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Abstract

Synergy of a STING agonist and an IL-2 superkine in cancer immunotherapy against MHC I-
deficient and MHC I+ tumors

by
Natalie K. Wolf
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor David H. Raulet, Chair

Over the past decade, there have been many advances made in the field of cancer
immunotherapy, one of the major therapies discovered is that of checkpoint blockades. While
these therapies have vastly improved patient outcomes, many cancers do not respond to
checkpoint blockade highlighting the need for further development of new therapeutics. Most
current cancer immunotherapies are based on mobilizing CD8 T cell responses. However, many
types of tumors evade CD8 T cell recognition by displaying few or no antigens, or losing
expression of MHC I. These considerations underlie the need for complementary therapies that
mobilize other antitumor effector cells. NK cells are cytotoxic innate-like lymphocytes that are
hardwired to recognize stressed cells, such as tumor cells and certain infected cells, and mediate
spontaneous killing of MHC I-deficient tumor cells. CD4 T cells recognize tumor cells through
epitopes displayed on MHC 11 and have been shown to be capable of eliciting antitumor
responses against tumor cells. Identifying new immunotherapies, aimed at targeting NK and CD4
cells for antitumor responses, could potentially activate responses against CD8 T cell-resistant
tumors.

Cyclic dinucleotides (CDNs) activate the cGAS-STING pathway of the innate immune
system and are candidates as immunotherapy agents. Intratumoral CDN injections induce type |
IFNs and inflammatory cytokines that amplify the CD8 T cell response and induce tumor
regression. Recently, CDN therapy was shown to induce long-term tumor regressions in some
MHC I-deficient tumor models, mediated primarily by NK cells and in some cases, CD4 T cells.
However, in harder-to-treat tumor models, CDN therapy shows few to no long-term remissions
and early phase clinical trials of STING agonists in patients have not yielded sustained clinical
remissions indicating a need for improvements in this immunotherapy approach.

My thesis work aims to examine the potential to extend the efficacy of CDN therapy, by
combining CDN with the IL-2 superkine, H9-MSA, to target and activate NK cells and CD4 T
cells in the tumor microenvironment against MHC I-deficient tumors and CD8 T cells against
MHC | WT tumors. Chapter 3 addresses the synergy observed with CDN and H9-MSA therapy
in mobilizing powerful NK cell antitumor responses against MHC I-deficient tumors. CDN/H9-



MSA therapy markedly enhanced tumor rejection of two hard-to-treat MHC I-deficient tumor
models. These responses were mediated by NK cells and in some cases CD4 T cells and were
accompanied by increased recruitment to and sustained activation of NK cells in the tumor. This
combination therapy regimen activated NK cells systemically, as shown by antitumor effects
distant from the site of CDN injection and enhanced cytolytic activity of splenic NK cells against
tumor cell targets ex vivo. H9-MSA also showed strong synergy with another innate activator,
CpG. The CDN/H9-MSA therapy showed promising effects in treating tumors in mice with a
complex microbiota, a known factor to negatively influence immunotherapies.

CD4 T cell antitumor responses were also induced by CDN or the CDN/H9-MSA
combination therapy against two different MHC I-deficient tumor models. Chapter 4 explores
the role of tumor specific CD4 T cells induced by CDN therapy alone or CDN/H9-MSA
combination therapy, independently of NK cells. CDN treatment increased systemic levels of
tumor specific CD4 T cells, with a Thl-like phenotype. Mice treated with CDN/H9-MSA
induced potent CD4 T cell and CD4/CD8 T cell responses against an MHC I-deficient tumor
model in the absence of NK cells. The antitumor CD4 T cell response did not rely on MHC 11
expression on the tumor cells to elicit tumor rejection. Tumor-specific priming of these CD4 T
cells showed enhanced cytokine production in combination therapy treated mice. Finally, this
chapter explores the CDN/H9-MSA combination therapy regimen synergistically mobilizing
powerful CD8 T cell responses in the case of MHC I+ tumors, both syngeneic and carcinogen
(methylcholanthrene, MCA)-induced models, suggesting the generality of the approach.

