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CHAPTERI

INTRODUCTION

Work presented in this chapter is published in Oncotarget:

“‘Harnessing RIG-1 and intrinsic immunity in the tumor microenvironment for therapeutic
cancer treatment,” June 2018 [Volume 9, Number 48]

“Activation of RIG-I signaling to increase the pro-inflammatory phenotype of a tumor,”
March 2019 [Volume 10, Number 24]

Overview

Numerous reports demonstrate that most cell populations, including tumor cells,
express receptors that recognize and respond to viral nucleotide motifs, referred to as
pattern recognition receptors (PRRs). PRRs are important elements of innate immunity,
which, once activated, initiate signaling pathways that generate a pro-inflammatory
microenvironment that becomes replete with lymphocytes. Therapeutic approaches that
use non-infectious methods to activate PRR signaling within the tumor
microenvironment (TME) are gaining momentum as a strategy to prime tumors for
cancer vaccine and immune checkpoint inhibitor (ICI) therapies. We recently
investigated the PRR known as retinoic acid-inducible gene (RIG)-1 in models of
estrogen receptor positive (ER+), HER2 amplified (HER2+) and triple negative (TNBC)
breast cancers, testing the possibility that, when appropriately delivered and modulated,
RIG-I agonists might have a robust therapeutic effect, as is currently being explored for
therapies targeting other PRRs, e.g. STING.

RIG-I is a cytosolic RNA helicase, recognizing RNA motifs specific to certain

viruses. A decade of RIG-I research has culminated in the development of synthetic



non-infectious RIG-I agonists, comprised of minimal stem-loop RNA (SLR) sequences

harboring a 5° -triphosphate motif, capable of potent RIG-I activation in cultured tumor

cells and in mice in vivo. Delivery of SLR sequences to cultured breast cancer cells
activated RIG-I signaling and induced immunogenic programs of breast cancer cell
death, demonstrating that RIG-I signaling has important therapeutic consequences that
occur in a breast cancer cell intrinsic manner. Interestingly, we also found that RIG-|
activation using SLR sequences induced expression of pro-inflammatory and T-cell
recruiting cytokines in breast cancer cells, supporting the hypothesis that therapeutic
RIG-I activation might recruit tumor infiltrating lymphocytes (TlLs) and prime the TME
for ICI response.

The effective delivery of SLR sequences to the TME in vivo was enabled by
recent advances in nanoparticle (NP)-mediated delivery of RNA interference (RNAI)
technologies. We focused on a previously described NP design strategy used with
siRNAs, based on its proven in vivo protection of siRNA sequences, longer circulating
half-life, increased uptake of siRNA by tumor cells, and enhanced endosomal release of
siRNA cargo into the cytoplasm of tumor cells. Adapting this NP design for use with
SLR sequences, we found that RIG-I activation in tumor cells in vivo resulted in
increased expression of pro-inflammatory cytokines and increased tumor cell death.
Additionally, SLR treatment resulted in potent TIL recruitment to the TME, and primed
otherwise insensitive tumors for sensitivity to anti-PD-L1 treatment. Importantly, we
found that RIG-I signaling in breast cancer cells increases activation and tumor cell-
directed killing in adjacent T-lymphocytes, indicating an increase in T-cell mediated

immunity following RIG-I activation in breast cancer .



These findings support clinical translation of RIG-I agonists, which is currently
underway (NCT03065023) using the RIG-I agonist from Merck, MK-4621, in advanced
and recurrent tumors. Another clinical trial recently opened (NCT03739138) to identify
the therapeutic effects of MK-4621 with anti-PD-1 (Pembrolizumab) in patients with
advanced and recurrent tumors. These trials are supported by our data demonstrating
that RIG-I agonists increase ICI| response in breast cancers through at least two
mechanisms, tumor intrinsic apoptosis and enhanced immunogenicity of the TME. It is
anticipated that, although RIG-I agonists are only in earliest phases of exploration as
cancer treatment strategy, the field will move forward at a rapid pace, based on the vast

potential for its success in immune-oncology.

Pattern recognition receptors in cancer

The immune system is capable of targeted tumor cell killing through the process
of immunosurveillance. Although tumors often develop ways to escape
immunosurveillance, the growing interest and understanding of molecular interactions
that occur between the tumor and the immune system have resulted in treatment
strategies aimed at harnessing the immune system to target cancers. Recent advances
in tumor immunology have produced immune checkpoint inhibitors (ICls), cancer
treatments designed to relieve the checkpoint restraints on adaptive immunity (1). ICls
have revolutionized treatments for many types of cancer (1-3). Despite these
successes, not all patients respond to ICI therapy, for reasons that are varied and

incompletely understood. It is thought that ICIs may be less effective in tumors that are



poorly immunogenic, as defined by low levels of tumor infiltrating lymphocytes (TILs),
minimal cross-presentation of tumor neoantigens, and high levels of immune
suppressive leukocytes such as regulatory T-cells (TRegs), tumor associated
macrophages (TAMs) and myeloid derived suppressor cells (MDSCs) (4—7). Innovative
strategies to increase immunogenicity in tumors are being explored through a variety of
approaches. One emerging strategy is based on activation of innate immunity in the
tumor microenvironment (TME) (8, 9). Innate immunity is a powerful arm of the immune
system responsible for rapid anti-microbial immunity, often inducing programmed cell
death of an infected cell. Innate immunity functions beyond the infected cell as well, by
modulating the expression of cytokines and chemokines that recruit T-lymphocytes to
the affected tissue, enhance antigen presentation, and increase cross-priming to
antigen-specific T-cells (8, 10). This idea is being explored extensively in regard to the
pattern recognition receptor (PRR) known as Stimulator of Interferon Genes (STING)
(11, 12). Synthetic STING ligands potently induce anti-tumor immunity in several
cancers, including breast cancer, chronic lymphocytic leukemia, colon cancer, and
squamous cell carcinoma (13-17). However, there is increasing evidence that STING
signaling might be defective in some cancers, due to mutations, promoter methylation,
and decreased expression of STING pathway effectors (18, 19), thus limiting their
potential efficacy in the tumor cell compartment of the TME. However, other cells of the
TME, particularly cells of the immune compartment, may retain STING signaling even
when the STING pathway is defective within the tumor cells, per se, allowing STING

ligands to induce innate immunity within the TME under these circumstances (20).



Viral nucleic acid sensors, such as the RNA helicase known as retinoic acid-
inducible gene | (RIG-I, encoded by the gene DDX58) (21), are expressed in most cells
of the human body, including tumor cells (22). When infected by an RNA virus, double-
stranded RNA replication intermediates derived from the virus bind to RIG-I (23-26) and
activate a RIG-I inflammasome leading to pyroptosis, a highly immunogenic mechanism
of programmed cell death (27-29). A hallmark of pyroptosis is the formation of pores in
the plasma membrane [30], leading to hypotonic cell swelling and leakage of
intracellular contents, including danger associated molecular patterns (DAMPSs), into the
microenvironment. RIG-I signaling simultaneously induces expression of pro-
inflammatory cytokines (8, 10). Together, DAMPs and pro-inflammatory cytokines
stimulate a local acute inflammatory immune response aimed at removal of virus and
virally-infected cells (31). Interestingly, viral nucleotide motifs can be mimicked using
synthetic, non-infectious oligonucleotides. These RIG-I agonists are capable of
triggering RIG-I signaling, pyroptosis, and acute inflammation (26, 32-35). In the cancer
setting, RIG-I activation could thus provide a three-pronged attack: 1.) direct activation
of tumor cell death; 2.) cytokine-mediated activation of innate immune effectors (e.g.,
macrophages, natural killer cells), and 3.) increased recruitment and cross priming of
adaptive immune effectors (e.g., CD8+ T-lymphocytes) through a cytokine-enriched
microenvironment and enhanced activity of professional antigen presenting cells [APCs,
e.g., dendritic cells (DCs) or macrophages] (Figure 1.1). Synthetic RIG-I agonists are
being explored as a therapeutic approach in a diverse range of cancers (27, 33, 34, 36).
Here, we review studies of RIG-I signaling in the tumor microenvironment, and

preclinical studies investigating RIG-I agonists for cancer treatment.
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Figure 1.1 RLR activation signals innate immunity in the TME. When tumor cells are treated with an
RIG-I mimetic, inflammatory cytokine and type | IFN expression is rapidly upregulated, inducing innate
immune responses in the tumor microenvironment. The cytolytic activity of leukocytes, such NK cells and
macrophages, is increased in response to this IFN-enriched microenvironment. Maturation and activation
of macrophages and DCs result in enhanced antigen presentation to T-lymphocytes in tumor draining
lymph nodes. T-regulatory cell differentiation is decreased by the pro-inflammatory microenvironment
produced by RIG-I activation.



Activation of RLRs induces pro-inflammatory signaling in a
cell-intrinsic manner

RIG-I was first identified as a cytosolic DExD/H box RNA helicase activated in
response to certain RNA viruses (21). RIG-l is activated upon recognition of its ligand,

double-stranded RNA sequences modified with a 5" -triphosphate (5 -3pRNA) or 5" -
diphosphate (5’ -2pRNA) motif (24, 26, 27, 37). RIG-I activation may occur in response

to other RNA motifs, including blunt dsRNAs (38), monomeric RNA within defective
human immunodeficiency virus (HIV)-1 particles (39), cytoplasmic long non-coding
RNAs (40), small nuclear RNAs (41-44), or endogenous retroviral transcripts. In
addition to the DexD/H box RNA helicase domain, RIG-l is characterized by an amino-
terminal Caspase Activation and Recruitment Domain (CARD) domain, and a Carboxy-
Terminal Domain (CTD) (45—-47). Once activated by its ligand, RIG-l undergoes an
ATP-dependent conformational change, exposing its CARD domain for
polyubiquitylation [48] by ubiquitin ligases such as TRIM25, Riplet and others (49-52).
Once polyubiquitylated, a mitochondrial signalosome, comprised of the proteins WHIP,
PPP6C and TRIM14, recruits RIG-I to the mitochondrial surface where the CARD
domain of RIG-I interacts with the CARD domain of Mitochondrial Anti-Viral Signaling
(MAVS), a requisite RIG-I co-factor (49, 53-55).

Once engaged, MAVS signaling activates three kinases that serve as regulators
of inflammation, Inhibitor of kB-Kinase (IKK)-y, TANK-Binding Kinase (TBK)-1 and IKK-¢
(56-58). These kinases phosphorylate Interferon (IFN) Regulatory Factor (IRF)-1, IRF-
3, IRF-7, and Nuclear Factor (NF)-kB (59—61), transcription factors that drive expression

of a pro-inflammatory transcriptional program that includes type | IFNs and pro-



inflammatory cytokines (45, 62). Importantly, IFN-a, IFN-, and other pro-inflammatory
cytokines produced in response to RIG-I activation drive a feed-forward signaling loop
that maintains high expression levels of RIG-I, IFNs and additional pro-inflammatory
IFN-stimulated genes (ISGs), by maintaining phosphorylation and activation of the
transcription factors IRF-3, IRF-7, and NF-kB, and by phosphorylation of the
transcription factor Signal Transducer and Activator of Transcription (STAT)-1, which
occurs in response to IFN-a/B receptor (IFNAR)-mediated activation of JAK-STAT
signaling (Figure 1.2) (62). This feed-forward signaling model amplifies inflammatory
cytokine production in the infected and neighboring cells, while recruiting leukocytes to
the infected area, including pro-inflammatory lymphocytes. Since a ‘T-cell inflamed’
microenvironment is often associated with an improved prognosis for several cancers,
and correlates with increased tumor sensitivity to ICls, the pro-inflammatory phenotype
induced by RIG-| activation may be an attractive treatment approach to increase tumor
immunogenicity and clinical success of ICls.

Two RIG-I-like receptors (RLRs) with structural similarity to RIG-I have been
identified. One of these RLRs, Melanoma Differentiation Associated (MDA)-5, harbors
an amino-terminal CARD domain, a DexD/H box motif, and a CTD domain (63, 64). Like
RIG-I, MDA-5 induces type | IFNs and other pro-inflammatory cytokines in response to
viral nucleotides, albeit viral nucleotide motifs that are distinct from those that activate
RIG-I. MDA-5 is activated by blunt-ended, long double-stranded RNA [e.g. polyinosinic-
polycytidylic acid, or poly(l:C)], a ligand that also activated some Toll-Like Receptors
(TLRs). In contrast to RIG-I and MDA-5, the other RLR known as Laboratory of

Genetics and Physiology (LGP)-2 lacks the CARD domain shared by RIG-I and MDA-5,
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Figure 1.2 RIG-I activation induces Type | IFNs, which support pro-inflammatory transcriptional
reprogramming. RIG-I binding to 5 -3pRNA or 5° -2pRNA induces a conformational change, allowing
RIG-I CARD domains to be polyubiquitylated by E3 ligases (e.g., Riplet or TRIM25). Polyubiquitylated
RIG-I is recruited to mitochondria outer membranes, where it interacts with MAVS, which then activates
IKK-¢, IKK-y, and TBK1, kinases responsible for phosphorylation/activation of transcription factors (ATF-
1, c-Jun, CBP, IRF-3, NF-kB). These transcription factors induce an expression profile that includes Type
I I IFNs and additional pro-inflammatory cytokines. Type | IFNs bind to IFNAR, activating the intracellular
tyrosine kinase JAK1/2, which in turn phosphorylates pro-inflammatory STAT transcription factors, thus
driving expression of additional ISGs and amplifying the IFN-inducible positive feedback loop to support
and maintain a pro-inflammatory microenvironment.



but is otherwise similar to the other RLRs (65). Without the CARD domain, LGP-2 is
unable to interact directly with MAVS to initiate a pro-inflammatory response. There are
reports suggesting that LGP-2 activation interferes with RIG-I signaling, but that MDA-5
signaling may be enhanced by LGP2 (48, 66—69). The implications of LGP2 expression
and signaling in the context of cancer therapy, and how LGP2 might affect therapeutic

responses to RIG-| agonists, are currently unclear.

RLR signaling potently activates programmed cell death

In the context of viral infection, RIG-I signaling is capable of inducing
programmed cell death (PCD) as a mechanism to eliminate virally-infected cells.
Cellular mechanisms by which RIG-I induces PCD include activation of the intrinsic
apoptosis pathway, the extrinsic apoptosis pathway, and a type of programmed
necrosis termed ‘pyroptosis.” The molecular factors governing the mode of RIG-I
mediated cell death may depend to some extent on cell type. For example, RLR
activation in keratinocytes, melanoma cells, glioblastoma cells, and many leukemia cells
cause mitochondrial outer membrane permeabilization (MOMP), cytochrome-C release
from mitochondria, and activation of caspase-9 and Apaf-1, the irreversible molecular
switch that governs the intrinsic apoptotic pathway (27). However, RIG-| signaling in
pancreatic and prostate cancer cells robustly induces expression of several factors that
activate the extrinsic apoptotic pathway, including Fas, Fas Ligand, Tumor Necrosis
Factor (TNF), TNF-related apoptosis-inducing ligand (TRAIL), and the TRAIL receptors
Death Receptor (DR)-4 and DR-5, causing caspase-8 activation and extrinsic apoptosis.

The mechanism by which RIG-I signaling upregulates TRAIL, FAS and other extrinsic

10



apoptosis-activating factors are not entirely clear, although it is likely that IFN signaling
is involved, given that Fas, TRAIL, and caspase-8 are known ISGs (70, 71).

Another mode of programmed cell death induced upon RIG-| activation is termed
“‘pyroptosis,” an immunogenic form of cell death occurring in response to activation of
the inflammasome, a multi-protein holoenzyme comprised of capsase-1 oligomers,
adaptor proteins known as ASC (Apoptosis-associated Speck with a Caspase-
recruitment domain), and a molecular sensor of pathogens, such as RIG-| (Figure
(Figure 1.3). RIG-I can interact, via its CARD domain, with the CARD domains of
inflammasome components (72), resulting in auto-cleavage and activation of caspase-1
(29, 73), which then allows proteolysis of the pro-inflammatory cytokines interleukin (IL)-
18 and IL-18 (73), which amplify inflammatory signaling in the local environment while
activating natural killer (NK) cells and recruiting leukocytes to the affected tissue.
Caspase-1 activation also results in cleavage of Gasdermin-D, removing the auto-
inhibitory domain from Gasdermin-D to allow oligomerization at the plasma membrane
and pore formation. Plasma membrane permeabilization by Gasdermin-D pores allows
water to enter and swell the cell, a hallmark of necrosis. Once membrane integrity is
lost, intracellular contents, including DAMPs, permeate the extracellular environment,
inducing danger responses in neighboring cells, which amplifies the inflammatory

response.

