT C57BL/6 mice was cultured in the presence of GM-CSF and
IL-6 for 4 days to induce differentiation of suppressive BM-MDSC as described in methods.
Flow cytometric analysis of untreated BM-MDSC revel ~95% expression of CD11b, and a
2:1 ratio of Ly6G*Ly6C™? PMN-MDSC (49.4%) to Ly6C*Ly6G- MO-MDSC (24.0%).
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4.2.4: Profiling effects of CDNs on human M2c-polarized macrophages

A number of studies indicate a capacity for STING-activating CDN to facilitate “M2 to
M1-like” phenotypic conversion of in vitro-differentiated and tumor associated macrophages.
However, in depth profiling of CDN-mediated macrophage repolarization in controlled in vitro
settings has not been reported. Additionally, analysis of myeloid polarization by CDNs has
predominately focused on murine macrophage populations, leaving little known about the
potential for STING agonists to modulate macrophages of human origin. We generated
human macrophages through magnetic bead isolation of healthy donor peripheral blood
mononuclear cell (PBMC) CD14* monocytes, which were cultured in the presence of M-CSF
for 6 days to induce macrophage differentiation. Polarization to an “M2c-like” phenotype was
induced through addition of IL-10 and TGF-B cytokines for 2 days as previously described
(447), yielding macrophages with high expression of CD163, CD206, PD-L2, and IRF4.
Following differentiation and polarization, resulting M2c-like macrophages were exposed to
CDNs at 10 pg/mL concentration for 3 days in the presence of supportive M-CSF (Fig 13A).
We found unstimulated M2c macrophages to exhibit classical M2-like morphology
characterized by firmly adherent, elongated cellular architecture (Fig 13 B). In contrast,
addition of CDNs results in a shift in morphology towards a less-adherent, “fried egg” M1-like
shape (343, 472). Interestingly, the degree to which this morphological shift occurs is
correlated with CDN potency, which can be measured roughly by side scatter characteristics
upon analysis by flow cytometry (Fig 13C). Exposure to ML-RR or 8803 induce potent
upregulation of M1-like markers CD86, HLA-DR, and IL-6 relative to unstimulated, CDG-
treated, or cGAMP-treated M2c macrophages, concomitant with downregulation of classical
M2-like markers CD206 and CD163. Furthermore, 8803 is superior to ML-RR in inducing

expression of CD80 and PD-L1, which are generally unresponsive to natural CDNs at the
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dose examined (Fig 13C). These markers are expressed at lower levels than CD86 or IL-6,
thus we speculate that their expression may be a result of secondary effects from CDN-
induced primary secretion of IFNB, IFNy, or TNFa cytokines. In addition, we observe a
profound proliferative block in M2c macrophages responding to ML-RR or 8803 as measured
by Ki67 downregulation. Interestingly, proinflammatory triggers such as LPS were recently
shown to block proliferation controlled by Myc, which also governs M2-like polarization in
macrophages (473-475). Thus, it is tempting to speculate that potent STING activation by ML-
RR or 8803 counteracts Myc-dependent proliferation and suppressive polarization. Together,
these data indicate that CDNs are capable of mediating direct inflammatory repolarization of

human M2c-like macrophages at morphological and phenotypic levels.
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Figure 13: STING activation phenotypically repolarizes human M2c macrophages.
(A) Protocol for generation of M2c polarized macrophages from CD14* PBMC-derived
monocytes and subsequent CDN stimulation, as detailed in methods. (B) Representative
images of morphological changes in M2c macrophages following 3 day exposure to
indicated CDNs. (C) Analysis of macrophage phenotypic polarization following 3 day CDN
stimulation by flow cytometry. Data are cumulative of two independent experiments with 3
unique donors each. Statistical significance was calculated using Student’s T test. ns = not
significant, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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