The final chapter of my thesis focuses on attempts to improve CDN/H9-MSA therapy in
both syngeneic and MCA-induced sarcoma models. With many factors in the tumor
microenvironment influencing the immune responses, we endeavored to amplify the impact of
tumor infiltrating NK cells and T cells through various forms of activation or through the
inhibition of suppressive factors found in the TME. Blockade of immunosuppressive metabolites
and checkpoint receptors did not enhance CDN/H9-MSA therapy against MHC I-deficient
tumors. However, addition of checkpoint blockade to the CDN/H9-MSA therapy regimen greatly
increased the survival of mice in the spontaneous MCA-induced sarcoma model.

Overall, the work in this thesis demonstrates the impact of a novel combination therapy
in mobilizing powerful NK and T cell-mediated antitumor activity, providing important
justification for evaluating approach of combining a STING agonist with the I1L-2
superkine, for treating human cancers that are refractory to available treatment options.
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Chapter 1
Introduction



Portions of this chapter were adapted and/or reprinted with permission from “Wolf NK*, Kissiov
DU*, Raulet DH. Roles of natural killer cells in immunity to cancer, and applications to
immunotherapy. Nature Reviews Immunology, In press 2022.”

Introduction to the immune system

Every day our bodies encounter numerous microorganisms, including bacteria, viruses,
fungi and parasites, that have evolved to invade our bodies and use us as hosts to live and
replicate. Many of these microorganisms can lead to serious diseases, yet our bodies have
developed a way to prevent illness from occurring, our immune systems. The immune system is
a collection of many cells and processes which function together to act as a host defense system
against unwarranted microorganisms. Our immune systems include two subsystems: the innate
and the adaptive immune systems.

The innate immune system acts as the body’s first line of defense, responding within
minutes or hours to protect the host. The innate immune system in composed of anatomical
barriers and numerous cells, such as phagocytic cells (dendritic cells, macrophages and
neutrophils) and cytotoxic cells (natural killer cells). Innate immunity relies on pattern-
recognition receptors (PRRs) to detect a wide variety of pathogens that share common features
not normally found in mammalian cells, known as pathogen-associated molecular patterns
(PAMPs). Examples of these include lipopolysaccharides (LPS), present in bacterial outer
membranes, and foreign viral or bacterial nucleic acids. Additionally, the innate immune
response can recognize tissue damage or cell stress through damage-associated molecular
patterns (DAMPS), including extracellular ATP and cytosolic DNA. Some innate recognition, for
example by NK cells, involves recognition of proteins that are induced by cell stress pathways as
well. In addition, the loss of expression of key molecules, such as MHC molecules, can also be
recognized by NK cells. Engagement of PRRs and other innate receptors triggers signals that
activate a pro-inflammatory response through cell activation and cytokine production, or direct
killing of infected cells, that can contain and eliminate infections. These many types of innate
signals also help to activate and shape the adaptive immune response.

The adaptive immune system, led by T and B lymphocytes, uses incredible antigenic
specificity to foreign microbes and is often indispensable in clearing an infection. Unlike the
innate immune response, the adaptive immune response takes a few days to a week to develop
after infection. T cells and B cells express rearranged antigen-specific receptors creating a large
repertoire of cells capable of recognizing a near infinite number of antigens. Upon binding their
cognate antigen, T cells and B cells undergo clonal expansion, giving rise to a large number of
lymphocytes, each bearing a distinct antigen-specific receptor. After the infection is cleared,
adaptive immunity retains immunological memory, to mount a response very quickly to
subsequent infections. The coordination of the innate and adaptive immune systems helps to
keep each of us alive and well.