11
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Figure 1.3 RIG-I activation induces immunogenic modes of programmed cell death. Activated RIG-I
recruits the inflammasome adaptor protein ASC, which facilitates binding and oligomerization of Caspase-
1, leading to caspase-1 auto-cleavage and activation. Caspase-1 cleaves protein precursors of IL-138 and
IL-18 to generate their mature, pro-inflammatory isoforms, which are then secreted. Caspase-1 activity
also drives cleavage of the auto-inhibitory domain from Gasdermin-D, liberation the amino-terminal pore-
forming domain of Gasdermin-D to translocate to the plasma membrane and oligomerize, forming pores
that initiate hypotonic cellular swelling and lysis, followed by release of DAMPs into the extracellular
space, thus inducing an inflammatory response from surrounding cells.
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RLR signaling in tumor cells affects the complex tumor microenvironment

The capacity for RIG-I signaling to induce cell death, while inducing pro-
inflammatory responses, makes therapeutic use of RIG-I mimetics a highly attractive
option in cancers. A growing number of studies show that the molecular responses to
RIG-I or RLR signaling are retained in tumor cells and in non-tumor cells of the tumor
microenvironment, and support innate immune responses against tumor cells (34). For
example, RIG-I activation in ovarian cancer cells enables NK-mediated tumor cell killing
in culture (36). Further, RIG-I signaling within the tumor cell increases phagocytosis of
the affected tumor cell by professional APCs, including macrophages and DCs, thus
providing tumor antigens for presentation to lymphocytes (32). At the same time, the
IFN-enriched microenvironment generated by tumor cell RIG-I signaling increases
expression of major histocompatibility complex (MHC)-II antigen presentation molecules
in macrophages and DCs, which may further increase tumor antigen cross-presentation.
In support of this idea, it is reported that DCs presented pancreatic cancer-derived
antigens more robustly to T-cells if RIG-I signaling was activated in pancreatic cancer
cells prior to their co-culture with DCs (32, 36). Similar results were observed upon RIG-

| activation ovarian cancer cells prior to co-culture with macrophages (74).

RLR agonists are gaining traction as a possible cancer treatment in pre-clinical
studies

Through direct activation of intrinsic immunity in cancer cells, and accompanying
indirect activation of leukocytes in the TME, synthetic RIG-I mimetics are under

investigation for cancer treatment in pre-clinical studies in hepatocellular carcinoma

13



(75), leukemias (76), melanomas (27), prostate cancers (77) and others. RIG-| agonists
that are stable and functional in vivo are under current development. For example, a

minimal 5° -triphophosphorylated stem-loop RNA (SLR) sequence for intra-venous

delivery to mice was recently reported (25). The stem-loop structure enhances structural
stability of the complex, a key determinant of RIG-I ligand potency. Delivery of SLR
sequences to mice in vivo activated RIG-I signaling, IFN induction, and expression of
genes required for potent anti-viral immunity, although this RIG-I mimetic has not yet
been studied in tumors grown in vivo. A pre-clinical compound specific for RIG-I is
RGT100 (Merck/Rigontec), currently in phase | clinical trials for treatment of advanced
solid tumors and lymphomas (NCT03065023), although peer-reviewed preclinical
reports for RGT100 were not identified, to our knowledge. Another compound which
activates RIG-I by unknown mechanisms is SB-9200 (78), which is currently under
investigation as an anti-viral agent, but has not yet been tested in the pre-clinical setting
of cancer treatment.

In addition to RIG-I specific mimetics, synthetic RLR mimetics are being
investigated in pre-clinical and early clinical studies. The compound Hiltonol
[polyinosinic-polycytidylic acid stabilized with poly-I-lysine and carboxymethylcellulose
(poly-ICLC)] (79, 80) was tested in combination with chemotherapy for patients with
Stage IV anaplastic astrocytoma, resulting in increased overall survival (OS) to >8
years, versus the expected survival of two years on conventional chemotherapy alone
(81). Another trial tested poly-ICLC in combination with radiation and temozolomide in
newly diagnosed adult glioblastoma patients. In these studies, intramuscular poly-ICLC

increased OS to 18.3 months from 14.6 months (82—84). Further, poly-ICLC is being
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tested as a tumor vaccine adjuvant in several cancer types, with a growing number of

successes in Phase | and Il clinical trials for gliomas (85), breast cancer (86), pancreatic
cancer (87), ovarian cancer (88, 89), multiple myeloma (90), and others, highlighting the
potential advances that Poly-ICLC may achieve across a spectrum of cancers. Although
poly-ICLC potently activates MDA-5, it also activates Toll-like Receptor (TLR)-3, making
the specific contributions of RLR signaling to the therapeutic effects of poly-ICLC, and to

patient outcome, difficult to dissect.

The future of RLR agonists in cancer

Exciting innovations within the field of RIG-I agonists are emerging. For example,
a powerful, bimodal application of RNAi-based silencing of intra-tumoral gene targets
using a5’ -triphosphate modified dsRNA sequence would allow for RIG-| activation
and simultaneous gene targeting. This approach was demonstrated in melanomas,
using 5’ -3p-siRNA sequences specific to the anti-apoptotic gene BCL2. Delivery of
this construct to cells potently stimulated IFN production and NK activation, while
enhancing tumor cell killing through Bcl-2 ablation (34). This concept was validated
using a 5" -3p-siRNA targeting transforming growth factor (TGF)- 3 in pancreatic
cancer cells, resulting in tumor cell apoptosis, IFN induction, and enhanced CD8+ T cell
responses (36). A similar approach was used in models of non-small cell lung cancer,
using 5’ -3p-siRNA sequences against vascular endothelial growth factor (VEGF),
resulting in reduced tumor angiogenesis while enhancing anti-tumor immunity (91).

Defining the most appropriate gene silencing target may be a difficult task, but the use
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of siRNA paves the pathway for targeting certain oncogenes (e.g., MYC) that are
currently ‘undruggable.’

Despite the potential success of RIG-I and RLR agonists, the immune system is
powerful and incompletely understood, warranting cautious optimism and thorough
examination of the caveats associated with innate immune activation, including possible
on-target induction of autoimmunity, or induction of a cytokine ‘storm’ which could pose
a threat to patient safety (92—94). It is important to note that, since RIG-I is expressed in
most cells of the human body, the consequences of RIG-I activation might be
widespread, driving symptoms like fatigue, depression and cognitive impairment. In ICI-
based therapies, these side-effects are generally managed by corticosteroid
immunosuppression.

Delivery of small nucleotide sequences to tumor cells and leukocytes within the
TME is another major obstacle to the widespread utility of RIG-I or RLR-based
therapeutics in the cancer setting. Studies aimed at generating stable, specific and
potent RIG-| ligands that retain functionality in vivo have been reported only recently.
For example, a study employing a minimal 5" -triphophosphorylated stem-loop RNA
(SLR) sequence delivered by intra-venous delivery to mice activated in RIG-I signaling,
IFN induction, and expression of genes required for potent anti-viral immunity in vivo. A
recently described ‘conditional’ RIG-I ligand, in which the 5’ -triphosphorylated
terminus of the RNA duplex remained shielded until release by predetermined
molecular cues in vivo, could enhance delivery of RIG-I agonist to tumors, and minimize

RIG-I activation outside of the TME (95). However, the efficacy of RIG-I ligands,
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including SLRs and conditional RIG-I ligands, not yet been tested in animal models of
cancer (25).

In summary, therapeutic RIG-I and RLR agonists are emerging as a novel
approach to engage the immune system in the fight against cancer. Importantly, RIG-I
signaling directly promotes tumor cell killing through three distinct modes of action:
intrinsic apoptosis, extrinsic apoptosis, and pyroptosis. Further, simultaneous activation
of the innate and adaptive arms of the immune system may generate durable
therapeutic responses. The multi-faceted mechanisms by which RLR agonists eliminate
cancer cells represent the well-rounded arsenal of weapons required to fight aggressive

and metastatic cancers effectively.
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CHAPTERII
THERAPEUTICALLY ACTIVE RIG-l AGONIST INDUCES IMMUNOGENIC TUMOR

CELL KILLING IN BREAST CANCERS

Work presented in this chapter is published with the same title in Cancer Research,
November 2018 [Volume 78, Number 21]

Abstract

Cancer immunotherapies that remove checkpoint restraints on adaptive immunity
are gaining clinical momentum but have not achieved widespread success in breast
cancers, a tumor type considered poorly immunogenic and which harbors a decreased
presence of tumor-infiltrating lymphocytes. Approaches that activate innate immunity in
breast cancer cells and the tumor microenvironment are of increasing interest, based on
their ability to induce immunogenic tumor cell death, type | IFNs, and lymphocyte-
recruiting chemokines. In agreement with reports in other cancers, we observe loss,
downregulation, or mutation of the innate viral nucleotide sensor retinoic acid-inducible
gene | (RIG-1/DDX58) in only 1% of clinical breast cancers, suggesting potentially
widespread applicability for therapeutic RIG-I agonists that activate innate immunity.
This was tested using an engineered RIG-| agonist in a breast cancer cell panel
representing each of three major clinical breast cancer subtypes. Treatment with RIG-I
agonist resulted in upregulation and mitochondrial localization of RIG-I and activation of
pro-inflammatory transcription factors STAT1 and NF-kB. RIG-| agonist triggered the
extrinsic apoptosis pathway and pyroptosis, a highly immunogenic form of cell death in
breast cancer cells. RIG-I agonist also induced expression of lymphocyte-recruiting

chemokines and type | IFN, confirming that cell death and cytokine modulation occur in
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a tumor cell-intrinsic manner. Importantly, RIG-I activation in breast tumors increased
tumor lymphocytes and decreased tumor growth and metastasis. Overall, these findings
demonstrate successful therapeutic delivery of a synthetic RIG-I agonist to induce tumor

cell killing and to modulate the tumor microenvironment in vivo.

Introduction

Breast cancer is the most frequently diagnosed cancer in women (96). Despite
advances in early detection and treatment, breast cancer remains the second leading
cause of cancer-related deaths for women. With an eye toward new treatment
strategies, recent attention has focused on immune-checkpoint inhibitors (ICl),
antibodies that block regulatory receptors that dampen adaptive immunity (e.g., PD-1,
PD-L1, CTLA-4). ICI-mediated inhibition of checkpoint receptors releases regulatory
restraints on adaptive immunity, permitting a pro-inflammatory lymphocytic response
against tumor neoantigens, and resulting in robust and durable antitumor immune
responses (1). ICI treatments have seen remarkable success in cases of melanoma and
lung cancer (1-3). However, ICI response rates reported in breast cancer clinical trials
have thus far been disappointing, achieving success in only a fraction of patients (97-
99). The relatively diminished response to ICls in breast cancer is not completely
understood, but may relate to fewer tumor-infiltrating lymphocytes (TIL) (100-101), a
decreased mutational burden (4-5), limited or absent expression of antigen presentation
machinery on tumor cells (6), or enhanced expression of counter-regulatory factors in
breast cancers as compared with what is seen in other cancer types (7). A fraction of

the highly aggressive triple-negative breast cancer (TNBC) subtypes, which on average
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harbor a greater number of TILs and a greater mutational burden than the other clinical
breast cancer subtypes, have shown greater response to ICI over those breast cancer
subtypes expressing estrogen receptor (ER+) or harboring HER2 gene amplification
(HER2+). Further, decreased TILs within the aggressive TNBC subtype predict poor
outcome and decreased response to ICI. Interestingly, certain chemotherapeutic
regimens increase TILs in breast cancers, which often correlates with improved
response to treatment. Therefore, a new treatment paradigm may be needed in breast
cancers to promote de novo inflammation to instigate antitumor immunity, or to enable
efficacy of existing ICls. It is possible that treatment strategies that increase TILs
improve antigen presentation or increase inflammatory cytokines in the tumor
microenvironment might improve immunogenicity of all breast cancer subtypes.

Pattern recognition receptors (PRR) of the innate immune system, which
recognize conserved pathogen-associated molecular patterns (PAMP; e.g., viral
nucleotide motifs), are gaining interest as a potential treatment strategy (8-9). PRR
activation by their viral nucleotide ligand induces pro-inflammatory transcription factors,
including NF-kB, signal transduction and transcription, and interferon regulatory factors
(IRF), which drive production of IFNs and other pro-inflammatory cytokines that
orchestrate antimicrobial innate immune responses and stimulate adaptive immunity (8,
10). Certain PRRs are expressed in nearly every cell in the human body, including
cancer cells, suggesting that some PRRs might be leveraged therapeutically as part of
a cancer treatment strategy. This idea is being explored extensively in regard to the
PRR known as stimulator of interferon genes (STING) (11-12). Synthetic STING ligands

potently induce type | IFNs and support antitumor immunity across a variety of cancers,
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including breast, CLL, colon, and squamous cell carcinoma (13-17). However, there is
increasing evidence that STING signaling is defective in many cancers, including breast
some breast cancers, due to mutations, promoter methylation, and decreased
expression of genes in the STING pathway (18-19).

Retinoic acid-inducible gene | (RIG-I) is another PRR, playing a key role in
recognizing RNA viruses. In contrast to the frequent STING pathway alterations seen in
breast cancers, alterations in the RIG-I gene DDX58 have been infrequently reported,
and DDX58 promoter methylation was not significantly higher in breast tumor versus
normal breast tissue (18). RIG-I recognizes double-stranded viral RNAs (dsRNA)

containing two or three 5° -phosphates (23-26). RIG-I activation by its ligand causes

RIG-I translocation to mitochondria, where it interacts with its binding partner
Mitochondrial antiviral signaling (MAVS) to activate signaling pathways that produce
pro-inflammatory cytokines (53). Importantly, RIG-I activation also promotes the
elimination of virally infected cells through apoptotic pathways (27-29). These attributes
make RIG-I mimetics an attractive therapeutic approach in immune oncology.
Therapeutic efficacy of RIG-I mimetics has been seen in several cancer cell lines
originating from a variety of tissues, although the impact of RIG-I activation in breast
cancers is relatively understudied as compared with other cancers. Further, the use of
RIG-I agonists as a cancer treatment requires a specific and potent RIG-I ligand that is

functional in vivo, which has only recently been reported in a study using a minimal 5" -

triphophosphorylated stem-loop RNA (SLR) sequence for intravenous delivery to mice
(25). The stem-loop structure enhances structural stability of the complex, a key

determinant of RIG-I ligand potency. Delivery of SLR sequences to mice in vivo
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activated in RIG-I signaling, IFN induction, and expression of genes required for potent
antiviral immunity. However, the efficacy of RIG-I ligands, including SLRs, in animal
models of cancer has not yet been tested.

We tested the hypothesis that RIG-I-mediated activation of innate immune
responses might be therapeutically efficacious in breast cancers, while increasing the
inflammatory phenotype of breast cancers. We demonstrate here that RIG-| activation in
breast cancer cells resulted in tumor cell-intrinsic tumor cell death due in part to
activation of pyroptosis and induced expression of inflammatory cytokines, leukocyte-
recruiting chemokines, and increased expression of major histocompatibility (MHC)-
components. Delivery of synthetic RIG-I ligands to breast tumors in vivo recapitulated
these results, recruiting leukocytes to the tumor microenvironment and decreasing

tumor growth and metastasis.

Materials and Methods
Generation of SLR20
Oligoribonucleotides sequence OH-SLR20 (5" -
GGACGUACGUUUCGACGUACGUCC) was synthesized on an automated MerMade
synthesizer (BioAutomation) using standard phosphoramidite chemistry. The
hydroxylated oligonucleotide was deprotected and gel purified as previously described
(34). Triphosphorylated oligoribonucleotide SLR20 (5 ppp-
GGACGUACGUUUCGACGUACGUCC) was synthesized as described (35),
deprotected, and gel purified. The triphosphorylation state and purity were confirmed

using mass spectrometry. The oligonucleotides were resuspended in RNA storage
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buffer (10 mmol/L MOPS pH 7, 1 mmol/L EDTA) and snap cooled to ensure hairpin

formation, as previously described (28).

Cell line authentication

The human cell lines MCF-7, BT474, and murine cell line 4T1 were purchased from
ATCC in 2015. All cells were maintained at low passage in DMEM with 10% fetal bovine
serum and 1% antibiotics and antimyotics. Cell identity was verified by ATCC using
genotyping with a Multiplex STR assay. All cell lines were screened monthly for

Mycoplasma. Cells were used within 20 passages for each experiment.

