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ABSTRACT

Checkpoint blockade immunotherapies have demonstrated remarkable therapeutic
success by overcoming tumor-induced T cell inhibition, however their efficacy is poor when
patients lack evidence of a spontaneous T cell response. Tumors in mice which generate a
spontaneous T cell response activate the innate immune system through the STING pathway.
STING agonists promote dendritic cell (DC) activation as well as subsequent priming and
recruitment of T cells, leading to significant tumor control in transplantable models. However,
preliminary clinical trial results suggest that STING agonists have clinical activity in only a
minority of patients and have limited efficacy in non-inflamed tumors. This observation suggests
a need to more closely study the non-inflamed tumor microenvironment and understand which
innate immune cells and signaling pathways are required for driving tumor-specific T cell
priming and recruitment in this context. Given that pathogen encounter rarely activates a single
innate immune pathway, we began by investigating different TLR pathways for their potential to
augment innate immune activation induced by STING. We found that the TLR4 agonist LPS was
able to synergize with the STING agonist DMXAA to induce IFN-f production in vitro and was
able to improve tumor control in vivo. We next addressed the possibility that STING agonists
could fail due to insufficient numbers of essential DCs present in the tumor microenvironment.
We found that intratumoral FIt3L promoted accumulation of CD103* DCs and led to tumor
control in combination with DMXAA and anti-PD-L1 + anti-CTLA-4 in our non-T cell-inflamed
genetic mouse melanoma model. Lastly, we investigated gene expression profiles of Wilms
tumors, a severely non-T cell-inflamed cancer type. We identified upregulation of DNA repair
gene expression in these tumors as well as various adult tumor types including melanoma,

suggesting a previously undescribed mechanism of immune evasion.



Chapter 1: Introduction

1.01 Tumors evade immune destruction

The human immune system is highly evolved to rid the body of a wide range of
pathogens and infected cells. Cancers can arise when somatic cells acquire mutations that convey
a growth or survival advantage. These neoplastic cells are often recognized and destroyed by the
immune system, but in cases in which this does not occur completely, selective pressure from
immune surveillance can lead to outgrowth of the most resilient cell subsets'-2. As these cells
grow into a new tissue, they can exploit endogenous tissue repair and wound healing
mechanisms. This process may attract additional immune attention, driving a complex and
dynamic interaction between the nascent tumor and the immune system®. The way in which the
immunological environment shapes the tumor as it develops has been termed cancer
immunoediting, and it can favor the outgrowth of tumors adept at evading immune
elimination*?,

Tumor antigen-specific CD8" T cells are a critical component of the anti-tumor immune
response. Many patients display evidence of an endogenous, de novo T cell response against
their tumors, as indicated by transcriptional profiling and presence of activated T cells within the
tumor microenvironment. However, those T cells fail to eliminate tumors unaided. The failure
of spontaneous immune-mediated tumor rejection is thought, in part, to be due to the action of
negative regulatory mechanisms that inhibit key functional properties of T cells infiltrating
tumors. One of these pathways involves engagement of the T cell inhibitory receptor, PD-1, by
its major ligand, PD-L16. Based on this biology, antibodies targeting the PD-1/PD-L1

interaction have been developed for clinical use and show remarkable activity in a wide range of



tumor types’. Clinical activity has been correlated with the presence of an activated T cell gene
signature at baseline®, and following treatment with anti-PD-1, a marked expansion of tumor-

infiltrating CD8" T cells has been observed’.

Despite these clinical successes, a major subset of cancer patients lacks a spontaneously
developed T cell-inflamed tumor microenvironment in the steady state, and generally does not
respond to checkpoint blockade immunotherapy!®. Tt is thought that triggering productive T cell-
based inflammation within the tumor microenvironment may offer the potential to expand the
fraction of patients benefiting from anti-PD-1 treatment and other immunotherapies. One
strategy towards this goal has been to gain an understanding of the fundamental mechanistic
steps involved with spontaneous T cell activation and infiltration against tumors when it does
occur, with the aim of mimicking or reproducing those steps in the cases when it does not occur

de novo.

1.02 Innate immune recognition of cancer

In general, the generation of an adaptive immune response (i.e., induction of a T cell or
antibody response) first requires activation of the innate immune system, which signals the
presence of “danger” or an outside threat. In the tumor context, dead and dying cancer cells
release antigens that can be taken up, processed, and displayed by antigen presenting cells
(APCs). Studies in Batf3”-mice have implicated Batf3-lineage CD103" dendritic cells (DCs) as a
particularly important APC subset for this process. CD103" DCs cross-present tumor-derived
antigen on major histocompatibility complex (MHC) class I to CD8" T cells primarily in the
tumor-draining lymph node, although some evidence suggests T cell priming may also occur

within the tumor microenvironment. Following priming and activation in the lymph node, T cells



traffic back to the tumor where they can carry out their effector function and kill tumor cells.
This trafficking is supported by the chemokines CXCL9 and CXCL10 which bind CXCR3 on T

cells!!:12

. During the effector phase of the antitumor immune response APCs continue to provide
additional activating signals, such as the costimulatory ligands CD80 and CD86, which are
capable of promoting T cell expansion, survival, and function within the tumor.

Preclinical models revealed that endogenous CD8" T cell priming against tumors was
markedly reduced in mice deficient for STING (STimulator of INterferon Genes)'®. STING
knockout host mice also showed reduced cytokine production (including IFN-f3) in response to
tumor implantation and failed to reject highly immunogenic tumors. These defects were not
observed in mice deficient in other innate immune pathways, such as specific Toll-like receptors
(TLRs). The STING pathway is a cytosolic DNA sensing pathway, and evidence indicated that
tumor-derived DNA could be found within the cytosol of tumor-infiltrating APCs. Cytosolic
DNA is detected within cells when it binds to the enzyme cyclic GMP-AMP synthase (cGAS),
which then generates cyclic GMP-AMP (cGAMP) that acts as a secondary messenger to activate
STING and promote downstream signaling!'4. Following cGAMP binding, STING migrates from
the ER through the Golgi where TBK1 binds and phosphorylates STING'. This complex then
buds off in perinuclear vesicles. The transcription factor IRF3 can bind the activated complex
and be phosphorylated by TBK1'®. Phosphorylated IRF3 then translocates to the nucleus where it

induces the expression of IFN-f and other genes!’. In this way, tumor-derived DNA is sensed by

cGAS and leads to IFN-f transcription downstream of STING pathway activation.

IFN- production in the tumor microenvironment is associated with increased expression
of the costimulatory molecule CD86 on dendritic cells and increased cross-priming of CD8" T

cells!8. Chemokine production by activated dendritic cells in the tumor microenvironment is also



critical for recruiting effector T cells'®. Tumors that lack CD103* DCs fail to produce CXCL9/10
and activated, tumor-specific T cells cannot efficiently be recruited to the tumor?’. Mice that lack
the type I interferon receptor IFNAR in CD11c" cells have poor tumor control, presumably due
to a failure of dendritic cells to mature and prime T cells as well as produce the chemokines
necessary to recruit T cells. In humans, type I interferons are also associated with T cell
inflammation in tumors. Previous work in metastatic melanoma demonstrated a positive
correlation between activated T cell gene expression and a type I interferon-induced gene

expression signature?!.

Together, these observations suggest that STING pathway signaling in the tumor
microenvironment promotes IFN-f3 production, which leads to activation of APCs including
CD103" DCs. Once activated, DCs play a role not only in priming T cells in the tumor-draining
lymph node, but also in recruiting them back to the tumor and promoting their expansion and
effector function. These data led to the hypothesis that exogenous agonists of the STING
pathway may have the potential to trigger de novo innate immune activation, leading to an

adaptive immune response that can then control tumor growth.

1.03 STING agonists as a cancer therapeutic

Based on these observations regarding the mechanisms involved in the emergence of
endogenous immune responses, intratumoral injection of exogenous STING agonists has been
explored as a therapeutic strategy. In multiple transplantable tumor models, intratumoral
injection of STING agonists led to rapid rejection of murine tumors®2, Maximal tumor control

depended on CD8" T cells, confirming an immune component of this efficacy, although some



tumor control was observed in the absence of T cells. STING pathway activation was associated
with increased IFN-f} expression by tumor-infiltrating immune cells, increased expression of the
T cell costimulatory molecule CD86 on APCs, and increased tumor antigen-specific CD8* T cell
cross-priming. These results indicate that providing additional STING pathway activation
through pharmacologic manipulation can lead to augmented type I IFN signaling, APC
maturation, CD8" T cell cross-priming, and recruitment of T cells into the tumor
microenvironment where they mediate rejection of tumors.

The STING agonist DMXAA was originally characterized as an anti-vascular agent and
displayed anti-tumor efficacy in a variety of mouse tumor models in vivo?***, While it fails to
bind human STING effectively, in vivo delivery of DMXAA in mice was found to induce a
potent adaptive immune response against transplantable tumors, as evidenced by immunologic
memory to re-challenge, rejection of distant non-treated tumors, and clearance of metastases.
This host response depended on type I IFN signaling and CD8" T cells, arguing that an adaptive
immune response was a major mechanistic component for efficacy?>2>2°, The failure of
DMXAA efficacy in STING™ mice, as well as lack of activation of STING”~ APCs in vitro,
together argued that DMXAA was indeed a direct STING agonist and that activity depended on

host expressed STING.

Based on lack of DMXAA binding to human STING, it became desirable to identify new
chemical entities with the potential to activate human STING for immune activation in the
setting of cancer. Initial drug development focused on using cyclic dinucleotides as a starting
point to mimic natural STING agonists but with increased stability and activation of the five
major human STING allelic variants. The first generation of human STING agonists, including

MIWS815 (ADU-S100) and MK-1454, have been investigated in early phase clinical trials alone



and in combination with anti-PD-1. So far, some clinical responses to these agonists have been

observed, but only in a minority of patients?’-?8

. Multiple next generation STING agonists or
inhibitors of STING regulatory proteins are being advanced into clinical development though
clinical data have not yet been reported. These include approaches that attempt to improve the
potency of the molecule while limiting the deleterious impact of STING agonists on activated T
cells at high doses, to limit non-canonical NK-«B activation (which lead to elaboration of IL-6

and TNF-a), as well as to facilitate systemic administration approaches that do not require

intratumoral injection.

Several biological considerations are being explored to understand mechanisms of
STING agonist response versus resistance. These include deciphering which immune cells in the
tumor microenvironment must be present for STING agonists to induce downstream immune
priming, understanding the optimal dose and schedule of STING agonists to avoid
overstimulation and negative regulation, and identifying predictive biomarkers for clinical

activity.

1.04 Rational combinations of innate immune agonists

The results from early clinical data showing STING agonists alone result in tumor
shrinkage in only a subset of patients indicate that deeper knowledge of innate immune pathway
activation in response to cancer is needed. In the case of pathogen exposure, innate immune
sensing rarely occurs by activating only one signaling pathway, and mammalian organisms have
evolved multiple discreet innate immune sensing receptor systems leading to the downstream

activation of several transcription factors. The detection of pathogen associated molecular



patterns (PAMPs) or danger associated molecular patterns (DAMPs) from damaged tissue by
specific receptors allows the innate immune system to distinguish between threats and tailor
downstream responses accordingly.

A major class of innate receptors for detecting pathogens are the Toll-like receptors
(TLRs). TLRs are pattern recognition receptors that reside on the cell surface or in endosomes of
various immune cells. They recognize microbial protein or lipid components as well as single or
double stranded RNA or unmethylated CpG DNA?’. TLR signaling leads to activation of
transcription factors such as NF«xB, IRF3, and IRF7, and contributes to the production of
proinflammatory cytokines including type I IFNs, TNFa., IL-6, and IL-1B3%. In addition to
cytokine production, TLR activation promotes costimulatory molecule expression on
macrophages and DCs, providing an important link between innate and adaptive immune
responses.