Immune system and cancer

It has long been suggested that the immune system is important for recognizing and
controlling cancer, but this belief was not widely accepted until the last decade or so. The idea
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that the immune system could control cancer was first introduced by Paul Ehrlich in 1909 and
again by Burnet and Thomas in the 1950’s, the “cancer immunosurveillance” hypothesis (Kim et
al., 2007). This hypothesis is based on the concept that tumors cells are recognized as ‘non-self’
and therefore can be targeted specifically. Cancer cells share ‘hallmarks’ which are acquired
during their development. These include sustained proliferative signaling and replicative
immortality, resistance to growth suppressors and apoptosis, induction of angiogenesis, and
tissue invasion and metastasis (Hanahan and Weinberg, 2000) and more recently reprogramming
of energy metabolism and evading immune destruction (Hanahan and Weinberg, 2011). These
hallmarks are acquired through genomic instability generating mutations which in turn allow for
adaptive immune cell recognition (Schumacher and Schreiber, 2015). Tumors can also trigger
the innate immune response through DAMPs. In addition, natural killer cells, the cell type most
studied in this thesis, have been implicated in immunosurveillance and tumor rejection.

Natural Killer cells

Natural killer (NK) cells are cytotoxic innate-like lymphocytes that are hardwired to
recognize stressed cells, such as tumor cells and certain infected cells, and to mediate the killing
of tumor cells. Unlike the specific recognition T cells and B cells display, NK cells recognize
their target cells via a system of germline-encoded activating and inhibitory receptors that
recognize membrane-bound ligands on potential target cells (Lanier, 2005; Vivier et al., 2011;
Wolf et al., 2022b). As well as directly Kkilling transformed cells, NK cells can produce pro-
inflammatory cytokines, such as IFNy and TNF, which can augment cell responses in the tumor
microenvironment (Barry et al., 2018; Bottcher et al., 2018; Kearney et al., 2018). NK cell
cytotoxicity involves the secretion of cytotoxic granules containing the pore-forming protein
perforin and procaspase-cleaving granzyme B (GZMB), which triggers apoptosis in target cells
(Voskoboinik et al., 2015). NK cells may also induce target cell apoptosis via the death receptors
TRAIL and FASL (Zamai et al., 1998).

NK cell activating and inhibitory receptors

The NK activating and inhibitory receptors are summarized in Figure 1.1.. Inhibition and
activation are integrated, or balanced against each other, such that inhibition may be overcome
by strong activation and vice versa.

Among the activating receptors expressed by NK cells are the high-affinity Fc receptors
CD16 and CD32, which efficiently trigger cytotoxicity and cytokine release and enable NK cells
to kill antibody-coated cells via antibody-dependent cellular cytotoxicity (ADCC) (Bhatnagar et
al., 2014). ADCC is a key activity of NK cells that is relevant for antibody-mediated cancer
therapeutics.

Other activating receptors expressed by NK cells belong to various broad families,
including C-type lectins (such as NKG2D and NK1.1), natural cytotoxicity receptors (NCRs,
such as NKp46 in mouse and human, and NKp44 and NKp30 in human) and a few of the killer
immunoglobulin-like receptors (KIRs) and Ly49 receptors (though most of those receptors are
inhibitory). Activating NK receptors generally signal through associated signaling adapter
proteins: for instance, NKG2D uses the DAP10 adaptor in humans and both DAP10 and DAP12
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in mice; stimulatory KIRs signal with DAP12; NCRs with CD3( or FcRy; CD16 with CD3( or
FcRy; and Ly49D and Ly49H with DAP12 (Barrow et al., 2019). Most of the adapters contain
immunoreceptor tyrosine-based activation motifs (ITAMS) in their cytoplasmic domain, whereas
DAP10 contains a distinct motif that recruits P13 kinase.

With respect to tumor cell recognition, most of the relevant activating NK cell receptors
recognize host gene-encoded ligands that are induced by cell stress pathways. Thus, NK cells are
dedicated, in part, to eliminating stressed cells, such as cancer cells. Recognition of this type has
been called ‘induced-self recognition’ and is best studied in the case of the NKG2D receptor.
NKG2D recognizes numerous ligands, all of which are distant relatives of MHC | proteins. The
human NKG2D ligands include MICA and MICB, and ULBP1-ULBP6. In mice the ligands
include the RAE-1 family members (RAE-1a-RAE-1¢), MULT1, and three H60 isoforms
(Raulet et al., 2013). NKG2D ligands are upregulated in response to heat shock-induced stress
(Bauer et al., 1999; Nice et al., 2009), the DNA damage response pathway (Gasser et al., 2005),
the integrated stress response (Gowen et al., 2015; Hosomi et al., 2017), cellular
hyperproliferation (Jung et al., 2012), and activated p53 (Textor et al., 2011). With respect to the
other NK cell activating receptors, NKp30 binds to B7-H6, which is also induced by the
integrated stress response (Obiedat et al., 2020). The definition of ligands for the other activating
NCRs on tumor cells has remained mostly elusive, although various immune molecules and
glycans that bind these receptors have been reported (Barrow et al., 2017; Barrow et al., 2019;
Narni-Mancinelli et al., 2017; Niehrs et al., 2019).