Cell culture

SLR20 and OH-SLR20 were delivered to cells in serum-free Opti-MEM media at a final
concentration of 0.25 ymol/L using lipofectamine 2000 (Invitrogen). Where indicated,
cells were treated with staurosporine (Cell Signaling Technology) at a final
concentration of 1 ymol/L in serum-free Opti-MEM. Cells expressing shRNA against
RIG-I were generated by transduction with pLKO lentiviral particles (Sigma-Aldrich)
harboring shRNA sequences against human or mouse RIG-I (DDX58) and selected with
puromycin (2 pug/mL). Cells were treated with inhibitors for caspase-9 (Z-LEHD-FMK,
BD Pharmingen), caspase-10 (Z-AEVD-FMK, Cayman Chemical), and caspase-1 (Ac-

YVAD-CHO, Cayman Chemical) at a final concentration of 5 umol/L.
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Western analysis

Whole-cell lysate was harvested by homogenization of cells in ice-cold lysis buffer [50
mmol/L Tris pH 7.4, 100 mmol/L NaF, 120 mmol/L NaCl, 0.5% nonidet P-40, 100 ymol/L
Na3VO4, 1 x protease inhibitor cocktail (Roche), 0.5 yM MG132 (Selleck Chem)].
Mitochondrial and cell membrane extracts were harvested from cells using the Cell
Fractionation Kit (Cell Signaling Technologies) according to the manufacturer's
instructions. Lysates (20 pg protein measured by BCA assay) were resolved on 4% to
12% polyacrylamide gels (Novex) and transferred to nitrocellulose membranes (iBlot),
blocked in 3% gelatin in TBS-T (Tris-buffered saline, 0.1% Tween-20), incubated in
primary antibodies from Cell Signaling Technologies: (RIG-I (D14G6, 1:1,000), MAVS
(3993, 1:1,000), SOD2 (D3 x 8F, 1:1,000), p65 (D14E12, 1:1,000), P-p65 Y701 (D4A7,
1:1,000), STAT1 (D1K9Y, 1:1,000), P-STAT1 S536 (93H1, 1:1,000), PARP (9542,
1:1,000), caspase-1 (2225, 1:1,000), cleaved caspase-1 (D57A2, 1:1,000), gasdermin-D
(96458, 1:1,000), Rab11 (7100, 1:1,000); B-actin (Sigma-Aldrich, AC-15, 1:10,000); and
E-cadherin (BD Transduction Laboratories, 610182, 1:1,000). Secondary antibodies
were from PerkinElmer [goat anti-rabbit (1:5,000) and goat anti-mouse (1:10,000)].

Western blots were developed with ECL substrate (Thermo Fisher Scientific).

Cytofluorescence

Live cells were incubated in MitoTracker Red (Invitrogen) for 45 minutes to stain
mitochondria then 100% methanol fixed, blocked in TBS-T 3% gelatin and stained with
rabbit anti-RIG-I (1:100, Cell Signaling Technology) and goat anti-rabbit Alexa Fluor

488 (1:1,000, Invitrogen). For apoptotic analysis, live cells were stained with Annexin V,
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AlexaFluor-488 conjugate (1:500, Invitrogen) for 4 hours before imaging. For pyroptotic
studies, live cells were stained in propidium iodide (PI; Sigma-Aldrich, 1:1,000) for 1

hour before imaging.

Generation of nanoparticles for intratumoral delivery

Amphiphilic diblock copolymer composed of a 10.3 kDa dimethylaminoethyl
methacrylate (DMAEMA) first block and a 31.0 kDa, 35% DMAEMA, 39% butyl
methacrylate (BMA), and 26% propylacrylic acid (PAA) second block were synthesized
as previously described (36). Dry amphiphilic diblock polymer was dissolved into
ethanol at 50 mg/mL, rapidly diluted into phosphate buffer (pH 7.0, 100 mmol/L) to 10
mg/mL, concentrated, and buffer was exchanged into PBS (Gibco) using 3 kDa
molecular weight cutoff centrifugal filtration columns (Ambion, Millipore) and sterile
filtered. Polymer concentration was measured by absorbance at 310 nm (Synergy H1
microplate reader, BioTek). Concentrated polymer solution was rapidly mixed with
SLR20 (or OH-SLR20) at a charge ratio of 5:1 (N:P) for 30 minutes and diluted into PBS

(pH 7.4, Gibco) to 20 ug of SLR and 400 ug of polymer in 50 pL total volume.

Animal studies

All studies were performed in accordance with Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC) guidelines and were
approved by the Institutional Animal Care and Use Committee at Vanderbilt University.
All mice were housed in pathogen-free conditions. Left inguinal mammary fat pads of

wild-type (WT) female Balb/c mice or athymic (nu/nu) Balb/c mice (Jackson Labs) were
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injected with 106 4T1 cells. Mice were randomized into treatment groups when tumors
reached 50 to 100 mm3. Intratumoral injection of nanoparticle in 50 pL of saline (or
saline without nanoparticle) was performed at 48-hour intervals for a total of 3
treatments, or at 72- to 96-hour intervals for a total of 4 treatments. Intraperitoneal
injection of InVivoMab aPD-L1 (B7-H1) and control IgG2b k from Bio X Cell were
delivered at 25 mg/kg in sterile saline twice weekly for 10 days. Mice were monitored

daily, and tumor volume was measured with calipers twice weekly for up to 25 days.

Histologic analyses

Lungs and tumors were formalin-fixed and paraffin-embedded, and sections (5 pm)
were stained with hematoxylin and eosin. In situ TUNEL analysis was performed on
paraffin-embedded sections using the ApopTag kit (Millipore). IHC was performed using
the following antibodies: RIG-I (Invitrogen, PA5-20276, 1:400), P-STAT1 (Cell Signaling
Technology, 9167, 1:100), Ki67 (Biocare Medical, CFM325B, 1:100), CD45 (Abcam,
ab10558, 1:5,000), F4/80 (Bio-Rad, MCA497GA, 1:100), CD4 (eBioscience, 14-0195-
82, 1:1,000), CD8 (eBioscience, 14-0195-82, 1:100), TRAIL (GeneTex, 6TX11700,
1:800). Immunodetection was performed using the Vectastain kit (Vector Laboratories)

according to the manufacturer's instructions.

RNA isolation and expression analyses
Total RNA was extracted using NucleoSpin RNA (Machery-Nagel), reverse transcribed
(iScript cDNA Synthesis; Bio-Rad), and using for gPCR with iTag Universal SYBR

Green (Bio-Rad) on a Bio-Rad CFX96 thermocycler. Gene expression is normalized to
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36B4. The following primers were obtained from Integrated DNA Technologies: IFNB1

[forward 5° -TGCTCTCCTGTTGTGCTTCTCC; reverse 5" -
GTTCATCCTGTCCTTGAGGCAGT]; Ifnb1 [forward 5" -
CAGCTCCAAGAAAGGACGAAC; reverse 5 -GGCAGTGTAACTCTTCTGCAT]; HLA-
A [forward 5° -GCGGCTACTACAACCAGAGC; reverse 5" -
GATGTAATCCTTGCCGTCGT]; TNF [forward 5 -CCTCTCTCTAATCAGCCCTCTG;
reverse 5 -GAGGACCTGGGAGTAGATGAG]; Tnf [forward 5" -
CCCTCACACTCAGATCATCTTCT,; reverse 5 -GCTACGACGTGGGCTACAG];
TNFSF10 [forward 5° -TGCGTGCTGATCGTGATCTTC; reverse 5" -
GCTCGTTGGTAAAGTACACGTA]; Tnfsf10 [forward 5" -
ATGGTGATTTGCATAGTGCTCC; reverse 5 -GCAAGCAGGGTCTGTTCAAGA.

Other genes were analyzed via PCR array (RT2 Profiler Array, Qiagen).

Cytokine array

Cells (1 x 106) were seeded. After 24 hours, cells were transfected with SLR20 or OH-
SLR20 as described above. Cell culture media were removed 32 hours after
transfection, filtered with a 0.2 micron strainer, and immediately added to blocked
membranes from Human Cytokine Antibody Array C1000 (RayBiotech), and processed
according to the manufacturer's instructions. Chemiluminescent cytokine arrays were

imaged digitally using Amersham Imager 600 (GE Healthcare).
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Statistical analysis

Experimental groups were compared with controls using Student unpaired, two-tailed t
test. Multiple groups were compared across a single condition using one-way analysis
of variance (ANOVA). P < 0.05 was used to define significant differences from the null
hypothesis. gPCR array data sets were compared using multiple t tests with an FDR

cutoff of 0.05.

Ethics statement
Animals were housed under pathogen-free conditions, and experiments were performed
in accordance with AAALAC guidelines and with Vanderbilt University Institutional

Animal Care and Use Committee approval.

Results

Breast cancer cell autonomous RIG-I signaling is activated by a synthetic RIG-I
mimetic

To assess the potential applicability of a RIG-I agonist in breast cancer, we
examined RIG-I/DDX58 expression in a clinical invasive breast cancer data set curated
by The Cancer Genome Atlas (TCGA) (105). We found genomic DDX58 deletion in only
1 of 817 tumors and mMRNA downregulation in only 8 of 817 tumors (Figure 2.1.A),
suggesting that loss of RIG-I expression is a rare event. Similar results were produced
upon the analysis of 2509 breast tumors from the METABRIC invasive breast cancer

data set (Figure 2.2.A) (106). Whole-exome sequencing data identified 3 non-recurrent
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Figure 2.1 RIG-I/DDX58 is expressed in breast cancers and is activated by the RIG-l agonist
SLR20. A, TCGA-curated clinical data set of invasive breast cancers (N = 817; ref. 37) was assessed for
samples harboring genomic DDX58 loss (solid blue) and/or DDX58 mRNA downregulation (defined as
<-1 SD from the mean DDX58 expression among the entire data set and shown in blue outline).
Reported scores for IHC analysis of ER and HER2 corresponding to each clinical specimen are shown. B,
Whole-cell lysates were assessed by Western analysis using the antibodies indicated to the left of each
blot. C, Sixteen hours after transfection with OH-SLR20 and SLR20, cells were fixed, assessed by
immunofluorescence to detect RIG-I (green fluorescence), and counterstained with MitoTracker Red (red
fluorescence). Left, representative images are shown. The inset shows a high-power magnification of the
boxed area within each respective panel. Right, the ratio of RIG-I staining to MitoTracker is shown.
MitoTracker staining was quantified as the number of red fluorescent pixels per 40x field using Imaged.
RIG-I immunofluorescent staining was quantified as the number of green fluorescent pixels per 40x% field.
Each point represents the average value of three random fields per sample, N = 5 samples. Midlines and
error bars show average + SD. P value was calculated using Student’s unpaired t-test. D, Mitochondrial
fractions of cells were assessed by Western analysis 18 hours after transfection, using the antibodies
shown on the left of each panel. Representative images are shown. N = 3. E, Whole-cell lysates collected
12 hours after transfection were assessed by Western analysis using the antibodies shown on the left of
each panel. Representative images are shown. N = 3.
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missense mutations within DDX58, and no recurrent, truncating, or in-frame mutations
(Figure 2.2.B), suggesting that RIG-I/DDX58 is rarely lost or mutated in breast cancers.
Western analysis confirmed RIG-I expression in two human breast cancer cell lines,
MCF7 (ER+), and BT474 (HER2 amplified) (Figure 2.1.B), but not in HER2-ampilified,
ER+ MDA-MB-361 cells (Figure 2.3.A). To determine if RIG-I signaling pathways are
functional in breast cancer cells, we used a previously described synthetic minimal RIG-
| agonist composed of a double-stranded, triphosphorylated 20-base pair stem-loop

RNA, which was then modified with a 5° triphosphate sequence (SLR20) (107).
Previous studies demonstrated that SLRs containing the 5’ -ppp motif, but not those

lacking the motif, activate type | IFN production via RIG-I/MAVS signaling. We
transfected SLR20 (and the non-phosphorylated, but otherwise identical sequence, OH-
SLR20) into MCF7 cells and measured RIG-I expression and distribution by
immunofluorescence. RIG-I expression was robustly increased in cells transfected with
the RIG-I ligand SLR20 as compared with the control ligand OH-SLR20 (Figure 2.1.C).
Counterstaining of mitochondria demonstrated mitochondrial localization of RIG-I in
many cells following SLR20 treatment. Further, analysis of mitochondrial cell fractions
by Western analysis confirmed mitochondrial RIG-I localization in MCF7 and BT474
cells transfected with SLR20, but not OH-SLR20 (Figure 2.1.D). Western analysis
confirmed RIG-I upregulation following transfection with SLR20 in MCF7, BT474, and
mouse 4T1 cells, a mammary tumor line used as a model of aggressive, metastatic, and
poorly immunogenic TNBC (Figure 2.1.E). Importantly, SLR20 increased

phosphorylation of the pro-inflammatory transcription factors p65 (an NF-kB subunit)
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Figure 2.2 RIG-I/DDX58 is rarely lost or mutated in breast cancers. A. METABRIC-curated clinical
dataset of invasive breast cancers (N = 817, Ref. here) was assessed for samples harboring genomic
loss (solid blue boxes) or mRNA down-regulation (defined as < -2 S.D. from the mean DDX58 expression
among the entire dataset, and shown in blue outline). B. A lollipop graph was used to show the relative
positioning of DDX58 missense mutations found in a TCGA-curated clinical dataset of invasive breast
tumors (N = 817). No recurrent mutations were identified.
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Figure 2.3 MDA-MB361 is RIG-lI deficient. A. Western analysis of whole cell lysates harvested from
BT474, MCF7, and MDA-MB-361 cells using antibodies indicated at the left of each panel. B. Western
analysis of whole cell lysates harvested from MDA-MB-361 cells transfected with SLR20 or OH-SLR20 at
12 hours after transfection. C. Immunohistochemistry was used to measure RIG-1 and P-STAT1 in tumors
harvested at day 5. Representative Images are shown. N = 5.
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and STAT1 in MCF7, BT474, and 4T1 cells. Importantly, SLR20 did not affect P-p65 in
MDA-MB-361 cells, which lack RIG-I expression (Figure 2.3.B). These data support
use of these breast cancer cell lines, and the SLR20 agonist, to model the therapeutic

impact of RIG-I signaling in breast cancer.

A nanoparticle-based approach for RIG-I activation in vivo decreases breast
tumor growth and metastasis

A recent study examining SLR delivery in vivo confirmed rapid induction of type |
IFNs following delivery of a 10-bp SLR sequence (SLR10) (25). However, the impact of
RIG-I activation in the complex breast tumor microenvironment has not been explored.
We used a nanoparticle-based platform previously optimized for oligonucleotide delivery
in vivo for intratumoral (i.t.) treatment of breast tumors with SLR20 (Figure 2.4.A).
These pH-responsive nanoparticles (NP) were composed of amphiphilic diblock
copolymers formulated with a hydrophobic core-forming block that is endosomolytic and
drives micellar assembly, and a polycationic corona for electrostatic complexation with
oligonucleotide (i.e., SLR20), as described previously (104). This formulation has been
shown to maximize cytoplasmic delivery of oligonucleotides, an ideal scenario for
cytoplasmic RIG-I activation by SLR20. NPs were delivered i.t. to 4T1 mammary tumors
grown in WT Balb/c female mice when tumors reached 50 to 100 mm3. As an additional
control, a third group of tumor-bearing mice were treated by i.t. injection of saline, the
vehicle in which NPs were delivered. A total of 3 treatments were administered (days 0,
2, and 4) (Figure 2.4.B). IHC of tumors collected at day 5 (24 hours after final

treatment) revealed RIG-I protein upregulation in 4T1 tumors treated with SLR20 NPs
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Figure 2.4 RIG-l agonist SLR20 induces RIG-l signaling and impairs tumor progression in vivo. A,
Schematic representation of nanoparticle formulation used to treat tumor-bearing mice in vivo. B,
Schematic of treatment strategy for intratumoral nanoparticle delivery of SLR20 (or OH-SLR20) to WT
Balb/c mice harboring 4T1 mammary tumors. Saline was delivered intratumorally as a control. C and D,
IHC was used to measure RIG-I and P-STAT1 in tumors harvested at day 14. B, Representative images
are shown. N = 5. C, IHC staining for RIG-l and P-STAT1 was quantitated. Each point represents the
average of three random fields per sample, N = 5. Midlines show average (+SD). P values were
calculated using Student t test. E, Schematic of treatment strategy for intratumoral nanoparticle delivery
of SLR20 (or OH-SLR20) to WT Balb/c mice harboring 4T1 mammary tumors. Saline was delivered
intratumorally as a control. Tumors were measured throughout treatment (days 0-9) and for 16 days after
treatment ceased (days 10-25). Tumors were collected on day 25 (16 days after the final treatment). F,
Tumor volume was measured beginning at treatment day 1. N = 10 per group through day 5. N = 5 per
group from days 6 to 25. G, Lungs harvested at day 25 were assessed histologically for metastatic
lesions. Each point represents the number of metastases per individual mouse. Midlines represent the
average (+ SD); Student’s t-test. n.s., non-significant.
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over saline-treated or OH-SLR20 NP-treated tumors (Figures 2.4.C-D and Figure
2.3.C). Further, tumors treated with SLR20 NPs, but not OH-SLR20 NPs, exhibited a 3-
fold increase in phosphorylation of STAT1 (Figure 2.4.C and D), confirming RIG-|
signaling in SLR20-treated tumors in vivo.

We used a slightly modified treatment scheme to assess the therapeutic impact
of SLR20-NP on tumor growth. Tumors were treated on days 0, 3, 6, and 9 with i.t.
delivery of SLR20 NPs, at which point treatment stopped and tumor volume was
monitored through day 25 (Figure 2.4.E). Tumors treated with SLR20 NPs did not
increase in volume during the treatment window (days 0-9), while tumors treated with
saline or with OH-SLR20 NPs increased nearly 4-fold (Figure 2.4.F). Once treatment
was complete, tumors treated with SLR20 resumed volumetric increase, but still grew at
a diminished rate as compared with tumors treated with OH-SLR20 NPs or with saline.
Lungs harvested from mice on day 25 revealed a decreased number of lung metastases
in the SLR20-treated mice as compared with control groups (Figure 2.4.G). Treatment
extended through treatment day 25 (Figure 2.5.A) resulted in sustained tumor growth

inhibition in response to SLR20 (Figure 2.5.B).

