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If you can make one heap of all your winnings
And risk it on one turn of pitch-and-toss,

And lose, and start again at your beginnings
And never breathe a word about your loss;

If you can force your heart and nerve and sinew
To serve your turn long after they are gone,

And so hold on when there is nothing in you

Except the Will which says to them: ‘Hold on!’

If you can talk with crowds and keep your virtue,
Or walk with Kings—nor lose the common touch,
If neither foes nor loving friends can hurt you,
If all men count with you, but none too much;
If you can fill the unforgiving minute
With sixty seconds’ worth of distance run,
Yours is the Earth and everything that’s in it,
And—which is more—you’ll be a Man, my son!

- If, Rudyard Kipling
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ABSTRACT

It has previously been shown that immunogenic tumors spontaneously activate the innate
immune system through the STING pathway. Based on this observation, STING agonists have
been developed and are being tested as a pharmacologic approach to activate the pathway and
promote anti-tumor immunity. As part of these studies, we observed that tumor cells themselves
usually fail to produce IFN- in response to STING agonists or cytoplasmic DNA, arguing that
loss of activation of this pathway might occur regularly as a component of oncogenesis.
Understanding failed activation of this pathway might lead to new therapeutic strategies to re-
engage tumor cell-intrinsic [FN-f production, which would be predicted to cause immune-
mediated tumor control. We found that B16 tumor cells retained expression of each gene in the
STING pathway, and that STING signal transduction was intact up to and including nuclear
translocation of IRF3. In tumor cells, ChIP assays revealed that IRF3 failed to bind the IFN-f
promoter but still bound to other gene promoters and induced expression of those genes. This
was likely due to an epigenetic block because M¢ epigenetically opened the I[FN- promoter
region after STING activation, but tumor cells lacked this opening event. Previous work had
implicated the NF-«kB pathway in the epigenetic opening of the IFN- locus, and so we examined
this pathway in B16 tumor cells. Indeed, we found failed nuclear translocation of the p65
component of NF-«kB following STING agonist application. Heterokaryon fusion studies
indicated that a dominant-negative mechanism was operational, suggesting that an inhibitory
factor was present in tumor cells that blunted NF-«xB activation. Treatment with cycloheximide
to allow degradation of a putative inhibitory factor restored both NF-«xB signaling and IFN-f3
expression by B16 tumor cells. A genome-wide CRISPR screen identified multiple candidates

that, when knocked out, augmented tumor cell-intrinsic NF-kB signaling and IFN-f expression.
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Chapter 1: Introduction

1.01 Overview: The immune system can oppose cancer

Cancer develops as a consequence of the accumulation of somatic mutations. Most
mutations are deleterious but if the mutations confer a cell with enhanced proliferation and
survival it will necessarily lead to the accumulation of those cells !. This expansion causes the
most aggressive and resilient clones to become enriched. In this way, cancer can progress over
time from benign tumors to metastatic disease.

However, mutation and altered gene expression in cancer cells can also serve as a means
for recognition by the host immune system. Our mechanistic understanding of anti-tumor
immunity was catalyzed by the observation that patients with a higher degree of immune
infiltration into their tumors tend to have a better prognosis. In particular, a higher level of CD8"
cytotoxic T cells in a tumor is associated with prolonged patient survival >~°. CD8" T cells may
have developed evolutionarily to fight viral infections by recognizing and killing compromised
cells through recognition of virus-encoded antigens. It seems that the same components of the

immune system can recognize and destroy malignant cells through recognition of mutated or



newly expressed tumor antigens. Just as CD8" T cells can differentiate healthy from infected
cells based on the presence of virus, they can also identify malignant cells based on the
underlying mutations found in cancer *’.

Perhaps the best evidence the immune system can oppose cancer is the fact that cancer
cells often express inhibitory ligands on their surface that suppress CD8" T cells and that
therapies designed to target these molecules have been clinically successful. For example,
several types of cancer upregulate expression of PD-L1, a ligand that binds an inhibitory
receptor, PD-1, on the surface of CD8" T cells *°. Checkpoint blockade immunotherapies
designed to block these inhibitory ligand/receptor interactions have been developed and are
FDA-approved to treat a broad range of tumor types '°. However, only a minority of patients
respond to checkpoint blockade immunotherapy. Patients that respond to checkpoint blockade
tend to have a higher level of pre-existing CD8" T cell infiltration prior to therapy !'. This argues
the majority of patients that don’t respond might benefit from therapies designed to generate and
recruit CD8" T cells and other critical immune components into the tumor microenvironment.
New strategies to achieve these events could have the potential to treat a wide range of cancers,
by expanding the percentage of patients capable of responding to checkpoint blockade.

There are many conceptual approaches to cancer therapy. Therapies like radiation or
chemotherapy are thought to exploit the aggressive proliferation of cancer cells to damage and
kill them 2. More recently developed targeted therapies block key pathways that are mutated or
functionally active in cancer cells which drive their growth and survival. However, there are
dozens of potentially altered pathways which can be affected at multiple levels, so that a
relatively long list of drugs would need to be developed to target different molecular pathways.

Cancer immunotherapy is conceptually much simpler. It relies on an initial innate immune



response to alert the immune system to the tumor, subsequent recruitment of immune cells into
the tumor microenvironment, and, ultimately, a functional anti-tumor adaptive immune response.
Evidence suggests that patients with the first 2 steps successfully completed represent the “T-cell
inflamed” subset of patients that are more likely to respond to checkpoint blockade
immunotherapies !'"!*!4. Therefore, finding therapies designed to promote the initiation of an
anti-tumor immune response has the potential to benefit many patients and is the general

motivation behind this thesis.

1.02 Developing tumors overcome inhibitory mechanisms

During oncogenesis, there are several pathways that can oppose tumor formation. Genes
encoding molecules in such pathways are defined as “tumor suppressor” genes !. Tumor
suppressor genes are commonly mutated or inactivated in cancers. One of the most commonly
inactivated tumor suppressor genes is p53, which is mutated or lost in over half of human tumors
1516 p53 is a transcription factor that regulates expression of hundreds of genes. In response to
DNA damage, it induces cell cycle arrest and DNA repair. If signaling is strong enough or
prolonged enough, p53 can also promote cell death via apoptosis !”. p53 therefore opposes
cancer by deleting cells with too much DNA damage and thus helps to prevent cells from
accumulating mutations. Tumor suppressor genes are an obstacle that tumor cells must overcome
during oncogenesis. The immune system is similarly thought to oppose tumor formation and
necessitate tumor cell adaptation.

Tumors form more rapidly in immunocompromised mice than wild-type (WT) mice.
When tumor cells that developed in WT mice are transplanted into immunocompromised mice,

they grow rapidly. However, if tumor cells derived from immunocompromised mice are

transferred into WT mice with the same genetic background, tumor cells are immunologically
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rejected unless those recipient mice are depleted of key immune cells like CD8" T cells '*1°.
These observations demonstrate that an anti-tumor immune response can delay tumor outgrowth
by opposing tumor formation. It also demonstrates that tumors developing in the face of an
ongoing anti-tumor immune response are forced to adapt to become less immunogenic. Thus, the
immune system can act as a tumor cell-extrinsic tumor suppressor that delays the formation of
cancer and shapes its final form. Understanding how the immune system responds to cancer and,
in turn, how tumors suppress or evade immunity is a major factor in improving cancer

immunotherapy.

1.03 Immunologic responses coordinate innate and adaptive immunity

The immune system can be broadly divided into the innate and adaptive immune system.
The innate immune system is an evolutionarily ancient system that evolved before the
divergence of plants and animals 2°. The innate immune system represents the first set of cells
that respond to an infection or other threat. It senses the presence of a pathogen using “Pattern
Recognition Receptors” (PRRs) which can detect “Pathogen-Associated Molecular Patterns”
(PAMPs) released by pathogens or “Damage-Associated Molecular Patterns” (DAMPs) released
by damaged host cells 2%, PRR activation stimulates a signal transduction cascade converging
on several different transcriptions factors most typically NF-xB, IRF3, and AP-1 ?*. Collectively
these transcription factors induce expression of hundreds of genes including inflammatory
cytokines and chemokines. Secretion of these inflammatory mediators alerts surrounding cells to
the infection and also recruits other cell types to the site of the infection. For example, PRRs that
detect a viral infection will promote the expression of type I interferons such as IFN-f3 that
interfere with viral replication. Signaling through IFNAR, the type I interferon receptor, causes

infected cells to stop proliferating, induces upregulation of interferon-stimulated genes that
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disrupt viral replication, and can even induce cell death in an attempt to kill infected cells %°.
Chemokines induced by PRR signaling can recruit innate cells such as monocytes. Monocytes
express CCR2 which bind the chemokines CCL2 or CCL7 to recruit monocytes to inflamed
tissue 2. At the site of inflammation, monocytes can differentiate into macrophages or dendritic
cells (DCs) ?’. Macrophages are equipped with their own PRRs and are phagocytic cells that can
engulf extracellular bacteria to digest them. These innate cellular and molecular effectors are
capable of clearing an infection independently but, in circumstances where they fall short, the
innate immune system can mobilize the adaptive immune system. Antigen-presenting cells
(APCs), such as DCs, are innate cells recruited to the site of an infection by inflammatory
cytokines and they are tasked with stimulating cells of the adaptive immune system.

In general terms, APCs are phagocytic cells that take up exogenous material and process
it for presentation on Major Histocompatibility Complex (MHC) molecules 2%%. APCs express
their own PRRs and can also sense inflammatory cytokines. These signals indicate the presence
of a pathogen and stimulate APCs to undergo maturation. Mature DCs upregulate CCR7 and
migrate from the inflamed tissue through the lymphatics to the lymph node that drains the site of
infection 3%3!. In the draining lymph node, DCs present peptides initially acquired at the site of
infection to naive T lymphocytes having corresponding T cell antigen receptors (TCRs) *2.
Inflammatory signals also stimulate APCs to increase their expression of co-stimulatory
molecules, including CD80 and CD86, that help promote productive activation and maturation of
T cells ?°. By this mechanism, the innate immune system stimulates an adaptive immune
response.

The adaptive immune response is slower to become activated but is more specific to an

individual pathogen and can form memory to protect against re-exposure to a pathogen. The



adaptive immune system is comprised of two main cell types, B and T lymphocytes. Each T
lymphocyte expresses a TCR on the surface that recognizes oligopeptides presented on MHC
molecules on other cells 2%2°. During T cell development in the thymus, the germline-encoded
TCR gene segments undergo random recombination to generate a single TCR for a given cell.
The combinatorial nature of this process means that an estimated 10'°-10% distinct TCRs can be
produced among the peripheral T cell repertoire **-**. An individual host is thought to have
approximately 10°-107 distinct T cell clonotypes at one time with most T cells expressing only
one TCR 737, After TCR recombination, developing T cells are exposed to self-antigens in the
thymus and any T cells expressing TCRs that strongly recognize self-antigens are deleted from
the repertoire. T cells that recognize self-antigens relatively weakly are driven to become T
regulatory cells that have immunosuppressive functions and help to maintain immune tolerance
38 The immense diversity produced by TCR gene recombination combined with the selection
process to remove strongly auto-reactive T cell clones produces a naive T cell repertoire with the
ability to recognize a broad universe of exogenous antigens.

In addition to central tolerance, which occurs during T cell development, naive T cells are
also constrained by peripheral tolerance mechanisms. Peripheral tolerance is mediated by the
restriction of T cell activation to APCs with the proper costimulatory signals 3%, If naive T cells
recognize antigen presented by APCs without the proper costimulatory molecules, then the T
cells are functionally inactivated or deleted 8. If naive T cells recognize peptides presented by
APCs simultaneously with costimulatory molecules, then the T cells undergo maturation. T cell
maturation causes them to rapidly proliferate and increase their numbers exponentially *. This
allows a single naive T cell with a TCR specific for a pathogen to produce as much as 500,000

daughter cells which can then combat the infection or antigen-expressing tumor cells. Mature T



cells also express effector molecules and alter their chemokine receptor expression patterns. For
example, CD8" cytotoxic T cells express granzymes and perforin which, when released, can
enter target cells to induce apoptosis *°. CD8" T cells can also express FasL which can bind Fas
on target cells to induce apoptosis *. Yet another effector mechanism employed by CD8" T cells
is IFN-y expression which causes further inflammation, remodeling the surrounding
microenvironment, and can directly induce cell death *>**. Collectively, the coordination
between innate and adaptive immunity leads to expansion of antigen specific T cells, causes
them to home to the site of an infection or inflamed tumor site, and provides an adaptive immune

response to clear antigen-expressing cells.

1.04 A subset of human tumors are infiltrated by CD8" T cells

A major subset of patients with cancer have high levels of CD8" T cells infiltrating their
tumors, apparently reflecting an endogenous immune response >>*°. This observation raises the
question of why such tumors are not rejected spontaneously by the host immune response.
Subsequent observations were made demonstrating that tumors with high levels of CD8™" T cell
infiltration also contain several immunosuppressive mechanisms that prevent the T cells from
carrying out their effector functions *. These mechanisms include the presence of T regulatory
cells and increased expression of inhibitory factors on tumor cells such as PD-L1. PD-L1 is a
ligand which binds the PD-1 receptor on CD8" T cells. PD-1 signaling inhibits T cell effector
function and drives them toward a dysfunctional state *’. Therefore, while there may be CD8* T
cells in the tumor microenvironment of many patients, with at least a subset of those CD8" T
cells being specific for tumor antigens *3, such tumors are not rejected because these T cells are

dysfunctional or suppressed. Checkpoint blockade antibodies against PD-L1/PD-1, and also



against a second inhibitory receptor CTLA-4, have been approved by the FDA for a wide range
of cancer types '°.

However, most patients fail to respond to checkpoint blockade immunotherapy.
Translational research studies trying to understand why this is the case began to look for
predictive biomarkers for response to therapy. One key observation is that patients with high
levels of pre-existing CD8" T cell infiltration into their tumor were more likely to respond with
tumor shrinkage '''!3. Treatment with anti-PD-1 results in an expansion of CD8" T cells within
the tumor site as assessed by post-treatment biopsies. Together, these results suggest that anti-
PD-1 therapy helps to improve the function of tumor-infiltrating CD8" T cells, and therefore
patients that have already successfully primed and recruited effector T cells into the tumor
microenvironment are more likely to respond. However, this paradigm raises the question as to
how such T cells become primed and recruited in the first place. It was of interest to determine
which innate immune pathways, as well as inflammatory cytokines and chemokines, are required

upstream to generate the T cell-inflamed tumor microenvironment phenotype.

1.05 T cell priming and recruitment is promoted by type I interferon signaling

Type I IFNs had been evaluated as a cancer immunotherapy since the 1970s, long before
the mechanism of action of these cytokines was understood *°. Type I interferons can have direct
anti-tumor effects by inhibiting proliferation and angiogenesis 2>#-3%3!_ Type I interferons are
also associated with the T cell-inflamed tumor phenotype. In human metastatic melanoma, genes
expressed by T cells correlated with type I interferon-stimulated gene expression *2. In mice
deficient for the type I interferon receptor, IFNAR, there was a defect in tumor-specific CD8" T
cell priming. Mixed bone-marrow chimeras demonstrated that IFNAR deficiency exclusively in

the Batf3-lineage of DCs led to defective tumor-specific CD8" T cell priming. The Batf3 linecage

8



of DCs is known to be superior at cross presenting exogenous antigens on MHC I for cross-
priming of tumor-specific CD8" T cells >>->°. Therefore, it seems type I IFN signaling in the
Batf3" DC subset is critical for inducing APC maturation and optimal priming of tumor-specific
CDS8* T cells *>°°. During T cell priming, direct exposure of T cells to type I interferons are also
beneficial because they can enhance T cell proliferation >’ and effector function >*°. Thus, type I
interferons play an important role in priming the anti-tumor adaptive immune response.