Most inhibitory receptors expressed by NK cells recognize MHC | molecules on target
cells. Hence, target cells that express high levels of MHC | are better protected from NK cell
killing, and MHC 1 loss results in increased NK cell-mediated killing. NK cell-mediated killing
resulting from the loss of MHC I by a target cell is called ‘missing-self recognition’ (Liao et al.,
1991; Ljunggren and Karre, 1990). Due to this property, NK cells are especially promising
candidates for mediating therapy against MHC I-deficient tumors, which are resistant to
recognition by CD8* T cells. Inhibitory receptors specific for MHC 1 signal through
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in their cytoplasmic domains. In
humans, the KIR family encodes approximately seven (depending on the genotype) inhibitory
receptors, which discriminate different groups of HLA class | molecules (Pende et al., 2019).
Mice lack KIR genes, but instead harbor a family of lectin-like Ly49 receptors, approximately
seven of which are inhibitory and discriminate different H-2 class | molecules (Carlyle et al.,
2008; Yokoyama and Seaman, 1993). In addition to these receptors, both humans and mice
express a CD94-NKG2A heterodimeric receptor, which recognizes peptides derived from
classical MHC | molecules, presented by the nonclassical HLA-E molecule (in humans) or Qa-1
molecule (in mice) (Lanier, 2005; Raulet et al., 2001). All of these receptors dampen or prevent
killing of cells, including tumor cells, that express high levels of MHC | molecules. Furthermore,
the different inhibitory receptors discriminate MHC I allelic products, and are distributed to
different subsets of NK cells in an overlapping fashion. A consequence of this is that some NK
cells in an individual may be uninhibited if they engage a tumor cell that selectively loses even
one of its normal complement of MHC | molecules (Johansson et al., 2005; Ohlen et al., 1989),
resulting in tumor cell killing. Greater killing is observed in the case of tumor cells that lose most
or all MHC | expression, for example because of loss of expression of the MHC | light chain 2
microglobulin (Liao et al., 1991). Although MHC I-deficient cells are most efficiently killed by

4



NK cells, some tumor cells with normal expression of MHC 1 are sensitive to NK cell killing,
presumably because they express sufficiently high levels of activating ligands to overcome
inhibitory signaling (Cerwenka et al., 2001; Diefenbach et al., 2001). Therefore, the potential of
NK cells in cancer therapy is not restricted to tumors with low MHC | expression.

NK cell cytotoxicity and activation

NK cell cytotoxicity involves the secretion of cytotoxic granules containing the pore-
forming protein perforin and procaspase-cleaving granzyme B (GZMB), which triggers
apoptosis in target cells (Voskoboinik et al., 2015). NK cells may also induce target cell
apoptosis via the death receptors TRAIL and FASL (Zamai et al., 1998).

Although apoptosis has been considered the canonical mechanism of NK cell-mediated
killing, recent work demonstrates that NK cells can also induce pyroptotic death in target cells,
by multiple mechanisms. Once granzyme B from NK cells (or T cells) is delivered into target
cells via cytotoxic granules it can cleave not only caspase 3 to induce apoptosis, but gasdermin
E, if the cells express it. Cleaved gasdermin E can insert into membranes, resulting in pyroptosis
(Zhang et al., 2020). Caspase 3 can also cleave and activate gasdermin E. In addition to
granzyme B, cytotoxic granules in both NK cells and T cells contain granzyme A, which can
induce pyroptotic death in cells expressing gasdermin B (Zhou et al., 2020b). Gasdermin B is
highly expressed in the epithelia of the digestive tract and tumors derived therefrom. If the
activation of pyroptosis results in the release of inflammatory cytokines or other pro-
inflammatory mediators, it can drive a feed-forward process that amplifies both natural and
therapy-induced antitumor immune responses (Nicolai and Raulet, 2020).