The IFN-B enhancer contains binding sites for multiple transcription factors, including
IRF3, IRF7, NFkB, and AP1, and it is likely that a combination of multiple signaling pathways
and downstream transcription factors is necessary for optimal IFN- transcription®!-32, In fact, it
has been reported that maximal IFN- transcription is only achieved when all four transcription
factor binding sites are present and cells are stimulated with a complex challenge, such as a
virus. Stimulation with agonists known to activate these transcription factors individually were
unable to elicit strong IFN-f production.

Because the activation of multiple transcription factors can contribute to IFN-3
transcription, the IFN-f enhancer is a potential point of interaction between multiple innate

immune signaling pathways to impact on IFN-f transcription. This notion led to the idea that a



deeper understanding of STING pathway interaction with TLR pathways could inform novel
approaches to augment IFN-f3 production in in the context of cancer.

Activating TLR pathways as a strategy to combat cancer is not a novel concept. In fact,
William B. Coley, often considered the “Father of Immunotherapy,” first injected streptococcal
organisms into a patient with inoperable cancer in 18913*3, He went on to treat over 1000
patients with bacteria or bacterial products, and reported remarkable tumor responses, especially
in bone and soft tissue sarcomas?. Despite its clinical promise, ‘Coley’s toxin’ was not well
received by the scientific community and it was not until decades later that Coley’s work
regained recognition. Currently there are several TLR agonists in clinical development, and the
TLR7 agonist Imiquimod has been FDA approved in basal cell carcinoma among other
indications*®. Additional preclinical and clinical data suggest that achieving successful antitumor
responses in a large fraction of patients requires combinatorial approaches®’. Pursuing rational
combinations of STING agonists and TLR agonists has the potential to limit deleterious effects
of high dose STING agonist administration and potentially increase the fraction of patients who

respond to STING agonist therapy.

1.05 The non-T cell-inflamed tumor microenvironment

Another reason therapeutic STING agonists may be unsuccessful in generating
productive T cell responses in patients is that some tumors lack the required CD103" DC subset
for T cell priming and recruitment. This notion suggests a need to more closely study the non-
inflamed tumor microenvironment and understand which innate immune cells and signaling

pathways are required for driving tumor-specific T cell priming and recruitment in this context.



One useful tool to address these questions is the BRAF-activated, PTEN-deleted, f-catenin-
stabilized (BPC) genetic melanoma model.

Unlike BRAF-activated, PTEN-deleted (BP) tumors, BPC tumors have an additional
stabilizing -catenin mutation, which mechanistically has been shown to lead to poor infiltration
of both CD103" dendritic cells and CD8" T cells. This phenotype was associated with lack of
therapeutic activity of checkpoint blockade immunotherapy3®. Presumably due to the low number
of CD103* DCs, there was a deficit in T cell priming, with significantly reduced SIY-specific T
cell numbers when BPC tumors also inducible expressed the model antigen SI'Y (BPC-SIY). In
addition to poor T cell priming, a separate, additional defect was identified in the recruitment of
primed effector tumor-specific T cells into tumor sites. Pre-activated, SIY-specific 2C T cells
when transferred into BPC-SIY animals did not accumulate in the tumor and failed to exert
therapeutic activity3*.

As mentioned above, BP tumors were infiltrated by Batf3-lineage CD103" DCs, which
are the subset particularly important for cross-priming tumor-specific T cells and recruiting
activated T cells into the tumor. When BP host mice were engrafted with Batf3”- bone marrow
they no longer displayed spontaneous T cell accumulation. Microarray data showed that BPC
tumors have significantly lower expression of chemokines, such as CCL4 and CCLS5, which are
known to bind CCR5 and promote CD103* DC recruitment. In BP tumors, CD103" but not
CD103"DCs expressed high levels of CCRS5, and BP host mice engrafted with CCR5” bone
marrow showed a significant reduction in tumor-infiltrating CD103* DCs. CCRS is a chemokine
receptor known to be important for regulating DC migration to inflamed tissues*®. BP host mice

lacking CCRS in the hematopoietic compartment also demonstrate significantly reduced T cell



infiltration, suggesting that CD103* DCs are additionally necessary for effector T cell
recruitment®.

In BP mice crossed to STING™ mice there was a loss of T cell recruitment but not
CD103" DC recruitment. This observation indicates that DCs unable to respond to endogenous
STING agonists fail to prime and recruit T cells to the tumor, which supports the previously
described results observed in transplantable tumor models. In BP tumors, tumor-infiltrating
APCs also produced IFN-f, and CD103" DCs were the predominant source of CXCL9 and
CXCL10. BP-SIY mice reconstituted with CXCL10”~ bone marrow were unable to recruit
transferred effector 2C T cells, and when DCs were depleted using a CD11c-DTR bone marrow
chimera, Fl1t3 ligand-bone marrow-derived wild type but not CXCL10”- DCs were able to
recover 2C T cell accumulation. These results prove the requirement for CXCL10 production by
dendritic cells for tumor-specific T cell recruitment to BP tumors?’.

While BPC tumors lacked spontaneous infiltration of CD103" DCs and subsequent
priming and recruitment of CD8" T cells, intratumoral injection of in vitro-activated, F1t3 ligand-
bone marrow-derived DCs (BMDCs) was shown to reverse those defects at least partially.
Injected tumors were able to accumulate transferred effector 2C T cells, as well as to
significantly delay tumor growth and sensitize BPC tumors to checkpoint blockade antibodies?®.
This observation serves as a proof-of-principle that non-inflamed tumors can prime and recruit
tumor-specific CD8" T cells to generate a productive immune response if the appropriate
activated DCs are present.

Thus, the BPC melanoma model presents an enticing opportunity to evaluate strategies
aimed at recruiting DCs, specifically the CD103" DC subset, to non-inflamed tumors. If this can

be achieved successfully, it may sensitize these tumors to STING agonist and/or checkpoint
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blockade antibody therapy. If translatable to the clinic, such strategies would have the potential
to expand the fraction of patients who receive clinical benefit from these existing
immunotherapies. By continuing to refine our understanding of the necessary steps involved in
generating a successful anti-tumor immune response, we may be able to identify and overcome

defects further upstream in the process and maximize clinical responses.

1.06 Mechanisms of tumor immune exclusion

The current success of immunotherapy is limited by the prevalence of non-T cell-
inflamed tumors which typically do not respond to checkpoint blockade antibodies*’. This
necessitates study of the underlying barriers to immune responses in non-inflamed tumors, as
well as the requirements for generating an anti-tumor immune response de novo. Doing so will
identify strategies to reverse the non-inflamed tumor phenotype and promote tumor control alone
or in combination with existing immunotherapies. In addition to evaluating non-inflamed tumors
from an immune cell perspective, it will also be beneficial to examine the tumor cell
compartment to identify the ways in which they block successful immune infiltration.

The WNT/B-catenin pathway was the first pathway identified to mediate immune
exclusion in melanoma through tumor cell-intrinsic oncogene activation!?. The initial
observation was made by segregating TCGA metastatic melanoma patients into T cell-inflamed
and non-T cell-inflamed cohorts using an activated T cell gene signature. Further analysis of the
RNA sequencing as well as whole exome sequencing data revealed that nearly half of the non-T
cell-inflamed cohort displayed increased activation of the pathway3®. This led to the development

of the BPC mouse model with constitutively active -catenin described in the previous section.
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Subsequent analyses in bladder cancer found that WNT/B-catenin pathway activation was
frequently associated with lack of T cell inflammation in this tumor type as well*!. In a TCGA-
wide study, overactivation of WNT/B-catenin signaling was found to be present in the non-T
cell-inflamed subset of patients in 28 of the 31 tumor types analyzed*?. This indicates that
aberrant activation of the pathway frequently emerges as a conserved mechanism to promote
immune exclusion, regardless of tumor type. The mechanism by which WNT/B-catenin
activation is thought to mediate immune exclusion is through lack of CCL4 and CCL5
production which results in a lack of CD103" DC recruitment, although other mechanisms also
might be involved as well. Strategies aimed at targeting overactive WNT/B-catenin signaling in
tumor cells are being explored but have yet to enter clinical development.

Additional pathways have been identified in various cancers that negatively associate
with T cell inflammation. In melanoma, loss of the tumor suppressor PTEN was shown to
correlate with non-responsiveness to anti-PD-1 therapy and low levels of tumor-infiltrating T
cells*. PTEN loss was associated with upregulation of CCL2 and VEGF as well as resistance to
T cell-mediated killing through autophagy inhibition. In preclinical models, an anti-VEGF-
blocking antibody was able to improve T cell infiltration as well as antitumor activity of T cells
against PTEN-deficient tumors. This corroborates the notion that PTEN loss in melanoma helps
resist T cell infiltration by producing immune inhibitory cytokines***>. The pro-tumor effects of
PTEN loss could also be overcome using a PI3Kf inhibitor, which sensitized PTEN-null
melanomas to in vitro T cell killing, increased in vivo T cell infiltration, and improved tumor
control.

Gain of function mutations in IDHI and IDH2 are extremely common in glioma and

occur in 70-80% of tumors*®. Gliomas with IDH-activating mutations were also found to express
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lower levels of T cell-associated genes and genes associated with IFN-y-inducible chemokines*’.
Mechanistic studies revealed that IDH gain of function activity is mediated through the
conversion of a-ketoglutarate to R-2-hydroxyglutarate, which limits intratumoral CXCL9 and
CXCL10%. As CXCL9 and CXCLI10 are key chemokines for recruiting effector T cells to
tumors, this mechanism likely explains why IDH-activated gliomas may exhibit reduced levels
of T cell infiltration. Interestingly, blocking R-2-hydroxyglutarate production using a selective
inhibitor of mutated IDH1 restored chemokine expression, improved T cell infiltration, and
increased peptide vaccine efficacy in mouse models of glioma?’.

These examples highlight the fact that tumor-intrinsic mediation of T cell exclusion
through oncogenic mutations have the potential to affect different processes upstream of T cell
infiltration. In the tumors with altered WNT/B-catenin signaling, lack of chemokines like CCL4
and CCL5 known to recruit CD103* DCs seems to be a major mechanism impairing generation
of an active T cell response. In the cases of PTEN and IDH mutation, tumors appear to block T
cell recruitment either by producing factors such as CCL2 and VEGEF to inhibit T cell infiltration
or by failing to produce the required chemokines CXCL9 and CXCL10.

An encouraging outcome of these studies is the finding that several of these tumor-
intrinsic defects can be reversed by targeting the aberrant pathway, resulting in de novo T cell
infiltration and improved tumor control. In the case of WNT/B-catenin for which inhibitors have
not yet been fully developed, strategies to drive CD103" DC recruitment directly may provide a
viable alternative approach. Regardless, the approach of identifying tumor-intrinsic differences
between T cell-inflamed and non-T cell-inflamed human tumors can yield novel targets which, if
successfully drugged, might be capable of reversing immune exclusion in patients. These

pathways have the potential of being broadly applicable in many tumor types, as in the case of
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WNT/B-catenin, or more specific to one or more tumor types, as in the case of glioma IDH

mutations.

1.07 Wilms tumor as a severely non-T cell-inflamed cancer type

While the activation of certain genes, such as 3-catenin, has been identified to promote
the non-inflamed tumor phenotype, tumors may employ as yet unknown mechanisms to impair T
cell inflammation. Closer examination of human tumor transcriptional data, especially in
pediatric tumors with few antigenic mutations, may uncover additional pathways that drive the
non-T cell-inflamed phenotype. Wilms tumor is the most common pediatric kidney malignancy
and affects approximately 1 out of every 10,000 children**-°, While the characterization of
endogenous immune responses to adult tumors has led to the development of successful
immunotherapeutic strategies, knowledge of pediatric anti-tumor immunity remains limited.
Compared to adult tumors, pediatric tumors tend to have sparse neoantigens as well as an
increased degree of stemness, which has been associated with immune cell exclusion and
resistance to immune-mediated elimination®!. Wilms tumors in particular have a limited number
of genetic aberrations and patients demonstrate a reduced autoantibody responses compared to
neuroblastoma patients, which indicates fewer immunogenic antigens are present>>>3, In the
three major adult kidney cancer types, a Tumor Inflammation Signature (TIS) scores predict
response to checkpoint blockade immunotherapy, while tumor mutational burden does not™.
Renal clear cell carcinoma (KIRC) has the second highest TIS among all TCGA adult tumor

types and is relatively responsive to immunotherapy without having a particularly high mutation

load. On the other hand, chromophobe renal cell carcinoma (KICH) and kidney renal papillary
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cell carcinoma (KIRP) have similar mutation loads to KIRC, but lower TIS scores and appear to
show lower responsiveness to PD-1 blockade.