Following activation and differentiation, effector T cells are recruited to inflamed
peripheral tissues through a process dependent upon chemokines. CXCL9/10 is induced at high
levels by type I IFN signaling through IFNAR 9. In the context of cancer, CXCL9/10 is critical
for recruiting CD8" T cells to the tumor microenvironment. In mice, CXCL9/10 is expressed by
APCs in the tumor microenvironment and the receptor for CXCL9/10, CXCR3, is expressed on
tumor infiltrating CD8" T cells . Similarly, Batf3-deficiency in the hematopoietic compartment
led to a loss of CXCL9/10 expression in the tumor microenvironment and ultimately loss of
tumor-infiltrating T cells, arguing for a role for DCs in T cell recruitment and not just in T cell
priming. Pre-activated T cells still failed to infiltrate the Batf3 DC-deficient tumors unless the
tumors were injected with exogenous activated DCs. These data suggest Batf3™ DCs sense type I
interferons and express CXCL9/10 to recruit T cells into the tumor microenvironment
independently of T cell priming .

Type I interferons therefore promote both priming and recruitment of CD8" T cells into
the tumor microenvironment. Mechanistically, it seems that Batf3™ DC maturation is induced by
type I interferons which then stimulates CD8" T cell cross-priming. At the tumor site, type I

interferon signaling on Batf3" DCs promotes chemokine expression to recruit effector CD8" T



cells to the tumor microenvironment. These observations make type I IFN signaling an important

component of the dynamic and multi-step generation of an anti-tumor T cell response.

1.06 Tumors can induce type I interferon expression via activation of the STING

pathway in host cells

It became of interest to determine the innate immune pathway(s) necessary for induction
of type I IFN production by host APCs in the context of cancer. To identify the innate immune
pathway activated by tumors, several different knockout mice lacking innate immune adaptors or
receptors were tested for their ability to prime a tumor-specific CD8" T cell response. While
most knockout mice retained normal T cell priming, mice lacking STING demonstrated a
marked reduction in the induction of tumor antigen-specific CD8" T cells. This defect was
identified based on IFN-y ELISPOT analysis of splenocytes after tumor injection . Mice
deficient for STING also showed defective IFN-f gene expression by tumor infiltrating immune
cells when compared to wildtype controls and showed faster tumor outgrowth. STING knockout
mice also lacked accumulation of tumor-specific CD8" T cells in the tumor microenvironment.
Therefore, upon implantation of tumors in vivo, the host STING pathway becomes activated in
APCs, elicits a type I interferon response, promotes T cell priming, and this leads to CD8" T cell
accumulation in the tumor microenvironment.

STING stands for the “STimulator of INterferon Genes” and was discovered in a screen
for genes regulating type I interferon gene expression 4%, The STING pathway is activated by
cytosolic DNA sensed by cyclic GMP-AMP (cGAMP) synthase (cGAS) ¢’. After binding DNA,
cGAS synthesizes a small molecule second messenger, cGAMP. cGAMP binds directly to

STING in its homodimerization domain and causes an inhibitory domain to be displaced .
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This causes STING to translocate from the endoplasmic reticulum through the golgi apparatus,
and it ultimately ends up on perinuclear vesicles **7%7!. During this process, STING recruits the
kinase TBK1 7? and the transcription factor IRF3, which is phosphorylated by TBK1 3. More
recent observations have indicated NF-«B can also be activated by STING activation including
IKK-B phosphorylation, IxBa degradation, and phosphorylation of NF-kB RelA 47475,
However, the molecular details and importance of this arm of STING signaling has not fully
been established.

Based on the knowledge that the STING pathway is activated by implanted tumors,
pharmacologic STING agonists were developed with the goal of deliberately activating the
STING pathway as a potential therapeutic ’. These agonists generally mimic cGAMP and are
capable of directly stimulating STING itself. Mice injected with STING agonists intratumorally
rejected B16 melanoma and other tumors. STING KO mice lacked any response indicating the
effects were mediated through STING pathway signaling on host cells. STING agonist injection
elicited high levels of type I interferon expression in the tumor microenvironment and IFNAR-
deficient mice failed to reject tumors. The heightened levels of type I interferons led to an
increased frequency of tumor antigen-specific CD8" T cells, and depletion of CD8" T cells
eliminated a large proportion of the anti-tumor effect. Thus, STING agonists can promote tumor

rejection in an IFNAR- and CD8" T cell-dependent manner.

1.07 IFN-B transcriptional initiation requires cooperation by several factors

Type I interferons were the first cytokines to be discovered in 1957 and are important for
antiviral immunity as well as anti-tumor immunity "’. Type I interferons, in general, include both
IFN-o and IFN-f. There are 13 or 14 different IFN-a genes in humans and mice, respectively,

but there is only 1 IFN-B gene in each species ’®. IFN-a expression tends to be primarily induced
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via autocrine signaling through the type I interferon receptor IFNAR "*#°_ In this way, type I
interferon expression typically has a biphasic expression pattern. Shortly after innate immune
activation, IFN-f is expressed and stimulates autocrine IFNAR signaling. This autocrine signal
promotes a second phase with higher expression of IFN- and initiation of IFN-a expression.
Aberrant expression of type I interferons can contribute to several diseases collectively termed
“interferonopathies” including Aicardi-Goutiéres Syndrome and several Lupus-like diseases 8'.
IFN-B gene expression is tightly regulated by a 50 bp promoter region approximately 100
bp upstream of the transcriptional start site ¥2. The interferon promoter contains binding sites for
several transcription factors including the p50/p65 NF-«B heterodimer *°, IRF3 or IRF7 34%° and
AP-1 3¢, Activating each of these factors individually is insufficient to induce high level
expression, and therefore optimal IFN-B gene expression appears to require the cooperative
action of multiple transcription factors 7. While the IFN-B promoter is epigenetically closed at
baseline, there are 3 distant NF-kB binding sites that are epigenetically accessible and relatively
nearby the IFN- promoter based on chromatin conformation capture experiments. After
activation, NF-xB can bind these sites very quickly and can bind the IFN-3 promoter shortly
after 38, Shortly after NF-kB binding, other transcription factors, such as IRF3, can bind the IFN-
B promoter 3. The binding of these transcription factors is also assisted by HMGA1 which binds
to DNA and induces a bend that promotes other transcription factor binding 3°%°!. The effect of
HMGAT1 leads to interactions with several transcription factors and makes their collective
binding cooperative. Together, these data argue that NF-«xB signaling at early timepoints
remodels the IFN- promoter to allow itself and other transcription factors to bind to the
promoter and the combined action of multiple transcription factors is required for IFN-3

expression.
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Once multiple transcription factors have bound the IFN-3 promoter they then recruit
several cofactors to induce transcription. This includes PCAF °? which acetylates H4K8 and
H3KO sites of nearby histones °>. While in vitro PCAF activity is not very specific, its activity at
the IFN-P promoter is relatively more specific, likely due to combinatorial interactions with other
factors. The histone modifications induced by PCAF promote further modifications including
H3S10 phosphorylation and H3K 14 acetylation. PCAF then releases from the IFN-3 promoter
and 1s replaced by CBP. CBP is cooperatively recruited by interacting with multiple transcription
factors at the IFN- promoter. Manipulation of the activation domains of the transcription factors
or rearranging their binding sites to disrupt their continuous protein interface causes them to lose
cooperative CBP recruitment and decreases IFN-B expression **. Once recruited, CBP helps
recruit SWI/SNF and RNA polymerase II *>. SWI/SNF along with TFIID and TBP then
reposition the nucleosome blocking the IFN- transcriptional start site to enable transcriptional
initiation by RNA polymerase 11 °*?7. Artificially repositioning nucleosomes to make the
promoter region accessible allows for IFN- expression at earlier timepoints and in response to

individual transcription factors rather than requiring multiple transcription factors together °%.

1.08 Evidence supports suppression of tumor cell-intrinsic innate signaling

To date, studies of innate immunity in cancer have primarily focused on tumor-
infiltrating immune cells rather than tumor cell-intrinsic signaling. For example, we know that
STING signaling in tumor-infiltrating immune cells can induce IFN-3 expression, and that type I
interferon signaling on APCs is important for priming adaptive anti-tumor immunity %3, When
tumor cells are transduced to constitutively express IFN- the tumors are spontaneously
controlled . In fact, injection of a mixture of tumor cells in which as few as 10% of the cells

expressed IFN-P still led to tumor control. This indicates that IFN-f expression even by a small
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subset of a tumor can lead to slowed growth of the whole tumor even if most cells don’t express
IFN-B. Mechanistically, tumor control was partially dependent on IFNAR signaling on both
hematopoietic and endothelial cells. Tumor cell-intrinsic expression of high levels of type I
interferon therefore has both immune-dependent and immune-independent anti-tumor effects.

Consistent with this notion, previous studies have found deletion of the IFN locus in
some tumors *°. In fact, more recent surveys of cancer genomic databases found homozygous
deletion of the IFN locus in approximately 7% of patients. Highlighting its importance, the [FN
locus represented 13% of all homozygous deletions across all tumor types and was the locus with
the second-highest level of homozygous deletion. The deletion of the IFN- locus also correlated
with a worse prognosis and lack of response to checkpoint blockade immunotherapy. In this
study, only 1 out of the 27 responders to checkpoint blocked had deletion of interferon genes.
Intriguingly, this 1 responder with partial IFN locus deletion retained the IFN- gene which is
thought to initiate type I IFN signaling '%°.

Therefore, it seems there may be selective pressure for tumor cells to adapt and delete the
type I interferon locus. This observation, combined with the preclinical data showing tumor cells
constitutively expressing IFN-f3 are spontaneously controlled, argues that type I interferon
expression by tumor cells is deleterious for cancer growth. This notion raises the question as to
whether other processes could lead to defective type I interferon production in cancer cells. The
STING pathway is a major mechanism for type I interferon expression by tumor-infiltrating
immune cells, and this pathway is broadly expressed by most cell types. Collectively, these ideas
led us to study the mechanisms of defective STING pathway activation in cancer cells, with a

focus on B16 melanoma cells for deeper study. Conceptually, understanding the precise
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molecular aberrations responsible for loss of IFN-f3 production could lead to new strategies to

reverse this process and perhaps improve immune-mediated tumor control therapeutically.
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Chapter 2: Materials and Methods

2.01 Cell lines and cell culture

Unless otherwise stated, all cell lines were passaged in “Complete DMEM?” that contains
10% fetal bovine serum, 100 U/mL Penicillin/Streptomycin (Fisher #15140122), and 1% Non-
Essential Amino Acids in DMEM (Fisher #11140076). The TRAMP cell lines were passaged in
DMEM high glucose (Fisher #12430054) with 5% fetal bovine serum, 5% Nu-Serum IV (Fisher

#CB51004), 5 pg/mL human recombinant insulin, 25 U/mL Penicillin/Streptomycin (Fisher

#15140122), and 10 nM R1881 (Sigma # R0908).

2.02 Primers

Primers are summarized in the tables below for both qRT-PCR and ChIP-qPCR.

Table 1. Mouse-Specific QRT-PCR Primers

Probe Name Sequence
Roche #9 mu GAPDH F9 agcttgtcatcaacgggaag
mu GAPDH R9 tttgatgttagtggggtctcg
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Table 1. Mouse-Specific qRT-PCR Primers, continued

Roche #108 | mu IFNbI F108 ggaaagattgacgtgggaga
mu IFNb1 R108 cctttgcaccctccagtaat
Roche #3 mu CXCL10 F gctgecgteattttetge
mu CXCL10 R tctcactggececgtcate
Roche #1 mu Oas2 F tgatcaagcactggtacaaaca
mu Oas2 R cctgeteccaggeataca
Roche #1 mu Trex! F tggacaagctctctctgtgc
mu Trex]l R agctcagctttgctcagacc
Roche #3 mu Ifit3 F tgaactgctcagcccaca
mu Ifit3 R agagattcccggttgacctc
Roche #91 | mu Tribl F cctgaagctcaggaagttcg
mu Tribl R ccaggctttccagtctaage
Roche #53 mu Icaml F gctaccatcaccgtgtattcg
mu Icaml R aggtccttgectacttgetg
Roche #76 | mu Rgsl F tctgctagecccaaaggattc
mu Rgsl R tgttttcacgtccattccaa
Roche #106 | mu Ifihl F106 cttgtcacgaacgagatagcc
mu Ifih1 R106 ccaggacatacgtgctttca
Roche #71 mu Isgl5 F agtcgacccagtctctgactct
mu Isgl5 R ccccageatcttcaccttta
Roche #79 | mu TNFa F79 ctgtagcccacgtegtage
mu TNFa R79 ggttgtctttgagatccatge
Roche #42 | mu STING F aacaccggtctaggaagcag
mu STING R catatttggagcggtgacct
Roche #13 | mu TBKI1 F agaggaagtgtccaagtatcaagac
mu TBK1 R gaggctgcgagcattttc
Roche #17 | mu IRF3 F caagaggcttgtgatggtca
mu IRF3 R gcaagtccagggttttcagt
Roche #80 | mu Blimpl F tgcggagaggctccacta
mu Blimpl R tgggttgctttccgtttg
Roche#94 | muYYIF ctggagaaaagccctttcag
muYY1lR gtcgaaggggcacacatag
Roche #108 | muRpll3a F atccctccaccctatgacaa
muRpll3a R gcceccaggtaagcaaactt
Roche #46 | muRpl19 F ccacaagctctttcctttcg
muRpl19 R gcctettetgtagectgage
Roche #92 | IkK-beta F (92) ccggaaagtgtcagctgtatc

IkK-beta R (92)

cctcagctggaagaaggaga
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Table 1. Mouse-Specific qRT-PCR Primers, continued