RIG-I signaling induces breast cancer cell death through tumor cell-intrinsic
pathways
We investigated potential mechanisms responsible for decreased tumor growth

and metastasis following treatment with SLR20 NPs, first measuring Ki67-positive cells r
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Figure 2.5. SLR20 inhibits tumor growth
A. Schematic of treatment strategy for intra-tumoral nanoparticle delivery of SLR20 (or OH-SLR20) to WT

Balb/C mice harboring 4T1 mammary tumors. Saline was delivered intratumorally as a control. Tumors
were measured throughout treatment. B. Tumor volume was measured beginning at treatment day 0. N =

7-8 per group.
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Figure 2.6 RIG-l agonist SLR20 induces tumor cell apoptosis. A and B, histologic analysis of tumor
sections using IHC against Ki67 and TUNEL analysis. B, Representative images are shown. N = 5. C,
The number of Ki67+ cells and TUNEL+ cells per 400x% field was quantitated. Each point represents the
average of three random fields per sample, N = 5. Midlines show average (+ SD). P values were
calculated using Student t test. C, Western analysis of whole-cell lysates harvested 12 hours after
transfection, using antibodies indicated on the left of each panel. D, Cells were transfected, and after 18
hours, cells were stained with Annexin V-AlexaFluor488 for 4 hours. AlexaFluor488+ cells were imaged
by fluorescence microscopy. The number of Annexin V+ cells per well was counted. Each point shown
represents the average of two experimental replicates, N = 5. Midlines represent the average (+ SD). P
values were calculated using Student t test. Staurosporine treatment (1 pmol/L) was performed in parallel
as a positive control for induction of apoptosis/Annexin V staining. E, Western analysis of whole-cell
lysates using antibodies shown on left of each panel. F, Cells were transfected and stained with Annexin
V-FITC as shown in D. n.s., non-significant.
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by IHC as a marker of cell proliferation (Figure 2.6.A; Figure 2.7.A). Assessing 4T1
tumors collected on treatment day 5, we found a decreased percentage of Ki67+ tumor
cells in samples treated with SLR20 NPs as compared with samples treated with OH-
SLR20-NPs or with saline (Figure 2.6.B). Conversely, tumor cell death, measured by
terminal dUTP nick-end labeling (TUNEL) analysis (Figure 2.6.A), was increased 5-fold
in samples treated with SLR20 NPs (Figure 2.6.B). RIG-I signaling is capable of
inducing programmed cell death in many cell types, including some cancer cell types
(75), although this possibility remains unclear in breast cancers. Therefore, we
transfected MCF7, BT474, and 4T1 cells in culture with SLR20, assessing cells 12
hours after transfection for PARP cleavage, a molecular marker of cell death. Cleaved
PARP was increased in cells transfected with SLR20 versus OH-SLR20 (Figure 2.6.C).
Annexin V-FITC staining was used to enumerate apoptotic cells, revealing increased
Annexin V+ cells following SLR20 treatment in MCF7, BT474, and 4T1 cells (Figure
2.6.D), but not in MDA-MB-361 cells, which lack RIG-I expression (Figure 2.7.B).
Importantly, knockdown of RIG-I in MCF7, BT474, and 4T1 cells using shRNA
sequences against RIG-| (Figure 2.6.E) abrogated the increased Annexin V staining in
response to SLR20 (Figure 2.6.F), while SLR20 remained capable of inducing Annexin
V staining in cells expressing nontargeting shRNA sequences. These findings
demonstrate that SLR20 activates RIG-I signaling in breast cancer cells, inducing cell

death in a tumor cell-intrinsic manner.
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RIG-I signaling in breast cancer cells induces extrinsic apoptosis and pyroptosis

Because RIG-I signaling is reported to induce apoptosis through several distinct
pathways, including intrinsic apoptosis, extrinsic apoptosis, and pyroptosis pathways
across a variety of cell types (29), it is unclear by which pathway RIG-I induces cell
death in breast cancers. We investigated this using an apoptosis expression array,
assessing expression changes in 84 genes associated with the intrinsic and extrinsic
apoptosis pathways. RNA harvested from BT474 cells collected 16 hours after
transfection harbored changes in 18 of the 84 genes assessed. Genes arranged in
order of expression fold change revealed that genes regulating intrinsic apoptosis (e.g.,
BAD, BAX, CASP9) were downregulated, while expression of genes regulating the
extrinsic apoptosis pathway (TNFSF10, FAS, CASP10, CASP8) were upregulated
(Figure 2.8.A), suggesting that the extrinsic apoptosis pathway might be activated in
response to RIG-I signaling in breast cancer cells. We confirmed that SLR20 induced
expression of the extrinsic apoptotic factor TNFSF10 in MCF7, BT474, and 4T1 cells
(Figure 2.8.B). Additionally, 4T1 tumors treated in vivo with SLR20 NPs were assessed
by IHC for expression of the Tnfsf10 gene product, TRAIL. Although TRAIL was
expressed at only low levels in 4T1 tumors treated with saline or with OH-SLR20 NPs
(Figure 2.8.C), TRAIL protein levels were markedly upregulated in samples treated with
SLR20 NPs.

These data suggest that RIG-I might activate the extrinsic apoptosis pathway in
breast cancer cells but do not rule out that RIG-I signaling might also induce breast
cancer cells to undergo pyroptosis, an inflammatory type of programmed cell death that

requires activation of caspase-1 and oligomerization of gasdermin D on the cell
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Figure 2.7 Caspase-1 cleavage is increased by RIG-I signaling A. Immunohistochemistry was used to
measure Ki67 and TUNEL+ cells in tumors harvested at day 5. Representative Images are shown. N = 5.
B. Immunohistochemistry was used to measure Ki67 and TUNEL+ cells in tumors harvested at day 5.
Representative Images are shown. N = 5. C. Western analysis of whole cell lysates collected 16 hours
after transfection using antibodies indicated at the left of each panel. D. MCF7 Cells were transfected,
and after 16 h, total RNA was assessed by RT-gPCR to measure expression of the indicated genes

involved in pyroptosis. Each point represents the average of three experimental replicates, N = 3.
Midlines are average + S.D. Student’s t-test.
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membrane (30). Western analysis of MCF7 and BT474 cells transfected with SLR20
revealed potent activation of caspase-1 (Figure 2.8.D) and localization of gasdermin D
to cell membranes (Figure 2.8.E). These findings were confirmed in 4T1 cells (Figure
2.7.C). Upregulation of CASP1 and CASP4 (encoding another mediator of pyroptosis,
caspase-4) was seen in BT474 cells transfected with SLR20 (Figure 2.8.F). Importantly,
Casp1 levels were increased in 4T1 tumors treated in vivo with SLR20 NPs, but not in
tumors treated with OH-SLR20 NPs (Figure 2.8.G), suggesting the RIG-I-mediated
activation of pyroptotic signaling pathway may be maintained even within the complex
tumor microenvironment.

Next, we used a selective inhibitor of caspase-10, AEVD-FMK, to block the
extrinsic apoptotic pathway, resulting in a moderate, but significant, diminution of
Annexin V+ cells following treatment with SLR20 (Figure 2.8.H). In contrast, the
caspase-9 inhibitor Z-LEHD-FMK, which blocks activation of the intrinsic apoptotic
pathway, had little impact on Annexin V staining in cells transfected with SLR20. We
also tested an inhibitor of caspase-1, Z-YVAD-FMK, to block the pyroptosis pathway in
SLR20-transfected cells, resulting in partial inhibition of Annexin V staining. These
results were confirmed in MCF7 cells (Figure 2.7.D). Interestingly, the combination of
the caspase-10 inhibitor with the caspase-1 inhibitor produced a greater reduction in
Annexin V staining in BT474 cells as compared with either inhibitor used alone (Figure
2.8.H), consistent with the idea that these two inhibitors operate through distinct
pathways in BT474 cells, and suggesting that RIG-I signaling in breast cancer cells may
use both the intrinsic apoptosis pathway and pyroptosis to potently induce programmed

cell death. Because pyroptosis produces pores in the plasma membrane (30), making
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Figure 2.8 RIG-I signaling in breast cancer cells induces extrinsic apoptosis and pyroptosis. A,
BT474 cells were transfected with SLR20 or OH-SLR20. After 12 hours, RNA was collected and
assessed for expression of genes within the intrinsic and extrinsic apoptosis pathway (RT2 Profiler
Apoptosis Array). Relative gene-expression values were calculated using the ddCT method, correcting for
expression of ACTB and GAPDH, and are shown as expression relative to the average value for each
gene in OH-SLR20-transfected cells, as shown in the heat map. Genes (listed at left) were ranked in
order of expression fold change, as shown on the right. B, Cells were transfected, and after 12 hours,
total RNA was assessed by RT-qPCR to measure expression of the indicated genes involved in
pyroptosis. Each point represents the average of three experimental replicates, N = 3. Midlines are
average * SD. Student t test. C, IHC analysis to detect TRAIL in 4T1 tumors harvested on treatment day
5. D and E, Western analysis of whole-cell lysates (D) or membrane fractions (E) harvested 16 hours after
transfection using the antibodies shown on left of each panel. F, Cells were transfected, and after 12
hours, total RNA was assessed by RT-gPCR to measure expression of the indicated genes involved in
pyroptosis. Each point represents the average of three experimental replicates, N = 3. Midlines are
average +SD. Student t test. G, RNA harvested from 4T1 tumors collected on treatment day 5 was
assessed by RT-qPCR for Casp1 gene expression as described in C. H and |, Cells were transfected and
immediately treated with caspase-specific inhibitors (each used at 10 pmol/L). After 18 hours, cells were
stained with Annexin V-AlexFluor488 for 4 hours (H) or Pl for 10 minutes (l). AlexaFluor488+ and PI+
cells were imaged by fluorescence microscopy. The number of fluorescent cells per well was counted.
Each point shown represents the average of two experimental replicates, N = 5 (H) and N = 4-5 (I).
Midlines represent the average (xSD). P values use Student’s t-test.
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them permeable to PI, we stained MCF7 and BT474 cells with Pl at 12 hours after
transfection with OH-SLR20 or SLR20, finding a robust increase in Pl+ staining when
cells were transfected with SLR20 (Figure 2.8.1). However, Pl staining was completely
abolished in MCF7 and BT474 cells pretreated with the caspase-1 inhibitor, confirming

that pyroptosis is induced by SLR20 in breast cancer cells.

RIG-I signaling increases breast tumor-infiltrating leukocytes

In contrast to the intrinsic apoptosis pathway, which is considered an
immunologically silent form of programmed cell death, pyroptosis is thought to be an
immunogenic form of cell death that may recruit inflammatory leukocytes to the site of a
viral infection through cytokine modulation, while increasing immunogenicity of the
infected cell through increased expression of the major histocompatibility complex
(MHC)-1, the antigen presentation machinery expressed on most nucleated cells.
Consistent with this idea, both MCF7 and BT474 breast cancer cells transfected with
SLR20 showed upregulation of HLAB (Figure 2.9.A), encoding a key MHC-I
component. The gene B2M, encoding another key MHC-I component, 32 microglobulin,
was similarly upregulated in BT474 cells (Figure 2.8.A).

We assessed leukocyte recruitment to 4T1 mammary tumors grown in immune-
competent Balb/c mice following treatment with SLR20 NPs. IHC analysis for CD45, a
pan-leukocyte marker, revealed substantially increased CD45+ cells in tumors treated
with SLR20 NPs versus saline or OH-SLR20 NPs (Figure 2.9.B and Figure 2.10).

Further, IHC analysis using antibodies against F4/80 (a mature macrophage marker),
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4T1 Tumors in WT Balbic mice

Figure 2.9 RIG-l signaling induces immunogenic cell death and increases tumor leukocyte
infiltration. A, Cells were transfected, and after 12 hours, total RNA was assessed by RT-gPCR to
measure expression of the MHC Class Il gene HLAB. Each point represents the average of three
experimental replicates, N = 3. Midlines are average + SD. Student t test. B and C, histologic analysis of
tumor sections using IHC against F4/80analysis. B, Representative images are shown. N = 5. C, The
number of CD45+, F4/80+, CD4+, and CD8+ cells per 400x field was quantitated. Each point represents
the average of three random fields per sample, N = 5. Midlines show average (+SD). P values were
calculated using Student t test. D, Schematic of treatment strategy for intraperitoneal delivery of aPD-L1
or IgG, and intratumoral nanoparticle delivery of SLR20 (or OH-SLR20, or saline) to WT Balb/c mice
harboring 4T1 mammary tumors. Tumors were measured throughout treatment (days 1-10) and for 8
days after treatment ceased (days 11-18). E, Tumor volume was measured beginning at treatment day 1.
N = 7 to 8 per group. n.s., non-significant.

44



CD4 (a marker of helper T lymphocytes), and CD8, a marker of cytotoxic T lymphocytes
(CTL), natural killer T cells (NK-T) and inflammatory dendritic cell (DC)with SLR20 NPs
versus saline or OH-SLR20 NPs (Figure 2.9.B and Figure 2.10). Further, IHC analysis
using antibodies against F4/80 (a mature macrophage marker), CD4 (a marker of helper
T lymphocytes), and CD8, a marker of cytotoxic T lymphocytes (CTL), natural killer T
cells (NK-T) and inflammatory dendritic cell (DC) populations, were each increased in
tumors treated with SLR20 NPs as compared with saline OH-SLR20 NP-treated tumors
(Figure 2.9.B and C). These data suggest that RIG-I activation results in active
recruitment of leukocytes to the TME, consistent with a more immunogenic tumor
microenvironment. Consistent with this notion, we found that SLR20 delivery to 4T1
tumors grown in immune-compromised athymic Balb/c (nu/nu) mice displayed more
rapid resurgence of tumor growth once the SLR20 treatment was discontinued (Figure
2.11). This use of the RIG-I ligand to generate a more immunogenic tumor
microenvironment was tested more directly using SLR20 in combination with the IClI,
aPD-L1. Tumor-bearing WT Balb/c mice were randomized into groups to receive
treatment with SLR20, OH-SLR20, or saline and were randomized further into groups
receiving aPD-L1 or an isotype-matched control IgG (Figure 2.9.D). Tumors were
treated twice weekly through treatment day 10 and monitored through treatment day 18.
We found that tumors treated with SLR20 alone grew at a slower rate than tumors
treated with OH-SLR20 or with saline (Figure 2.9.E). Tumor growth was inhibited by
treatment with aPD-L1 alone. However, the combination of SLR20 with aPD-L1
decreased tumor growth to a greater extent than either agent alone, and to a greater

extent than aPD-L1 in combination with the control OH-SLR20 NP. These findings are
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Figure 2.10 Leukocyte infiltration is increased by SLR20. Immunohistochemistry was used to
measure CD45, F4/80, CD4, and CD8 in tumors harvested at day 5. Representative Images are shown.
N =5.
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consistent with the idea that SLR20 increases the immunogenicity of the tumor

microenvironment in this model of breast cancer.

Cytokine and chemokine modulation by RIG-I signaling in breast cancer cells

Like many PRRs, RIG-I induces expression of inflammatory cytokines required
for lymphocyte recruitment (32). Therefore, we measured expression of IFNB1 in MCF7,
BT474, and 4T1 cells following transfection with SLR20, revealing IFNB1 upregulation
(Figure 2.13.A). Notably, Ifnb1 upregulation was also seen in 4T1 tumors treated in vivo
with SLR20 NPs (Figure 2.13.B). SLR20-mediated upregulation of IFN1B was impaired
in MCF7 and BT474 cells expressing RIG-I-directed shRNA sequences (Figure 2.13.C;
Figure 2.12). This suggests that RIG-| signaling in breast cancer cells might be capable
of activating in trans the antigen presenting cells, such as macrophages, within the
tumor microenvironment. We tested this hypothesis by harvesting cultured media from
4T1 cells transfected with SLR20 or OH-SLR20, and adding the cultured media to
macrophage-derived Raw264.7 cells. After 30 minutes of exposure to cultured media
harvested from 4T1 cells treated with SLR20, we found phosphorylation of the
proinflammatory transcription factor STAT1 (Figure 2.14.A). Induction of TNF gene
expression following transfection with SLR20 also was seen in MCF7, BT474, and 4T1
(Figure 2.13.D), but not in cells expressing RIG-I shRNA sequences (Figure 2.14.B).
To confirm that these gene-expression changes were seen at the protein level, we
assessed cultured media harvested from MCF7 cells 48 hours after transfection with

SLR20 by cytokine array analysis. Although this array did not carry IFN3, we observed
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Figure 2.11 RIG-l reduces tumor growth in immune-compromised mice. 4T1 mouse mammary
tumors were grown orthotopically in athymic Balb/C (nu/nu) female mice. Tumor-bearing mice were
randomized into treatment groups for intratumoral delivery of SLR20 (or OH-SLR20, or saline) on
treatment days 1, 5, and 9. Tumors were measured throughout treatment (days 1-10) and for 5 days after
treatment ceased (days 10-15). N =7 per group.
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increased protein levels of TNFa and TNF in the cultured media harvested from
SLR20 transfected MCF7 cells (Figure 2.13.E). Additionally, MCF7 cells transfected
with SLR20 harbored increased protein expression of several IFNB-inducible
chemokines known to recruit T lymphocytes, including chemokine (C-C) motif ligand
(CCL)-3, CCL5, CCL13, C-X-C motif chemokine ligand 11 (CXCL11), lymphotactin/C-

motif ligand (XCL1) and interleukin (IL)-8.