The most commonly mutated gene in Wilms tumor is CTNNBI, and other recurring
mutations also promote Wnt pathway activation®-°, Interestingly, as mentioned above, active -
catenin signaling associates with immune exclusion across adult tumors and mechanistically

38,57

promotes T cell exclusion in mouse melanoma models’®~’. Due to these and other factors, one

might expect Wilms tumors to be relatively non-inflamed. While some studies with limited

numbers of patients have reported on the presence of T and NK cells in Wilms tumors®-60,

others have observed low PD-L1 expression, which may indicate sparse T cell infiltration®!-62,
Additionally, Wilms tumors with lower CD8" TIL scores are associated with larger size,
increased invasiveness and metastasis, and shorter overall patient survival®. These results
suggest that when T cell inflammation does occur in Wilms tumors, it can be associated with
improved prognosis. A deeper characterization of pediatric tumors, especially those with low

mutation burden and low T cell inflammation, may shed light on tumor-intrinsic mechanisms of

immune evasion relevant to adult tumors as well.
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Chapter 2: Materials and Methods

2.01 Cell lines and culture conditions

Macrophage and tumor cell lines were passaged in DMEM (Fisher #11995073)
supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL Penicillin/Streptomycin
(Fisher 15140122), and 1% Non-Essential Amino Acids (Fisher #11140050). Wild type (WT)
mouse macrophages were immortalized as described in Roberson and Walker®* and were
obtained from the laboratory of Dr. K. Fitzgerald at the University of Massachusetts. Asc™
macrophages that overexpress STING-HA tag were used to measure STING aggregation. To
measure NF-kB activity in reporter macrophages, RAW-Blue™ Cells were used (Invivogen raw-
sp). The B16.F10.SIY (henceforth referred to as B16.SI'Y) melanoma cell line was derived from
C57BL/6 mice as described®. The DC2.4 dendritic cell line was purchased from Sigma
(#SCC142) and cultured in RPMI (Fisher #11875119) supplemented with 10% heat-inactivated
fetal bovine serum, 1% L-Glutamine (Fisher #25030081), 1% Non-Essential Amino Acids
(Fisher #1140050), 1% HEPES Buffer Solution (Fisher #15630080), and 0.0054% [3-

Mercaptoethanol (Fisher #21985023).

2.02 In vitro stimulation assays

Cells were seeded in tissue culture-treated 6 well plates at a density of 1 million cells per
well. The next day cells were stimulated with one of several agonists depending on the

experiment. DMXAA (Cayman Chemical #117570-53-3) and LPS (Cell Signaling #14011)
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stimulations were performed at 50 pg/mL and 50 ng/mL, respectively, unless otherwise noted.

Cells were stimulated for 2 hours at 37° C prior to fixation or lysis, depending on the experiment.

2.03 Quantitative real-time PCR

RNA was extracted from stimulated cells using the Qiagen RNeasy Micro Kit according
to the manufacturer’s protocol. Columns were substituted with EconoSpin All-in-one silica
membrane mini spin columns (Epoch Life Science). Following isolation, RNA concentration
was quantified by nanodrop and diluted to 1.5 pg per reaction with water. RNA was treated with
DNAse I (Sigma #4716728001) prior to cDNA synthesis using high-capacity reverse
transcriptase (Fisher #4368814). The resulting cDNA was resuspended with water to a final
volume of 100 pL, 5 pL of which was used for each qRT-PCR reaction with 20 pL of Tagman
gene expression master mix (Fisher #4369514). Roche probes and primers were added to the
master mix as described below, and samples were run on a StepOne Plus real-time PCR machine
(Applied Biosystems #4376600).

Table 2.1. Mouse qRT-PCR primers

Target Roche Probe Name Sequence
IFN-B-F ggaaagattgacgtgggaga
IFN-B #108
IFN-B-R cctttgcaccctccagtaat
GAPDH-F agcttgtcatcaacgggaag
GAPDH #9
GAPDH-R ttgatgttagtggggtctcg

2.04 Immunofluorescent imaging Flow Cytometry

Macrophages were stimulated at a minimum of 2 million cells per condition. STING

aggregation was measured in STING-HA tagged macrophages, whereas IRF3 and p65 nuclear
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translocation was measured in WT macrophages. Following stimulation, cells were washed with
PBS and resuspended in fixation/permeabilization buffer from a kit (Fisher #00552300). The
below antibodies were used in intracellular staining for the antigens of interest.

Table 2.2 Immunofluorescent imaging antibodies

Antigen Vendor Catalog Specificity Isotype
HA tag Cell Signaling 3724 All Rabbit
IRF3 Cell Signaling 4302 Hu, Mu Rabbit
p65 Cell Signaling 8242 Hu, Mu Rabbit

APC-conjugated goat anti-rabbit secondary antibodies were used for secondary staining.
Prior to imaging, samples were stained for 5 minutes with 2 drops per mL DAPI (Akoya
#FP1490) in permeabilization buffer to label nuclei and washed twice with PBS. An Amnis
ImageStreamX machine was used to acquire images, which were then analyzed using IDEAS

software according to the manufacturer’s instructions.

2.05 NF-kB reporter assay

NF-«kB reporter RAW-Blue™ macrophages were seeded at 50,000 cells per well in a 96
well tissue culture-treated plate. Cells were stimulated the next day with DMXAA, LPS, or both
at a range of doses for two hours. Cell suspensions were incubated with QUANTI-Blue™
according to manufacturer’s instructions and SEAP levels were measured using a

spectrophotometer at 650 nm.

2.06 Ex vivo stimulation

Spleens from RelA"? x CD11c-Cre mice (Jax 024342 crossed to Jax 008068) were

harvested and incubated with digestion buffer for 30 minutes at 37° C while shaking at 200
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RPM. The digestion buffer contained RPMI (Fisher #11875119), 2% fetal bovine serum, 200
units/mL bovine pancreas Deoxyribonuclease I (Sigma C5138), 1 mg/mL Hyaluronidase (Sigma
H6254), and 1 mg/mL Collagenase Type IV (Sigma C5138). Digested spleens were then mashed
through a 70 pum cell strainer and washed with 15 mL PBS. Gey’s solution (500 mL water with
4.15 g NH4Cl plus 0.5 g KHCO;3 and filter sterilized) was added for 1 minute to lyse red blood
cells in the mixture. CD11c" cells were isolated using the CD11c MicroBeads UltraPure kit
using LS columns from Miltenyi (#130125835) according to manufacturer’s instructions.
Purified cells from each spleen were resuspended in complete DMEM, divided into four groups,
and stimulated for two hours with the conditions control, LPS, DMXAA, or LPStDMXAA.
Following stimulation, qRT-PCR for IFN-3 and GAPDH was performed. Cre-negative spleens
from littermate control mice were used as controls. Approximately 1/50" of each sample was
removed following CD11c isolation to check the cellular purity by flow cytometry, and only
samples containing 5% or fewer of T, B, and NK cells were used. The flow cytometry panel used

1s described below.

Table 2.3 Flow cytometry antibodies to assess CD11¢ purity

Marker Clone Fluorophore Vendor
B220 RA3-6B2 FITC PharMingen
CDI11b M1/70 BV711 BioLegend
CDllc N418 PE BioLegend
CD3 17A2 AF700 BioLegend
CD45 30-F11 APC-Cy7 BioLegend
I-A/I-E M5/114.15.2 PacBlue BioLegend
GR-1 RB6-8C5 PE-Cy7 BioLegend
Viability Fixable Viability Dye eFluor™ 506 eBioscience
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2.07 Transplantable tumor model

C57BL/6 obtained from Taconic Biosciences (Hudson, NY) were housed in specific
pathogen-free (SPF) conditions. TLR4 knockout (Jax 029015) and STING knockout (Jax
025805) mice were also housed in SPF conditions. Mice were given 1 million live B16.SIY
tumor cells at 6-8 weeks of age via subcutaneous injection. Tumor volume was calculated by
tumor length x width x height as measured with calipers three times per week until endpoint size

was reached.

2.08 Genetically engineered mouse (GEM) tumor model

BPC mice were generated by crossing Tyr:Cre-ER (provided by L. Chin) mice to LSL-
Brafveoor mice (provided by M. MacMahon) to Pteng/n mice (provided by T. Mak) to LSL-CAT-
STA mice (provided by F. Gounari). BPC-SIY mice had an additional cross to Rosa26-LSL-SIY
mice (Jax strain 009044). At 6-10 weeks of age, tumors were induced by applying 5 pL of 4-OH-
tamoxifen (Sigma #H7904) dissolved at 10 mg/mL in 100% ethanol to the shaved backs of mice.
Tumor measurements and treatments began four weeks post tumor induction. Tumor volume was
calculated by tumor length x width x height as measured with calipers three times per week until

endpoint size was reached.

2.09 In vivo agonist and antibody treatment

In vivo DMXAA injections were performed intratumorally with a single dose of 250 pg

in 50 pLL per mouse unless otherwise specified. In vivo LPS injections were performed
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intratumorally with a single dose of 250 ng in 50 puL per mouse unless otherwise specified. Both
LPS and DMXAA were injected on day 11 post tumor inoculation.

For immunotherapy experiments in BPC mice, a combination of anti-PD-L1 (BioXCell
#BE0101) and anti-CTLA-4 (BioXCell #BE0131) monoclonal antibodies was used. The
antibodies were injected intraperitoneally at a dose of 100 pg in 100 pL. Antibody injections
began at 4 weeks post tumor induction or 5 days post DMXAA injection when used and were
administered 3 times per week. FIt3L injections in BPC mice were intratumoral and performed at
4 weeks post tumor induction, as a single dose of 50 pg in 50 pL. unless otherwise specified.
DMXAA injections in BPC mice were single injections of 500 pg in 50 pL and were
administered at 4 weeks post tumor induction or 5 days post FIt3L injection when applicable.

For experiments involving CD8" T cell depletion, mice received intraperitoneal injections
of anti-CD8 monoclonal antibody (BioXCell #BE0223) dosed at 200 pg in 100 uL. CD8" T cell
depletion injections were done weekly starting at the first dose of anti-PD-L1 + anti-CTLA-4.
Blood samples were drawn, and flow cytometry was performed with the following panel to
confirm the depletion.

Table 2.4 Flow cytometry antibodies to assess CD8" T cell depletion

Marker Clone Fluorophore Vendor
CDl11b M1/70 AF488 BioLegend
CDllc N418 BV605 BioLegend

CD3 17A2 BV711 BioLegend
CD4 GKI1.5 APC-Cy7 BioLegend
CD45 30-F11 PB BioLegend
CD8 53-6.7 PE-Cy7 eBioscience
I-A/I-E M5/114.15.2 AF700 eBioscience
Viability Fixable Viability Dye eFluor™ 506 eBioscience
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2.10 Tissue processing and immune cell isolation

For the B16.SIY transplantable model, tumors were dissected and weighed prior to
digestion for 30 minutes at 37° C in tumor digestion buffer while shaking at 200 RPM. The
digestion buffer contained RPMI (Fisher #11875119), 2% fetal bovine serum, 200 units/mL
bovine pancreas Deoxyribonuclease I (Sigma C5138), 1 mg/mL Hyaluronidase (Sigma H6254),
and 1 mg/mL Collagenase Type IV (Sigma C5138). Digested tumors were mashed through a 70
um cell strainer and washed twice with 40 mL of PBS. Following the second wash, tumor cells
were resuspended in 8 mL of PBS. Next, 3 mL of Ficoll-Hypaque (Fisher #17144003) was
layered under the cell suspension to enrich for immune cells within the tumor mixture. Following
a 30-minute centrifugation at 400xg, the buffy layer was taken and washed with FACS buffer

(10% FBS, 1 mM EDTA in PBS) prior to antibody staining.