NK cells also exert antitumor effects through secretion of chemokines and cytokines,
which can directly and indirectly recruit other immune cells and induce cytotoxic and cytostatic
effects on target cells, in addition to further stimulating broader cellular immune responses.
Interferon-y (IFNy) and tumor necrosis factor a (TNFa) produced by stimulated NK cells can
mediate tumor cell death (Wang et al., 2012). In addition, IFNy stimulates upregulation of MHC
Il molecules on antigen-presenting cells (APCs), macrophage activation and augmented priming
of T cell responses (Scharton and Scott, 1993). NK cells also produce chemokines that recruit
and activate key APCs at the tissue site of insult (Barry et al., 2018; Bottcher et al., 2018),
thereby amplifying T cell immunity. These findings provide further impetus for cancer therapies
focused on amplifying NK cell responses in tumors.

The degree to which NK cells are active against tumor cells is highly dependent on the
activation state of the NK cells, which is regulated in large part by cytokines derived from other
innate immune cells, including dendritic cells (DCs) and monocytes (Raulet, 2004; Wagner et
al., 2017). Several cytokines serve overlapping and distinct roles in NK cell activation, including
cytokines that signal through the common y chain (chiefly IL-2 and I1L-15), IL-12 and IL-18, and
type | interferons (Wiedemann et al., 2021). In addition to supporting NK cell proliferation and
survival, IL-15 and IL-2 promote stronger cytotoxic activity by NK cells (Wagner et al., 2017)
(including ADCC (Zhang et al., 2018a)), induce human NK cell expression of the activating
receptors NKp44 and NKp30 (Paust et al., 2017), and augment NK cell expression of the
NKG2D activating receptor (Wagner et al., 2017). IL-12 and IL-18 synergistically stimulate the
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production of IFNy by NK cells (Robinson et al., 1997; Tomura et al., 1998). Type I IFN also
plays a critical role in activating NK cells, acting directly on NK cells to induce effector
molecules such as granzyme B (Martinez et al., 2008; Nicolai et al., 2020) and protecting the
cells from fratricide by other NK cells (Madera et al., 2016). Type | IFN also acts indirectly by
inducing production of IL-15 by DCs and other cell types (Mattei et al., 2001), which then may
act on NK cells (Nicolai et al., 2020).
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Figure 1.1. NK cell function is regulated by cell surface receptors and cytokines. The
figure depicts receptor—ligand interactions that activate (depicted in green) or inhibit
(depicted in red) NK cell responses against tumor cells and other cells, or that can either
activate or inhibit NK cells depending on the specific family member or the context (blue
receptors). Some ligands bind to both inhibitory and activating receptors on NK cells, as
indicated. SLAM receptors can impart activating or inhibitory signals depending on
expression of adapter proteins by NK cells. Key cytokine receptors are also depicted. The
receptors for different IL-2 family cytokines consist of multiple chains, of which one
(gamma) is a shared signaling component.

Spontaneous NK cell responses to cancer

Numerous studies suggest a role for NK cells in tumor immunosurveillance. It is well
established that NK cells potently eliminate various tumor cell lines injected at low doses into
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syngeneic mice (Cerwenka et al., 2001; Diefenbach et al., 2001; Karre et al., 1986; Seaman et al.,
1987), but the more revealing studies employed spontaneous models of cancer. Long-term
depletion of NK cells resulted in higher incidence or severity of cancer in a carcinogen-induced
(methylcholanthrene) model of sarcoma and in a spontaneous B lymphoma model in mice
(Smyth et al., 2001; Street et al., 2004), suggesting that NK cells normally suppress the
development of such tumors. Additional evidence supporting a role for NK cells comes from
studies showing a higher incidence of spontaneous tumors, or of aggressive tumors, in mouse
models of cancer where the mice lack the key activating receptor NKG2D, though those
receptors are expressed by some non-NK cells as well (Guerra et al., 2008). Furthermore,
aggressive tumors arising in one such model of cancer were devoid of NKG2D ligands when the
host mice were wild-type for Nkg2d, but expressed NKG2D ligands when the host lacked the
NKG2D receptor. These data suggested that tumor cells that grew out in the wild-type mice had
been selected for loss of NKG2D ligands (Guerra et al., 2008). Another line of evidence
indicated that early infiltration of tumors with IFNy producing NK cells was associated with
remodeling of the tumor microenvironment and unleashed cytotoxic T lymphocyte (CTL)-
mediated tumor eradication in mouse cancer models (Bonavita et al., 2020).