Roche #47 | p65 F (47) cccagaccgcagtatccat
p65 R (47) gctccaggtetegettett
Roche # 38 | NFKBIA qPCR38 F acgagcaaatggtgaaggag
NFKBIA qPCR38 R | atgattgccaagtgcagga
Roche # 80 | rtTA F (80) cttttcggcctggaactaatc
rtTA R (80) gccgctttcgeactttag
Roche #6 IL6 F (6) gctaccaaactggatataatcagga
IL6 R (6) ccaggtagctatggtactccagaa
Roche #38 | IL1b F (38) agttgacggaccccaaaag
IL1b R (38) agctggatgctctcatcagg
Roche #62 | mu CCL2 F catccacgtgttggctca
mu CCL2 R gatcatcttgctggtgaatgagt
Roche #89 | mu CCL7 F ttctgtgcctgctgctcata
mu CCL7 R ttgacatagcagcatgtggat
Roche #12 | mu RNasehl F cactcagggcatggacatc
mu RNasehl R gctectetgetcagtectea
Roche #81 mu Dnase Ila F agtgccacagaggaccactc

mu Dnase IIa R

ttcctattcatgtcacccacac

Table 2. Human-Specific QRT-PCR Primers

Probe Name Sequence
Roche #25 | hu IFNbI F cgacactgttcgtgttgtca

hu IFNbl R gaagcacaacaggagagcaa
Roche #34 | hu CXCLI10 F gaaagcagttagcaaggaaaggt

hu CXCL10 R gacatatactccatgtagggaagtga
Roche #3 hu GAPDH F gcacaagaggaagagagagacc

hu GAPDH R aggggagattcagtgtggtg
Roche #36 | huIfihl F aggcaccatgggaagtgat

hu Ifih1 R ggtaaggcctgagetggag
Roche #23 | hu Isgl5-F gcgaactcatctttgccagta

hu Isgl5-R ccagcatcttcaccgtcag
Roche #79 | hu TNFa-F agcccatgttgtagcaaacc

hu TNFa-R tctcagetccacgecatt
Roche #57 | hu IRF3 F aaggaaggaggcgtgtttg

hu IRF3 R ccttccgtgaaggtaatcaga
Roche #72 | hu TBKI1 F tgttttgcgagatgtggtg

hu TBK1 R cttcccctataacacgcatga
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Table 2. Human-Specific qRT-PCR Primers, continued

Roche #1 hu STING F gatatctgcggctgatectg
hu STING R geaggttgttgtaatgctgatt
Roche #66 | hu cGAS F gaccacctgctgetcagact
hu cGAS R tcaaattcattaggtgcagaaatc
Roche #40 | hu IL6 F 40 gatgagtacaaaagtcctgatcca
hu IL6 R 40 ctgcagcecactggttetgt
Roche #48 | hu ICAM1 F 48 gaagtggtgggooagacata
hu ICAM1 R 48 cccaataggcagcaagtttc

Table 3. Mouse-Specific ChIP-qPCR Primers

Name Sequence

mulRF3 bind Ifnlb F gctccagetccaagaaagga
mulRF3 bind Ifnlb R | gatcttgaagtccgecctgt
mulRF3 bind Ifihl F gaggctacttggtacctgcg
mulRF3 bind Ifihl R aggtggcagtgaatgtgtcc
mulRF3 bind Isgl5 F gcccagctacaatagggtcttaat
mulRF3 bind Isgl5 R | atcagaattgcccaaagacaactg

Table 4. Human-Specific ChIP-qPCR

Name

Sequence

hulRF3 bind Ifnbl F

tcctctgaatagagagaggacca

hulRF3 bind Ifnbl R

cagagcaaaggcttcgaaagg

hulRF3 bind Cxcl10 F

aagaaacagttcatgttttggaaag

hulRF3 bind Cxcll0 R

tgtagcctccaagttacgga

2.03 Quantitative real-time PCR

Total RNA was extracted from 0.5-2 million cells using the RNeasy Micro Kit (Qiagen)
substituted with EconoSpin® All-in-one silica membrane mini spin columns (Epoch Life
Science) using Qiagen’s buffers and following Qiagen’s protocol. The concentration of RNA
was measured by nanodrop and 1.5 pg total RNA was treated with DNase I (Sigma #
4716728001) according to the manufacturer’s protocol. cDNA was synthesized from the purified

RNA with a high-capacity reverse transcriptase (Fisher # 4368814) according to the
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manufacturer’s protocol. This cDNA was then resuspended to a final volume of 200 uL and 5 pL
used for qRT-PCR with a final volume of 25 puL. All mRNA quantification was performed using
the Tagman gene expression master mix (Fisher # 4369514) and all ChIP DNA quantification
was performed using the SYBR green PCR master mix (Fisher # 4309155) on a StepOne Plus

real-time PCR system (Applied Biosystems # 4376600).

2.04 In vitro stimulation assays

Cells were grown in tissue-culture treated 6 well plates seeded with 0.5-1 million cells.
Then next day cells were treated with various conditions depending on the experiment.

For direct STING activation of murine cell lines by DMXAA, cells were treated with
complete DMEM containing DMXAA at various concentrations (typically 50 ng/mL) for
various amounts of time (typically 2h for RNA isolation or 8h for ELISA).

For stimulation of murine and human cell lines by agonists unable to spontaneously cross
the plasma membrane (DNA, cGAMP, or GpAp), 30 pL lipofectamine 2000 was mixed in Opti-
MEM media to a final volume of 1 mL and left at room temperature for 5 min. In parallel, 1 mL
of agonist solution was mixed in Opti-MEM and subsequently added to the lipofectamine
solution. This mixture was then added to cells growing in antibiotic-free media with 1/3 volume
agonist added to 2/3 volume media. The final concentrations varied by experiment and agonist
but was typically 5 ng/uL DNA or 150 pg/mL cGAMP/GpAp.

For treatment with the epigenetic modulating drugs (Aza, AzaD, TSA, mocetinostat,
TMP269) and cycloheximide, a high-concentration stock was initially prepared in DMSO. This
was then diluted to prepare a 1000x stock in water which was diluted to 1X in complete DMEM

to treat cells. The final concentration of each drug was SuM Aza, 0.2 uM AzaD, 10 uM TSA, 10
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uM mocetinostat, 10 uM TMP269, and 10 pg/mL cycloheximide. Cells were grown in each drug

for 24, 48, or 72 hours depending on the experiment but most commonly 24 hours.

2.05 SDS-PAGE and Western blotting

Cells were washed with PBS and resuspended in triton lysis buffer (50 mM Tris-Cl pH
8.0, 150 mM NaCl, 1% v/v Triton-X) at a final concentration of 10 million cells per 1 mL lysis
buffer. The protein concentration was measured using the Biorad DC Protein Assay (#5000112)
according to the manufacturer’s protocol. 20 pg of protein was loaded on a 10% SDS-PAGE gel
and run for 30 min at 60V then 1.5 hours at 100V. The gel was transferred to a PVDF membrane
and blotted with various primary antibodies (see table) and the LI-COR IRDye secondary
antibodies. Blots were visualized using a LI-COR Odyssey® Fc Imaging System.

Table 5. Western Blot Antibodies

MW Catalog
Antigen (kDa) | Vendor # Specificity | Isotype
B-Actin 42 Cell Signaling 490 Hu, Mu Rabbit
GAPDH 35 Cell Signaling 2118 Hu, Mu Rabbit
IxkBa 39 Cell Signaling 4812 Hu, Mu Rabbit
IKKf 87 Cell Signaling 2684 Hu, Mu Rabbit
IRF3 45 Cell Signaling 4302 Hu, Mu Rabbit
phospho-IKKao/B | 85,87 | Cell Signaling 2697 Hu, Mu Rabbit
phospho-IRF3 | 45,55 | Cell Signaling 4947 Hu, Mu Rabbit
phospho-TBK 1 84 Cell Signaling 5483 Hu, Mu Rabbit
STING | 33,35 | Cell Signaling 3337 Hu, Mu Rabbit
TBK1 80 Cell Signaling 3504 Hu, Mu Rabbit
p65 65 Cell Signaling 8242 Hu, Mu Rabbit
phospho-p65 65 Cell Signaling 3033 Hu, Mu Rabbit
cGAS 62 Cell Signaling 31659 Murine Rabbit
cGAS 62 Cell Signaling 15102 Human Rabbit

2.06 Immunofluorescent Imaging Flow Cytometry
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A minimum of 2 million cells per sample were washed with PBS and resuspended in the
fixation/permeabilization buffer from the eBioscience Foxp3 transcription factor staining buffer
set (Fisher # 00-5523-00). Intracellular staining was then performed for various antigens using
the same primary antibodies used for Western Blotting. Secondary staining was performed using
goat anti-rabbit secondary antibodies conjugated to APC. Finally, samples were stained with 2
drops per mL DAPI (Akoya #FP1490) in permeabilization buffer for 5 min at room temperature
and washed twice with PBS. Sample images were acquired on an Amnis ImageStreamX and
analyzed using the IDEAS application according to the manufacturer’s guidelines. In particular,

nuclear translocation was quantified using the “Nuclear Localization” guided analysis algorithm.

2.07 Chromatin-immunoprecipitation assay

A minimum of 10 million cells were resuspended in 4 mL media and 250 pL of 37%
formaldehyde added. To cross-link, samples were incubated 15 minutes at room temperature
with gently rocking then cross-linking was stopped by the addition of 125 mM glycine final
concentration. Cells were spun down, rinsed with PBS, and lysed with 0.8M RIPA buffer (10
mM Tris-Cl pH 7.4, 1 mM EDTA, 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.8 M NaCl,
0.1% SDS) with protease inhibitors (Fisher # 78429). 10 million cells were lysed in 200 pL of
lysis buffer at 40C for 10 minutes then sonicated to shear the DNA for 10 minutes with a pulse
setting of 30 second on / 15 seconds off. The chromatin was cleared of cell debris by
centrifuging 10 minutes at 21,000 xg at 40C and the supernatant kept going forward. “Input”
samples were set aside and the remaining sample split in half. Each half received either target-
specific antibodies or isotype control antibodies and left rocking overnight at 40C. The next day,
protein G agarose beads (Roche # 11719416001) were blocked then added to the mixture and left

to rock overnight at 40C. Finally, the beads were spun down, rinsed with excess 0.5 M RIPA
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twice, then eluted using ChIP elution buffer (2% SDS, 20 mM Tris-Cl pH 6.8). Eluted samples
were de-crosslinked using RNase and proteinase treatment. The relative abundance of different
promoter regions was measured by RT-PCR comparing the immunoprecipitated samples to the

isotype and input controls.

2.08 Assay for transposase accessible chromatin

After harvesting cells, 100,000 cells were washed with PBS and resuspended in 50 puL of
cold ATAC lysis buffer (10 mM Tris-Cl pH 7.4, 10 mM NacCl, 3 mM MgCl2, 0.1% IGEPAL
CA-630). This was spun down immediately and the transposition reaction performed using the
Nextera DNA flex library prep kit (Illumina # 20018704). This was done according to the
manufacturer’s guidelines and purified using the Qiagen MinElute Kit (Qiagen # 28004). The
transposed DNA fragments were then amplified using the Nextera PCR Primers 1 & 2 for 12
cycles before purification by the Qiagen PCR purification kit (Qiagen # 28104). These samples
were then submitted for sequencing and the resulting data aligned to the genome to plot the

relative accessibility of various sites throughout the genome.

2.09 Heterokaryon formation

Autoclaved PEG 1500 was mixed with complete DMEM to 50% w/v final concentration
and the pH adjusted to 7.0-7.4 with HCI. Harvested cells were mixed in a 1:1 ratio in 5 mL
serum-free media. They were spun, washed in 1 mL serum-free media for 10 min at room
temperature, and spun again. To fuse the cells, they were resuspended in 1 mL 50% PEG within
30 seconds and incubated 2 min at room temperature. Then 10 mL serum-free media was slowly
added and samples incubated 30 min at room temperature. The cells were finally washed twice

with 50 mL serum-free media and resuspended in 100 mL complete media. They were incubated
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1 hour at 37°C in a smaller flask before transfer to a larger flask overnight. Then next day, the
fused cells were purified by FACS. A few days after the initial sort the cells were re-sorted to

ensure only stably double-positive cells remained for further analysis.

2.10 Whole-genome CRIPSR gRNA screen

B16 tumor cells stably expressing WT cas9 were generated using an adenoviral vector
(ABM #KO004) and selected using blasticidin. An NF-kB-GFP reporter was stably integrated into
B16-cas9 cells using the pGreenFire 2.0 lentivector (System Biosciences # TR412PA-P) and
selected with puromycin. Once reporter activity was validated, a pooled whole-genome CRISPR
gRNA library was used to transduce the B16-cas9-NF-kB-GFP cells. To generate the whole-
genome CRISPR library, 6 million HEK293T cells were seeded on a 10cm dish and transduced
using 1 mL Opti-MEM containing 30 uL lipofectamine 3000, 30 pL p3000 reagent, 5 pug pooled
gRNA library, 5 pg psPAX2 (Addgene), and 2.5 ugpMD2.G (Addgene). The lipofectamine and
p3000/DNA mixtures were prepared separately and combined before adding to the cells. 48
hours later the virus-containing supernatant was filtered through a 0.45 um filter and diluted 1:2
with antibiotics-free media. The virus-containing media was then added to 60 million B16-cas9-
NF-«B-GFP cells. To select cells transduced with the CRISPR library, 48 hours later the BFP+
cells were purified by FACS with an efficiency below 30% to avoid multiple gRNA insertions.
These cells were passaged an additional 5 days to allow for complete knock-out of target genes
and then stimulated 16 hours with DMXAA. The activated cells were then sorted into 4 separate
populations with varying levels of NF-«xB reporter activity. The cells with the highest reporter
activity that were successfully expanded after sorting were then lysed and their gRNA sequences
amplified from gDNA with forward (cgggccctacgegttactcg) and reverse

(attggatccaaaaaaagcaccgactcg) PCR primers. The PCR product was then double digested with
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Apal and BamHI, ligated into the pKLV vector (Addgene # 62348), and recombinant plasmids
introduced into Stbl3 cells. Plasmids purified from single clones were then sequenced to look for

enrichment of particular gRNAs.

2.11 Targeted CRISPR gRNA knockouts

gRNA sequences were designed using the atum.bio CRISPR gRNA design tool

(https://www.atum.bio/eCommerce/cas9/input) using an NGG PAM sequence and designed for

WT cas9. To clone the gRNA into the pKLV vector (Addgene # 62348), I designed a pair of
partially overlapping anti-sense oligonucleotides that, once annealed, would contain an overhang
compatible for ligation into pKLV. For example, the gRNA targeting Ubxnl was made using top
(caccgCTCCCTTACGCGCGTCCCCTgt) and bottom
(taaaacAGGGGACGCGCGTAAGGGAGc) oligonucleotides where the gRNA sequence is
capitalized. I mixed the top and bottom oligonucleotides together in a 1:1 ratio, placed them in a
boiling water bath, turned the bath off, and allowed them to cool overnight to anneal. The next
day, I ligated the resulting dsDNA into the Bbsi-digested pKLV vector after which the
recombinant plasmids were introduced into Stbl3 cells. Plasmids purified from individual
colonies were then sequenced to verify proper gRNA insertion. These single gRNA vectors were
then packaged using HEK293T cells and transduced into B16 tumor cells according to the same

packaging protocol used for the whole-genome CRISPR screen.