2.11 Flow cytometry of tumor-infiltrating immune cells

Cells were first stained with PE-MHC class I pentamer which contained murine H-2Kb
complexed to SIYRYYGL peptide (Proimmune) and purified CD16/32 to block non-specific Fc
R II/III binding. This step was performed in Brilliant Stain Buffer Plus (Fisher #566385) diluted
in FACS buffer for 30 minutes at room temperature. The remaining surface antibodies in FACS
buffer were added for an additional 30 minutes at room temperature. Cells were then fixed and
permeabilized with the Foxp3 / Transcription Factor Staining Buffer Set (Fisher #00-5523-00)
for 30 minutes at room temperature and washed with 1X Permeabilization Buffer from the set.
Cells were incubated overnight at 4° C with the intracellular antibodies in 1X Permeabilization
Buffer. The next day, cells were washed three times with 1X Permeabilization buffer and

resuspended in 150 uL FACS buffer prior to flow cytometry. Samples were run on a Cytek™
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Aurora® cytometer with SpectroFlo software. FlowJo software (Tree Star) was used for data

analysis.

Table 2.5 Flow cytometry antibodies to assess tumor immune infiltrates

Marker Clone Fluorophore Vendor
CD103 2E7 BV421 BioLegend
CDl11b M1/70 BV570 BioLegend
CDllc N418 AF647 BioLegend
CD19 6D5 BVS510 BioLegend
CD206 C068C2 BV605 BioLegend
CD3 17A2 AF700 BioLegend
CD4 GKI1.5 Spark NIR685 BioLegend
CD44 IM7 FITC BioLegend
CD45 30-F11 AF532 BioLegend
CD62L MEL-14 PE-Cy7 BioLegend
CD69 HI1.2F3 BUVS563 BD Biosciences
CD80 16-10A1 PE/Dazzle594 BioLegend
CD86 PO3 BUV496 BD Biosciences
CD8a 53-5.7 PerCP ef710 eBioscience
F4/80 BMS PerCP/Cy5.5 BioLegend
Foxp3 FJK-16a APC BioLegend
I-A/I-E M5/114.15.2 Pacific Blue BioLegend
Ki67 B56 BV711 BD Biosciences
Ly6C HK1.4 BV785 BioLegend
Ly6G 1A8 BUV661 BD Biosciences
NKI1.1 PK136 APC-Cy7 BioLegend
PD-1 J43 BUV395 BD Biosciences
PDCA-1 927 BV650 BioLegend
Viability Zombie NIR™ Fixable Viability Kit BioLegend

2.12 Immunofluorescence of human tissue samples

5-um cut sections from formalin-fixed paraffin embedded (FFPE) blocks were stained
using Opal multiplex kit (AKOY A Bioscience, Menlo Park, CA, USA) according to the
manufacturer’s instructions. Briefly, slides were baked for 1 h at 60°C. After deparaftinization
and rehydration, tissues were fixed with 10% neutral buffered formalin. Antigen retrieval was

performed with pH 9 buffer for 20 minutes at 110°C in a pressure cooker followed by blocking.
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Tissues were then incubated with each primary antibody for 1 hour at room temperature (MSH2
[D24B5, 1:200], CD8 [M7103], SOX10 [20B7]), followed by a horseradish peroxidase-
conjugated secondary antibody for 10 minutes at room temperature. Signal amplification was
achieved by the corresponding Opal fluorophore (AKOY A Bioscience, Menlo Park, CA, USA)
reaction utilized tyramide signal amplification for 10 minutes at room temperature. The process
from antigen retrieval to signal amplification was repeated for each of the target molecules. After
staining all the target molecules, slides were counterstained with 4°, 6-diamidino-2-phenylindole

(DAPI) and were mounted and coverslipped.

2.13 Multispectral scanning and image analysis

The stained slides were imaged using the Vectra® Polaris™ Automated Quantitative
Pathology Imaging System (AKOY A Bioscience, Menlo Park, CA, USA) at 20x resolutions with
the following channels: DAPI, FITC, Cy3, Texas red and Cy5. On each scanned image, five
regions of interest (ROI) of preset size that had the most abundant CD8™ cell infiltration were
selected in tumor nests. Those selected ROIs were scanned at 20x resolutions to make .im3
format image files for the following image analysis.

The scanned .im3 format image files were analyzed using inForm® Cell Analysis
software (AKOY A Bioscience, Menlo Park, CA, USA). Tissue segmentation was performed by
highlighting examples of SOX10* tumor area, SOX10" stromal area, and non-cellular area, and
allowing the algorithm to learn each tissue type. Cell segmentation was performed using DAPI
counterstain, and x and y position was assigned to each cell. The following cell phenotypes were
determined by highlighting examples of each cell phenotype and allowing the algorithm to learn

each cell phenotype: SOX10*, CD8*, MSH2", and others. Finally, batch analysis using the

24



trained algorithm was performed for all the ROIs, outputting information including tissue area
and phenotype of each cell. The numbers of each immune cell phenotype were calculated as the

numbers in tumor areas divided by the number of the total cells in tumor areas.

2.14 Analysis of RNA sequencing data

RNA sequencing data were downloaded from the Genomic Data Commons for adult
TCGA samples and the Therapeutically Applicable Research to Generate Effective Treatments
(TARGET) database for pediatric samples. Raw read counts were processed by TMM
normalization followed by log2 transformation. Differential gene expression analysis was
performed using the limma voom package in R. Pathways significantly altered by the
differentially expressed genes were detected using Ingenuity Pathway Analysis (IPA) from
Qiagen Inc using the curated Ingenuity Knowledge Base. Tumor Inflammation Signatures (TIS)
were calculated as the median of normalized log2-expression of the following 18 genes:
PSMB10, HLA-DQA1, HLA-DRB1, CMKLR1, HLA-E, NKG7, CD8A, CCL5, CXCL9, CD27,

CXCR6, IDOI, STATI, TIGIT, LAG3, CD274, PDCD1LG2, CD276.

2.15 Statistical analysis

Tumor growth curves were analyzed in GraphPad PRISM. Differences in growth were
determined using Tukey’s multiple comparisons post-test. For other comparisons between two
groups, unpaired, two-tailed Student’s tests were used. For comparisons between three or more
groups, one-way ANOVA’s were used to evaluate differences, with Benjamini-Hochberg FDR

correction for multiple comparisons®. Statistical significance was considered to be p < 0.05 and
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was denoted as follows: *p < 0.05, **p < 0.01, ***p <0.001, ****p < (0.0001. All statistical tests

were performed using GraphPad PRISM and R.
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Chapter 3: TLR4 agonist LPS augments STING-induced
innate immune activation

3.01 Introduction

Pharmacological engagement of the STING pathway has shown great efficacy in
preclinical mouse models, but therapeutic effects in human cancer patients have been limited.
STING agonists alone may result in suboptimal innate immune activation, which could explain
why many patients do not respond to STING agonist therapy. In the context of pathogen
exposure, innate immune sensing rarely occurs by activating only one signaling pathway, and
mammalian organisms have evolved multiple discrete innate immune sensing receptor systems,
leading to the downstream activation of several transcription factors. In the tumor context, IFN-3
has been identified as necessary for tumor-specific T cell priming. The IFN-f3 enhancer contains
binding sites for multiple transcription factors, and it is likely that engaging more than one
signaling pathway and downstream transcription factor is necessary for optimal IFN-3
transcription. We hypothesize that activating multiple signaling pathways may improve innate
immune activation in response to tumors and may increase the therapeutic effects of STING

agonist therapy.

3.02 LPS synergizes with DMXAA in vitro

We initially examined several TLR agonists, including Pam3CSK4 (TLR1/2), Poly:1C
(TLR3), LPS (TLR4), Gardiquimod (TLR7), and CpG ODN1668 (TLR9Y) for their ability to
induce IFN- transcription in macrophages. Each TLR agonist tested individually at a range of

concentrations induced far less IFN-f3 production than the STING agonist DMXAA (Figure
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3.1A). However, when tested in combination with DMXAA, LPS induced a synergistic increase
in IFN-f transcription, which was significantly greater than the sum of induction by either
agonist alone (Figure 3.1B). This was true across a range of doses tested, and LPS significantly
increased the amount of IFN-f3 produced in response to low doses of DMXAA (Figure 3.1C).
The same effect was observed in the DC2.4 cell line, indicating that the synergy observed is not

a macrophage-restricted phenomenon but also occurs in DCs (Figure 3.1D).
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Figure 3.1 LPS and STING agonist DMXAA synergize to induce IFN-f transcription.

(A) IFN-B transcription following stimulation of macrophages in vitro with TLR agonists CpG
ODN 1668, Gardiquimod, Pam3CSK, Poly:IC, LPS, and STING agonist DMXAA. (B) IFN-3
transcription following stimulation of macrophages in vitro with LPS, DMXAA, or combination.
(C) IFN-B transcription following stimulation of macrophages in vitro with dose titrations of
LPS, DMXAA, or DMXAA + 50 ng/mL LPS. (D) IFN-f transcription following stimulation of
DC2.4 cells in vitro with LPS, DMXAA, or combination.
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Thus, LPS was able to significantly increase the maximal amount of IFN-f3 produced in

response to DMXAA. Even low doses of DMXAA combined with LPS induced greater IFN-[3

than high doses of DMXAA alone.

3.03 LPS does not augment DMXAA signaling through STING or IRF3 activation

Next, we sought to determine the mechanism by which the synergy between LPS and
DMXAA was occurring, and first focused on the core STING pathway itself. Downstream
signaling following STING engagement is well-characterized, and involves STING aggregation
followed by TBK1 and IRF3 phosphorylation. This then leads to IRF3 nuclear translocation
where it can carry out its transcriptional activity and induce IFN-f3 production. To assess STING
aggregation in response to DMXAA, LPS, and the combination, we stimulated STING-HA
labeled macrophages and performed ImageStream analysis to visualize STING aggregation.
Robust STING activation was induced by DMXAA and was also present in the LPS+tDMXAA
condition, but not in the condition with LPS alone (Figure 3.2A, Figure 3.2B). Similarly, LPS
did not significantly induce IRF3 nuclear translocation or increase the nuclear translocation

induced by DMXAA alone (Figure 3.2C, Figure 3.2D).
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Figure 3.2 LPS does not strongly affect STING aggregation or IRF3 nuclear translocation.
(A) ImageStream images of STING aggregation in STING-HA macrophages stimulated with
LPS, DMXAA, LPS + DMXAA. (B) Quantification of percentage of cells with STING
aggregation following stimulation. (C) ImageStream images of IRF3 nuclear localization in
macrophages stimulated with LPS, DMXAA, LPS + DMXAA. (D) Quantification of percentage
of cells with nuclear localization based on overlap with DAPI.

These data suggest that LPS is not augmenting the IFN-f response to DMXAA by

affecting STING directly or the transcription factor IRF3.

3.04 LPS signaling through NFkB is required for synergy

Since signaling downstream of LPS is known to activate NFkB, and NFkB can contribute
to transcriptional regulation of the IFN-f3 promoter/enhancer, we next examined NFxB in
response to stimulation with these agonists. To study NF«B activity, we used ImageStream to
measure nuclear translocation of the NFkB subunit p65. Although LPS failed to induce IRF3

nuclear translocation, LPS induced robust p65 nuclear translocation (Figure 3.3A, Figure 3.3B).

DMXAA had a relatively minor effect on p65 nuclear translocation, and the combination of LPS
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+ DMXAA appeared similar to LPS alone. Next, we examined NFkB activity directly using
RAW-Blue™ reporter macrophages. Across a range of doses, LPS induced significantly greater
reporter activity than did DMXAA, and the LPS + DMXAA condition appeared similar to LPS
alone (Figure 3.3C).