Discussion

Although RIG-I-dependent anticancer immunity has been reported in several
cancers, including pancreatic cancer, hepatocellular carcinoma (75), leukemias (76),
and melanomas (27), little is known regarding RIG-I signaling in breast cancers. We
used a synthetic agonist to activate the innate immune effector RIG-I in breast cancer
cells in culture and in vivo, resulting in decreased tumor growth, decreased metastasis,
increased TILs, and induction of tumor cell death via pyroptosis, an immunogenic form
of cell death. These results suggest that RIG-I signaling remains intact in breast cancer
cells and can be exploited to increase tumor cell death and, perhaps, tumor
immunogenicity. Similar results have been reported from preclinical tumor models and
clinical trials in cancers assessing the STING-mediated DNA/viral-sensing pathway (13,
14, 17), although STING signaling reportedly may be defective in a variety of cancers
(18-19). Nonetheless, these findings suggest that the developing field of RIG-I mimetics
and the wider field of innate anti-cancer immunity may yield novel treatment strategies
for breast cancers, which historically have not benefited to the same extent as other

cancers from recent breakthroughs in immuno-oncology.
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The data shown herein are the first (to our knowledge) showing that RIG-|
signaling provides a therapeutic benefit in breast cancer cells, per se, and in a mouse
model of breast cancer in vivo. Interestingly, a previous report identified RIG-I/DDX58
as belonging to an antimetastatic gene signature in breast cancer cells (108); however,
the significance of this interesting finding remains unclear. Our findings here are
consistent with a previous report using poly(l:C), a double-stranded RNA that binds to a
RIG-I like receptor known as MDAS, as well as Toll-like receptor 3 (TLR3), to
demonstrate that viral-sensing RNA helicases can activate pro-inflammatory signaling
pathways that can be exploited therapeutically in breast cancers (109). We have built
upon these important early studies by investigating models of each of the three major
clinical subtypes of breast cancer, including poorly immunogenic ER+ breast cancers,
and highly aggressive TNBCs (96). We have also studied the impact of RIG-I signaling
in the context of an immune-competent mouse model, finding that RIG-I signaling not
only induces tumor cell death and cytokine modulation, but also increases tumor
infiltration by leukocytes, a significant finding given that increased TILs predict a better
outcome for patients with breast cancer and correlates with increased response to ICls
(97, 100-101).

Although pro-inflammatory cytokines, such as those induced by RIG-I signaling,
support antitumor immunity, these are likely to have multifaceted effects on antitumor
immunity, depending on their expression dose and duration. For example, type | IFNs
promote DC maturation and T-cell priming during an antitumor immune response, but
prolonged IFN exposure induces regulatory factors that restrain inflammation and

antitumor immunity, such as PD-L1, IDO-1, and others. This has been shown in the
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Figure 2.12 RIG-l shRNA reduces type | IFN induction in 4T1 cells. Cells were transfected, and after
16 h, total RNA was assessed by RT-qPCR to measure expression of the indicated gene.. Each point
represents the average of three experimental replicates, N = 3. Midlines are average + S.D. Student’s t-
test.
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Figure 2.13 RIG-I signaling induces expression of proinflammatory cytokines from breast cancer
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expression of the indicated genes. Each point represents the average of three experimental replicates, N
= 3. Midlines are average + SD. Student t test. E, Cytokine array assessing cultured media harvested
from MCF7 cells 48 hours after transfection. Representative images are shown.
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context of therapeutic STING signaling in tumors, causing sustained induction of type |
IFNs, which ultimately recruited immune-suppressive myeloid-derived suppressor cells
(MDSC) to the tumor microenvironment (110). Further, studies demonstrating that RIG-|
may respond to endogenous “unshielded” long noncoding RNAs (InRNA) or genomically
incorporated retroviral sequences, derived from neighboring tumor-associated
fibroblasts and delivered to tumor cells through exosomal transport, may actually
increase tumor cell growth, treatment resistance and malignant progression (111),
despite production of inflammatory cytokines. These observations support further
investigation into the longer-term consequences of RIG-I signaling in tumors. Future
studies also need to consider the potential risk for unrestrained inflammation, because
RIG-I is expressed in virtually all cell types, and RIG-I activation induces feed-forward
signaling to amplify RIG-I and IFN-responsive genes. Recently described conditional

RIG-I agonists, in which the 5" -triphosphorylated terminus of the RNA duplex remains

shielded until release by predetermined molecular cues, may help enrich delivery of
RIG-I agonist to the target tissue (95).

In summary, we demonstrate that RIG-I| signaling induces immunogenic tumor
cell death and upregulates expression of MHC-I components, pro-inflammatory
cytokines, and chemokines in ER+ breast cancer cells, HER2+ breast cancer cells, and
TNBC cells, resulting in inhibition of tumor growth and increased TILs in vivo. These
findings suggest that RIG-| activation using a synthetic agonist activates innate
immunity in breast cancer cells increases immunogenicity of breast cancers and may be
a feasible treatment approach for treatment of breast cancers, including those with

lower mutational burden that are considered poor candidates for immunotherapy.
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Figure 2.14 RIG-l shRNA decreases the induction of TNF. A. 4T1 cells were transfected with SLR20 or
OH-SLR20. At 4 hours after transfection, 4T1 cells were washed 5 times, then cultured in serum-free
media for 16 hours. 4T1-cultured supernatant was collected, passed through a 0.2mm filter, then added
neat to cultures of Raw264.7 cells for 30 minutes. Western analysis of RAW264.7 whole cell lysates was
used to measure P-STAT1. B. Cells were transfected, and after 16 h, total RNA was assessed by RT-
gPCR to measure expression of the indicated gene.. Each point represents the average of three
experimental replicates, N = 3. Midlines are average + S.D. Student’s T-test.
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CHAPTERIII
THERAPEUTIC RIG-I ACTIVATION PROMOTES TUMOR-DIRECTED T-CELL

RESPONSES AND ANTI-TUMOR ADAPTIVE IMMUNITY IN BREAST CANCERS

Abstract

RIG-I is a cytoplasmic RNA helicase expressed in most cells of the body,
functioning to sense viral oligonucleotide motifs, then activate innate immune responses
to combat viral infection. RIG-I expression and activity is retained in most cancer cells,
and in cells of the tumor microenvironment. These observations support a growing
research interest in potential use of synthetic RIG-I agonists in cancer therapy. Recent
studies showed that RIG-| agonist treatment induced breast tumor cell death through
two tumor cell-intrinsic mechanisms, pyroptosis and extrinsic apoptosis. However, the
impact of tumor RIG-I signaling on tumor cell-lymphocyte crosstalk and adaptive anti-
tumor immunity remain unclear. We report that the RIG-I agonist SLR20 activated RIG-I
signaling in tumor cells, resulting in increased Fas expression. Interestingly, T-cells co-
cultured with SLR20-treated tumor cells upregulated Fas ligand (FasL) expression.
Further, SLR20-treated tumor cells were more susceptible to Fas-mediated lysis by
CD8+ T-cells. Antigen-specific lysis of ovalbumin-expressing mammary tumor cells by
T-cells from transgenic OT-1 mice was enhanced when tumor cells were pre-treated
with SLR20, which potently upregulated the antigen presenting machinery on tumor
cells. Notably, molecular markers of T-cell activation were increased upon co-culture of
T-cells with SLR20-treated breast cancer cells, or with conditioned media collected from

SLR20-treated breast cancer cells. Immunization of wild-type mice with 4T1 mammary
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cancer cell lysates did not affect future 4T1 tumor formation, but the addition of SLR20
as a vaccine adjuvant resulted in reduced growth of future tumors and increased tumor-
cell reactive lymphocytes. Collectively, these findings indicate that therapeutic RIG-I
signaling operates at the interface of innate and adaptive immunity within breast tumors

to redirect T-cell responses in the TME and promote adaptive anti-tumor immunity.

Introduction

T-cell mediated responses are an important component in the success of cancer
immunotherapies, including cancer vaccines, Chimeric Antigen Receptor (CAR)-T cells,
and immune checkpoint inhibitors (1,89, 112). Use of immunotherapies in breast cancer
treatment is not yet widespread, due in part to the immunological challenges that
characterize many breast cancers, including immunosuppressive cytokines [e.g.,
transforming growth factor (TGF)-B, Interleuken (IL)-10] in the breast tumor
microenvironment (TME), and immunosuppressive leukocyte populations [(e.g.,
regulatory CD4 T-cells (Tregs) and Myeloid Derived Suppressor Cells (MDSCs)] (112-
113). Estrogen Receptor(ER)+ breast cancers often harbor a low burden of tumor
infiltrating lymphocytes (TILs), which may be due to the relatively low mutational load of
Estrogen Receptor(ER)+ breast cancers (4-5, 100-101). A direct relationship between
TIL burden and tumor response to immunotherapy has been noted previously, posing
another hurdle to overcome before immunotherapies can be adopted in ER+ breast
cancers.

Although TILs may occur at a higher frequency in HER2-amplified (HER2+) and

triple negative breast cancers (TNBC) over estrogen receptor (ER)+ tumors, these TILs
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often bear molecular markers of exhaustion (e.g., LAG-3) or checkpoint induction (e.g.
PD-1, CTLA-4, TIGIT), while lacking molecular markers of effector activity, [e.g.,
interferon (IFN)-y, granzyme B] (113). Thus, breast cancers are often thought of as
immunologically ‘cold.’ It is possible that recruitment of TILs to the TME that are not
tolerogenic, anergized, or exhausted could change the breast TME to a more
immunogenic state, increasing anti-tumor immunity and perhaps priming breast tumors
for improved response to emerging immunotherapies.

There is growing evidence that innate immune responses remain intact within
tumors, and can be harnessed to increase expression of pro-inflammatory cytokines,
recruit TILs, and increase effector T-cell activity. Targeted activation of pattern
recognition receptors (PRRs), the family of small cytoplasmic receptors that recognize
intercellular pathogens and then trigger a pro-inflammatory immune response, is gaining
increasing interest. Synthetic agonists are being produced that activate each PRR with
specificity. Agonists of the PRR known as RIG-I mimic the viral nucleotide motif
recognized by RIG-I, comprised of a short double-stranded (ds)-RNA capped with a &’
tri-phosphate motif (23-25). Agonists of RIG-I have shown anti-tumor effects in several
preclinical cancer models in cell culture (ovarian and myeloid leukemia) (74, 76) and in
vivo (melanoma, prostate, pancreatic, and breast) (27, 32, 77, 114). We recently used a
5’ triphosphate labeled, 20-residue stem-loop RNA (SLR20) agonist to demonstrate that
therapeutic RIG-I activation in breast cancer potently increased cell death in breast
cancer cells, reducing mammary tumor growth and metastasis (114), while at the same

time, increasing expression of pro-inflammatory cytokines.
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Given that RIG-| signaling in breast cancer cells induces expression of pro-
inflammatory cytokines, while inducing pyroptosis (114), a pro-inflammatory mode of
programmed cell death, it is possible that RIG-I signaling in breast cancer cells might
actively recruit TILs to the breast TME, while enhancing T-cell effector activity and
diminishing T-cell checkpoint activation and/or exhaustion. This hypothesis was tested
using SLR20, finding that RIG-I signaling in breast tumor cells promoted tumor cell
crosstalk with T-cells, enhancing T-cell activation, and increasing both antigen-specific

and Fas-mediated killing of tumor cells by T-cells.

Materials and Methods
Generation of SLR20
Oligoribonucleotides sequence OH-SLR20 (5-GGACGUACGUUUCGACGUACGUCC)
was synthesized on an automated MerMade synthesizer (BioAutomation) using
standard phosphoramidite chemistry as described previously (34). Triphosphorylated
oligoribonucleotide SLR20 (5'ppp-GGACGUACGUUUCGACGUACGUCC) was
synthesized as described (35), deprotected, and gel purified. The triphosphorylation
state and purity were confirmed using mass spectrometry. The oligonucleotides were
resuspended in RNA storage buffer (10 mmol/L MOPS pH 7, 1 mmol/L EDTA) and snap

cooled to ensure hairpin formation, as previously described (28).

Cell line authentication

The human cell lines MDA-MB231, BT474, and murine cell line 4T1 were purchased

from ATCC in 2015. Cell identity was verified by ATCC using genotyping with a
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Multiplex STR assay. MMTV-Neu primary mammary tumor cells were isolated from
MMTV-Neu tumors in FVB mice and cultured. All cells were maintained at low passage
in DMEM with 10% fetal bovine serum and 1% antibiotics and antimyotics. All cell lines
were screened monthly for Mycoplasma. Cells were used within 20 passages for each

experiment.

Cell culture

SLR20 and OH-SLR20 were delivered to cells in serum-free Opti-MEM media at a final
concentration of 0.25 umol/L using lipofectamine 2000 (Invitrogen). Cells expressing
shRNA against RIG-I were generated by transduction with pLKO lentiviral particles
(Sigma-Aldrich) harboring shRNA sequences against human or mouse RIG-I (DDX58)
and selected with puromycin (2 pug/mL). Cell death of cultured cells was measured by
adding propidium iodide (PI; Sigma-Aldrich, 1:1,000) to cultured media of live cells 1
hour before imaging by fluorescence microscopy. Where indicated, cells were treated
with an anti-Fas (CD95) antibody (mouse anti-human, Biolegend, 305704, 1 ug/mL) or
IgM control (Sigman-Aldrich, P6834, 1 ug/mL) for 1 hour. Apoptosis of cultured cells
was measured by treating cells for 4 hours with Annexin V-Alexa Fluor 488 conjugates

(1:500, Invitrogen), followed by fluorescence microscopy.

Western analysis
Whole-cell lysate was harvested by homogenization of cells in ice-cold lysis buffer [50
mmol/L Tris pH 7.4, 100 mmol/L NaF, 120 mmol/L NaCl, 0.5% nonidet P-40, 100 ymol/L

Na3VO4, 1 x protease inhibitor cocktail (Roche), 0.5 yM MG132 (Selleck Chem)].
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Lysates (20 ug protein measured by BCA assay) were resolved on 4% to 12%
polyacrylamide gels (Novex) and transferred to nitrocellulose membranes (iBlot),
blocked in 3% gelatin in TBS-T (Tris-buffered saline, 0.1% Tween-20), incubated in
primary antibodies from Cell Signaling Technologies: RIG-I (D14G6, 1:1,000), STAT1
(D1K9Y, 1:1,000), P-STAT1 S536 (93H1, 1:1,000), PARP (9542, 1:1,000), Rab11
(7100, 1:1,000); B-actin (Sigma-Aldrich, AC-15, 1:10,000); and E-cadherin (BD
Transduction Laboratories, 610182, 1:1,000). Western blots were developed with ECL

substrate (Thermo Fisher Scientific).

Generation of nanoparticles for intratumoral delivery

Amphiphilic diblock copolymer composed of a 10.3 kDa dimethylaminoethyl
methacrylate (DMAEMA) first block and a 31.0 kDa, 35% DMAEMA, 39% butyl
methacrylate (BMA), and 26% propylacrylic acid (PAA) second block were synthesized
as previously described (36). Dry amphiphilic diblock polymer was dissolved into
ethanol at 50 mg/mL, rapidly diluted into phosphate buffer (pH 7.0, 100 mmol/L) to 10
mg/mL, concentrated, and buffer was exchanged into PBS (Gibco) using 3 kDa
molecular weight cutoff centrifugal filtration columns (Ambion, Millipore) and sterile
filtered. Polymer concentration was measured by absorbance at 310 nm (Synergy H1
microplate reader, BioTek). Concentrated polymer solution was rapidly mixed with
SLR20 (or OH-SLR20) at a charge ratio of 5:1 (N:P) for 30 minutes and diluted into PBS

(pH 7.4, Gibco) to 20 ug of SLR and 400 ug of polymer in 50 pL total volume.

60



Animal studies and immunization

All studies were performed in accordance with Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC) guidelines and were
approved by the Institutional Animal Care and Use Committee at Vanderbilt University.
All mice were housed in pathogen-free conditions. Left inguinal mammary fat pads of
wild-type (WT) female Balb/c mice or athymic (nu/nu) Balb/c mice (Jackson Labs) were
injected with 10° 4T1 cells. Mice were randomized into treatment groups when tumors
reached 50-100 mm?®. Intratumoral injection of nanoparticle in 50 uL of saline (or saline
without nanoparticle) was performed at 48-hour intervals for a total of 3 treatments for 5
days. For vaccination studies, mice were co-injected (50 pL) intramuscularly with 4T1
lysates (1 x 10° cells freeze-thawed 3 times and sonicated) and a mixture of in vivo-
JetPEI (1.2 yL) and SLR20 (10 pg), OH-SLR20 (10 ug), or vehicle (5% glucose solution
prepared via manufacturer’s instructions) at an N:P ratio of 6. After 8 days, 4T1 tumors
were injected into the mammary fat pad in the same manner as specified above. Mice
were monitored daily, and tumor volume was measured with calipers three times weekly

for up to 16 days.