2.12 Whole-genome sequencing & somatic variant calling

Tumor cells were expanded until a minimum of 100,000 cells were ready for analysis.
The cells were lysed and genomic DNA purified according to the manufacturers protocol using

the Qiagen Blood and Cell Culture DNA Kit (Qiagen #13323). This genomic DNA was then
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submitted for whole genome sequencing at the University of Chicago core facility. The resulting
sequences were processed using the GDC’s “DNA-Seq Analysis Pipeline” including the
optimizations for somatic variant calling in cancer. Briefly, sequences were aligned with BWA,
processed with Picard tools, and variants identified with the HaplotypeCaller. The resulting list
of variant bases were then processed with SnpEff to identify which variants caused changes in
amino acid composition of genes. This list of variant genes was then annotated with the human-
curated uniport database of annotations and filtered for key terms including “NF-kB” to identify

genes functionally associated with NF-xB function.
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Chapter 3: Results

3.01 Of the cell types in the B16 melanoma tumor microenvironment, only tumor

cells fail to express IFN- following STING agonist treatment

Prior studies have established type I interferons as important anti-tumor cytokines
capable of promoting tumor-specific T cell priming and generation of a T-cell infiltrated tumor
microenvironment. The STING pathway is the major innate immune pathway activated by
endogenous tumors to elicit IFN-f expression, and previous work has shown that intratumoral
injection of STING agonists directly into the tumor microenvironment can promote tumor
rejection 37, To gain deeper mechanistic insight into this effect, we investigated which cell
types could respond to STING agonists and produce IFN-3. We measured IFN-f§ gene expression
by qRT-PCR following STING pathway activation in several cell types present in the tumor
microenvironment (Figure 3.1). We treated each cell type with DMXAA, a synthetic STING
agonist that directly binds STING to initiate STING pathway signaling. We found the highest
expression of IFN-B within the BMDC population, but every cell type responded with IFN-

expression. This is consistent with the expression of the components of the STING pathway in a
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broad range of cell types. However, the B16 melanoma tumor cells themselves failed to express
IFN-B. Previous studies have shown that transfection of B16 tumor cells to force IFN-f3
expression driven by a constitutive promoter led to spontaneous tumor control upon implantation
in vivo *°. Thus, if tumor cells could produce their own IFN-B they would be predicted not to
grow. These observations suggested the notion that tumor cells may be selected to lose tumor

cell-intrinsic STING signaling and IFN-3 expression, as a component of oncogenesis.
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Figure 3.1 Tumor cells fail to produce IFN-f after STING pathway activation in contrast to
all other cell types in the tumor microenvironment that express IFN-f.

Several different cell types present in the tumor microenvironment were stimulated with 50
pg/mL DMXAA for 2 hours then IFN-B mRNA measured by qRT-PCR.

3.02 The vast majority of tumor cell lines fail to express IFN-f after STING

pathway activation

We wondered whether the lack of IFN-f expression in B16 tumor cells was unique to that
cell line or whether it was true of tumor cells more generally. We thus stimulated a broad range
of both mouse (Figure 3.AB) and human (Figure 3.CD) tumor cell lines with either the STING

agonist DMXAA or DNA + lipofectamine, which activates the STING pathway via cGAS.
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These cell lines were selected based on the fact that they represent several tumor cell types in
order to avoid any biases that may be introduced by only studying a single tumor subtype. We
found that the majority of tumor cell lines failed to express IFN-B in response to both DNA and
DMXAA, with the only exception being the TRAMP prostate cancer cell line. TRAMP cells are
known to grow slowly both in vitro and in vivo, making it possible that tumor-intrinsic IFN-3
expression may partially explain this phenotype. Based on the fact that most of the tumor cells
failed to express IFN-P, it was of interest to investigate the molecular mechanism responsible for
their lack of IFN-3 expression in cancer. In particular, we focused on B16 melanoma cells, as the
immunobiology of this tumor model has been investigated in detail. We speculated that by
understanding this molecular mechanism we might be able to reverse the phenotype to enable
tumor-intrinsic STING signaling and IFN-f3 expression, which could point in the direction of a

new innate immunotherapeutic strategy.
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Figure 3.2 Similar to B16 tumor cells, most tumor cells fail to express IFN-§ in response to
STING pathway activation.
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Figure 3.2, continued.

(AB) Various mouse tumor cell lines or M¢ controls were stimulated with 50 pg/mL DMXAA
or 1 ng/mL DNA with lipofectamine. After 2 hours (A) or 4 hours (B) the cells were lysed and
IFN-B mRNA measured by qRT-PCR. (CD) Various human tumor cell lines with stimulated
with cGAMP or DNA with lipofectamine for 4 hours (C) or 8 hours (D) and IFN- mRNA
measured by qRT-PCR.

3.03 Tumor cells fail to express IFN-p after STING agonist treatment across a broad

range of doses and durations

The STING pathway involves several biochemical signal transduction events which
occur over a period of several hours. We wondered whether there might be differences in the
kinetics of STING signaling and whether tumor cells might simply be expressing IFN-f at later
timepoints than we initially tested. We therefore performed a time course experiment stimulating
both B16 tumor cells and an immortalized bone marrow-derived macrophage (BMDM) cell line
with DMXAA for up to 8 hours (Figure 3.3A). Based on qRT-PCR we found that M¢ control
cells expressed peak levels of IFN-f mRNA at 2 hours after treatment. By 8 hours M¢ lacked
detectable IFN-3 mRNA, likely due to feedback inhibition of IFN-3 expression. Consistent with
our initial observations, we found B16 tumor cells did not express IFN-f at any timepoint. We
also measured IFN-f protein levels by ELISA and found that M¢ produced high levels of IFN-f3
that accumulated up to 8 hours, which was consistent with our observations at the mRNA level.
We found that B16 tumor cells did not produce detectable IFN-f protein at any timepoint (Figure
3.3B). These results are consistent with our initial conclusion that B16 tumor cells fail to produce
IFN-B and do not simply exhibit delayed kinetics.

We also wondered whether tumor cells might differ in STING pathway sensitivity

compared to M¢ and so we stimulated them with a broad range of STING agonist
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concentrations. We found detectable IFN-3 expression from M¢ as low as 5 pg/mL DMXAA,
which is 10x less than we typically use for stimulation. On the other hand, we found that B16
tumor cells failed to express IFN-f3 in response to any concentration of DMXAA (Figure 3.3B).
Collectively, these results argue that B16 tumor cells are qualitatively rather than quantitatively

different than macrophages with respect to STING pathway signaling.

DMXAA Dose Response

A DMXAA Timecourse B
IFN-B mRNA . IFN- mRNA
. 15000+ —_— B v
T 5 1 B16
g =t s 5 soo0{ 3
2 £ 10000 % 6000
[T £ £
£ 5 =
o 2 S 40004
§§ 5000 = -
g % 2000-
- Q
8 4
c T ¥ C T | L I- ] |
S o WS S S O S B N v P @
DMXAA Stimulation (hours) DMXAA Stimulation (ug/mL)

Figure 3.3 Tumor cells fail to express IFN-f in response to STING pathway activation
regardless of agonist dose or duration.

(A) B16 tumor cells or M¢ controls were stimulated with 50 pg/mL DMXAA for various
amounts of time. (B) B16 tumor cells or M¢ controls were stimulated for 2 hours with various
concentrations of DMXAA. IFN-f mRNA was then measured by qRT-PCR.

3.04 B16 tumor cells retain expression of the components of the STING pathway

Previous studies have found epigenetic repression of cGAS and STING expression can
reduce their expression in tumor cells '°'-1%, This phenomenon has been suggested as a
mechanism to prevent STING signaling in the context of cancer. Therefore, we measured
expression of the components of the STING pathway in B16 tumor cells. Under basal conditions,
mRNA levels for cGAS, STING, TBK1 and IRF3 were determined. We found all of these

factors were modestly reduced in B16 tumor cells compared to M¢. Protein and mRNA levels
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don’t always correlate though and there can be as high as 50% discordance '**!%°. To measure
protein accumulation, we performed Western blot analysis for each of these factors. We found at
the protein level only cGAS was reduced in B16 tumor cells to approximately 50% of the level
found in M¢.

Some groups have proposed decreased expression of cGAS and STING themselves might
be used as a clinical biomarker and may even help predict response to STING agonist therapy.
We analyzed multiple cell lines shown in Figure 3. in parallel and plotted the level of expression
of both cGAS and STING protein versus mRNA levels. Similar to the results for B16, we found
that cGAS mRNA and protein levels correlate quite well across several different cells lines.
STING, on the other hand, demonstrated discordance between mRNA and protein levels
suggesting STING levels might be additionally regulated at the post-translational level. This
observation is consistent with the wide array of regulatory mechanisms governing STING

protein stability 71-106-111,
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Figure 3.4 Components of the STING pathway are still expressed in tumor cells.

(A) The relative expression of each component of the STING pathway was measured under basal
conditions by qRT-PCR (B) An example western blot of B16 tumor cells and M¢ controls for
various components of the STING pathway. (C) Quantification of the Western Blots like shown
in B. (D) A correlation plot of the relative expression levels of cGAS and STING for mRNA and
protein.

3.05 STING signaling induces phosphorylation of TBK1 and IRF3 in B16 tumor

cells
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To determine whether the partial reduction in cGAS and STING expression was
functionally relevant, we stimulated B16 cells with the STING agonist DMXAA and assessed
phosphorylation of TBK1 and IRF3 by Western blot analysis. Even though B16 cells failed to
express IFN-3, both TBK1 and IRF3 were phosphorylated in response to DMXAA (Figure
3.5A). When we quantified the Western blot signals, we found that both TBK1 and IRF3 were
phosphorylated at quantitatively similar levels in B16 tumor cells compared to M¢ (Figure

3.5BC). This indicates that the defective STING pathway signaling must lie downstream from

phosphorylation of IRF3.
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Figure 3.5 STING pathway activation induces phosphorylation of both IRF3 and TBK1 in
B16 tumor cells.

(A) A Western Blot for both phosphorylated and non-phosphorylated IRF3 and TBK1. (B)
Quantification of blots shown in A.

3.06 STING pathway activation causes nuclear translocation of IRF3 in tumor cells

Following phosphorylation, IRF3 forms a dimer and translocates to the nucleus 7%"+!12,
To measure IRF3 nuclear translocation, we stimulated cells with DMXAA and performed
intracellular staining for IRF3 as well as DNA using DAPI. We then imaged the cells using
Amnis ImageStreamX which is a form of immunofluorescent flow cytometry. Visually, we

found that IRF3 translocates to the nucleus of both B16 tumor cells and M¢ controls. To
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quantitatively measure the degree of IRF3 nuclear translocation we measured the overlap in
IRF3 vs DNA staining and calculated a similarity index in which a higher value means more
nuclear translocation. We found that B16 tumor cells retained IRF3 nuclear translocation, as
shown in Figure 3.6A with a histogram representing the distribution of several thousand cells.
We further found that the magnitude of nuclear translocation in B16 tumor cells was
quantitatively similar to that seen in M¢ on a per-cell basis (Figure 3.6B) or the percent of cells
with nuclear translocation (Figure 3.6C). These results indicate that not only is IRF3
phosphorylated in B16 tumor cells that fail to express IFN-f, but that tumor cells also retain

IRF3 nuclear translocation.
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Figure 3.6 ImageStreamX analysis demonstrates IRF3 nuclear translocation in B16 tumor
cells.

(A) Quantification in the correlation between the DAPI nuclear stain and IRF3 staining for B16

tumor cells and M¢ controls. Quantification of the average nuclear index score (B) or percent of
cells with nuclear IRF3 (C) across multiple replicates.
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3.07 IRF3 fails to bind the IFN-f§ promoter in B16 tumor cells yet binds to other

promoter regions

The IFN-f locus and the regulation of its expression have been carefully studied. Both in
vivo and in vitro analyses have carefully mapped binding sites of IRF3 and other transcription
factors, and have determined which accessory proteins are necessary for inducing IFN-[3 gene
transcription. IRF3 is known to bind to a particular region approximately 100 bp upstream of the
IFN-B gene *2. To measure IRF3 binding to this locus, we performed a chromatin
immunoprecipitation (ChIP) assay. Cells were stimulated with DMXAA to induce STING
signaling, and proteins were crosslinked. After immunoprecipitation of IRF3 and purifying the
associated DNA, we analyzed binding by qPCR with primers specific to various sites in the
genome. We found that in B16 tumor cells, despite IRF3 nuclear translocation, there was no
detectable binding of IRF3 to the IFN-f promoter. This was in contrast to M¢ which
demonstrated IRF3 binding to the IFN-f3 promoter in response to STING activation (Figure
3.7A). This observation finally explains why B16 tumor cells fail to express IFN-f. Thus, in B16
tumor cells following STING pathway activation, IRF3 is phosphorylated and translocates to the
nucleus, but it fails to bind the IFN- promoter and therefore fails to elicit IFN-f transcription.

One hypothesis for failed IRF3 binding was deletion or mutation of the IFN gene locus.
However, we sequenced genomic DNA and did not detect any mutations within a 5kb region
upstream and a 3kb region downstream of the IFN-f3 gene (Figure 3.7B). In order to determine
whether IRF3 itself was functionally intact, we evaluated the ability of IRF3 to bind to other
gene promoters. We found in B16 tumor cells that IRF3 bound the promoters of Ifih1 and

CXCLI10 to a similar level as seen in M¢ control cells (Figure 3.7). Taken together, these data
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indicate that IRF3 can translocate to the nucleus of B16 cells and bind to DNA, but that it

selectively does not bind the IFN-3 gene locus.
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Figure 3.7 IRF3 fails to bind the IFN-$ locus but still binds other gene promoters in tumor
cells.

(A) Tumor cells or M¢ controls were stimulated with DMXAA for 2 hours. A ChIP assay was
performed for IRF3 and the resulting DNA analyzed by qPCR for enrichment of the IFN-f3
promoter. (B) A schematic of the binding sites for positive signaling factors (green) and the
“negative regulatory domains” (red). Sequencing of this region found no mutations. (C) The
same ChIP samples as (A) were analyzed by qPCR for IRF3 binding to other gene promoters.
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3.08 STING pathway activation in B16 tumor cells induces transcription of other
IRF3 target genes besides IFN-B with similar sensitivity and kinetics to M¢ control

cells

Because we observed IRF3 binding to other gene loci besides IFN-[3, we measured
expression of those genes to determine whether IRF3 function was intact. Indeed, following
stimulation with DMXAA, we found that B16 tumor cells expressed the IRF3 target genes Ifih1,
ISG15, and CXCL10.

Time course and dose-response experiments revealed that ISG15 gene expression was
similar between B16 tumor cells and M¢ cells DMXAA doses. We likewise found that ISG15
was expressed in B16 tumor cells at similar levels compared to M¢ when analyzed over time.
Taken together, these results argue that IRF3 is functionally intact in B16 tumor cells, but that

the IFN-B gene is selectively not transcribed.
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Figure 3.8 Tumor cells retain expression of other IRF3-target genes besides IFN-f.

(A) Tumor cells were stimulated with DMXAA for 2 hours and expression of each gene
measured by qRT-PCR. (BC) B16 tumor cells were treated for 2 hours with various doses of
DMXAA or with 50 pg/mL DMXAA for various amounts of time. Gene expression was then
measured by qRT-PCR.

3.09 B16 tumor cells lack IFN-p expression after STING pathway activation by a

dominant-negative mechanism
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It was of interest to determine the molecular mechanism of failed IRF3 binding to the
IFN-B promoter in B16 tumor cells. As a first approach to narrow down possibilities, we aimed
to determine whether the lack of IFN-3 expression was based on a dominant or recessive
mechanism. This was pursued through the generation of heterokaryon fusions of B16 tumor cells
with M¢. GFP-expressing M¢ and dsRed-expressing tumor cells were fused using polyethylene
glycol (PEG), and the GFP/dsRed double-positive population was isolated by flow cytometric
sorting (Figure 3.9). We also sorted dsRed-bright or GFP-bright cells as homotypic fusions as
controls. STING signaling was then interrogated by stimulation with DMXAA and measuring
IRF3 nuclear translocation as well as IFN-f gene expression. Consistent with what we had
observed previously, we found that all 3 populations retained IRF3 nuclear translocation.
However, when we measured IFN-B mRNA we found that the heterotypic hybrid population
lacked IFN-f gene expression similar to the B16 homotypic control and in contrast to the
homotypic M¢ control. These data indicate that B16 tumor cells lack IFN-3 expression by a
dominant negative mechanism, and suggest that B16 cells gain a dominant negative factor that

opposes IFN-f expression.
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Figure 3.9 B16-M¢ heterokaryons fail to express IFN-p after STING pathway activation,
indicating a dominant-negative mechanism.