Since NFxB was readily induced by LPS stimulation, we examined whether it was
required for the synergistic induction of IFN-f expression. To test the necessity of NFkB for the
synergy between LPS and DMXAA, we isolated CD11c¢" cells from p657™ mice that were
CD11c-Cre" or CD11c-Cre” and measured IFN-f following agonist stimulation. As we had
observed previously with macrophages and the DC cell line, CD11c¢" cells from Cre™ mice that
had p65 intact showed increased IFN-3 transcription with LPS+DMXAA compared to DMXAA
stimulation alone. However, with CD11c" cells deleted of p65, no such increased was observed
with combination treatment . This result indicates that p65 is necessary for the synergy between

LPS and DMXAA in causing increased IFN-f3 production.
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Figure 3.3 LPS promotes NFkB activation by increasing p65 nuclear translocation.

(A) ImageStream images of p65 nuclear localization in macrophages stimulated with LPS,
DMXAA, LPS + DMXAA. (B) Quantification of percentage of cells with nuclear localization
based on overlap with DAPI. (C) NFxB reporter activity in RAW-Blue™ macrophages
stimulated with following stimulation with dose titrations of LPS, DMXAA, or DMXAA + 50
ng/mL LPS. (D) IFN- transcription in CD11c" cells purified from RelA x CD11c-Cre* and
RelA x CD11c¢c-Cre” mice stimulated with LPS, DMXAA, LPS + DMXAA.

Overall, these data support our model that DMXAA primarily signals through the

transcription factor IRF3, and LPS primarily signals through NFkB. Activation of both of these
transcription factors with agonists for both pathways induces synergistic levels of IFN-3

transcription.

3.05 LPS synergizes with DMXAA in vivo to promote tumor control

Because LPS + DMXAA induced such a strong IFN-f3 response in vitro, we next wanted

to test if LPS could promote tumor control in vivo with DMXAA. To do so, we used a
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suboptimal 250 ug dose of DMXAA, and performed a single intratumoral injection with or
without 250 ng LPS. As evidenced by the growth curve, both LPS and DMXAA alone resulted
in improved tumor control. However, there was a significant improvement when both agonists

were administered together (Figure 3.4).
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Figure 3.4 Intratumoral LPS improves tumor control alone and in combination with
DMXAA.

B16.SIY tumor growth in C57BL/6 mice treated intratumorally on day 11 with 250 uyg DMXAA,
250 ng LPS, or both.

This observation indicates that combining agonists for different innate immune pathways,
specifically the STING and TLR4 pathways, can result in improved anti-tumor immune
responses. To determine whether host expression of STING and TLR4 were required for this
improved tumor control, the same in vivo injection strategy was performed in STING”- and
TLR4”~ mice. LPS showed some anti-tumor activity in STING”- mice, but there was no

additional benefit with DMXAA in these mice (Figure 3.5A). Similarly, DMXAA showed some
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activity in TLR4”- mice, but synergy was not observed between the two agonists in these mice

either (Figure 3.5B).
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Figure 3.5 In vivo benefit of DMXAA and LPS combination is dependent on STING and
TLR4.

(A) B16.SIY tumor growth in STING”- mice treated intratumorally on day 11 with 250 pg
DMXAA, 250 ng LPS, or both. (B) B16.SIY tumor growth in TLR4”~ mice treated
intratumorally on day 11 with 250 ug DMXAA, 250 ng LPS, or both.

These data support the notion that host STING signaling and TLR4 signaling must both

be intact in order to observe improved tumor control in response to LPS + DMXAA therapy.

3.06 Summary of Findings

By treating APCs with a range of concentrations of STING agonist in addition to TLR
agonists, we determined LPS was capable of synergizing with the STING pathway for optimal
IFN-B production. We then interrogated downstream signaling events to determine the
mechanism driving additional IFN-f3 production. Based on in vitro experiments performed in
macrophages and dendritic cells, DMXAA was found to signal primarily through the
transcription factor IRF3, whereas LPS signaled primarily through the transcription factor NFxB.

Together, these data suggest a working model that agonists targeting both of these pathways
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induce better activation of both IRF3 and NF«kB, resulting in augmented IFN-f3 transcription by

innate immune cells and superior tumor control (Figure 3.6).
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Figure 3.6 Working model of synergy between LPS and DMXAA.

Our current working model that LPS primarily signals through TLR4 to activate the transcription
factor NFkB, while DMXAA signaling through STING primarily activates the transcription
factor IRF3. When both agonists are present to activate both transcription factors, synergistic
levels of are produced IFN-f3.
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Chapter 4: FIt3L promotes CD103™ DC accumulation in
non-T cell-inflamed B-catenin-expresing tumors

4.01 Introduction

STING agonists may be unsuccessful in generating productive T cell responses in non-
inflamed tumors because those tumors also lack the required CD103" DC subset for T cell
priming and recruitment. This notion suggests a need to more closely study the non-inflamed
tumor microenvironment and understand which innate immune cells and signaling pathways are
required for driving tumor-specific T cell priming and recruitment in this context. We postulate
that these questions may be addressed using the BRAF-activated, PTEN-deleted, 3-catenin-
stabilized (BPC) genetic melanoma model. Our laboratory previously showed that tumors
induced in these mice lack spontanecous CD103" DC and T cell infiltration and have low
expression of the chemokines known to recruit these cells, namely CCL4 and CXCL9/10. In this
way, this model closely resembles the biology of many non-T cell-inflamed human cancers. We
hypothesize that recruiting CD103" DCs to these tumors along with innate immune activation
using a STING agonist can lead to the induction of a tumor-specific T cell response and promote
tumor control either alone or in combination with checkpoint blockade in this non-T cell-

inflamed model.

4.02 DMXAA increases CD8' T cell but not CD103" DC infiltration in BPC tumors

Because the STING agonist DMXAA elicited strong anti-tumor responses in the
transplantable tumor models tested, we first wanted to determine if the same was also true in the

genetic BPC melanoma model. To do so, we performed a dose response for intra-tumoral
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DMXAA injections followed by flow cytometry to analyze the immune infiltrate five days post-
injection. Injections were done at four weeks post-tumor induction, to allow for treatment of an
established tumor. The 500 pg DMXAA injection induced the strongest increase in CD8" T cells
by both number and percentage (Figure 4.1A, Figure 4.1B), however none of the doses tested

had an appreciable impact on either the CD103" DC number and percentage (Figure 4.1C, Figure

4.1D).
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Figure 4.1 DMXAA dose response in BPC tumors

(A) Flow cytometry for CD8" T cell numbers in BPC tumors five days after DMXAA injection
at various doses. (B) Flow cytometry for CD8" percentage of T cells in BPC tumors five days
after DMXAA injection at various doses. (C) Flow cytometry for CD103" DC numbers in BPC
tumors five days after DMXAA injection at various doses. (D) Flow cytometry for CD103" DC
numbers in BPC tumors five days after DMXAA injection at various doses.
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Based on these findings, subsequent experiments in this model were performed with the
500 pg intratumoral dose of DMXAA. Additional experiments confirmed that at five days post
treatment with DMXAA, there was a significant increase in CD8" T cells by both number and
percentage (Figure 4.2A, Figure 4.2B), but the number and percentage of CD103* DCs was not

significantly altered (Figure 4.2C, Figure 4.2D).
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Figure 4.2 DMXAA significantly increases CD8" T cell numbers but not CD103* DC
numbers
(A) Flow cytometry for CD8" T cell numbers in BPC tumors five days after DMXAA injection

at 500 ug dose. (B) Flow cytometry for CD8" percentage of T cells in BPC tumors five days after
DMXAA injection at 500 pg dose. (C) Flow cytometry for CD103" DC numbers in BPC tumors
five days after DMXAA injection at 500 pg dose. (D) Flow cytometry for CD103* DC numbers
in BPC tumors five days after DMXAA injection at 500 pg dose.
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This increase in CD8" T cell numbers following DMXAA treatment was comparable to
the baseline CD8" T cell infiltration observed in the B16.SIY transplantable model as well as the
BP genetic model lacking -catenin. Since those and other transplantable models respond to
checkpoint blockade immunotherapys, it led to the hypothesis that this dose of DMXAA might

promote tumor control in the context of checkpoint blockade.

4.03 DMXAA does not sensitize BPC tumors to aPD-L1 + «CTLA-4 immunotherapy

We next sought to determine whether the DMXAA treatment in BPC tumors was able to
promote tumor control in vivo, and whether it could sensitize these tumors to checkpoint
blockade immunotherapy. To do so, we induced tumors in BPC mice and allowed them to
establish for four weeks (Figure 4.3A). At the 4-week timepoint, one intratumoral dose of 500 ug
DMXAA was administered, and tumor outgrowth was measured (Figure 4.3B). Unlike what has
been observed in transplantable tumor models, DMXAA was unable to lead to tumor control in
these mice. Additionally, the combination of DMXAA followed by intraperitoneal anti-PD-L1 +
anti-CTLA-4 mAb treatment three times per week was unable to control tumors in this model
(Figure 4.3C). While we do not know whether the CD8" T cells recruited are tumor antigen-
specific, these results suggest that accumulation of T cells in the tumor microenvironment

without CD103" DCs is not sufficient to bestow checkpoint blockade therapeutic efficacy.
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Figure 4.3 DMXAA does not improve BPC tumor control or sensitize to anti-PD-L1 + anti-
CTLA-4

(A) Summary of mutations present in BPC tumor model: Tyr:Cre-ER, LSL-Brafveoor, Ptenas,
LSL-CAT-STA. (B) Experimental setup with intratumoral DMXAA injection four weeks post
tumor induction and intraperitoneal anti-PD-L.1 + anti-CTLA-4 administered three times per
week for the remainder of the experiment. (C) Tumor growth curves for BPC mice treated with
DMXAA, anti-PD-L1 + anti-CTLA-4, or the combination.
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4.04 FIt3L induces CD103* DC infiltration in BPC tumors

The failure of tumor control with DMXAA treatment alone or in combination with anti-
PD-L1 + anti-CTLA-4 may be explained by the lack of recruitment and accumulation of CD103*
DCs. Based on previous work, CD103* DCs are critical for priming a successful anti-tumor
CDS8"* T cell response, and also for recruiting and re-activating tumor antigen-specific CD8+ T
cells within the tumor site. As such, integrating an additional strategy for CD103+ DC
recruitment may be required.

We therefore examined FIt3L as a possible candidate to promote CD103" DC
accumulation in BPC tumors. FIt3L is a hematopoietic growth factor that is known to promote
differentiation and proliferation of DCs®’. A single intratumoral dose was injected at four weeks
post-tumor induction, and tumor immune infiltrates were analyzed by flow cytometry five days
later. Based on the initial dose response experiments, FIt3L significantly increased the number of

CD103" DCs and CD8* T cells in these tumors (Figure 4.4A, Figure 4.4C).
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Figure 4.4 FIt3L dose response in BPC tumors
(A) Flow cytometry for CD8" T cell numbers in BPC tumors five days after FIt3L injection at

various doses. (B) Flow cytometry for CD8" percentage of T cells in BPC tumors five days after
FIt3L injection at various doses. (C) Flow cytometry for CD103" DC numbers in BPC tumors
five days after FIt3L injection at various doses. (D) Flow cytometry for CD103" DC numbers in
BPC tumors five days after FIt3L injection at various doses.