Consistent with the evidence that NK cells have a role in suppressing malignancies in
mice, numerous studies from the cancer genome atlas (TCGA) have associated NK cell
infiltration with overall survival outcomes in several types of cancer, including melanoma, breast
cancer, glioma, lung adenocarcinoma and others (Bonavita et al., 2020; Bottcher et al., 2018;
Cozar et al., 2021; Cursons et al., 2019; Marcus et al., 2018; Varn et al., 2017). A caveat to these
association studies is that infiltration of tumors by T cell and NK cells is generally correlated.
This correlation is consistent with evidence that NK cells play a role in promoting the antitumor
T cell responses but can make it difficult to disaggregate the contributions of each cell type in
different types of cancer.

Tumor elimination by NK cells in spontaneous or tumor-transfer models of cancer is
often dependent on perforin expression, suggesting a key role for direct tumor killing. However,
recent studies indicate an important role for NK cells as sentinels that detect nascent tumors and
mobilize more potent immune responses by recruiting DCs to the tumor microenvironment
(TME). NK cell-derived CC-chemokine ligand 5 (CCL5) and XC chemokine ligand 1 (XCL1)
were shown to play critical roles in recruiting cDC1s to tumors under experimental conditions
(Bottcher et al., 2018). Furthermore, intratumoral NK cells are a major source of FLT3 ligand
within tumors, which stimulates cDCL1 differentiation and expansion (Barry et al., 2018).
Activated cDC1s activate anti-tumor responses, including T cell responses. Therefore, tumor
infiltration by NK cells that mobilize intratumoral cDC1 populations is likely to be a key step in
anti-tumor immunity, at least in some contexts. Furthermore, features of the TME, such as
production of prostaglandins, were shown to impair NK cell-mediated recruitment cDC1s
(Bottcher et al., 2018; Zelenay et al., 2015). These findings provide further impetus for the use of
cancer therapies that stimulate the recruitment of NK cells to tumors.

Tumor evasion of NK cell surveillance



Evasion of immunity is a hallmark of established tumors. Escape mechanisms include
adaptations that prevent NK cell activation or recruitment to tumors or that suppress tumor cell
killing by NK cells. Some of these adaptations similarly impact T cell responses.

Numerous molecules produced in the TME are broadly immunosuppressive (Melaiu et
al., 2019). Extracellular adenosine and prostaglandins are small molecules that are commonly
produced in the TME and clearly suppress NK cell activity (Young et al., 2018; Zelenay et al.,
2015). Suppressive cytokines, such as TGFp, also impact NK cells, in part by suppressing
expression of the NKG2D and NKp30 activating receptors (Castriconi et al., 2003) and in part by
converting NK cells into intermediate type 1 innate lymphoid cells (intILC1) and ILC1
populations in the TME (Gao et al., 2017). TGFp may also act indirectly by supporting the
differentiation of regulatory T (Treg) cells, which can suppress NK cell as well as T cell
responses (Ghiringhelli et al., 2006; Kerdiles et al., 2013). Myeloid-derived suppressor cells and
tumor-associated macrophage populations also suppress responses of both NK cells and T cells
(Bruno et al., 2019).

The antitumor activity of NK cells, like that of T cells, is generally dampened in obesity
(Michelet et al., 2018), and this is associated with metabolic reprogramming of NK cells in the
TME (Poznanski et al., 2021). Metabolic states impact spontaneous and therapy-induced NK cell
responses to cancer (O'Shea and Hogan, 2019; Terren et al., 2020; Terren et al., 2019).