(A) ds-Red expressing B16 tumor cells and GFP-expressing M¢ were mixed with PEG to induce
membrane fusion. The double-positive population was then sorted as well as bright populations
representing homotypic fusion controls Heterokaryons were stimulated with DMXAA for 2
hours and IRF3 nuclear translocation (B) or IFN-B expression was measured.

3.10 Treatment with cycloheximide enables tumor cells to express IFN-§ at

comparable levels to M¢, presumably due to degradation of an inhibitory factor

Our observations with heterokaryons suggest that B16 tumor cells have a dominant-
negative inhibitory factor that prevents IFN-f§ expression in tumor cells. We reasoned if this was
true, then allowing degradation of this inhibitory factor might rescue tumor-intrinsic STING
signaling and IFN-3 expression. Assuming such a factor was a protein, we treated cells with
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cycloheximide (CHX) to block new protein synthesis and allow degradation via natural
homeostatic processes. We reasoned that there might be a kinetic window in which the inhibitory
factor would be degraded but that the positive signaling factors might remain intact. A time
course was performed by pre-treating B16 tumor cells with CHX for various amounts of time
then stimulating with DMXAA (Figure 3.10A). We found that after 10h there was high
expression of IFN-f mRNA in B16 tumor cells, to a level quantitatively similar to what was seen
in M¢ cells (Figure 3.10B). Analysis by staining with live-dead markers revealed that B16 tumor
cells were not killed under these conditions (Figure 3.10C). These results demonstrate that B16
tumor cells are intrinsically capable of IFN- gene expression, but that negatively regulatory

protein(s) prevented IFN-f transcription under steady state conditions.
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Figure 3.10 Cycloheximide pre-treatment enables tumor cells to express IFN-f in response
to STING agonists.
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Figure 3.10, continued

(A) B16 tumor cells were treated with cycloheximide (CHX) for various amounts of time and
then stimulated for 8 hours with DMXAA and cycloheximide together. (B) Tumor cells or M¢
controls were grown in media or pre-treated with cycloheximide for 10 hours, then stimulated
with DMXAA and cycloheximide for various amounts of time. IFN-f mRNA was measured by
gqRT-PCR. (C) B16 tumor cells were treated with cycloheximide for various amounts of time
then stained with a LiveDead or AnnexinV stain to measure the percent of living cells.

3.11 The IFN-B locus is epigenetically closed at baseline and opens up following

STING pathway activation in M¢ but not tumor cells

Epigenetic regulation is one potential mechanism that could explain why IRF3 can bind
other gene promoters but not the IFN-f locus. We therefore directly measured epigenetic
accessibility using an assay for transpose-accessible chromatin (ATAC) with deep sequencing to
determine which parts of the genome were accessible. In particular, previous studies had
described a region just upstream of the IFN-f gene where IRF3 binds (marked in red in Figure
3.11A). Those studies found an approximately 50 bp region around 100 bp upstream of the IFN-
B transcriptional start site where multiple transcription factors such as IRF3 and NF-kB can bind
82 TFN-B gene expression has been linked to a combination of these transcription factors working
together to promote transcription. Minimal constructs containing just this 50 bp promoter region
led to reporter activity that closely matched endogenous IFN-B expression patterns ®’. Therefore,
while other more distant sites may regulate [IFN-f3 gene expression, this key region where IRF3
binds is thought to primarily dictate [IFN-f3 gene expression.

When we measured epigenetic accessibility of this key region, we found it was closed at
baseline in both M¢ and B16 tumor cells. In M¢ in response to STING pathway activation, the

locus became more epigenetically accessible but in B16 tumor cells it failed to open (Figure
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3.11). These results argue that IRF3 might not bind the IFN- promoter in B16 tumor cells

because the binding site remains epigenetically closed.
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Figure 3.11 ATAC-sequencing reveals the epigenetic accessibility of the IFN-p locus at
baseline and following STING pathway activation.

ATAC-sequencing was performed to measure the epigenetic accessibility of the IFN-f locus (A)
or other housekeeping genes (B).

3.12 Epigenetic modulation by HDAC and DMT inhibitors fails to enable tumor-

intrinsic IFN-P expression by STING pathway activation
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There are 2 major possibilities that could explain the failure of B16 tumor cells to open
the IFN-B locus epigenetically: 1) tumor cells could actively maintain epigenetic repression of
IFN-B via enzymes like histone deacetylases (HDACs) or 2) tumor cells could be missing a
cofactor that is necessary for opening the IFN-f3 locus. To begin to address these possibilities, we
investigated whether epigenetic modulating drugs might enable tumor-intrinsic IFN-3
expression. B16 tumor cells were treated with several different types of HDAC inhibitors (Figure
3.12A). These drugs were selected because collectively they affect every class of HDACs
(Figure 3.12B). However, none of the HDAC inhibitors enabled B16 tumor cells to express IFN-
B. In fact, TSA and mocetinostat both suppressed IFN-f expression by control M¢ cells. We also
treated tumor cells with DNA methyltransferase inhibitors across several concentrations but
found that neither inhibitor enabled tumor cells to express IFN- (Figure 3.12CDE). While
negative data can be challenging to interpret, these results nonetheless prompted us to focus upon

lack of a positive signaling event that is functional in M¢ yet non-functional in B16 cells.
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Figure 3.12 Treatment with HDAC inhibitors and DMT inhibitors does not enable tumor
cells to express IFN-P in response to STING agonists.

(A) B16 tumor cells or M¢ controls were treated with high doses of various HDAC inhibitors for
24 hours and stimulated with DMXAA. (B) A summary of which HDACs are inhibited by which
drugs. (CDE) Tumor cells or M¢ controls were treated with azacytidine (aza) or 5-aza-
deoxycytidine (5-azad) for various amounts of time (CD) or 24 hours (E) and then stimulated
with DMXAA.
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3.13 STING pathway activation elicits expression of NF-kB target genes from M¢

but not B16 tumor cells

Our data to this point suggested that B16 tumor cells might be defective in activation of a
pathway required for epigenetically opening the IFN-[3 gene locus. Based on the literature, NF-
kB signaling has been proposed to regulate opening of the IFN-f locus, and also can be activated
by STING signaling. Previous studies have found that NF-kB can bind the IFN- promoter at
earlier time points than IRF3 ¥, More recent studies using chromatin conformation capture
experiments suggested that there are 3 NF-kB binding sites that associate with the IFN-3
promoter region. These sites are found at distant sites in the genome but are physically close to
the IFN-B promoter and these NF-kB binding sites are epigenetically accessible at baseline *®. It
is therefore theorized that NF-«kB binds to these sites first and then, through a poorly understood
mechanism, causes the IFN-f promoter to become epigenetically accessible. This then allows
NF-«B to bind to the now epigenetically accessible IFN- promoter. Shortly after NF-xB binds,
IRF3 can then bind the IFN-f promoter and, together, NF-kB along with IRF3 drive IFN-§3 gene
expression.

Therefore, we interrogated NF-«xB signaling in B16 tumor cells by evaluating NF-xB p65
binding to the IFN- promoter by ChIP. In fact, we found NF-kB bound to the I[FN- promoter in
M¢ but not B16 tumor cells (Figure 3.13A). We also investigated induced expression of other
target genes, and found that DMXAA induced expression of TNF-a, in M¢ but not in B16 tumor
cells (Figure 3.13B). These results indicate that that NF-xB signaling is activated downstream of
STING and drives gene expression in M¢ but not in B16 tumor cells, and argue that the defect in

NF-«B signaling is different than the defect in IRF3 signaling.
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Figure 3.13 NF-kB target gene expression and NF-kB binding to the IFN-f promoter after

STING agonist treatment.

(A) B16 tumor cells or M¢ controls were treated with DMXAA for 2 hours and gene expression
measured by qRT-PCR. (B) Tumor cells or M¢ were treated with DMXAA for 2 hours and NF-

kB binding to the IFN-3 promoter was measured by ChIP-PCR.

We also stimulated both tumor cells and M¢ with DMXAA and performed an

intracellular stain for NF-kBp65 also known as RelA. In parallel we stained for IRF3 as a

positive control. Consistent with our previous observations, we found that IRF3 translocated to

the nucleus of both B16 tumor cells and M¢. In contrast, NF-kB only translocated to the nucleus

of M¢ (Figure 3.14). These results indicate that the defect in NF-kB signaling is upstream of p65

nuclear translocation.
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Figure 3.14 ImageStreamX analysis reveals B16 tumor cells lack NF-kB p65 nuclear
translocation.

B16 tumor cells or M¢ controls were treated with DMXAA for 2 hours (blue) and then
intracellular staining performed for IRF3 or NF-«B p65. Nuclear translocation was quantified by
a similarity index which calculates the correlation between nuclear DAPI staining and antigen
staining.

3.14 B16-M ¢ heterokaryons lack NF-kB nuclear translocation, indicating a

dominant-negative defect

The observation that M$-B16 heterokaryons fail to express IFN- demonstrated that B16
tumor cells have a dominant negative mechanism that blocks expression of IFN-f mRNA. If
failed NF-xB signaling was responsible for this defect, then we reasoned that p65 nuclear
translocation also might be impaired through such a dominant negative effect. To test this
hypothesis, we stimulated heterokaryons with DMXAA and measured NF-kB nuclear
translocation using ImageStreamX analysis. In fact, we found that M¢-B16 hybrid cells lacked

NF-«B nuclear translocation after STING pathway activation. This was similar to the B16
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homotypic controls and in contrast to M¢$ homotypic controls. These results suggest that

dominant negative mechanism that prevents NF-kB signaling in B16 tumor cells might be the

core aberration.
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Figure 3.15 Heterokaryons reveal a dominant-negative defect in NF-kB signaling in B16
tumor cells.

Heterokaryons were stimulated with DMXAA for 2 hours and nuclear translocation of NF-xB
p65 measured by intracellular staining and ImageStreamX analysis. The similarity index was
calculated by quantifying the correlation between nuclear DAPI staining and antigen staining.
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3.15 Cycloheximide treatment enables tumor-intrinsic NF-kB nuclear translocation

in tumor cells

In as much as we had found evidence for an inhibitory protein in B16 cells that prevented
IFN-B gene expression based on CHX treatment experiments, we hypothesized that, if defective
NF-«B signaling was mediating this lack of IFN-f expression, then CHX treatment should
similarly restore NF-«kB signaling. To test this notion, we pre-treated B16 tumor cells with CHX
and measured NF-«B p65 nuclear translocation by ImageStream. Indeed, we found that CHX
treatment enabled NF-kB translocation into the nucleus (Figure 3.16). Interestingly, treatment
with DMXAA did not further augment this process, suggesting that cycloheximide alone was
sufficient to induce maximal NF-xB nuclear translocation. This result implies B16 tumor cells
may contain a basal propensity for NF-«xB signaling.

Importantly, our previous studies did not show any IFN-f expression after CHX
treatment alone (Figure 3.10). This result implies that CHX is sufficient to cause NF-xB
signaling and nuclear translocation in B16 tumor cells, but this alone does not lead to IFN-f3
expression. When we treat tumor cells with CHX along with DMXAA, then IFN- becomes
expressed at comparable levels to M which is likely due to the fact that IRF3 and NF-«xB are
both activated under those conditions. This phenomenon is similar to what we observe in M¢

where treatment with DMXAA alone is sufficient to cause both IRF3 and NF-«kB signaling.
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Figure 3.16 Treatment with cycloheximide enables tumor-intrinsic NF-kB nuclear

translocation.

B16 tumor cells were treated for 10 hours with cycloheximide (CHX) and then stimulated for
various amounts of time with DMXAA and cycloheximide. NF-kB p65 nuclear translocation
was measured by intracellular staining and ImageStreamX analysis. The degree of nuclear
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translocation was quantified by the correlation between DAPI and the antigen stain.

3.16 An NF-kB-GFP reporter recapitulates the phenotype observed in B16 tumor

cells
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Our collective data implicated an inhibitory protein in B16 tumor cells that prevented
NF-«B signaling, thereby leading to defective IFN-3 gene expression in response to STING
pathway activation. Therefore, we sought to identify gene(s) in B16 tumor cells was responsible
for repressing NF-«B signaling. To develop a screen, we introduced an NF-kB reported into B16
tumor cells, and also into M¢ control cells, to interrogate NF-«B signaling more carefully. We
found that DMXAA was sufficient to elicit GFP expression from M¢ but not tumor cells.
However, when B16 tumor cells were pretreated with CHX along with DMXAA treatment, then
NF-xB GFP reporter activity was observed (Figure 3.17). A dose response and time course
treatment was performed in M¢ to optimize stimulation. We found that the reporter activity
increased over time, and also increased with higher concentrations of DMXAA. These
observations confirm that not only does cycloheximide rescue NF-kB nuclear translocation, but
that it also rescues expression of an NF-«kB transcriptional reporter. These results also established
a B16 tumor cell line that could be used to perform a whole-genome screen for candidates that,

once deleted, restore expression of NF-kB signaling in B16 tumor cells.
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Figure 3.17 An NF-kB GFP reporter measures the response by M¢ and B16 tumor cells to

STING agonists.
M¢ or B16 tumor cells were treated with DMXAA for 16 hours or tumor cells treated with
cycloheximide (CHX) for 10 hours then stimulated with DMXAA and cycloheximide for 8
hours. The cycloheximide treated cells were then grown in normal media 24 hours. Ultimately,

flow cytometry was used to measure expression of the NF-kB GFP reporter.

3.17 Expression of a whole-genome CRISPR gRNA library yields rare tumor cells

with high NF-kB signaling in response to STING pathway activation
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Using B16 tumor cells expressing an NF-kB GFP reporter, we pursued a genome-wide
CRISPR screen to identify genes which, when knocked out, restore tumor cell-intrinsic NF-xB
signaling. We used a gRNA library containing 87,897 sgRNA sequences targeting 19,150 mouse
protein-coding genes. We transduced the library into B16 tumor cells stably expressing both cas9
and the NF-kB GFP reporter. We then expanded the cells and cultured them for 5 days to allow
the gene deletion to take effect. The resulting cells were stimulated with DMXAA and then
sorted based on high level of GFP expression. We briefly cultured the sorted cells, lysed them to
purify genomic DNA, performed PCR specific for the gRNA flanking regions, and sequenced
individual gRNAs. Presumably, any genes identified by this screen are acting as dominant
negative repressors of NF-kB signaling because deleting them enabled tumor cells to express the

NF-kB GFP reporter.
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Figure 3.18 Tumor cells were sorted based on expression of the NF-kB GFP reporter after
transduction with a genome wide CRISPR gRNA library.

B16 tumor cells stably expressing cas9 and an NF-kB GFP reporter were transduced with a

genome-wide CRISPR gRNA library. After 5 days or proliferation the cells were sorted for
varying levels of GFP reporter expression for further analysis.