Histologic analyses

Tumors were formalin-fixed and paraffin-embedded, and sections (5 um) were stained
with hematoxylin and eosin. IHC was performed using the following antibodies: CD45
(Abcam, ab10558, 1:5000), CD3 (Abcam, ab16669, 1:800). Immunodetection was
performed using the Vectastain kit (Vector Laboratories) according to the

manufacturer's instructions.
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RNA isolation and expression analyses

Total RNA was extracted using NucleoSpin RNA (Machery-Nagel), reverse transcribed
(iScript cDNA Synthesis; Bio-Rad), and used for gPCR with iTaq Universal SYBR Green
(Bio-Rad) on a Bio-Rad CFX96 thermocycler. Gene expression is normalized to 3684.
The following primers were obtained from Integrated DNA Technologies: IFNB1
[forward 5-TGCTCTCCTGTTGTGCTTCTCC; reverse 5'-
GTTCATCCTGTCCTTGAGGCAGT]; Ifnb1 [forward 5'-
CAGCTCCAAGAAAGGACGAAC; reverse 5-GGCAGTGTAACTCTTCTGCAT]; HLA-B
[forward 5-GCGGCTACTACAACCAGAGC; reverse 5-GATGTAATCCTTGCCGTCGT];
FAS [forward 5-TCTGGTTCTTACGTCTGTTGC,; reverse 5'-
CTGTGCAGTCCCTAGCTTTCC]; Fas [forward 5- TATCAAGGAGGCCCATTTTGC;
reverse 5-TGTTTCCACTTCTAAACCATGCT]; Fasl [forward 5'-
GCCCATGAATTACCCATGTCC; reverse 5-ACAGATTTGTGTTGTGGTCCTT]. Other
genes were analyzed via PCR array (RT2 Profiler PCR Array Mouse T-Cell & B-Cell

Activation, PAMM-0532).

Flow Cytometry

Cells were washed with phosphate buffered saline (PBS) pH 7.4, incubated with Fc
block (BioLegend, 101320), stained with fluorescent antibodies for 30 minutes, washed
and counterstained with DAPI for live/dead cell detection. Antibodies used include the
following: CD3 (BioLegend, 100210, 1:200), CD8 (BioLegend, 100722, 1:200), CD4

(BioLegend, 100422, 1:200), CD4 (BD Pharmingen, 553049, 1:200), CD25 (BioLegend,
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101910, 1:200), CD44 (BioLegend, 103012, 1:200), CD69 (eBioscience, 12-0691-81,
1:200), FoxP3 (Invitrogen, FJK-16s, 12-5773-82, 1:200), H-2Kd (BioLegend, 114708,
1:200), HLA-A,-B,-C (BioLegend, 311415, 1:200), SIINFEKL (BioLegend, 141605,
1:200). Before anti-FoxP3 staining, splenocytes were fixed and permeabilized
(Cytofix/Cytoperm, BD Biosciences). Flow cytometry samples were analyzed on a Life

Technologies Attune NxT.

ELISA

Supernatant was collected 32 hours after isolated splenocytes were co-cultured with
SLR20 or OH-SLR20 treated breast cancer cells. The supernatant was filtered (0.2 ym)
and analyzed using an IFN-y ELISA (RayBiotech, ELM-IFNg) per the manufacturer’s

instructions.

Splenic T-cell cultures

Spleens were minced in sterile PBS, and cultured 3 hours before collecting T-cells from
the non-adherent population using the Miltenyi Biotec CD8a" T Cell Isolation Kit (130-
104-075) and CD4" T Cell Isolation Kit (130-104-454). Breast cancer cells previously
treated with OH-SLR20 or SLR20 were co-cultured with splenic CD8" T-cells a ratio of
5:1 (50,000 immune cells:10,000 breast cancer cells) for 2 hours, then cytotoxicity was
measured using CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) per

manufacturer’s instructions.
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Statistical analysis

Experimental groups were compared with controls using Student unpaired, two-tailed
T-test. Multiple groups were compared across a single condition using one-way analysis
of variance (ANOVA). P < 0.05 was used to define significant differences from the null
hypothesis. gPCR array data sets were compared using multiple T-tests with an FDR

cutoff of 0.05.

Ethics statement
Animals were housed under pathogen-free conditions, and experiments were performed
in accordance with AAALAC guidelines and with Vanderbilt University Institutional

Animal Care and Use Committee approval.

Results
RIG-I signaling and cell death are activated in HER2+ and TNBC cells by a
synthetic RIG-l agonist.
We assessed RIG-I activation and signaling in HER2+ breast cancer and TNBC cells
using SLR20, a synthetic 20-residue dsRNA sequence with a stem-loop structure, and a
5" tri-phosphate motif. As a negative control, we used the same double-stranded RNA
sequence, but lacking the 5’ tri-phosphate motif (OH-SLR20). Human breast cancer
cells BT474 (HER2+) and MDA-MB231 (TNBC) were transiently transfected with SLR20
or OH-SLR20. After 18 hours, western analysis revealed increased RIG-I expression
and phosphorylation of the pro-inflammatory transcription factor Signal Transducer and

Activator of Transcription (STAT)-1 (Figure 3.1.A), confirming agonist-induced RIG-I
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Figure 3.1 RIG-l agonist SLR20 induces pro-inflammatory signaling and activates cell death in
HER2+ and triple negative breast cancer cells.

A. Whole-cell lysates were collected 18 hours after transfection and were assessed by Western analysis
using the antibodies shown on the left of each panel. B. Cells were transfected, and after 18 hours, total
RNA was assessed by RT-gPCR to measure the expression of IFNB1. Each point represents the average
of three experimental replicates, N = 3-4. Midlines are the average +SD. Student’s t-test. C-D. Whole-cell
lysates were collected and assessed by Western analysis using the antibodies shown on the left of each
panel. E. Whole-cell lysates were collected 18 hours after transfection and were assessed by Western
analysis using the antibodies shown on the left of each panel. F. PI" cells were imaged by fluorescence
microscopy. The number of fluorescent cells per well was counted. Each point shown represents the
average of two experimental replicates, N = 3-5. Midlines are the average +SD. Student’s t-test. G.
Whole-cell lysates were collected 18 hours after transfection and were assessed by Western analysis
using the antibodies shown on the left of each panel.
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signaling. These results are consistent with previous studies in ER+ breast cancer cells,
showing SLR20-medaited activation of RIG-| signaling (114). Transfection of mouse
mammary tumor cells MMTV-Neu (HER2+) and 4T1 (TNBC) confirmed SLR20-induced
activation of RIG-I signaling. SLR20 treatment induced the expression of type | IFN
(IFNBT1), a hallmark of RIG-I signaling, in BT474, MDA-MB-231, MMTV-Neu and 4T1
cells (Figure 3.1.B). We confirmed that the effects of SLR20 were due to RIG-I
signaling by using cells with stable expression of ShRNA sequences directed against
RIG-I (shRIG-I), which diminished expression of RIG-1 >90%, as measured by western
blot (Figure 3.1.C-D). While BT474 and 4T1 cells expressing non-targeting shRNA
sequences (shControl) showed potent P-STAT1 upon transfection with SLR20, cells
expressing shRIG-I failed to induce P-STAT1 upon transfection with SLR20 (Figure
3.1.E), confirming molecular specificity of the response to SLR20. Previous reports
demonstrated that ER+ breast cancer cells undergo two types of cell death in response
to RIG-I signaling, pyroptosis and extrinsic apoptosis (114). To determine if SLR20
induces cell death in HER2+ cells (BT474 and MMTV-Neu) and TNBC cells (MDA-MB-
231 and 4T1), we stained transfected cells with propidium iodide (PI), an indicator of cell
membrane permeabilization, as would occur upon pyroptosis or necrosis. At 18 hours
after transfection, cells transfected with SLR20 showed significantly increased PI
staining as compared to cells transfected with OH-SLR20 (Figure 3.1.F). PARP
cleavage, a molecular indicator of apoptosis, was also increased in HER2+ breast
cancer and TNBC cell lines transfected with SLR20 (Figure 3.1.G), demonstrating the

activation of cell death in HER2+ and TNBC cells treated with a RIG-I agonist.
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Figure 3.2 RIG-I signaling increases FAS expression and sensitivity to FAS-mediated cell death in
breast cancer cells.

A. Cells were transfected, and after 18 hours, total RNA was assessed by RT-qPCR to measure the
expression of FAS. Each point represents the average of three experimental replicates, N = 3. Midlines
are the average +SD. Student’s t-test. B. RNA harvested from 4T1 tumors collected on treatment day 5
was assessed by RT-qPCR for Fas gene expression as described in A. One-way ANOVA. C. Cells were
transfected, and after 18 hours, total RNA was assessed by RT-qgPCR to measure the expression of FAS.
Each point represents the average of three experimental replicates, N = 3. Midlines are the average +SD.
One-way ANOVA. D. Alexa Fluor 488" cells were imaged by fluorescence microscopy. The number of
fluorescent cells per well was counted. Each point shown represents the average of two experimental
replicates, N = 3. Midlines are the average +SD. One-way ANOVA E. AlexaFluor488+ cells were imaged
by fluorescence microscopy. The number of fluorescent cells per well was counted. Each point shown
represents the average of two experimental replicates, N = 3. Midlines are the average +SD. One-way
ANOVA.
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Fas expression and sensitivity to Fas-mediated cell death is increased in RIG-I
activated breast cancer cells.
Fas ligand (FaslL) is expressed robustly on the cell surface of activated T-cells (115). T-
cell FasL can engage its receptor, Fas, on the surface of tumor cells, activating Fas
signaling, thus activating the extrinsic apoptosis pathway. We investigated the
expression of Fas in HER2+ (BT474 and MMTV-Neu) and TNBC (MDA-MB-231) cell
lines. At 18 h after transfection with SLR20, human FAS (and mouse Fas) gene
expression was robustly elevated, as compared to cells transfected with OH-SLR20
(Figure 3.2.A). We assessed SLR20-induced Fas expression in vivo using 4T1 tumors
grown in wild-type Balb/C mice. When tumors reached 50 mm? (treatment day 0, or d0),
SLR20 was delivered to tumors via endosomolytic nanoparticles (np) by intra-tumoral
injection, as described previously (114). Tumors were treated on d0, d2, and d4, then
collected for analysis of Fas gene expression on d5 by quantitative reverse-
transcription-polymerase chain reaction (QRT-PCR). Tumors collected 24 hours after
final treatment with nanoparticle-SLR20 (npSLR20) displayed Fas gene upregulation
compared to tumors treated with npOH-SLR20, or those treated with saline (Figure
3.2.B). Importantly, shRNA-mediated RIG-I knockdown in BT474 and 4T1 cells
diminished SLR20-induced FAS upregulation (Figure 3.2.C), confirming that RIG-I
signaling induces Fas expression in tumor cells.

Although these findings are consistent with previous reports describing Fas
induction in other cancer cell types upon treatment with a RIG-I agonist, including
pancreatic cancer (32), the consequences of RIG-I-induced Fas expression is not

entirely clear. The impact of RIG-I mediated Fas induction on tumor cell sensitivity to
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FaslL-induced cell killing was investigated here, using an activating anti-human Fas
monoclonal antibody (aFas mAb). HER2+ (BT474) and TNBC (MDA-MB-231) cells
transfected with SLR20. 18 hours after transfection, cells were treated 24 hours with
aFas mAb, or with a control mADb, followed by Annexin V staining to measure apoptotic
cell death. SLR20 transfected cells treated with aFas mAb showed increased AnnexinV
staining over OH-SLR20 transfected cells treated with aFas mAb (Figure 3.2.D),
suggesting increased FAS sensitivity upon activation of RIG-I signaling. In contrast,
SLR20 transfection in BT474 cells expressing shRIG-| failed to sensitize BT474 cells to
cell death in response to the aFas mAb (Figure 3.2.E). Together, these studies show
that RIG-I signaling increases Fas expression on HER2+ breast cancer and TNBC cells,

sensitizing these cells to Fas-directed cell death.

RIG-I activation in breast cancer cells induces Fas ligand expression in
lymphocytes

To measure the effect of tumor cell RIG-I signaling on FasL expression in neighboring
lymphocytes, we harvested splenocytes from wild-type female FVB mice for co-culture
with HER2+ MMTV-Neu cells, derived from a female FVB mouse. Only non-adherent
splenocytes were used for co-culture, to enrich for lymphoid populations. Prior to co-
culture with non-adherent splenocytes, MMTV-Neu cells were transfected with SLR20
or OH-SLR20, then thoroughly washed (Supplementary Figure 3.3.A). After 18 hours
of co-culture, splenocytes were removed and assayed for Fas/ mRNA expression,

showing increased Fasl in splenocytes co-cultured with SLR20-transfected MMTV-Neu
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Figure 3.3 Activation marker CD69 is increased by RIG-I signaling A. Schematic of the experimental
model used to measure the induction of Fas/ in splenocytes. B-C. 18 hours after co-culture with treated
breast cancer cells, CD8" and CD4" T-cells were assessed by flow cytometry to measure levels of
activation marker CD69 on the cell surface. N=3. Student’s t-test.
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cells, but not those transfected with OH-SLR20 (Figure 3.4.A). Next, we transfected
TNBC 4T1 cells (derived from a female Balb/C mouse). After 24 hours, cultured media
was transferred from the transfected 4T1 cells to cultures of CD8+ T-cells enriched from
wild-type Balb/C splenocytes (Figure 3.4.B). After 18 hours, Fasl expression was
upregulated in CD8+ T-cells treated with media conditioned by SLR20-transfected 4T1
cells, but not media conditioned by OH-SLR20-transfected cells (Figure 3.4.C). These
data suggests that RIG-I signaling in breast cancer cells, while upregulating expression
of Fas on the tumor cell, simultaneously promotes FasL expression in adjacent T-
lymphocytes, which may cooperate to produce robust, local tumor cell killing by T-cells.
We tested this hypothesis using CD8+ T-cells harvested from Balb/C mice, which were
immunized with 4T1 cell lysates. 4T1 lysates (generated by freeze-thaw) were delivered
subcutaneously to WT Balb/C mice on days 1, 4, 7, and 10. CD8+ T-cells isolated from
these mice were added in co-culture with 4T1 cells previously transfected with SLR20 or
OH-SLR20 (Figure 3.4.D). After 2-hours of co-culture with CD8+ splenocytes, 4T1 cells
transfected with OH-SLR20 showed similar cell death levels to what was seen with 4T1
cells cultured in the absence of CD8+ T-cells. However, cell death was upregulated 2-
fold in SLR20-transfected 4T1 cells co-cultured with CD8+ T-cells (Figure 3.4.E). These
findings are consistent with the idea that tumor cell RIG-I signaling coordinates cell

death signaling pathways within both tumor cells and T-cells to drive tumor cell killing.
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Figure 3.4 RIG-I signaling in breast cancer cells promotes leukocyte induction of FASL expression
and leukocyte mediated tumor cell killing. A. RT-gPCR analysis of Fas/ in splenocytes 18 hours after
co-culture with breast cancer cells. Each point represents the average of two experimental replicates, N =
6. Midlines are the average +SD. Student’s t-test. B. Schematic of the experimental model used to
measure the induction of Fas/ in cytotoxic T-lymphocytes. C. RT-qPCR analysis of Fas/ in CD8" T-cells
after 18 hours of incubation in media conditioned by SLR20 or OH-SLR20 treated breast cancer cells.
Each point represents the average of two experimental replicates, N = 3. Midlines are the average +SD.
Student’s t-test. D. Schematic of the experimental model used to measure the cytotoxic T-lymphocyte
mediated killing of breast cancer cells. E. Breast cancer cell (4T1) lysis following a 2 hour co-culture with
CD8" T-lymphocytes. Lysis was quantified using a cytotoxicity assay that measures the release of LDH
into the culture media following cell lysis. N = 4. Midlines are the average +SD. One-way ANOVA.
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RIG-I activation increases MHC-l expression and antigen presentation on breast
cancer cells.

This idea was explored further, specifically focusing on tumor antigen-directed tumor
cell killing by T-cells. Antigen presenting machinery in tumor cells is critical for tumor
immune surveillance by T-cells. The major histocompatibility complex (MHC)-I is often
downregulated in cancers in an effort to evade immune surveillance (116), although
RIG-I signaling may enhance expression of MHC-I genes in some cancer cells.
Expression of the MHC-| gene HLA-B was increased 50% in TNBC (MDA-MB-231) cells
transfected with SLR20, versus transfection with OH-SLR20 (Figure 3.5.A). Cell
surface expression of MHC-I components was measured by flow cytometry for H-2Kd in
mouse cell lines MMTV-Neu and 4T1, revealing significantly increased percentage of H-
2Kd+ cells following transfection with SLR20 (Figure 3.5.B and Figures 3.6.A-B).
Similarly, flow cytometric analysis showed HLA-A,B,C (human MHC-I surface
components) were increased in TNBC MDA-MB-231 cells transfected with SLR20
(Figure 3.5.B and Figures 3.6.C).