4.05 FIt3L + DMXAA does not significantly improve tumor control in BPC mice

To test if FIt3L was able to improve tumor control in BPC mice, a single intratumoral
dose was administered and tumor outgrowth was measured. Considering the tumor immunity
cycle, CD103* DCs must be activated in order to prime a successful CD8" T cell response.
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Because it is unclear whether endogenous tumor ligands are sufficient to activate CD103" DCs in
this context, we also tested a condition in which DMXAA was administered five days post FIt3L
injection (Figure 4.5A). This tested the notion that stimulating newly arrived CD103" DCs in this
model with a STING agonist may be sufficient to activate them enough to generate a productive
anti-tumor T cell response. However, FIt3L treatment alone, DMXAA treatment alone, and FIt3L
followed by DMXAA five days later all did not significantly affect tumor control in BPC mice

(Figure 4.5B).
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Figure 4.5 FIt3L does not improve BPC tumor control or sensitize to DMXAA therapy
(A) Experimental setup with intratumoral FIt3L injection four weeks post tumor induction and
intratumoral DMXAA administered five days later. (C) Tumor growth curves for BPC mice
treated with FIt3L, DMXAA, or the combination.
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4.06 FIt3L + DMXAA significantly improves tumor control in BPC mice treated

with «PD-L1 + «CTLA-4

It was reasoned that generation of a DC and CD8" T cell infiltrate might not be sufficient
for tumor control because of the additional action of the immune checkpoint molecules CTLA-4
and PD-1. Therefore, we administered intratumoral injections of FIt3L with or without DMXAA
five days later and injected all four groups with combination anti-PD-L1 + anti CTLA-4 three
times per week beginning three days after the DMXAA injection (Figure 4.6A). The FIt3L group
and DMXAA group demonstrated modest improvements in tumor control, but strikingly the
combination of FIt3L + DMXAA led to significant tumor control in the context of checkpoint
blockade antibodies, as evidenced by diminished tumor growth over time and reduced tumor
weight at endpoint (Figure 4.6B, Figure 4.6C). Additionally, the combination therapy trended
towards an increased number of CD8" T cells present at endpoint by flow cytometry (Figure

4.6D).
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Figure 4.6 FIt3L. and DMXAA sensitize tumors to anti-PD-L1 + anti-CTLA-4

(A) Experimental setup with intratumoral FIt3L injection four weeks post tumor induction,
intratumoral DMXAA injection five days later, and intraperitoneal anti-PD-L1 + anti-CTLA-4
administered three times per week for the remainder of the experiment. (B) Endpoint tumor
weights for BPC mice treated with FIt3L, DMXAA, or the combination. All mice received anti-
PD-L1 + anti-CTLA-4. (C) Tumor growth curves for BPC mice treated with FIt3L, DMXAA, or
the combination. All mice received anti-PD-L1 + anti-CTLA-4. (D) Number of CD8" T cells at
endpoint by flow cytometry.

Together, these data indicate that to overcome this non-inflamed and difficult-to-treat 3-
catenin-driven GEM model, it is necessary to recruit CD103* DCs, activate them, and
subsequently support T cell function through checkpoint blockade in order to achieve a

therapeutic effect.

4.07 Summary of Findings

Preliminary experiments showed that 500 pg of DMXAA led to significant increases in

CD8" T cells in BPC tumors five days post injection. However, the CD103" DC numbers in
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these tumors were not increased following DMXAA treatment. The T cells recruited following
DMXAA treatment were unable to cause tumor control alone or in combination with anti-PD-L1
+ anti-CTLA-4. This led us to adopt an additional strategy aimed at promoting CD103* DC
accumulation directly. A single injection of FIt3L was able to drive CD103* DC accumulation in
BPC tumors, with 50 pg being the optimal dose. However, FIt3L alone or with a subsequent
DMXAA injection was unable to lead to tumor control in this model. Only when FIt3L and

DMXAA were followed by anti-PD-L1 + anti-CTLA-4 was tumor control achieved.
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Chapter 5: Low tumor immunogenicity 1s associated with
high DNA repair gene expression

5.01 Introduction

A T cell-rich tumor microenvironment has been associated with improved clinical
outcome and better response to immune checkpoint blockade therapies in several adult cancers.
Understanding the mechanisms for lack of immune infiltration is critical for expanding
immunotherapy efficacy in the clinic. However, much less is known about the tumor
microenvironment in pediatric cancers, which harbor a significantly lower tumor mutational
burden (TMB) than adult tumors, as well as the molecular mechanisms responsible for driving T
cell exclusion in these patients. Wilms tumor is a pediatric kidney cancer type that has been
reported to have very low level of T cell infiltration®?. We reasoned that studying Wilms tumor
might reveal novel biologic processes that regulate the degree of immune cell infiltration in the
tumor microenvironment. To this end, we analyzed pediatric kidney cancer genomic and clinical
data from the Therapeutically Applicable Research to Generate Effective Treatments (TARGET)

database.

5.02 Wilms tumor samples demonstrate low T cell inflammation scores

We first aimed to characterize the T cell inflammation status of Wilms tumor samples in
the TARGET database using immune gene expression profiling. To do so, we calculated the TIS
score for each Wilms tumor sample using a previously defined 18-gene signature designed to
measure adaptive anti-tumor immune responses using expression of genes associated with

antigen presentation, interferon gamma activity, and cytotoxic cells®*. We compared TIS scores
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from 120 Wilms tumor samples to 149 neuroblastoma samples, 84 osteosarcoma samples, and 65
rhabdoid tumor samples present in the TARGET database. Compared to the other pediatric
cancer types tested, Wilms tumor samples had significantly lower TIS scores (Figure 5.1A),
suggesting a reduced endogenous anti-tumor immune response. We also examined the Wilms
TIS in relation to adult kidney tumors from TCGA, including 538 KIRC samples, 288 KIRP
samples, and 65 KICH samples. Among the adult kidney tumor types, KIRC had the highest TIS
scores, while KICH had the lowest (Figure 5.1B), which has been previously reported*.
However, Wilms tumor samples demonstrated significantly lower TIS scores than any of the
adult tumor samples including KICH, which is one of the least inflamed tumor types in all of
TCGA.

To evaluate whether this was a characteristic of pediatric kidneys being non-T cell-
inflamed rather than a feature of Wilms tumors, we next studied the four patients in the
TARGET database with paired RNA sequencing for Wilms tumor and adjacent normal kidney
tissue. In these patients, the Wilms tumor samples had significantly lower TIS scores than the
matched normal samples (Figure 5.1C). Additionally, in a published single cell RNA sequencing
dataset®, Wilms tumors demonstrated a significant reduction in CD8" T cell percentage when
compared to paired normal kidney samples (Figure 5.1D). Therefore, Wilms tumors exhibited
lower TIS scores than other pediatric tumor types, other adult kidney tumor types, and matched
normal samples, which is supported by less CD8" T cell infiltration by single cell RNA

sequencing in a published dataset.
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Figure 5.1 Wilms tumors have lower TIS than other pediatric cancer types, adult kidney
cancer types, and matched normal kidney samples.

(A) TIS scores in Wilms tumor and the other pediatric tumor types osteosarcoma,
neuroblastoma, and rhabdoid tumor. (B) TIS scores in Wilms tumors and the other adult kidney
tumor types chromophobe, papillary cell, and clear cell renal carcinoma. (C) TIS scores in
Wilms tumor versus matched normal kidney samples. (D) Percentage of CD8* T cells in Wilms
tumor samples by single cell RNA sequencing versus matched normal tissue.

5.03 DNA damage response genes are upregulated in Wilms tumors

To better understand the non-T cell-inflamed Wilms tumor phenotype by gene expression
profiling, we used three separate approaches to identify genes that are both upregulated in Wilms
tumor and anti-correlated with the TIS. We first identified genes that were differentially
expressed and upregulated in Wilms tumor compared to adult kidney cancers. Next, we
identified the genes most significantly upregulated in Wilms tumor compared to matched normal
tissue. We then determined which genes were most strongly anticorrelated with TIS scores in
Wilms tumor samples. The intersection of these three methods identified 496 genes that met our
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criteria of being overexpressed in Wilms tumor and negatively associated with T cell
inflammation (Figure 5.2A). Interestingly, the top pathways for these genes revealed by
Ingenuity Pathway Analysis included several related to DNA damage, cell cycle checkpoint, and

DNA repair (Figure 5.2B).
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Figure 5.2 Genes upregulated in Wilms tumor and anti-correlated with TIS associate with
DNA damage response and repair pathways.

(A) Venn diagram of candidate genes identified by three independent methods. (B) Top
pathways identified by Ingenuity Pathway Analysis for 496 candidate genes.

The candidate genes were not limited to one type of DNA repair and instead represented
multiple pathways including mismatch repair, nucleotide excision repair, and homologous
recombination (Table 5.1). This observation suggests that genes related to the DNA damage

response are upregulated and associated with the non-T cell-inflamed phenotype in Wilms
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tumor. This set of pathways caught our attention for two reasons. First, loss of DNA repair
proteins has been associated not only with carcinogenesis but also with increased generation of
mutational neoepitopes®®. Second, pharmacologic inhibitors of poly (ADP-ribose) polymerase
(PARP), which is involved in recognition and repair of single-strand DNA breaks, have been
shown to promote anti-tumor immunity through activation of the host STING pathway’°. Thus, it
seemed plausible that increased expression and activation of DNA repair machinery could have

the opposite effect and restrain anti-tumor immunity.

DNA Repair Pathway Upregulated Genes in Wilms
Mismatch Repair MSH2, MSH6, POLE, EXO1
DNA Damage Checkpoint BLM, BRCA1, FANCA, MDC1,

RAD18, RFC4, RFC5, TOPBP1
Base/Nucleotide Excision Repair LIG3, PARP1, POLE

Homologous Recombination Repair | BLM, BRCA1, BRCA2, FANCA,
FANCG, FANCI, FANCD2

Nonhomologous End-Joining PRKDC

Table 5.1 DNA repair genes upregulated in Wilms tumors span multiple pathways.
Top DNA repair genes from 496 gene list sorted based on reported literature DNA repair
pathway.

To pursue this hypothesis further, we curated a list of DNA repair genes by filtering the
496 genes previously identified by the 480 genes present in the MSigDB GO DNA Repair gene
signature. This resulted in a list of 50 genes that were related to DNA repair, upregulated in

Wilms tumor, and anti-correlated with TIS in Wilms tumor (Figure 5.3).
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Figure 5.3 Method for developing DNA repair score.

Candidate 496 genes identified from Wilms tumor analysis were filtered by MSigDB GO DNA
Repair signature, which contained 480 genes. This resulted in a filtered list of 50 DNA repair
genes from which the DNA repair score was calculated. The DNA repair score was taken as the
median of the z-scores for the log2-normalized expression of the 50 genes in the signature.

This 50-gene DNA repair signature was then used to calculate DNA repair expression
scores for Wilms tumor as well as other tumor types. Wilms tumor samples had significantly
higher DNA repair scores than the other pediatric tumor types tested (Figure 5.4A) and the adult
kidney cancer types tested (Figure 5.4B). Additionally, there was a significant negative
correlation between TIS and the DNA repair score within Wilms tumor samples (Figure 5.4C).
Wilms tumors also had significantly higher DNA repair scores than the matched normal kidney
samples (Figure 5.4D), suggesting that high DNA repair activity was not just a property of

pediatric kidneys but rather was upregulated in Wilms tumors.
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Figure 5.4 Wilms tumors have higher DNA repair scores than other pediatric cancer types,
adult kidney cancer types, and matched normal kidney samples.

(A) DNA repair scores in Wilms tumor and the other pediatric tumor types osteosarcoma,
neuroblastoma, and rhabdoid tumor. (B) DNA repair scores in Wilms tumor and the other adult
kidney tumor types chromophobe, papillary cell, and clear cell renal carcinoma. (C) Correlation
between TIS and DNA repair score in Wilms tumor samples. (D) DNA repair scores in Wilms
tumor versus matched normal kidney samples.