3.18 gRNAs targeting several genes are enriched in a whole-genome CRISPR screen

for NF-kB reporter activity
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Upon sequencing the gRNAs from B16 tumor cells with exceptionally high NF-xB-GFP
reporter expression, we found an enrichment for gRNAs targeting several genes. These included
Mast1, Nbeal2, Smadl, Pglyrp2, Stam2, Ifitm2, and Prss50 (Figure 3.19). Based on the
literature, several of these genes seemed mechanistically plausible as regulators of NF-kB
signaling downstream of STING. For example: Mastl is a kinase; Smadl is involved with TGF-
B signaling which can cross-talk with STING signaling; Ifitm2 over-expression has been linked
to suppression of type I interferon expression after polyl:C stimulation ''*; and Prss50 is a poorly
characterized protease. Each of these proteins have functions that could conceivably impact on
STING signaling to regulate signal transduction but none of them have been previously
identified as regulators of NF-kB signaling. We decided to consider all 12 targets as candidates

for further analysis.

Times

Gene Sequenced
Mastl 6
Nbeal2 6
SMAD1 5
Pglyrp2 5
Stam2 4
Ifitm2 4
Prss50 3
Copl 1
Dcaf6 1
Rad51ap2 1
S1pr5

Tshz3

Figure 3.19 Several candidate genes are identified by the genome-wide CRISPR screen.
Cells sorted from the highest reporter-expressing population were sorted, lysed, and the
corresponding gRNAs sequenced. These sequences were then matched to the corresponding
genes they target and summarized in the table shown.

57



3.19 Multiple genes are mutated in B16 melanoma that are known to suppress NF-

kB signaling

In parallel to the CRISPR library approach, we also analyzed which genes are mutated in
B16 tumor cells compared to M¢. We reasoned that any mutations that are present in B16 tumor
cells but not M¢ could explain why they have different phenotypes downstream of STING
activation and therefore could explain why B16 tumor cells have a defect in NF-kB signaling.

To identify variants in B16 tumor cells, we performed whole-genome sequencing on both
B16 tumor cells and macrophage controls and compared both of them to the published C57BL/6
genome. A total of 554,271 sequence variants were identified in B16 tumor cells compared to
M¢ controls. These variants caused a total of 1,755 genes to have changes to their protein-coding
regions. We filtered these genes by functional annotation to identify only genes that had
previously been connected to NF-kB signaling, which identified 22 potential candidates. Of
these, several had previously been implicated as positive regulators of NF-kB, or had been
reported to regulate NF-kB signaling via mechanisms inconsistent with our observations. For
example, some factors were described as NF-xB inhibitors but competed with NF-kB for DNA
binding which is different than our observation in tumor cells where the defect is upstream of
NF-«B nuclear translocation. This type of analysis narrowed the field to 8 promising candidates
that were mutated in B16 tumor cells and could theoretically inhibit NF-xB signaling. Among
these was Ubxnl, which had previously been shown to suppress NF-«kB signaling in response to
viral infections !'*1'®. Another candidate was Trim30a which regulates stability of TAB2/TAB3
as well as TRAF6 which has been proposed as the adaptor linking STING signaling to NF-xB

signaling 7. We considered all 8 of these genes potential candidates for further evaluation.
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Gene Name Function (brief): Mutation Type

1 | Commd4 interacts with E3 ligase for IkBa, inhibits IkBa degradation Missense
2 | Ksr2 inhibits MEK activation of MAPK/NFkB Missense
v 3 | NlrcS binds IKKb and IKKa to block NFKB signaling Missense/Splice-Region
g E 4 | Prkaca kinase, can bind the Rel&/p50/IkBa complex Frame-shift
= % 5 |Relb part of non-canonical NFkB complex {RelB/p52) Missense
A 6 | Sival suppresses MF-kB in T cells, promotes AICD Missense/Splice-Region
7 | Trim30a Causes degrad. of TAB2/TAB3, inhibits TRAF6, blocks NFkB Missense
8 | Ubxni T Ubxnl causes -} NFkB by DNA virus, binds IkBa E3 ligase Missense
9 | Aebpl promotes phosphorylation of IkBa -»> degradation Premature-STOP
10 | Atm DNA-damage response, can activate NFkB Missense
11 | Clu binds the E3 ligase for IkBa to promote degradation Missense
@ }_,gu 12 | l18rap links IL18 signaling to NFkB activation (promotes) Missense
% % 13 | Map3k3 part of MAPK pathway, which can act. NFkB Missense
<< 14 | Slamfl Slam-/- Mf stim with LPS make less TNFa Missense
15 | Tir11 interacts with Myd88 and TRAF6 to promote NFKB signaling Missense
16 | Tyro3 promote PI3K activity, which -> AKT -»> NFkB Missense
8. 17 | Alk receptor tyrosine kinase, can activate NFkB downstream Missense
}E 18 | Asce2 cofactor, binds DMA with NFkB, promotes transcription Missense
g 19 | Esrl estrogen TF, competes w NFkB for DNA binding Missense
;E _E:E 20 | Nfkbiz |kB-zeta, blocks RelA/p50 DNA binding Missense
g 21 | Rorl receptor for WNTSA -> Rorl -> canonical NFkB Missense
22 | Tripd cofactor that binds DNA with NFkB, promotes transcription Premature-STOP

Figure 3.20 Whole-genome sequencing identifies multiple mutated genes in B16 melanoma
associated with the NF-kB pathway.

gDNA was purified from B16 tumor cells or M¢ controls. This gDNA was submitted for deep
sequencing, aligned to the B6 mouse genome, and variants between B16 tumor cells and M
identified. These variants were screened for effects on protein-coding genes and in genes that are
associated with the NF-kB pathway.

3.20 Tumor cells transduced with several candidate gRNAs enable tumor-intrinsic

NF-kB reporter activity

After performing whole-genome sequencing and a genome-wide CRISPR screen we
found a total of 20 candidate genes (8 from sequencing and 12 from the CRISPR screen) that
could theoretically act as inhibitory factors to suppress NF-kB signaling in B16 tumor cells. To

test whether any of these candidates actually had an impact on NF-«xB signaling we cloned
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individual gRNAs targeting each gene. We then transiently transfected these gRNAs into B16
tumor cells expressing the NF-kB GFP reporter, and analyzed the cells by flow cytometry for
GFP expression. Using this approach, we estimated that fewer than 50% of the cells would be
homozygous knockouts, so we would anticipate a small subpopulation of cells with improved
function. We found that introducing gRNAs targeting several candidate genes appeared to
produce a “shoulder” in the GFP expression histograms with higher GFP expression after
DMXAA treatment. For example, introducing a gRNA targeting Nbeal2 caused a shift in NF-xB
GFP reporter expression with around 15% of cells positive after stimulation. While this was not a
majority of cells it was in stark contrast to control B16 cells where there was no detectable NF-
kB GFP expression (Figure 3.22).

Our previous observations looking at NF-kB nuclear translocation indicated
cycloheximide treatment alone was sufficient to drive NF-kB signaling. Based on this
observation we speculated B16 tumor cells might have a constitutive drive for NF-«kB signaling
that is kept in check by an inhibitory factor. We therefore analyzed NF-kB GFP reporter
expression in the gRNA-expressing cells at baseline, without DMXAA. Introducing gRNAs
targeting Relb seemed to cause a shift in basal NF-kB GFP reporter expression when we
compared gRNA-expressing cells to their parental controls. This was in contrast to the
introduction of a gRNA targeting Copl which seemed to have no effect on basal NF-xB GFP
expression. Based on these observations we selected 8 promising gRNAs that led to increased
NF-«B reporter expression. Nbeal2, Dcaf6, Prkaca, Smadl, Ubxnl, and Rad51ap2 were selected
because they led to a slight increase in GFP expression after DMXAA treatment while Trim30a,

Relb, and Commd4 were selected because they led to a shift in basal NF-kB GFP expression.
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Figure 3.21 Tumor cells with transient expression of single gRNAs lead to increased NF-«kB
GFP reporter expression.

NF-xB GFP reporter expression was measured in B16 tumor cells. (A) Reporter expression was
measured after 16 hours of DMXAA expression and compared to control gRNA expressing cells.

(B) Reporter expression was measured under basal conditions in gRNA expressing cells or WT
controls without gRNA expression.

3.21 Preliminary data suggests that individual knockout tumor cells can express

IFN-B
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To further evaluate our 8 top candidates, we stably transfected B16 tumor cells using a
lentiviral vector and sorted the transduced cells. These were a bulk population of sorted cells
which we estimated would have a higher targeting efficiency than the transiently transfected
cells used for NF-kB GFP reporter analysis. We allowed the stably transduced cells to proliferate
in order for the genetic recombination to take effect and then stimulated the cells with DMXAA
for 2 hours. We found that cells expressing a gRNA targeting several candidates expressed
higher IFN-B than B16 control cells without gRNA expression. The top 3 genes were Trim30a,
Ubxnl1, and Nbeal2, which demonstrated IFN- expression around 30-45 fold higher than
controls. While this was still inferior to the ~500-fold expression observed in M¢ controls, the

transduced B16 cells were not expected to be 100% gene-targeted.
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Figure 3.22 Tumor cells stably expressing single gRNAs express higher levels of IFN-p than
WT tumor cells.

B16 tumor cells were stably transduced with gRNAs targeting individual candidate genes.
Tumor cells were then stimulated with DMXAA for 2 hours and IFN-f expression measured by
qRT-PCR

3.22 Other mouse tumor cell lines that fail to express IFN-p also retain IRF3

signaling, similar to B16 tumor cells
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Additional tumor cell lines were analyzed to determine whether any had a similar
phenotype to B16 melanoma. To measure IRF3 signaling downstream of STING activation, we
stimulated multiple tumor cell lines with DMXAA for 2 hours and measured IRF3 nuclear
translocation by Amnis ImageStreamX. We found that, similar to B16 tumor cells, all of the
tumor cells we tested retained IRF3 signaling. This observation indicates that multiple tumor cell
lines retain expression of the STING pathway and IRF3 signaling, and yet fail to express IFN-f3

itself.
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Figure 3.23 IRF3 nuclear translocation still occurs in multiple mouse tumor cell lines.
Various tumor cell lines or M¢ controls were treated with DMXAA and IRF3 nuclear
translocation measured by ImageStreamX analysis. The degree of nuclear translocation was

quantified by a “similarity index” that measures the correlation between the antigen stain and the
DAPI nuclear stain.

64



3.23 A subset of human tumor cell lines display a similar phenotype to B16 tumor

cells

We also evaluated whether the phenotype we observed in mouse tumor cells might also
be identified in human cancer cells. Several human melanoma tumor cell lines were stimulated
with cGAMP + lipofectamine and analyzed for expression of IFN-f mRNA. We found that none
of the human melanoma lines tested expressed IFN-f in response to STING pathway activation
(Figure 3.).

Based on the observation that human melanoma cell lines failed to express IFN-f, we
examined STING pathway signaling more carefully within these cells. On cell lines, Mel1106,
retained IRF3 nuclear translocation as we had seen in B16 cells. To determine whether IRF3 was
functionally able to bind DNA and induce gene expression, we measured ISG15 and Ifih1 gene
expression. Both of these IRF3 target genes were expressed by Mell106 at levels quantitatively
similar to the THP-1 monocytic controls. We then investigated whether IRF3 could bind to the
IFN-B promoter, by ChIP assay. Indeed, no detectable binding of IRF3 to the IFN- promoter
was observed Mell1106. These data clearly show that the overall phenotype that mouse tumor
cell lines fail to express IFN-f is also shared by a subset of human tumor cells. Further, these
data indicate there are human cancers with similar molecular mechanisms to what we have
observed in B16 tumor cells, retaining IRF3 nuclear translocation and expression of other IRF3
target genes but without detectable binding of IRF3 to the IFN-3 promoter. The other 2 human
melanoma cell lines examined showed lack of IRF3 nuclear translocation. This observation

argues they have lost IFN-f3 gene expression by a distinct mechanism.
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Figure 3.24 A subset of human tumor cell lines have intact IRF3 nuclear translocation and
lack IRF3 binding to the IFN-p promoter.

Various human tumor cell lines or THP-1 monocytic controls were stimulated with cGAMP for 4
hours. (A) The percentage of cells with nuclear translocation was then measured by
ImageStreamX. (BC) Expression of IRF3 target genes was measured by qRT-PCR. (D) IRF3
binding to the IFN-f3 promoter was then measured by ChIP-qPCR.
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Chapter 4: Discussion

4.01 Overview: B16 tumor cells retain many aspects of STING signaling but lack

IFN-p production due to a dominant-negative inhibition of NF-kB signaling

We initially observed that B16 tumor cells failed to express IFN-f in response to STING
pathway activation. We found this particularly interesting because when these tumors are
implanted in vivo, they induce STING pathway activation within host APCs %. Thus, there is
intrinsic capability to drive STING pathway activation. In addition, previous studies had
indicated that forced expression of IFN-p in tumor cells was deleterious for tumor growth °. We
tested several tumor cell lines and found the vast majority of them failed to express IFN-3
including multiple human melanoma cell lines. In order to more deeply characterize STING
signaling, we chose to study the B16 melanoma cell line in-depth to identify the precise
molecular mechanism responsible for their lack of IFN-f expression (summarized in Figure 4.1).
Our ultimate goal was to identify molecular mechanisms that might allow reversal of this
phenotype, which could serve as a therapeutic strategy by restoring tumor cell-intrinsic IFN-f3
expression so that tumor cells commit “immunologic suicide”.
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We began characterizing STING signaling by measuring proximal downstream signaling
events after activation of STING itself. After STING activation, the central defined signaling
events were intact in B16 tumor cells including IRF3 phosphorylation, IRF3 nuclear
translocation, IRF3 DNA binding, and transcription of IRF3 target genes. These observations
were surprising because they demonstrate the IRF3 branch of STING signaling was wholly
intact, but nonetheless the tumor cells failed to express IFN-B. When comparing tumor cells to
M¢ that do express IFN-P, the first difference that we observed was at the level of IRF3 binding
to the promoter of IFN-B. Previous studies have identified the precise IRF3 binding site '!” and
we found that IRF3 failed to bind this region in B16 tumor cells but did bind in M¢ after STING
activation. IRF3 binding to the IFN-B promoter is required for optimal IFN- expression and
likely explains why tumor cells fail to express IFN-B 2.

There are multiple cofactors that can associate with the IFN- promoter and a defect in
any of them might explain why IRF3 fails to bind the IFN-f3 promoter. Rather than evaluating
these individually we tested heterokaryons for IFN- expression in response to STING agonists
and found they failed to express IFN-f. This indicated that B16 tumor cells lack IFN-3
expression in a dominant negative manner. This observation enabled us to focus on pursuing
inhibitory factors that narrow the number of candidate mechanisms. Cycloheximide treatment
enabled tumor-intrinsic IFN-} expression to levels similar to what was seen in M¢, which further
supported the notion that B16 tumor cells have an inhibitory factor that acts in a dominant
negative manner.

We evaluated the epigenetic accessibility of the IFN-f3 locus and found that it failed to
open up in response to STING activation in tumor cells. This was in contrast to M¢ controls

which epigenetically opened up the IFN-f locus after STING activation. Based on the literature,
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we suspected NF-«xB signaling was responsible for epigenetic opening of the IFN locus and
therefore investigated NF-«xB signaling in B16 tumor cells. We found that NF-kB signaling was
defective in B16 tumor cells downstream of STING. The lack of NF-«xB signaling in tumor cells
appeared to be mediated by a defect upstream of nuclear translocation and was a dominant
negative mechanism. Similar to IFN-f§ expression, cycloheximide reversed this phenotype and
enabled NF-kB nuclear translocation in tumor cells.