Additional mechanisms of tumor cell escape from NK cell surveillance involve inhibitory
receptor engagement. NK cells express inhibitory receptors that engage MHC | molecules, but
also can display other inhibitory receptors, including the immune checkpoint receptors T cell
immunoreceptor with Ig and ITIM domains (TIGIT), CD96, PD-1 and SIRPa. (Chan et al., 2014;
Concha-Benavente et al., 2018; Deuse et al., 2021; Hsu et al., 2018; Stanietsky et al., 2009).
Tumor cells may upregulate ligands for these receptors and thus inhibit NK cell-mediated
antitumor effects. Certain inhibitory receptors, such as PD-1 and SIRPa, are upregulated on NK
cells after activation or specifically in tumors. Some of the inhibitory ligands, such as the PD-L1
ligand for PD-1, are upregulated due to the action of immuno-stimulatory molecules such as type
I IFN or IFNy, whereas others may be adaptations arising from genetic or epigenetic changes in
tumors followed by selection of tumors resistant to immunosurveillance.

Another mechanism of escape is that NK cells within tumors often acquire a desensitized
hyporesponsive state, similar to the hyporesponsive state of NK cells in mice that fail to express
MHC I-specific inhibitory receptors (Ardolino et al., 2014; Bi and Tian, 2017). A comparison of
infiltrating immune cells in wild-type mice harboring implanted MHC I-sufficient or MHC I-
deficient tumors showed that NK cells within progressing MHC I-deficient tumors acquired a
dysfunctional state, whereas those within MHC I-expressing tumors were more functional
(Ardolino et al., 2014).

NK cell desensitization also occurs when NK cells are persistently exposed to NK-
activating ligands in vivo. This occurs in many or most tumors (Coudert et al., 2008), but also in
disease-free states, as endothelial cells and other cells in healthy mice express activating NKG2D
ligands (Thompson et al., 2017). Expression of such ligands was strongly increased on
endothelial cells in the tumor vasculature, raising the possibility that desensitization could
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significantly impair antitumor responses mediated by NK cells (Thompson et al., 2017). In
mouse models, macrophages in tumors also upregulate NKG2D ligands in response to colony-
stimulating factor 1 (CSF1, also known as M-CSF) produced by tumor cells (Thompson et al.,
2018). However, definitive evidence is lacking that interactions of NK cells with NKG2D
ligands expressed by macrophages causes desensitization of NK cells within tumors.

The cGAS-STING pathway and agents that stimulate innate immunity

The innate immune pathway, the cyclic guanosine monophosphate-adenosine
monophosphate synthase—stimulator of interferon genes (CGAS-STING) pathway, has shown to
be promising as a therapeutic target. The cytosolic sensor, CGAS, generates the second
messenger 2°,3’ cyclic guanosine monophosphate—adenosine monophosphate (cCGAMP) in
response to binding double-stranded DNA (Diner et al., 2013; Wu et al., 2013). cGAMP binds
and activates the ER membrane stimulator of interferon genes, STING, leading to activation of
both IRF3 and NF-kB pathways, and the abundant production of type I interferons and other
inflammatory cytokines (Ishikawa and Barber, 2008).