Given that MHC-I expression was higher in cells treated with the synthetic RIG-I
agonist, we tested MHC-I antigen presentation capabilities in breast cancer cells
transfected with SLR20, using EO771 mouse (C57BL/6) mammary tumor cells
expressing the exogenous antigen, ovalbumin (E0771-Ova). Antigen processing of
ovalbumin results in MHC-I presentation of the ovalbumin peptide fragment SIINFEKL.
Therefore, we used flow cytometry to measure SIINFEKL presentation on EO771-Ova
cells transfected with SLR20 or OH-SLR20, demonstrating an increased SIINFEKL+

population of cells upon transfection with SLR20 (Figure 3.5.C and Figure 3.6.D).

73



MDA-MB231 MMTV-Neu MDA-MB231 . 4T1
by 81 p=0.03¢6 e 7] Pe0.0366 2 | peocor
P=0.0117 3 = — 2 =0
-5 s[L & |i~ 3T
5 } (&) L 3 D o e I 6 6‘
I 144
é‘-‘ olbs d * §
§ 124 q > g %4 I. 59
x
1.04 - ag 2 T ;E
' 4
P - ... OMSLRZ0 + .
OHSLR20+ . OH-SLR20 + . OH-SLR20 + . "
SLR20 . SLR20 . + SLR20 . + - .
C E0771-Ov £0771.-Ova co-culture
OH-SLR20 SLR20 . with OT-| splenocytes
. P=00112 P = 9.0020
:-Y I * . P 00187
": - g -:_ E os ~ ;o;-
< < + 044 g .'. o | v
.l - -x‘ ‘E 2 [ ¥ :.: - e
sl W E ] -s
S — Z 02 8 "TJ
- e o o o o a :
F 3 3 ez
04~ OHSLR20 + - + -
OH-SLR20 + . SLR20 - . . e
SLR20 - + OTd splenccytes - - + .

Figure 3.5 RIG-I signaling in breast cancer cells increases MHC-l expression and MHC-l mediated
antigen presentation. A. Cells were transfected, and after 18 hours, total RNA was assessed by RT-
gPCR to measure the expression of HLA-B. Each point represents the average of three experimental
replicates, N = 3. Midlines are the average +SD. Student’s t-test. B. Cells were transfected for 18 hours
and then assessed by flow cytometry to measure levels MHC-I. N=3. Student’s t-test. C. Cells were
transfected for 18 hours and then assessed by flow cytometry to measure levels SIINFEKL peptide on the
cell surface. N=3. Student’s t-test. D. Ovalbumin expressing breast cancer cell (E0771) lysis following a 2
hour co-culture with isolated OT-I splenocytes. Lysis was quantified using a cytotoxicity assay that
measures the release of LDH into the culture media following cell lysis. N = 6. Midlines are the average

+SD. One-way ANOVA.
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Further, CD8+ splenocytes enriched from transgenic OT-1 mice, which express an
ovalbumin (SIINFEKL)-specific T-cell receptor, caused substantially higher levels of
tumor cell lysis in EO771-Ova cells transfected with SLR20 (Figure 3.5.D). This result
indicates that RIG-| activation within a tumor cell may coordinate signaling pathways

within the tumor cell and neighboring T-cells to maximize tumor cell death.

RIG-I signaling in breast cancer cells induces markers of T-cell activation

To gain a broader understanding of how tumor cell RIG-I signaling might impact the
phenotype of neighboring T-cells, we co-cultured splenocytes from FVB mice with
MMTV-Neu (FVB) cells previously transfected with SLR20, then used flow cytometry to
measure surface expression of the T-cell early activation marker CD69 on CD8+ and
CD4+ T-cells (Figure 3.7.A). After 18 hours of co-culture, the percentage of CD3+CD8+
T-cells positive for CD69 was increased nearly 50% in co-cultures with SLR20-
transfected MMTV-Neu cells (Figure 3.7.B and Figures 3.3.B). Similarly, the
percentage of CD3+CD4+ T-cells positive for CD69 was increased following co-culture
with SLR-20 transfected MMTV-Neu cells (Figure 3.7.C and Figure 3.3.C).

We expanded our analysis of lymphocyte activation markers using a gene
expression array, profiling expression changes in 84 genes associated with T-cell
activation. Cultured media from 4T1 cells transfected with SLR20 or OH-SLR20 was
collected and added to splenic CD4" T-cells isolated from BALB/c mice. After 18 hours,
CD4" T-cell MRNA was assessed by gene expression array, showing robust expression
of genes involved in T-cell activation (Cd3e, CD40lg, Map3k?7,), effector function (Cd47,

Csf2, Ifng, Icosl), proliferation (//15, Cd74, Cxcr4, Cxcl12) and negative regulation
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Figure 3.6 MHC-l is increased by RIG-I signaling in breast cancer cells. A-C. Cells were transfected
for 18 hours and then assessed by flow cytometry to measure levels MHC-I. N=3. Student’s t-test. D.
Cells were transfected for 18 hours and then assessed by flow cytometry to measure levels SIINFEKL
peptide on the cell surface. N=3. Student’s t-test.
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(Lag3) (Figure 3.7.D). Consistent with these findings, levels of IFN-y were elevated in
the media of BALB/c splenocytes co-cultured with SLR20-transfected 4T1 cells, as

measured by an enzyme linked immunosorbant assay (ELISA)(Figure 3.7.E).

RIG-I activation stimulates anti-mammary tumor immunity in vivo

While these and previous results suggest that RIG-I signaling within the TME might
acutely boost T-cell activity, the long-term effects of T-cell grooming by RIG-I remain
unclear. To test this idea further, we used a modified vaccination approach, in which
4T1 cell lysates (generated by freeze-thaw) were delivered intramuscularly to tumor
naive Balb/C mice in combination with either SLR20 (1 mg/kg) or OH-SLR20. On day
16, anti-tumor activity of 4T1 splenocytes was assessed by co-culturing splenocytes
with 4TI cells for 2 hours then measuring tumor cell lysis (Figure 3.8.A). Notably, lysis
of 4T1 cells co-cultured with splenocytes from mice immunized with adjuvant SLR20
was nearly 40% higher than what was seen using splenocytes from control mice treated
with OH-SLR20 (Figure 3.9.A). However, adjuvant SLR20 did not affect the proportions
of splenic T-cell populations, including CD8+ T-cells, CD4+ T-cells, and TregS
(CD4+FoxP3+) (Figure 3.9.B and Figures 3.8.B-D).

We repeated this vaccination protocol, treating mice intramuscularly with 4T1
lysates, in combination with SLR20 (or OH-SLR20) on day 0, followed by orthotopic
injection of live 4T1 mammary tumor cells on day 8 (Figure 3.10.A). In both groups,
tumors formed in 100% of mice by day 14 (6 days after orthotopic injection of live tumor
cells, N = 10). Tumor volume on day 16 was similar in mice pre-treated with saline, with

4T1 lysates plus saline, and 4T1 lysates plus OH-SLR20 (Figure 3.10.B). However,
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Figure 3.7 RIG-l signaling in breast cancer cells induces markers of T-cell activation.

A. Schematic of the experimental model used to measure the T-lymphocyte activation following co-culture
with SLR20 or OH-SLR20 treated breast cancer cells. B-C. 18 hours after co-culture with treated breast
cancer cells, CD8" and CD4" T-cells were assessed by flow cytometry to measure levels of activation
marker CD69 on the cell surface. N=3. Student’s t-test. D. 18 hours after effector CD4" T-cells were
incubated in media conditioned by SLR20 or OH-SLR20 treated breast cancer cells, RNA was collected
and assessed for expression of genes associated with T-cell activation (RT? Profiler PCR Array). Relative
gene-expression values were calculated using the ddCq method, correcting for expression of GAPDH,
and are shown as expression relative to the average value for each gene in OH-SLR20-transfected cells,
as shown in the heat map. E. 18 hours after splenocytes were co-cultured with SLR20 or OH-SLR20
treated breast cancer cells, culture media was removed analyzed by ELISA to measure IFN-y. N = 3.
Student’s t-test.
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tumor volume was diminished in mice pre-treated with 4T1 lysates combined with
SLR20 to less than half of what was measured in other treatment groups. Importantly,
IHC analysis of tumor collected on day 16 (16 days after vaccination) revealed robustly
increased tumor infiltration by CD3" cells in the tumors of mice immunized with SLR20
as the adjuvant (Figure 3.10.C). In contrast, tumors collected from mice vaccinated with
saline or with OH-SLR20 as the adjuvant displayed no change in the burden of CD3+
TILs as compared to tumors grown in vehicle treated mice. These findings suggest that
RIG-I signaling in the tumor microenvironment indirectly grooms T-cell phenotype and

activity, enhancing T-cell function in the context of breast cancers.

Discussion

Studies of RIG-| activation in the cancer setting have typically focused on
mechanisms that mediate anti-tumor innate immunity. Here, we present data illustrating
the importance of T-cell mediated responses that occur in response to RIG-I activation.
Using a synthetic RIG-I agonist, we demonstrated that RIG-I signaling coordinately
upregulates cytotoxic FasL and Fas receptor in T-cells and tumor cells, respectively, to
increase local T cell-mediated tumor cell death. Tumor cell RIG-I signaling increased
MHC-| expression and antigen presentation by the tumor cells, while at the same time,
drove effector T-cell activity. Using a modified tumor vaccination approach, we found a
sustained impact of RIG-I signaling on T-cells that increased T-cell recruitment to
subsequent tumors and reduced subsequent tumor growth. Although previous studies
by several groups have established that RIG-| activated tumor cells can amplify anti-

tumor innate immunity by increasing natural killer cell activity, and enhancing DC activity
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(32, 117). Herein, we show that RIG-I signaling in tumor cells can promote certain
aspects of T-cell mediated immunity.

We previously reported in mouse models of breast cancer that therapeutic
delivery of a RIG-I agonist decreased tumor growth in vivo, due to tumor cell intrinsic
apoptosis and pyroptosis. RIG-I signaling also resulted in robust expression of pro-
inflammatory cytokines and increased recruitment of T-lymphocytes to the TME,
suggesting that some tumor cells may be dying as a result of T-cells. To study the
potential role of T-cells in treatment response to RIG-I agonists, we used a modified
vaccination approach. Tumor challenge experiments showed that T-cell recruitment to
tumors in vivo, and anti-tumor cytotoxic activity in cell culture, were amplified in mice
pre-treated with a combination of RIG-1 agonist and tumor lysate. These findings are
consistent with previous studies showing that T-cell effector activity is increased
following vaccination with a tumor antigen in combination with the MDAS/TLR3 dual
agonist, poly-ICLC (89). These results suggest that RIG-| signaling augments adaptive
immune responses against breast cancer cells.

A recent report identified CD8" and CD4" T-cells in the breast TME as largely
exhausted with limited effector activity (113). Here we demonstrate that RIG-I agonist
treated breast tumor cells promote an activated phenotype for effector T-cells. Thus,
agonists of RIG-I may groom lymphocytes in the breast TME towards improved effector
activity. Our study is consistent with a previous finding that Fas receptor and MHC-I are
upregulated pancreatic cancer cells treated with a RIG-I agonist (32). In breast cancer

cells, we showed that this effect is RIG-I dependent and also occurs in vivo, leading to
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Midlines show average (xSD). Student’s t-test.
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increased recognition and killing of tumor cells in T-lymphocyte and breast cancer cell
co-cultures.

In conclusion, we have demonstrated that RIG-I activation in breast cancer cells
can promote T-lymphocyte activation and tumor cell targeting machinery, such as Fas
receptor, Fas ligand and MHC-I. Moreover, we discovered that RIG-I signaling indirectly
boosts T-cell mediated killing of breast cancer cells, improves T-cell recruitment to
tumors, and decreases tumor growth through multiple mechanisms, including those that
are tumor intrinsic and those that rely on innate and adaptive immunity. Overall, these
findings warrant further studies of RIG-I agonists as a strategy to enhance the TME of

immunologically cold tumors towards a more favorable phenotype.
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CHAPTER IV

CONCLUSIONS AND FUTURE DIRECTIONS

RIG-I signaling and cell death

Investigating the molecular interactions and signaling of RIG-I like receptors
(RLRs) in cancer is still a fairly recent undertaking, with most studies occurring within
the past decade. The vast majority of research examining therapeutic RLR activation in
cancer has concentrated on mechanisms that are involved in RLR-activated cell death,
with particular focus on therapies targeting RIG-I and MDAS. Less attention has been
given to RIG-I signaling’s effect on the stromal and immune compartments in the tumor
microenvironment (TME), an equally important component of RIG-I's therapeutic
benefit. To date, there is no consensus on how RIG-| activates cell death in tumor cells.
Different reports have presented evidence to support RIG-I activated cell death’s
dependence on a number of different pathways, including intrinsic (mitochondrial and
caspase-9 dependent) and extrinsic (e.g. TRAIL, TNF, and FAS) apoptosis, LC3
dependent autophagy, MAPK inhibition, and inhibition of Akt/mTORC signaling (27, 32,
77,114, 118-120). These studies exploring RIG-I mediated cell death span a diverse
array of cancers, which suggests that RIG-I's activation of cell death may be nuanced,
depending on the genetic and molecular attributes that are present within a particular
malignancy.

In our study analyzing RIG-I activation in breast cancer, we found that RIG-I
signaling an inflammatory type of programmed cell death called pyroptosis, which was

previously unexplored in studies examining RIG-1 agonists in cancer. Pyroptosis is an
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inflammasome dependent form of cell death, which can be signaled by the formation of
the RIG-I inflammasome (RIG-I/ASC) following RIG-I activation. In breast cancer,
downstream effectors of the pyroptosis pathway were upregulated and activated
following RIG-I agonist treatment, and assay markers of cell death (Annexin V and
propidium iodide staining) were decreased upon inhibition of caspase-1, a pyroptotic
activating caspase. Additionally, we found that apoptosis was also activated in breast
cancer cells following RIG-I agonist treatment. Extrinsic apoptotic signaling factors (e.g.
TNF, TRAIL, FAS) were increased and Annexin V staining was decreased upon
inhibition of the extrinsic apoptotic signaling protein caspase-10. We did not investigate
if pyroptosis was the predominant form of cell death, or if pyroptosis precedes apoptosis
following RIG-I activation in breast cancer. It is possible that both occur simultaneously
as it has been previously shown that RIG-I inflammasome formation and RIG-I/MAVS
signaling are molecularly independent processes (72-73).

It is clear that more studies are needed to resolve the mechanisms behind RIG-I
activated cell death in cancer cells. It is possible that the genetic landscape and
molecular interactions existing within in a particular cancer may influence which cell
death pathways are activated following RIG-I agonist treatment. Previous work
identifying RIG-I complexes, e.g. RIG-I/ caspase-8 and RIG-I/ASC (72-73), gave
mechanistic insight into pathways that were elicited to enact tumor cell death during
RIG-I activation. One approach to further these studies would be to identify the RIG-I
‘interactome’, or the protein-protein interactions that occur following RIG-I activation,

which may vary in different cancers.
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It is also possible that RIG-I activation, when it is non-canonical, could signal
alternative pathways to activate cell death in cancer. Depending on its localization, RIG-
| has been shown to activate the transcription of an alternative set of cytokines, e.g.
type lll interferons (IFNs), when it is bound to MAVS on the surface of peroxisomes as
opposed to MAVS on mitochondria (121, 127). Peroxisomal RIG-I activation, which is
IRF1-mediated, and mitochondrial RIG-| activation, with is IRF3-mediated, work in
tandem with one another to amplify the innate immune response, each one inducing its
own unique troupe of inflammatory cytokines. RIG-I signaling from peroxisomes delivers
a shorter, but rapid, immune response following RIG-| activation, while RIG-I
mitochondrial signaling is more robust and long-term (127). This is one example of how
alternative modes of RIG-| activation can preferentially activate different signaling
pathways. Potentially, this phenomenon could be exploited, therapeutically, by
designing RIG-I agonists who target the mode of activation that delivers the best
therapeutic benefit.

Signaling crosstalk between RLR receptors has been shown to affect how RIG-I
becomes activated. LGP2, the least studied RLR, negatively regulates RIG-| activation
by blocking TRIM25-mediated polyubiquitylation of RIG-I (122). In our study on RIG-I
activation in breast cancer, we analyzed genetic alterations in RIG-I via TCGA and
found that only ~1.1% of breast cancers incurred genetic changes in the RIG-I gene
DDX58 (Figure 2.2)(114), suggesting that therapeutically targeting RIG-I in breast
cancers could be widely applicable. It is possible that genetic alterations in newly

discovered negative regulators of RIG-I, e.g. LGP2, could alter the efficacy of RIG-I
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agonists in certain cancers, indicating a need for more investigation of molecular
interactions that could disrupt RIG-I signaling.