Based on the close correlation between NF-kB signaling and IFN-f§ expression, we
utilized a whole-genome CRISPR screen with an NF-kB reporter to identify which genes, when
knocked out, enabled tumor cell-intrinsic NF-«B signaling. We found 12 candidates by the
CRISPR screen and, based on whole-genome sequencing, we found 8 additional NF-xB
associated genes with non-synonymous mutations. After testing these 20 candidates individually
we have found multiple candidates that seem to increase both NF-«B signaling and IFN-3
expression in tumor cells. However, these data involving individual candidate genes are still
preliminary, and more confirmatory experiments are needed. We have generated single cell
clones for each of these candidates which should provide a definitive answer about which
gene(s) help to suppress NF-«kB signaling in tumor cells and to what level knocking them out
affects IFN-P expression.

Regardless of the results of these individual candidates, it is clear that B16 tumor cells
fail to express IFN-f in a dominant negative manner and this is likely due to a defect in NF-xB
signaling downstream of STING activation. These data provide a proof-of-concept that it is
possible to enable tumor-intrinsic [IFN-B expression in some tumor cells that appear to lack IFN-

B expression under normal conditions. We further postulate that therapies designed to enable
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tumor-intrinsic IFN-f expression might represent a promising new innate immunotherapeutic

approach.

(s )
/"\ -
ATP + GTP €9 ¢ CAMP /

éo
/ t mrsC S“T::1 )I(T:;:N})mrs )
N\% \\/ ?

Degraded

—>(x8a)
‘

?
T

//

_m [ Ifih1 %@@}. B Nucleus

S CCTGGAGCAGCTGAATGGAAA-3'

Figure 4.1 STING signal transduction events in B16 tumor cells.

Following STING pathway activation in B16 tumor cells the components of the STING pathway
are still expressed and the IRF3 arm of the pathway is functionally intact. However, IRF3 does
not bind the IFN-3 promoter. This is likely due to a failure to epigenetically open the locus. The
NF-«xB arm of the STING pathway is defective in tumor cells upstream of nuclear translocation
and this is mediated by a dominant-negative mechanism. We have multiple promising candidates
that might be this inhibitory factor and are determining whether knocking them out restores NF-
kB signaling as well as IFN-f3 expression.

4.02 Unbiased screening methods identify multiple candidate genes that, when

knocked out, appear to enable tumor-intrinsic IFN-f expression

The primary conclusion of this thesis is that most tumor cells fail to express IFN-f3 after

STING pathway activation but, at a mechanistic level, in B16 tumor cells this is not simply due
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to deletion of the IFN-B locus or loss of the STING pathway. We find that B16 tumor cells retain
STING signaling including IRF3 target gene expression but that [FN-f itself is not expressed and
this is associated with a loss of NF-xB signaling. Loss of IFN-f expression and NF-«kB signaling
are dominant negative phenotypes and reversed by treatment with cycloheximide. Beyond these
findings we also have preliminary evidence of single gene knockouts that might enable tumor-
intrinsic NF-kB signaling and IFN-f3 expression. Based on stable expression of gRNAs we find
that Trim30a, Ubxnl, and Nbeal2 are all promising candidates that, when knocked out, enable a
degree of tumor cell-intrinsic NF-«B signaling and IFN-3 expression. While these data are still
preliminary, previous studies of these candidate genes suggest plausible mechanistic links to
STING signaling and NF-«B activation.

In the context of STING signaling, the mechanism linking STING activation to IRF3
signaling is well characterized 7%"*!!2, TBK1 becomes associated with STING as it migrates

from the ER through the golgi apparatus '

and 1s responsible for phosphorylating several
components of the STING complex 2. IRF3 interacts directly with STING and the precise
residues are known 73, TBK1 ultimately activates IRF3 by direct phosphorylation. The
connection between NF-kB and STING is less well established. One study has suggested TRAF6
is involved because TRAF6 KO caused loss of NF-kB signaling downstream of STING 7°. In the
context of TLR signaling, TRAF6 can recruit TAB2/3 which in turn recruits the IKK complex
that initiates NF-xB signaling ''>!?°, Trim30a can inhibit NF-xB activation downstream of TLRs
121 In this context, Trim30a was found to bind to the TAB2/3 complex that acts as an adaptor
between TLR activation complexes and downstream kinases that activate NF-kB. Trim30a

association with this complex caused TAB2/3 ubiquitination and degradation, thus opposing NF-

kB signaling. Trim30a knockdown increased NF-«kB signaling while over expression decreased
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NF-«B signaling. Other studies have identified Trim30a in regulating the stability of STING
itself but this is likely not happening in tumor cells since they retain IRF3 signaling '!'.
Therefore, it seems possible that TRAF6 could associate with the STING complex in order to
recruit TAB2/3 which, in turn, recruit the IKK complex. Previous studies have suggested TBK 1
phosphorylates the IKK complex to initiate NF-«xB activation ’°. If this model is true, then
TRIM30a could suppress NF-«B signaling downstream of STING by causing degradation of
TAB2/3. This could explain why IRF3 signaling is intact while NF-kB signaling is lost in B16
tumor cell downstream of STING activation.

Another promising candidate that might suppress NF-kB signaling in B16 tumor cells is
Ubxnl. Ubxnl over expression suppresses NF-kB signaling while Ubxnl knock down causes
higher levels of NF-«B signaling in response to both viral infection and TNF-a stimulation '+
116 Mechanistically, Ubxn1 was found to interact with the E3 ligase that controls IxBa
degradation ''*. This led to an accumulation of IxBa in Ubxn1 over-expressing cells, which in
turn suppressed NF-kB signaling. In B16 tumor cells, we observe a dominant negative effect in
NF-«B signaling that is upstream of nuclear translocation and associated with accumulation of
IxBa. This is consistent with the known role of Ubxnlin NF-«B signaling and therefore makes it
another promising candidate.

One of the top genes identified by the genome-wide CRISPR screen was Nbeal2. Our
preliminary data suggests that Nbeal2 knockdown may increase NF-kB signaling and IFN-f3
expression, but more confirmatory experiments are needed. Nbeal?2 is less well characterized
than the other candidates and has primarily been studied in the context of platelets. Mutations in
Nbeal2 cause a defect in the formation of a-granules in platelets, resulting in gray platelet

syndrome '22. Without the ability to produce a-granules, platelets are not able to maintain
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hemostasis and this causes prolonged bleeding. At the molecular level, Nbeal2 is a cytosolic
protein but associates with the plasma membrane via interactions with Dock7, Secl6a, and
Vacl4 ', Previous studies have shown that Dock7 is required for megakaryocyte function and
Nbeal2 deficiency caused a loss of Dock7 in megakaryocytes '2*. Based on its association with
Dock7, Nbeal2 is thought to play a role in the vesicular trafficking necessary for a-granule
biogenesis. STING itself is also regulated via vesicular trafficking. For example, iRhom2, Sec61,
TRAPD, Sec5, and VPS34 are all required for trafficking of STING and loss of any of these
factors causes a loss of IFN-P expression '%71125 Likewise, treatment with brefeldin A or
knockdown of Sarl both inhibit ER-to-golgi trafficking and have been show to specifically
prevent TBK 1 association with STING ''®. STING ultimately traffics to perinuclear regions but
the exact cofactors that are present on this vesicle are not completely understood 7°. To prevent
chronic STING signaling, STING eventually co-localizes with Rab7 and can be degraded by the
lysosome '°¢197 Therefore, as a regulator of vesicular trafficking, Nbeal2 has many potential
roles in STING signaling. For example, Nbeal2 could regulate the delivery of cofactors to
modify STING itself or delivery of adaptors to link STING activation to NF-kB signaling.

It is conceivable that several of these candidates may act together to deregulate STING
signaling in tumor cells. Our whole-genome sequencing results have identified mutations in all 3
candidates with a Trp to Cys in Trim30a, Gly to Glu in Ubxn1, and Gly to Asp in Nbeal2. It is
possible that each of these mutations plays a partial role in the phenotype we observe in tumor
cells in order to help repress NF-kB signaling. One interesting future direction is to generate a
triple KO that might ultimately express higher levels of IFN-3 than any single KO. These

hypotheses are speculative, but I think it is clear that there are multiple candidates that seem
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promising and that one or more of them may be responsible for repressing NF-xB signaling in

B16 tumor cells.

4.03 Studying tumor-intrinsic innate immune signaling reveals molecular details

about IFN-f transcriptional initiation

While our work has largely focused on STING signaling with the perspective of innate
immunotherapy of cancer, it also sheds new light on basic mechanisms of IFN-3 gene regulation.
Often in biology, important insights into biological processes have been gained when a pathway
is discovered to be aberrantly regulated. Understanding at which steps viruses inhibit innate
immunity or where tumor cells tend to mutate certain pathways reveals new insights into the
mechanisms and bottlenecks of those pathways. IFN-f transcriptional regulation has been
extensively studied, and one of the general conclusions is that multiple transcription factors must
work together to induce IFN-B expression. Our results further confirm this observation. It seems
that in B16 tumor cells, a defect in NF-xB signaling leads to a complete loss of IFN-3 gene
expression. By contrast, M¢ that inducibly express high levels of IFN-J retain cooperative NF-
kB signaling and IRF3 signaling. Most research involving STING signaling has focused on the
IRF3 arm of the STING pathway, but more recent work has shown that NF-«B is also activated
downstream of STING 7°. Based on our observations, it seems this arm of STING signaling is
essential for successful induction of IFN-3 expression by STING pathway activation.

Mechanistically, one of the early steps in the initiation of IFN-f3 gene expression appears
to be NF-«xB activation. There are 3 “Alu” sites in the genome that associate with the IFN-f3
promoter based on chromatin conformation capture experiments 3. While these sites are close to

the IFN-P promoter in 3-dimensional space, they are relatively distant in genomic terms because
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two of them are on entirely different chromosomes and the third site is on the other arm of the
same chromosome as the IFN-f gene. Under basal conditions in macrophages, we find that the
IFN-B promoter region is epigenetically closed and that it opens up after STING pathway
activation. Previous studies have found that these 3 distant Alu sites are epigenetically open at
baseline and that NF-xB can bind these sites at timepoints earlier than it binds the IFN-f3
promoter %%, Our data in the context of these other studies further confirm the importance of NF-
kB signaling for IFN-3 expression and helps to tie it directly to the epigenetic control of the IFN-
B promoter region. It is possible that NF-kB binding to the distant Alu sites that are accessible at
baseline allows NF-kB to recruit other factors that epigenetically open the IFN-f3 promoter
region. However, more studies are needed to describe the exact process that causes this
epigenetic opening of the IFN- promoter in response to STING signaling.

IFN-B is normally only expressed by a fraction of stimulated cells even under ideal
conditions '2%!27_ This observation also agrees with our results in which only a fraction of M¢
demonstrated IRF3 or NF-«kB nuclear translocation. One of the big unanswered questions
involving IFN-f gene expression is which mechanisms dictate whether individual cells express
IFN-B. One of the main theories put forward is that this is a stochastic process and is due to the
requirement for several transcription factors working together. This theory argues that these
transcription factors have many binding sites throughout the genome and therefore are the
limiting factor because there may not be sufficient quantities to bind the IFN- promoter in every
cell. This theory argues that IFN-f is not expressed unless multiple transcription factors bind
simultaneously to the promoter and that this only occurs in a subset of cells %2. There is evidence
that [FN-B expression by individual cells is a stochastic process because cloned cells from

individual precursors do not change the proportion of IFN-B expressing cells 2®. Consistent with
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the idea that transcription factor association with the IFN-f3 promoter is the limiting factor, over
expression of IRF3 or NF-«B leads to a higher proportion of IFN-B-expressing cells 1213,
Recent studies have found that adding additional copies of the NF-kB binding sites to the distant
Alu sites that associate with the IFN-f3 promoter also can increase the proportion of IFN-f3
expressing cells %8. These data argue that NF-kB signaling and, specifically, its association with
the IFN-§ promoter, may be a major limiting factor that determines whether or not individual
cells express IFN-f. Our data support this hypothesis because B16 tumor cells that entirely lack
NF-«kB signaling lack IFN-f expression and treatment with cycloheximide restores both of these
outcomes. We also provide evidence that NF-kB may be acting to regulate epigenetic
accessibility of the IFN-§ promoter. Therefore, with the initial intention of understanding tumor

cell-intrinsic STING signaling, we have also provided new mechanistic insights into IFN-3 gene

regulation.

4.04 Tumor cells frequently silence cell-intrinsic STING signaling and IFN-f

expression

Cancer cells generally inactivate tumor suppressor genes as they undergo oncogenesis.
For example, p53 is inactivated in a majority of human tumors and several mechanisms have
been described by which tumors can inactivate p53. Most commonly tumors simply delete or
mutate the p53 gene but they have also been described to suppress signaling upstream of p53
with negative regulators, use alternative splicing to block function, or even epigenetically
suppress p53 expression 1. There is now growing evidence that the innate immune system can
act as a tumor suppressor by recruiting an adaptive immune response and promoting tumor

rejection.
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Deletion of the IFN locus represents approximately 13% of all homozygous deletion
events and occurs in approximately 7% of patients with cancer !°°. This observation supports the
notion that the innate immune system, through type I interferon signaling, can also act as a
tumor-suppressor and that tumors adapt to silence this process. Tumor cell-extrinsic activation of
the STING pathway leads to IFN- expression by tumor-infiltrating immune cells, which can
contribute to immune-mediated tumor control. This observation demonstrates that there are
endogenous STING pathway agonists in the tumor microenvironment and that they are sufficient
to activate host STING signaling and IFN-P expression %. Additionally, some tumor cells show
the presence of cytosolic DNA or DNA fragments even in the absence of any therapeutic
treatment which, in principle, should stimulate the STING pathway !*2. One study of lung cancer
suggested the stressful tumor microenvironment can cause damage to mitochondria and that
release of mitochondrial DNA may be a source of STING agonism '**. Other studies have found
perinuclear micronuclei that contain cGAS and might initiate STING signaling in tumor cells
134135 These data argue that most tumor cells are likely confronted with high concentrations of
STING pathway agonists from multiple sources. The STING pathway is broadly expressed in a
wide range of cell types 3¢ which raised the question as to whether tumor cells themselves sense
endogenous STING agonists.

We found that the majority of tumor cell lines tested failed to express IFN- in response
to STING pathway activation. Previous studies of colorectal cancer and melanoma have
described epigenetic silencing of both the STING and cGAS genes '°'"1% These studies
identified methylation of the cGAS and STING genes as a potential mechanism that lead to a
decrease in mRNA levels and support the notion that there is selective pressure to silence tumor

cell-intrinsic STING signaling. Another study using a KRAS-driven lung cancer model found a
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connection between LKB1 and expression of STING '**. LKB1-mutations tend to make lung
cancer more aggressive and resistant to checkpoint blockade immunotherapy. When trying to
uncover the mechanistic link between LKB1 and resistance to immunotherapy, they found that
LKBI1 caused increased expression of the epigenetic remodeling enzymes DNMT1 and EZH2
which, in turn, caused silencing of STING expression. Bypassing this process with ectopic
STING expression impaired the fitness of the tumor cells. This observation provided a direct link
between oncogenic events and a selective advantage in tumor cells that are able to silence
STING signaling. In our own work, most of the tumor cell lines we tested retained expression of
the components of the STING pathway. In fact, there was some discordance between STING
mRNA and protein levels suggesting that directly measuring STING protein or even downstream
signaling events like IRF3 nuclear translocation are important when evaluating the integrity of
the STING pathway.