5.04 DNA repair gene expression negatively correlates with T cell inflammation in

adult cancers

The striking negative association between DNA repair score and TIS in Wilms tumor led
us to test whether the same could be observed in adult tumor types. Even though overall
expression of DNA repair pathway genes was lower in adult tumors, it was still feasible that it
negatively correlated with immune cell infiltration. In fact, computing the correlation coefficient

between DNA repair score and TIS across the panel of cancers represented in TCGA revealed
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that most adult tumor types displayed a negative association between these two gene signatures
(Figure 5.5A). Since melanoma samples are relatively more accessible for further study than
other tumor types such as Wilms, we looked more specifically within the TCGA metastatic
melanoma samples and observed a significant negative correlation between TIS and both the 50-
gene DNA repair score (Figure 5.5B) and a score generated from all 480 genes in the MSigDB
GO DNA Repair gene signature (Figure 5.5C). This suggested that among other adult tumor
types, melanoma displayed the same anti-correlation between DNA repair gene expression and

TIS that was seen in Wilms tumor.
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Figure 5.5 TIS significantly anti-correlates with DNA repair score in most TCGA tumor
types, including melanoma.

(A) Correlation coefficients for the correlation between TIS and DNA repair score in each
TCGA tumor type. (B) Correlation between TIS and DNA repair score in TCGA metastatic
melanoma samples. (C) Correlation between TIS and GO _DNA repair gene score in TCGA
metastatic melanoma samples.
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5.05 DNA repair gene expression associates with T cell inflammation independent of

mutation burden

It is well-established that loss of DNA repair genes can rapidly promote the accumulation
of mutations in cancer. We next sought to determine if high DNA repair gene expression was
associated with a correspondingly low tumor mutation burden, and if that in turn affected T cell
inflammation. TCGA data were interrogated for the total number of somatic mutations, and a
potential correlation with the DNA repair gene score was sought. Interestingly, in the TCGA
melanoma samples, there was not a significant association between DNA repair gene expression
and total number of mutations (Figure 5.6A). In addition, the negative association between DNA
repair score and TIS in melanoma remained significant after correcting for effects of mutation
burden (Figure 5.6B). This was not only true in melanoma, and when mutation effects were
regressed out of all TCGA tumors, the majority of tumor types retained a negative correlation
between DNA repair score and TIS (Figure 5.6C). These results suggest that the mechanism by
which high DNA repair machinery mediates diminished immune cell infiltration is distinct from

induction of mutational neoantigens.
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Figure 5.6 TIS does not strongly associate with total mutation count in melanoma and DNA
repair score correlation with TIS is not explained by mutation count, Type I IFN score, or
proliferation score.

(A) Correlation between DNA repair score and total mutation count in TCGA metastatic
melanoma samples. (B) Correlation between TIS and DNA repair score in TCGA metastatic
melanoma, adjusted to regress out effect of mutation count. (C) Correlation coefficients for

correlation between TIS and DNA repair score in each TCGA tumor type, adjusted to regress out
effect of mutation count.

5.06 MSH2" tumor cells negatively correlate with CD8" T cells in melanoma and are

associated with immunotherapy response

It was desirable to examine a potential correlation between high expression of DNA
repair machinery and low immune cell infiltration directly in tumor tissue. MSH2 was one of the
top DNA repair genes identified from the Wilms tumor analysis, and MSH2 transcripts were
confirmed to have a strong anti-correlation with TIS in melanoma (Figure 5.7). The availability

of anti-MSH2 antibodies enabled testing of this hypothesis by immunofluorescence staining,
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using a cohort of 30 baseline biopsy samples from metastatic melanoma patients who were
treated with anti-PD-1 antibody therapy. Tumor cells were identified by the transcription factor

SOX10, and anti-CD8 was used to stain CD8" T cells.
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Figure 5.7 MSH2 expression significantly anticorrelates with TIS in most TCGA tumor
types, including melanoma.

(A) Correlation coefficients for the correlation between MSH2 expression and TIS in each
TCGA tumor type. (B) Correlation between TIS and MSH2 expression in TCGA metastatic
melanoma samples. (C) Correlation between DNA repair score and MSH2 expression in TCGA
metastatic melanoma samples.

Anti-MSH2 Ab was used in concert, and there was a detectable range of both MSH2*
cells and CD8" cells in this cohort of samples (Figure 5.8A). Quantifying cell counts from these

samples revealed a significant negative correlation between CD8" T cell numbers and MSH2*
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SOX10" tumor cell numbers (Figure 5.8B). In fact, there were no regions of interest quantified
with both above-median numbers of MSH2* SOX10* tumor cells and above-median numbers of
CDS8* T cells. These data align with the phenotype observed in the RNA sequencing data and
suggest that tumors with high numbers of MSH2-expressing tumor cells tend to have reduced
CDS8* T cell infiltration.

We then investigated whether high expression of MSH2 by melanoma cells was
associated with lack of clinical response to anti-PD-1. Clinical efficacy was categorized into
complete response, partial response, stable disease, or progressive disease according to standard
RECIST criteria. Interestingly, non-responders to anti-PD-1 immunotherapy had significantly
higher numbers of MSH2" SOX10" tumor cells than responders (Figure 5.8C), suggesting

potential utility of MSH2 staining as a predictive biomarker for lack of response.
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Figure 5.8 MSH2+ tumor cell numbers significantly anti-correlate with CD8+ T cells in
melanoma patients and are significantly higher in non-responders to checkpoint blockade
immunotherapy.

(A) Example images from immunofluorescent staining of melanoma tissues. MSH2 is shown in

red, CD8 is green, SOX10 is yellow, and DAPI is blue. (B) Correlation of CD8" cells and
MSH2*SOX10" in each 40X melanoma slide image, 5 images taken per sample. (C)
Quantification of MSH2*SOX 10" and CDS8" cells by ICB response category. Progressive disease
= PD, stable disease = SD, partial response = PR, complete response = CR.

5.07 Summary of findings

Among the four pediatric cancers, we observed the lowest T cell inflammation signature
(TIS) scores in Wilms tumor. Primary Wilms tumor samples also showed significantly lower TIS
scores compared to matched normal tissues, arguing for loss of natural T cell infiltration.

Pathway analysis of genes upregulated in Wilms tumor and anti-correlated with TIS revealed
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that the most activated pathways involved DNA repair. A parallel analysis was performed in 31
adult cancer types from TCGA, and the majority of adult tumors also showed a high DNA repair
score associated with low TIS. Melanoma samples from an independent cohort revealed an
inverse correlation between MSH2+ tumor cells and CD8+ T cell numbers. Additionally,
melanomas with high MSH2+ tumor cell numbers were largely non-responders to anti-PD-1
therapy. While loss of DNA repair machinery has previously been associated with
carcinogenesis and increased mutational antigen generation, our results suggest that hyper-
expression of DNA repair genes might be prohibitive for anti-tumor immunity, arguing for

pharmacologic targeting of DNA repair as a potential therapeutic strategy.
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Chapter 6: Discussion

6.01 STING agonist promise and limitations as a cancer therapeutic

STING agonists demonstrate remarkable activity in murine models, increasing IFN-3
production in the tumor microenvironment, promoting tumor-specific T cell priming, and driving
near-complete tumor control in transplantable models?2. Clinical activity of STING agonists in
human tumors is an area of active investigation, with many therapeutic candidates currently
undergoing evaluation in clinical trials. However, the clinical data reported from early agonists
suggests that not all patients respond to these agonists, raising questions regarding mechanism of
response versus resistance in individual patients.

The first generation of human STING agonists are cyclic dinucleotides constructed to
mimic natural STING agonists but with increased stability and activation of the five major
human STING variants?”-?%. These are generally administered via intratumoral injection, which
works well if the tumor is easily accessible. However, this route is not well suited for tumors that
are not easily injected or for cases in which there are many metastases to treat. This indicates a
need to formulate STING agonists that do not require intratumoral injection and can instead be
administered systemically.

To this end, several groups have performed chemical compound screens to identify non-
nucleotide STING agonists with systemic anti-tumor activity’!~"3. Such compounds can be
selected for increased cell permeability and also resistance to hydrolysis by ENPP174. One such
screen identified several amidobenzimidazole-based compounds. The investigators linked two of
these to create a dimeric ligand with even higher STING binding affinity. This compound

demonstrated efficacy in the CT-26 colorectal model when administered IV7>,
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Packaging cGAMP in liposomal nanoparticles has demonstrated improved cellular uptake
and better tumor control in transplantable and genetically engineered triple negative breast
cancer models as well as the B16.F10 melanoma model’®. Another study found that liposomal
formulated STING agonist can cause loss of APC viability, so the authors chose to load a STING
agonist ex vivo into exosomes instead (ExoSTING). ExoSTING induced superior IFN-3
production compared to soluble STING agonists and the responding mice were protected against

tumor re-challenge”’.

Modifying bacteria is an alternative strategy for developing novel STING agonists that
can be delivered systemically. The SYN-STING method introduces a di-nucleotide cyclase gene
into Escherichia coli Nissle to generate cyclic-di-AMP in the hypoxic tumor microenvironment.
SYN-STING demonstrated robust antitumor responses to transplanted tumors and immunologic
memory when re-challenged 40+ days after the initial complete response’®. Another bacterial
approach utilizes a highly attenuated strain of salmonella typhimurium that localizes to tumor
due to auxotrophic consumption of immunosuppressive adenosine and delivers TREX1 RNA! to
block degradation of cytosolic DNA (STACT-TREX1). Following IV delivery, these bacteria
were found to be 1000-fold enriched in the tumor compared to liver and spleen and demonstrated

CD8-dependent tumor growth inhibition and regression in multiple tumor models™.

Other novel preclinical strategies activate the STING pathway by targeting regulatory
components that indirectly activate STING. For example, ENPP1 inhibitors reduce cGAMP
degradation, thus improving STING pathway activation. They can be delivered systemically to
increase sensitivity to endogenous STING agonists®*3!, Blocking endolysosome acidification
with bafilomycin A1 (BaFAT) can also support STING signaling by preventing STING

degradation. Intratumoral injection of cGAMP and BaFA1 in B16 subcutaneous tumors resulted
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in improved tumor control compared to cGAMP alone®?. As our molecular understanding of the
STING pathway and its regulation improves, there will likely be additional opportunities for

STING pathway therapeutic targeting beyond administration of cyclic dinucleotides.

It will also be important to better understand the microenvironmental changes induced by
type I IFNs elicited by STING pathway activation in both preclinical models and in patients that
are responders or non-responders to STING agonists. For example, chronic type I IFN signaling
can reportedly have pro-tumor effects including immune suppression and promote metastasis®®.
Most STING agonist studies to date haven't encountered this issue because treatment is
performed with one or a few doses that lead to a burst of IFN production that favors immune

activation.

The selection of clinical dose is also critical. Single, low dose IT administration of ADU-
S100 appears to be optimal for generating tumor-specific T cell responses in mouse models, and
this depends on type I IFN signaling. In contrast, high or repetitive doses of ADU-S100 can
mediate tumor destruction yet impair the anti-tumor T cell response and memory formation®.
High doses could be promoting tumor regression through direct cytotoxicity, cytokine-mediated
toxicity, or antibody-dependent cell-mediated toxicity or cellular phagocytosis. It is possible that
administration of a high IT dose in patients could debulk a primary tumor while providing
immunogenic doses of STING agonist systemically. Alternatively, lower doses may prove more

efficacious due to their advantage in generating an adaptive immune response.

A greater mechanistic understanding of the STING pathway may allow for the
development of agents to more potently activate it and to selectively induce desired outputs
while avoiding immune-suppressive effects. For example, STING pathway activation is linked to

multiple inhibitory feedback loops including AIM2 inflammasome activation, autophagy
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induction, and autocrine IFN signaling which are all thought to help attenuate STING
signaling®. Agents designed to disrupt one or more of these feedback loops might synergistically
interact with STING agonists or act as single agents. These compounds would not directly
activate the pathway but rather would serve to increase the sensitivity or magnitude of signaling
output of STING signaling activated by endogenous tumors. In this way, these agents may work
well as systemic therapies, only increasing sensitivity of the pathway and therefore perhaps only

eliciting activation at tumor sites.