Currently, there is only one study that has explored whether RIG-I activated cell
death is tumor cell specific (77). To our knowledge, RIG-I is globally expressed in every
cell type, yet the mechanism behind RIG-I activated cell death has only been
investigated in cancer cells. A study analyzing this topic in prostate cancer,
demonstrated that RIG-| activation preferentially signaled cell death in prostate cancer
cells, and did not signal cell death in non-malignant prostate cells (77). No mechanistic
explanation for this result was presented in the study. It is possible that genetic
alterations in certain cancers may assign some specificity in targeting RIG-I, but to date,
this hypothesis has not been explored, and no study has analyzed how the genetic
profile (e.g. amplification of negative regulators of RIG-| signaling, or nonsense
mutations in RIG-| signaling partners such as MAVS) of a tumor can affect the
therapeutic efficacy of a RIG-I agonist. Moreover, RIG-| activated cell death has not
been reported in certain types of immune cells like natural killer cells (NKs) or T-
lymphocytes, suggesting that there are cell intrinsic mechanisms, yet to be uncovered,

which dictate the capabilities of RIG-I to signal cell death in specific cell populations.

RIG-I signaling and the tumor microenvironment

Aside from activating cell death, RIG-I like receptors (RLRs) can also signal an
innate immune response in the tumor microenvironment (TME). Previous to our work,
only two studies had investigated, in depth, the effects of RLR activation on tumoral

innate immune populations, e.g. macrophages, dendritic cells (DCs), and natural killer
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cells (NKs) (32, 117). Both reports presented evidence that RLR ligands and RLR
activating viruses could increase classical activation and the expression of co-
stimulatory molecules (e.g. CD80, CD86) in antigen presenting cells (APCs) either by
direct treatment with an RLR ligand, or in co-culture with RLR activated tumor cells (32,
117). APCs co-cultured with RLR activated tumor cells were also shown to exhibit
increased MHC-I and MHC-II expression and antigen presentation, as well as increased
phagocytosis (117).

Previously, NK cells were the only lymphocyte population that had been
examined, at length, in the context of therapeutic RLR activation in cancer. The majority
of this work was generated in one study, which analyzed the effects RIG-I activation on
NKs, DCs, and macrophages in ovarian cancer. This study revealed that NK cells, in
co-culture with RLR activated tumor cells, exhibited increased markers of activation and
degranulation (e.g. CD107a, IFN-y), while also showing increased cytolytic activity
against RLR activated ovarian cancer cells (117). Outside of these two studies, most
reports investigating RLR activation in cancer focused solely on RIG-I’s ability to
activate cell death, and even within studies exploring RIG-I activation in the TME,
extensive focus was given to how RLRs activate innate immunity with no analysis of
how RLRs affect adaptive immunity in the cancer setting. Furthermore, neither of these
studies specifically examine the activation of the RIG-I, as they both relied on MDAS
ligand, poly(l:C), in the majority of their studies on anti-tumor immunity.

The two aforementioned studies observed increases in APC activation in co-

cultures with RLR activated tumor cells (32, 117). We observed similar effects in breast
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Figure 4.1 RIG-l signaling in breast cancer cells increases antigen presenting cell activation A. 18
hours after effector RAW 264.7 cells were incubated in media conditioned by SLR20 or OH-SLR20
treated PyVmT cells, RAW 264.7 cells were lysed and assayed by Western analysis. B. flow cytometry
analysis of splenocytes 18 hours after co-culture with MMTV-Neu cells. N = 3. Midlines are the average
+SD. Student’s t-test. C. MCF7 cells were transfected for 18 hours then stained (IncuCyte Phagocytosis,
Essen Bioscience) and co-cultured with THP-1 cells for 24 hours. Phagocytosed MCF7 cells were

analyzed via microscopy. N=3. Student’s t-test.
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cancer, using an agonist that specifically activates RIG-I, where we saw increased
STAT1 phosphorylation (Figure 4.1.A) and increased expression of co-stimulatory
molecule CD86 in antigen presenting monocytes either in co-culture with or in media
conditioned by RIG-I activated breast cancer cells (Figure 4.1.B). Notably, APCs co-
cultured with RIG-I| activated breast cancer cells also exhibited increased phagocytic
activity (Figure 4.1.C).

In our study, we also found that tumor infiltrating lymphocytes were increased
following treatment with a RIG-| agonist. We attributed this increase in tumor infiltrating
lymphocytes (TILs) to the elevated secretion of lymphocytic chemokines (e.g. CXCL11,
RANTES) in breast cancer cells treated with a RIG-I agonist. RIG-| activation in breast
cancer cells signaled increased T-cell activation, increased expression of molecules
(e.g. FAS, FASL, and MHC-I) that mediate cytotoxic T-lymphocyte (CTL) killing, and
increased CTL targeting of RIG-I agonist treated breast cancer cells. In our study,
combinatorial treatment with breast cancer lysates and a RIG-I agonist resulted in
decreased tumor growth and increased tumor reactive lymphocytes, demonstrating
RIG-I's ability to amplify anti-tumor adaptive immune responses. These studies were the
first to illuminate the effects of RIG-I agonist treatment on effector T-cell mediated
responses against breast cancer cells and examine how RIG-I activation can potentially
alter anti-tumor adaptive immunity.

While we have shown that RIG-I agonists have the ability to support effector T-
cell responses in the TME, there is no guarantee that immunosuppressive T-regulatory
cells (Tregs) will not disrupt effector T-cell activation and tumor cell killing in RIG-I

activated tumors. T-regulatory cells have been shown, in some cancers, to be pro-
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Figure 4.2 RIG-l signaling in breast cancer decreases Treg migration and differentiation A. BT474
and cells were treated with SLR20 or OH-SLR20 and cultured for 40 hours. Media from these cells was
removed, filtered (0.2um) and added to freshly isolated, mouse splenic naive CD4" T-cells (Miltenyi
Biotec kit). Naive CD4" T-cells were activated with plate bound anti-CD3e and anti-CD28 (BioXcell,
5ug/mL each) and media was supplemented with TGF beta (R&D, 5ng/mL) to induce Treg differentiation
(iTreg). T-cells were treated with conditioned media for 5 days then collected for RT-gPCR analysis of
Pdcd1, Ctla4, and Ccr8. N = 3. Midlines are the average +SD. Student’s t-test. B. Conditioned media,
prepared as mentioned in A, was added to freshly isolated mouse Tregs (Miltenyi Biotec kit) then Tregs
were plated in the upper chamber of 24-well 8um transwell plates (Corning) at 200,000 cells per well.
Migration media consisted of RPMI/ 0.1% BSA/ CCL1 (R&D, 100ng/mL). Cells were incubated for 1.5hrs
and cells in the migration media were counted using a hemocytometer.
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tumorigenic in several ways, such as suppressing effector T-cell differentiation and
serving as negative regulators for effector T-cell activation and killing. Presently, only
one study has analyzed the effects of RLR activation on Tregs, but it mainly focused on
direct RLR activation in Tregs, without exploring how Tregs were affected by RLR
activation in cancer cells (123). Here, RLR activated Tregs exhibited reduced
suppression of naive T-cell differentiation into mature effector T-cells. Further, RLR
activation was shown to inhibit TGF-f signaling in Tregs and disrupt Treg migration into
tumors (123). The effects of RLR activation on Tregs in the TME is an area that
continues to remain understudied, specifically in regard to RIG-I agonists. In breast
cancer, we have some data showing that RIG-I activation in cancer cells can limit Treg
migration toward a known tumoral Treg chemoattractant, CCL1 (Figure 4.2.A).
Additionally, we have observed that Treg differentiation is disrupted when naive T-cells
are cultured in media conditioned by RIG-I agonist treated breast cancer cells, showing
decreased markers of Treg maturation, e.g. PD-1, CTLA-4, and CCRS8 (Figure 4.2.B).
These studies suggest that RIG-I agonist can potentially reverse Treg mediated
suppression of effector T-cells, yet more investigation is warranted to analyze
mechanistically how RIG-I activation in tumors can alter Treg migration and activity in
the tumor microenvironment.

When examining leukocyte infiltration in mammary tumors treated with a RIG-I
ligand, we observed an increase in F4/80" tumoral macrophages (114). Prior to our own
studies, the impact of RIG-| signaling on tumor macrophage populations had not been
reported. Tumor macrophages are often pro-tumorigenic in breast cancers, correlating

with decreased overall survival for patients with cancer, and decreased response of
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tumors to treatments (124-125). The pro-tumorigenic phenotype of tumor macrophages
is due largely to their expression of immunosuppressive cytokines (e.g., TGF-f3),
diminished expression of antigen presenting machinery (MHC-I and Il) and heightened
expression of immune checkpoint proteins (PD-L1) (125-126). However, tumor
macrophages could potentially be reprogrammed to express pro-inflammatory cytokines
(IFN-beta), to upregulate antigen presenting machinery, and to upregulate pro-
stimulatory molecules (e.g., CD86), given the plasticity of macrophage phenotype. We
did not specifically profile tumor macrophage populations for their specific phenotype, or
how RIG-I signaling might alter the phenotype from pro-tumorigenic to pro-inflammatory.
Therefore, the field would greatly benefit from detailed studies examining the impact of
RIG-I signaling on tumor macrophage phenotypes. However, our studies were the first
to demonstrate that treatment of tumors in vivo with a RIG-I agonist resulted in potent
recruitment of F4/80+ macrophages to tumors (Figures 2.9 and 2.10) (114)

Previous studies have examined the impact of the RLR agonist poly (I:C) on
splenic dendritic cells (DCs) in tumor-bearing mice (32). These studies showed that,
compared to mice treated with vehicle, poly(l:C) treated mice had increased expression
of CD86 (co-stimulatory molecule) and MHC-II (antigen presenting and T-cell priming
machinery) (32). We have not examined if the RIG-I agonist SLR20, like the RLR
agonist poly (I:C), drives DC polarization towards this pro-inflammatory phenotype. It is
possible that the increased responsiveness of T-cells to tumors that we observed in
SLR20-treated mice is influenced to some degree by DCs, a professional antigen
presenting cell that potently grooms T-cell adaptive immunity. Following immunization

with tumor lysate, using SLR20 as an adjuvant, we saw reduced tumor growth and
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increased TILs. Previous studies analyzing co-cultures of poly(l:C) treated DCs with
naive T-cells, reported increased DC-mediated T-cell priming (32). One approach to
investigate if this occurs in vivo is to profile the phenotype of DCs within RIG-I agonist
treated tumors and proximal lymph nodes to analyze changes in the expression of co-
stimulatory molecules, MHC-I and —II, and type | IFN. It is possible that DC activation
could be contributing to T-cell responses observed in our immunization studies. This
hypothesis could be measured using an antigen specific system, e.g. ovalbumin
(OVA)/OT-I. T-cell proliferation following RIG-I agonist treatment could be measured by
performing an adopted transfer with labeled naive T-cells from a donor OT-I mouse into
RIG-I agonist treated mice bearing OVA expressing mammary tumors. Following
depletion of DCs using targeted antibodies (e.g. anti-Cd11, -Cdlic, -MHC-II) T-cell
proliferation could be measured, to see if a RIG-I agonist’s effects on T-cell priming are
DC specific.

Many studies have reported on the therapeutic benefit of RLR agonists as a
monotherapy, but, previous to our study, none had explored the use of a RIG-I agonist
in combined treatment, particularly with an immune-checkpoint inhibitor (ICI). ICls have
achieved success in cancers like melanoma and lung, but this has not been the case in
breast cancers. Compared to patients with HER2 amplified (HER2+) and triple-negative
breast cancer (TNBC), breast cancer patients who are estrogen receptor positive (ER+)
had poorer responses (99, 128-130). It has been frequently reported that TNBCs,
compared to other breast cancer subtypes, harbor more tumor infiltrating lymphocytes
(TILs) and a higher mutational burden, two factors, which potentially lead to a tumor

microenvironment (TME) that is more immunogenic and more pro-inflammatory (131-
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132). Accordingly, TNBC is also more likely to express programmed death ligand 1 (PD-
L1), a predictive marker for therapeutic efficacy in ICls that target PD-L1 and
programmed cell death protein 1 (PD-1) (133).

Based on our findings, we believe that therapeutic RIG-I activation in the
mammary TME can create the conditions needed to overcome the poorly immunogenic
phenotype found in many breast cancers. Our data demonstrated the use of a RIG-|
agonist as a therapeutic ‘switch’ to reverse an immunologically silent breast TME, inhibit
tumor growth, and increase therapeutic response to an immune checkpoint inhibitor
(anti-PD-L1) (Figures 2.4 and 2.9) (114). One limitation of our study is that we only
utilized one model [4T1 tumors (TNBC) in Balb/c mice]. Analyzing these effects in
additional breast cancer models, with a longer treatment window, would further expand
the scope of our investigation. This includes conducting studies in mouse models of
other breast cancer subtypes, eg. MMTV-Neu tumors (HER2+), as well as immune-
competent humanized mice that harbor tumors derived from human breast cancer cells.
Examining how other ICls, e.g. therapies that target PD-1, CTLA-4 or LAG-3, compare
in combinatorial RIG-I agonist treatment is needed to confirm the consistency and
specificity of our observations. Repeating these studies in RIG-I deficient tumors would
confirm whether or not the effects observed in our study are RIG-I dependent.

We did not analyze the effect of combinatorial ICI and RIG-I| agonist therapy on
breast cancer metastasis. However, we did observe that RIG-I agonist treatment, alone,
resulted in decreased tumor cell metastasis to the lungs. One limitation in this study lies
in our delivery mechanism. SLR20 was injected intratumorally using a nanoparticle,

therefore, it is possible that our observations are likely the result of decreased growth in
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the primary tumor, with no direct affect on disseminated disease. In order to assess how
a RIG-I agonist directly affects metastasized cells, systemic delivery methods for RIG-I
agonist need to researched and developed for cancer treatment. This is evident, even in
clinical trials assessing RIG-I agonist in cancer patients, where these agonists are
delivered intratumorally using a commercial liposomal delivery reagent (NCT03065023
and NCT03739138). Both RIG-I agonist trials require the tumor to be “injectable” as
eligibility criteria, which could potentially limit what cancers are investigated in these
studies and also limit patient recruitment. Using a systemic delivery method, the effects
of a RIG-I agonist on metastasis could be analyzed in other metastasis models for
breast cancer, e.g. tail-vein injected tumor cells or breast cancer metastasis models,
e.g. MMTV-PyMT mice.

Several cancer vaccine studies have shown an increase in therapeutic efficacy
when using MDAS ligand, poly-ICLC, as a vaccine adjuvant (79-82, 89). Our study in
breast cancer revealed that a RIG-| agonist can augment the effects of immunization,
showing increased tumor cell killing, ex vivo, in splenic lymphocytes isolated from mice
immunized with a RIG-I agonist. In these same mice, we also observed decreased
tumor growth and an influx of TILs. One of the major limitations of our study is our use
of tumor lysate as the “cancer antigen.” Repeating these studies using an antigen-
specific system, e.g. the ovalbumin (OVA)/OT-Il system, would better support our
observations and confirm the legitimacy our results. Additionally, our study would be
more clinically relevant through the use of a known breast cancer antigen, e.g. HER2, or
by taking a NeoVax approach, by profiling and synthesizing potential neoantigens that

exists in breast cancers to be used in combination with a RIG-I agonist (134-135).
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In regards to our immunization study, additional further analyses to determine if
our effect is T-cell dependent must be completed. This can be achieved by depleting
specific populations of lymphocytes, e.g. CD4+ or CD8+ effector T-cells, using targeted
antibodies, or by incorporating T-cell deficient mice into these studies. It is also
possible that humoral responses from B-cells within the tumor or proximal lymph nodes
may potentially contribute to our observations. In an antigen specific model, e.g.
OVA/OT-I, B-cell humoral responses can be assessed by isolating antibodies from the
serum of immunized OT-I mice, and assaying these antibodies using an ELISA with
plates coated with OVA antigen. To further investigate if B-cells are influenced by RIG-I
activation, tumor B-cells can be assessed for activation markers, e.g. CD95 (FAS) and
CD27.

Overall, immunotherapies, which rely on lymphocyte-mediated responses to
administer an effect (e.g. ICls and cancer vaccines) stand to gain from adjuvant use of
a RIG-I agonist. Further studies are needed to fully resolve the mechanisms of RIG-I
activated immunity in the TME. Future investigation should carefully assess the roles of
intratumoral myeloid and lymphocyte populations in mediating anti-tumor immunity

following RIG-I activation in vivo.

Concluding remarks

The data reported in this dissertation includes the first studies looking at
therapeutic activation of the RLR, RIG-I, in breast cancer. Here, we reveal how RIG-I
signals cell death in breast cancer and demonstrate RIG-I's anti-tumor effects including

tumor growth inhibition, reduced metastasis, increased anti-tumor innate and adaptive
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immune responses, and enhanced therapeutic efficacy of an ICI and cancer vaccine.
Future studies are needed to further resolve how these effects are carried out
mechanistically in breast and other cancers. Research advances in RIG-I agonist
delivery and design can potentially move this therapy forward as a clinical option to
promote anti-tumor immune responses in cancers that are immunosuppressed or

immunologically silent.
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