Restoring tumor cell-intrinsic STING signaling may represent a unique therapeutic
strategy for cancer. For most classical tumor suppressor genes, such as p53, restoring signaling
in a single tumor cell would likely lead to apoptosis and deletion of that affected cell. Restoring
innate immune signaling in tumor cells would likely initiate an immune response capable of
killing not only that cell but other bystanders as well. For example, when only 10% of tumor
cells were forced to express constitutive IFN-p, the entire tumor was controlled in vivo . Based
on this notion, finding ways to lift inhibition of innate immunity, just like anti-PD-1 checkpoint

blockade immunotherapy, may represent a promising therapeutic strategy.

4.05 Tumor cells frequently retain certain aspects of STING such as IRF3 signaling

While we found that most tumor cell lines failed to express IFN-p, it was intriguing that

B16 cells retained IRF3 signaling. In fact, several of the tumor cell lines that failed to express
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IFN-B after STING pathway activation retained IRF3 nuclear translocation. These data
confirmed our hypothesis that most tumor cells would lose tumor-intrinsic IFN-f3 expression
because it is such a potent anti-tumor effector. While there are still many mechanisms
downstream of STING activation that could cause a failure to express IFN- while retaining
IRF3 signaling, it is interesting that multiple cell lines retained this aspect of STING signaling.
One study using radiation to cause tumor-intrinsic DNA damage found that tumor cells with
increased STING signaling survived better '37. Trex1 is a cytosolic DNAse that can attenuate
STING pathway activation by degrading the stimulatory cytosolic DNA 3813 Trex1-deficient
cells therefore have higher levels of STING activation, and it was found that this was associated
with improved tumor survival following radiation. Conversely, Trex1-deficient cells that also
lacked IRF3 did not have improved survival. This observation argues that there are consequences
of IRF3 signaling that may provide pro-tumor effects by directly promoting tumor cell survival.
Transfer of tumor-derived DNA to the cytosol of host APCs is one of the proposed

mechanisms for STING activation in tumor-infiltrating immune cells 6>13%140

. If this cytosolic
DNA is the source of STING activation in immune cells, then it could be responsible for
initiating the anti-tumor immune response by stimulating type I interferon expression and APC
maturation. As such, tumor cells that retain STING signaling and DNAse expression might be
better at degrading cytosolic DNA to evade detection by the innate immune system. In this way,
preserving STING signaling while losing IFN-3 expression could provide a benefit to tumor cells
by preventing their release of immune-stimulatory DNA.

Another possible pro-tumor effect of STING signaling is autophagy. STING pathway

activation can stimulate autophagy in an IFN-independent manner '#!. Autophagy can have anti-

tumor effects in developing, pre-malignant cells by helping cells cope with stress. However,
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autophagy tends to be more pro-tumor in fully malignant cells '*?. The tumor microenvironment
tends to be nutrient-deprived and hypoxic which makes cell survival difficult. Autophagy allows
cells to deal with damaged organelles and to recycle cellular components which are both useful
under these stressful conditions. Activation of autophagy downstream of STING activation may
therefore be a pro-tumor consequence of STING signaling that is independent of type I interferon
signaling.

Another potential pro-tumor effect of STING signaling is an effect on CD8" T cells.
CDS8" T cells are anti-tumor effectors but T-cell intrinsic STING signaling can promote apoptosis
1437145 One study has proposed that cGAMP derived from tumor cells may be taken up by CD8*

143-146 If this is true, it is possible that certain aspects of

T cells to promote their apoptosis
STING signaling including cGAS activity and cGAMP release, may have pro-tumor
consequences that are independent of NF-kB signaling or IFN-f3 expression. Therefore, STING-
dependent induction of IFN-B seems to be an important anti-tumor effector and a process that is
frequently silenced in tumor cells. However, many tumor cells seem to lack IFN-3 expression
while retaining other aspects of STING signaling such as expression of STING itself or IRF3
activation. It is interesting to consider whether tumor cells may retain these other aspects of

signaling due to pro-tumor effects and, if so, it seems inhibitors of these processes may be useful

as combination therapies with innate agonists.

4.06 Tumor-intrinsic STING signaling may be tied to STING activation in tumor-

infiltrating immune cells

Host STING is required for IFN-B expression by tumor infiltrating immune cells ®. This

demonstrates that there are STING pathway agonists present in the endogenous tumor
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microenvironment and that tumor-infiltrating immune cells can take up these agonists. An
important remaining question is how this process occurs. A better understanding of the process
of host STING pathway activation by tumor cells could enable the development of new therapies
designed to augment it and promote a stronger anti-tumor immune response. The two primary
hypotheses are that tumor-derived cGAMP or DNA are transferred from tumor cells to tumor-
infiltrating immune cells.

The initial description of STING activation in tumor-infiltrating immune cells found
evidence for transfer of labeled tumor DNA . If cGAMP was transferred from tumor cells to
immune cells, then it would directly activate STING and bypass the need for cGAS. However,
both ¢cGAS and STING appear to be necessary for response to checkpoint blockade in B16
melanoma '*7. These data argue that tumor cells contain DNA capable of activating the STING
pathway and that it is transferred to immune cells. The precise mechanism for transfer of DNA to
host APCs is not fully understood. One proposed mechanism is the release of extracellular
vesicles by tumor cells that could fuse with APCs to directly deliver DNA into the cytosol. In
vitro studies of irradiated tumor cells have found tumor-derived exosomes with DNA which,
when transferred to DCs, could stimulate the STING pathway '*.

An alternative hypothesis is that cGAMP might be released by tumor cells and taken up
via transporters in tumor-infiltrating immune cells. RMA-S and B16-BL6 tumor cells were
reported to grow more quickly in STING “~ but not cGAS - mice suggesting the transfer of
cGAMP rather than DNA '*®, This process was connected to a transporter in tumor-infiltrating
immune cells that actively takes up cGAMP. Other studies have also found cGAMP transfer
across GAP junctions '# or extracellular vesicles !°°. These studies suggest that cGAMP might

be transferred from tumor cells to immune cells. If this is the case, then tumor-intrinsic STING
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signaling, specifically cGAS activity, may be necessary to activate STING in tumor infiltrating
cells. One study has proposed this same process can occur in tumor-infiltrating T cells and that it

may promote T cell apoptosis to provide a pro-tumor effect '+,

4.07 Innate immunotherapies represent an important new immunotherapeutic

strategy

While checkpoint blockade immunotherapy has demonstrated the utility of recruiting the
adaptive immune system for fighting cancer, most patients still fail to respond to these
treatments. Clinical response to checkpoint blockade correlates with the presence of CD8" T
cells in the tumor microenvironment '1*45 This T cell-inflamed phenotype correlates with a
type I interferon gene signature, and type I interferon signaling has been causally linked to
tumor-specific CD8" T cell cross priming >2. This type I interferon signature, in turn, has been
linked to STING activation because STING-deficient mice lack IFN- expression by tumor-
infiltrating immune cells and, as a result, lack tumor-specific CD8" T cell priming. Taken
together, these data argue that the anti-tumor immune response begins with STING pathway
activation, IFN-f expression, APC maturation, tumor-specific T cell cross priming, chemokine
production, and recruitment of effector T cells into the tumor microenvironment. If tumor cells
express inhibitory ligands such as PD-L1 they can then suppress these effector T cells. However,
blockade of PD-L1/PD-1 interactions can reverse this phenotype to enable T cell effector
function.

It therefore seems that innate immune activation is a pre-requisite for a successful anti-
tumor immune response and response to checkpoint blockade. This idea argues that in order to

go beyond the successes of adaptive immunotherapies we may need innate immunotherapies.
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STING agonists are one such therapy and have shown promise in pre-clinical models 76,
However, such agonists are typically administered via intratumoral injection. This approach
works well if the tumor is accessible for direct injection. However, in circumstances where the
tumor cannot be directly injected or where it is desirable to affect many metastases at once this
strategy is less effective. Therefore, there is a need for systemic innate immunotherapies that can
have an effect in the tumor microenvironment.

There are several strategies that are being pursued in an attempt to achieve this '*!13, For
example, ENPP1 is the enzyme that degrades cGAMP, and inhibitors of ENPP1 have been tested
as a systemic therapy. Systemic administration of ENPP1 inhibitors promoted STING signaling
and resulted in delayed tumor growth '>*. Modified bacteria have also been developed to promote
STING signaling. Modified E. coli preferentially grow in the hypoxic and immunosuppressed
tumor microenvironment. E. coli designed to express a di-nucleotide cyclase were able to
stimulate STING, promote anti-tumor immune responses, and generate immune memory against
tumor antigens (Society for InmunoTherapy of Cancer Annual Meeting 2018 Poster P624).
Another bacteria-based approach used auxotrophic Salmonella typhimurium that depend on
tumor-derived adenosine. These bacteria expressed a Trex1 siRNA to inhibit Trex1 expression
and allow for the accumulation of DNA. After IV delivery, there was a 1000-fold enrichment of
bacteria in the tumor compared to liver or spleen and this caused an immune-dependent delay in
tumor outgrowth (Society for ImmunoTherapy of Cancer Annual Meeting 2018 Poster P235).

Our work identifying how tumor cells silence tumor-intrinsic STING signaling could lead
to the development of analogous therapies. For example, drugs designed to block the dominant
negative inhibitor of NF-kB signaling in tumor cells could likely be administered systemically.

Based on the fact that this process does not appear to occur in normal cells like the M¢ controls
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that we have studied, it seems like this therapy could have relative tumor selectivity to restore
STING signaling locally. This is a particularly attractive approach because most models of
STING signaling in cancer begin with tumor-derived DNA or cGAMP. This means that tumor
cells are exposed to the highest levels of agonists and represent the greatest proportion of cells in
the tumor microenvironment. Therefore, targeting STING signaling in tumor cells could
represent a promising strategy. Further, it seems that even in relatively “immunologically cold”
tumors that lack any sort of T cells or APCs there will still be tumor cells. If a therapy could re-
enable tumor-intrinsic IFN-f expression, then this could stimulate chemokine expression to
recruit immune cells and initiate an anti-tumor immune response even in the immunologically

“coldest” tumors.

4.08 Future Directions

We found that the vast majority of tumor cell lines, including several human tumor cell
lines, failed to express IFN-f after STING pathway activation. As we began to probe this more
carefully, we found that B16 melanoma cells preserved IRF3 signaling downstream of STING
activation but that these tumor cells lost NF-kB signaling. This defect in NF-kB signaling was
mediated by a dominant negative mechanism and was reversed by cycloheximide treatment.
IFN-B expression similarly displayed a dominant negative mechanism that was reversed by
cycloheximide treatment and enabled tumor cells to express IFN-f3 at levels quantitatively similar
to M¢ controls. Based on this working model we employed whole-genome sequencing and a
genome-wide CRISPR screen with an NF-kB reporter to identify candidate genes responsible for
the phenotype. We found several candidates that, when knocked out, seem to augment tumor-
intrinsic NF-kB signaling and IFN-3 expression. However, these data involving single gene

knockouts are still preliminary.
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The highest priority follow-up experiments are to test single cell cloned populations with
individual gene knockouts. These populations can be tested by Western blot analysis and
genomic sequencing to identify whether they are homozygous knockout for each candidate gene.
Once confirmed, they can then be tested for NF-kB signaling and IFN-f expression. Such
experiments should reveal which genes have the largest effect on both of these outputs. Once
these candidates have been fully tested for IFN-f3 expression, more detailed mechanistic studies
will be possible. For example, Ubxn1 has been connected to IkBa protein accumulation. Does
this occur in B16 tumor cells and is it reversed in Ubxnl KO tumor cells? Trim30a has been
linked to TAB2/3 degradation. Does this occur in B16 tumor cells and is it similarly reversed in
Trim30a KO cells? Nbeal2 has been connected to regulation of vesicular trafficking. At some
point the IKK complex must associate with the STING signaling complex on perinuclear
vesicles. Is this defective in B16 tumor cells and might it be reversed by Nbeal2 KO? Regardless
of which candidate looks promising they can all be tested by ImageStreamX to measure NF-xB
nuclear translocation after STING pathway activation in knockout cells.

Once one of the major candidates is validated, it will be interesting to see how WT vs KO
cells that have restored IFN-f3 expression grow in vivo. I hypothesize that tumor cells capable of
tumor-intrinsic IFN-B expression will grow more slowly and may even be spontaneously rejected
based on past studies *°. It will be interesting to see how this affects tumor infiltration by myeloid
cells, tumor-specific CD8" T cell cross-priming, CD8" T cell effector phenotypes, and
immunologic memory. It will be especially interesting to see whether KO tumor cells capable of
IFN-B expression respond better to checkpoint blockade immunotherapy or STING agonist

injection.
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Another open question is whether this same process occurs in human tumors. To test this,
we have collected histology sections from human melanoma patients and are currently
optimizing an RNA in-situ hybridization technique that can identify IFN-B mRNA. It will be
interesting to see which cells in the tumor microenvironment express IFN-f. It’s possible that
human tumor cells will similarly lack IFN- expression even as nearby myeloid cells express
IFN-B. It will also be interesting to see how this phenotype looks when compared to patients that
respond or fail to respond to checkpoint blockade immunotherapy.

Ultimately there are still many interesting future directions to directly follow up on my
work. Some of the less direct but nonetheless interesting questions are broader questions such as:
Does IRF3 signaling still occur downstream of STING in endogenous tumors and might it
provide a benefit? What happens with TRAMP cells that are capable of IFN-3 expression? How
does the immune system respond differently to these cells and might deletion of IFN-[3

expression by these cells change their growth?

4.09 Conclusion

Ultimately, our results have identified a recurrent phenotype in which activation of the
STING pathway fails to elicit IFN-} expression by the vast majority of tumor cells. As we began
to probe the molecular mechanism more carefully, we found a number of interesting results. We
found that in B16 tumor cells that fail to express IFN-f, the tumor cells retained IRF3 signaling
including phosphorylation, nuclear translocation, DNA binding, and target gene transcription
from sites other than the IFN- locus. We found that NF-kB signaling was defective in B16
tumor cells and that this seemed to cause a failure in the epigenetic opening of the IFN-f locus.
This failure to epigenetically open the IFN-f locus likely prevents IRF3 from binding the locus

and, ultimately, prevents IFN-f} expression. We found that the lack of IFN-f expression and the
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defect in NF-«B signaling downstream of STING pathway activation were both dominant-
negative phenotypes. Consistent with this idea, we found that treatment with cycloheximide to
allow for the degradation of a putative dominant-negative inhibitory factor enables both tumor
intrinsic NF-kB signaling and IFN-f3 expression. Based on whole-genome sequencing and a
genome-wide CRISPR screen, we have identified several individual candidate genes that, when
knocked out, seem to augment both NF-kB signaling and IFN-f3 expression by tumor cells in
response to STING pathway activation. Follow-up experiments with single cell clones will
provide an authoritative answer to which candidate genes have the largest effect on IFN-f

expression and what consequence this has for in vivo tumor growth.
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