6.02 Synergy between innate pathways improves IFN-$3 production and tumor
control

While ongoing clinical studies continue to optimize the dose, schedule, and formulation
of therapeutic STING agonists, there may also be opportunity for mechanistic studies to identify
ways of improving anti-tumor immune responses in the context of STING agonists. In chapter
three we describe the observation initially made in macrophages that stimulation with LPS + the
STING agonist DMXAA induces more IFN-f transcription than either agonist is capable of
inducing alone. Mechanistically, this seems to be due to differential transcription factor
activation downstream of each pathway (IRF3 downstream of STING and NFxB downstream of
TLR4), and these transcription factors working together to optimally promote IFN-f3 production.

IRF3 activation downstream of STING has been well-characterized, and most studies of

17.8687 More recently however, there

STING signaling have focused on this arm of the pathway
has been some evidence implicating a role for NFkB as well®®. Three distant “Alu” sites

associate with the IFN-f locus and are bound by NFkB prior to it binding the IFN-f promotor®’.

While further characterization is needed, it is thought that NFxB binding to these “Alu” sites
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may epigenetically open the IFN-f3 promotor region and allow the other transcription factors to
bind. Our results indicate that NFxB activation downstream of STING agonist treatment is
significantly less than NFxB activation downstream of LPS treatment. This could help explain
why LPS is able to dramatically augment IFN-f transcription, if NFxB is required for optimal
IFN- locus accessibility.

Another important consideration is that not every cell produces IFN-f3 following
stimulation, and that proper transcription factor binding leading to transcription is a stochastic
process. Evidence for this comes from the fact that single cell cloning from a pool of cells
capable of expressing IFN-f produces pools of cells that express IFN-B at the same proportion®.
This could be due to the fact that there is a limited supply of the transcription factors binding to
IFN-B, and that there may not be sufficient quantities of each free to bind the IFN-f in every cell.
Consistent with this hypothesis, overexpression of either IRF3 or NF«B results in a higher
proportion of cells that express IFN-B°192, This raises an interesting question as to whether LPS
stimulation drives more IFN-3 production per cell or whether it increases the number of cells
that produce IFN-f.

Additionally, LPS promoted tumor control in vivo when combined with low dose STING
agonist administration. The ability to achieve a robust anti-tumor immune response with lower
STING agonist doses may protect against some of the negative effects of STING agonist
therapy. Treatment with high-dose STING agonist has been shown to actually result in reduced
tumor-specific T cell priming and can even be cytotoxic to T cells, as T cell intrinsic STING

signaling can promote apoptosis.
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6.03 FIt3L can overcome the CD103* DC defect in BPC tumors

As tumors develop in the context of an intact immune system, they become shaped by
immunological pressure from the environment in which they establish. This process is dynamic,
and cancers have been shown to evolve in ways that allow them to escape T cell recognition.
Examples of this include loss of 2-microglobulin (B2M) and HLA gene expression emerging in
tumors that initially responded to checkpoint blockade or adoptive T cell-based therapies but
went on to acquire resistance and progress®—°. Since B2M is required for surface expression of
peptides on MHCI, loss of B2M allows tumors to evade recognition by T cells. Mutations in
genes such as B2M and HLA have been demonstrated in a range of tumor types, and likely arose
in response to immunological pressure®®%,

Evolving in such a way that blocks T cell accumulation in the first place may also convey
a survival advantage to tumors. Case studies in metastatic melanoma have identified tumors that
initially responded to peptide vaccine or checkpoint blockade therapy, then developed treatment-
resistant metastases with aberrant B-catenin activation or acquired PTEN loss®. In both cases,
these alterations were associated with loss of T cell infiltration. This suggests it is advantageous
for tumors to manipulate these pathways and resist T cell entry. Accordingly, WNT/B-catenin
pathway activation is widely observed in non-T cell-inflamed tumors across many tumor types.

Identifying ways to overcome such pathways that prevent immune infiltration will be
critical to achieving therapeutic benefit in these patients. In the case of -catenin, the defect
appears to be upstream of T cell recruitment, as BPC mouse tumors lack CD103* DC infiltration
and display poor expression of the chemokines known to recruit them®®. Intratumoral injection of
in vitro-activated, bone marrow derived DCs did promote tumor control in this model and

improve the response to anti-PD-L1 + anti-CTLA-4 therapy. This indicates that DCs in the tumor
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microenvironment are sufficient to overcome the non-T cell-inflamed BPC model, however this
approach would be costly and hard to scale in human patients.

This led us to test if we could induce DC accumulation by another method. We chose to
evaluate intratumoral injection of FIt3L, which has been previously shown to be capable of
expanding CD103" DC progenitors'®. We observed that one dose of FIt3L followed by one dose
of the STING agonist DMXAA was able to sensitize BPC tumors to anti-PD-L1 + anti-CTLA-4
therapy. Neither FIt3L nor DMXAA was able to do this alone, indicating that these DCs must be

activated in order to generate a productive anti-tumor T cell response.

6.04 DNA damage triggers innate immune activation

Compared to adult tumor types, relatively little is known about the immune landscape of
pediatric tumors and their associated mechanisms of immune resistance. Using RNA sequencing
data, we showed that Wilms tumors demonstrate significantly lower T cell inflammation
signatures than matched normal kidney samples, other pediatric tumor samples, and other adult
kidney tumor samples. Pathway analysis identified multiple types of DNA repair are upregulated
in Wilms tumor and anti-correlated with TIS scores.

Rapidly proliferating cells in the tumor microenvironment experience high levels of

replicative and oxidative stress that can lead to DNA damage!*!

. Disruption of specific DNA
polymerases as well as repair enzymes such as BLM, BRCA2, and RNAseH2 promote genome
instability and the formation of micronuclei, which can then be detected by the enzyme cGAS to
trigger an innate immune response?’-2*, For example, polymerase (-deficient cells accumulated
micronuclei and induced expression of interferon-stimulated genes in a cGAS- and STING-

102

dependent manner'“~. In response to acute BRCA2 abrogation, tumor cells accumulated
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micronuclei and limited proliferation by G1 cell cycle arrest. As the cells adapted to chronic
BRCAZ2 loss, they re-entered the cell cycle with a concomitant upregulation of interferon-
stimulated genes that was dependent on STING and STAT1!9, Additionally, the upregulation of
interferon genes following loss of EXO1 or BLM could be reversed by knocking out TREX1, an
enzyme that degrades cytosolic DNA!%, Taken together these data support the notion that DNA
repair disruption can trigger innate immune activation through induction of interferon signaling

following micronuclei sensing.

6.05 Overexpression of DNA repair genes may limit immune activation

Our observations in Wilms tumor suggest the converse may also be true, and that
increased tumor expression of DNA repair genes is associated with a less robust immune
response, potentially due to reduced cGAS-STING pathway activation. Previous work from our
lab and others showed that type I interferon signaling is correlated with activated T cell gene
signatures in human tumors and required for tumor-specific T cell priming in mice!%. By
creating a DNA repair score from the DNA repair genes identified in Wilms tumor, we were able
to test whether DNA repair gene expression is negatively associated with T cell inflammation in
adult tumor types as well. It is known that high levels of tumor microsatellite instability are
associated in adult tumors with increased lymphocyte infiltration, reduced metastasis, and
improved survival as well as response to checkpoint blockade immunotherapy!%6-1%8,

Alternatively, some tumors have been shown to upregulate DNA repair genes, such as
MGMT, RRM2, POLE2, and TTK, which associated with increased invasiveness and metastasis,

poor outcomes, and resistance to therapy!?*~!13. These observations led to the hypothesis that

overexpression of MMR genes could improve cellular resistance to DNA lesions as well as
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14 'We believe this could also promote tumor immune evasion,

survival following DNA damage
as we identified a significant negative correlation between DNA repair and activated T cell
signatures in the majority of TCGA tumor types. This suggests a reduced endogenous anti-tumor
immune response when DNA repair gene expression is high. If this is the case, reversing the
phenotype with DNA repair inhibitors may be a viable strategy to sensitize tumors to immune
checkpoint blockade therapy. This concept is supported by our finding that responders to anti-
PD-1 blocking antibodies have significantly fewer MSH2* tumor cells.

Surprisingly, we did not observe a strong association between the DNA repair gene
expression score and total mutation number in melanoma, and the negative relationship between
DNA repair score and TIS remained strong across TCGA when correcting for mutation count.
This indicates a potential role for DNA repair genes outside of preventing the accumulation of
mutations and warrants further investigation. In summary, we found that independent of
mutation count, high DNA repair gene expression is linked to low immune activation across
tumor types and linked to T cell infiltration and immunotherapy response in melanoma.
Upregulating the expression of DNA repair genes may be a mechanism by which tumors evade

immune destruction, which could explain the increased aggressiveness and therapy resistance

observed in tumors overexpressing these factors.

6.06 Conclusions

STING and other innate immune agonists have shown clinical promise and are an
exciting strategy to generate anti-tumor immune responses when the endogenous response is
poor. However, the fact that many patients do not respond to these agonists highlights the need to

better understand mechanisms of response versus resistance in order to improve clinical
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outcomes. In this study, we take three separate approaches to interrogate potential determinants
of resistance to STING agonist therapy.

First, we examined the hypothesis that in these cases activating the STING pathway alone
is insufficient to optimally induce IFN-f transcription, and that using a combination of innate
immune agonists is superior. We found that a combination of the STING agonist DMXAA and
LPS had a synergistic effect on IFN-f transcription in vitro, which was due to improved NFxB
activation downstream of LPS. This combination also improved in vivo tumor control and may
represent a viable therapeutic strategy to improve STING agonist response rates and mitigate
some of the negative effects associated with higher doses of STING agonist therapy.

Next, we explored the possibility that STING agonists may not be effective in tumors
which lack the CD103* DC subset required for optimal tumor-specific T cell priming. To test
this, we used the BPC genetic mouse model of melanoma, which has been previously shown to
lack robust infiltration of CD103" DCs and CD8" T cells and is refractory to anti-PD-L1 + anti-
CTLA-4 checkpoint blockade therapy. The STING agonist DMXAA is also ineffective at
promoting tumor control in these mice and does not sensitize them to checkpoint blockade
antibodies. We believe this to be due to the fact that DMXAA increases CD8" T cell infiltration
in this model but not infiltration of CD103" DCs. Interestingly, FIt3L can overcome the
deficiency of CD103* DCs in BPC mice, and when FIt3L is administered in combination with
DMXAA, these tumors become sensitive to anti-PD-L1 + anti-CTLA-4. This novel approach
utilizes what is known about the requirements for a successful endogenous anti-tumor immune
response to overcome the upstream defect driving this non-inflamed phenotype. Future studies

will evaluate the potential for clinical use of this combination.
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Finally, we examine non-T cell-inflamed human tumors from a tumor-intrinsic
perspective to identify new mechanisms that could lead to this phenotype by blocking immune
infiltration into tumors. To do this, we focused on the relatively non-inflamed Wilms tumor and
probed transcriptional data from human tumor samples. We identified differentially expressed
genes in Wilms tumors compared to other pediatric tumor types, adult kidney tumor types, and
genes that anti-correlated with T cell inflammation signature within Wilms tumors. Pathway
analysis of these genes revealed high expression of DNA repair factors in non-T cell-inflamed
Wilms tumors. This observation was also seen across several adult tumors in TCGA, and in
metastatic melanoma samples stained for CD8, MSH2, and SOX10, there was a negative
association between CD8" (T cell) numbers and MSH2" SOX 10" (MSH2-expressing tumor cell)
numbers. This suggests that high levels of the DNA repair protein MSH2 are anti-correlated with
T cells in these samples, and we also found that patients with high MSH2" SOX10" tumor cell
counts tended to be non-responders to anti-PD-1 therapy. Loss of DNA repair factors has been
associated with increased tumor immunogenicity, but to our knowledge this is the first
implication of high DNA repair levels with the non-T cell-inflamed phenotype.

Ultimately, these three approaches have yielded novel insights for understanding and
overcoming the non-T cell-inflamed tumor microenvironment by identifying a novel way in
which tumors may exclude immune cells, a way of accumulating the critical immune subsets
when they are absent, and a way of activating them more optimally when they are recruited to

the tumor microenvironment.
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