In DNA virus infections, accumulation of viral DNA in the cytosol is thought to trigger
cGAS to initiate antiviral immune responses. In the case of cancer cells, chromosomal instability
— a hallmark of cancer and/or mitochondrial dysfunction — can lead to accumulation of DNA
in the cytosol (Harding et al., 2017; Ho et al., 2016; Lam et al., 2014). This in turn can activate
the cGAS-STING pathway through the production and transfer of cGAMP to other cells that can
activate STING promoting activation of both CD8 T cells and NK cells (Marcus et al., 2018;
Woo et al., 2014). In some tumor cells, STING activation likely occurs in the same cancer cells
in which cGAS activation and cGAMP production occurs, and this may be adequate to drive
sufficient production of cytokines by the tumor cells to activate NK cell and T cell responses. In
other tumors, however, repression of transcription of STING, TBK1 and/or other genes in tumor
cells can thwart the production of immune-stimulating cytokines and other mediators by cancer
cells themselves(Xia et al., 2016a; Xia et al., 2016b; Yang et al., 2013a). Accumulating evidence
indicates that these defects can be overcome by mechanisms that transport 2’3’ cGAMP
produced in cancer cells to nearby cells such as myeloid cells (Marcus et al., 2018). STING
activation in those cells supports an antitumor immune response(Carozza et al., 2020; Marcus et
al., 2018; Schadt et al., 2019). Recently identified membrane transporters of 2’3’ cGAMP,
including SLC19A1 LRCC8 and SLC46 proteins (Cordova et al., 2021; Lahey et al., 2020;
Luteijn et al., 2019; Ritchie et al., 2019; Zhou et al., 2020a), may mediate the transport of 2’3’
cGAMP from tumor cells to myeloid cells and other cells in the TME, enabling local immune
activation and an antitumor cellular immune response.

With respect to initiating NK cell (and T cell responses), several mechanisms impair
activation of the cGAS-STING pathway in the context of cancer. cGAS expression is repressed
in some tumours, preventing production of cGAMP that serves to initiate the immune response
(Konno et al., 2018). Perhaps more commonly, the capacity of cancer cells to produce
immunoactivating cytokines following cGAS activation is stymied due to downregulation of
STING, TBK1 and other intermediates in the pathway (Konno et al., 2018; Xia et al., 2016a; Xia
et al., 2016b; Yang et al., 2013a). In this case, however, transfer of cGAMP from tumor cells to
neighbouring cells can bypass STING deficiency (Marcus et al., 2018). Cancer cells can counter
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this bypass mechanism by producing excess ENPP1, an extracellular enzyme that degrades
cGAMP, and has the additional effect of generating AMP in the process, which is converted into
immunosuppressive adenosine (Carozza et al., 2020; Li et al., 2021). Hence, ENPP1 expression
in cancer correlates with reduced infiltration of immune cells and increased metastasis, and
agents that inhibit ENPP1 are being tested for their capacity to promote antitumor immune
responses.

NK cell activity can be strongly amplified by activators of innate immunity, such as
pathogen associated molecular patterns (PAMPs). More recently, evidence has accumulated that
STING agonists, such as cyclic dinucleotides, are potent NK cell activators (Marcus et al., 2018;
McWhirter et al., 2009). In work which | contributed to, injection of STING agonists into tumors
mobilized powerful NK cell-mediated antitumor responses in six different MHC I-deficient
tumor transplant models in mice (Nicolai et al., 2020). One to three injections of the synthetic
STING agonist 2°3” RR-c-di-AMP into established subcutaneous tumors resulted in NK cell-
dependent tumor rejection and long-term survival of 50% or more of the mice in four of the six
models tested, most of which were solid tumor models. CD8* T cells played no role in these
antitumor responses. This study is one of several showing the potential for NK cells in the
therapeutic rejection of solid tumors (Ni et al., 2012; Nicolai et al., 2020; Wolf et al., 2022a).
Furthermore, the STING agonist induced potent systemic antitumor effects that impacted the
growth of tumors distant from the injection site. These findings suggest that activation of STING
locally is sufficient to engender powerful NK cell-dependent tumor rejection responses. The
results further suggest that the spontaneous activation of the STING pathway by tumor-derived
cGAMP (Marcus et al., 2018), mentioned previously in this review, provides relatively weak
activating signals that are insufficient for clearance of established tumors, perhaps because the
amount of cGAMP produced by tumors is limiting. Analysis of tumor rejection induced by a
STING agonist in one MHC I-deficient model demonstrated that the response was dependent on
type | interferon, which acted directly on NK cells but also indirectly on DCs, where it induced
IL-15-1L-15Ra complexes on the cell membrane (Nicolai et al., 2020).

As an alternative approach to circumvent the need for intratumoral injections and to
mimic aspects of clinical practice, hydrogels containing 2’3’ RR-c-di-AMP were implanted at
the site of primary tumor resections in MHC I* mouse models (Park et al., 2018). In a breast and
a lung adenocarcinoma model, this led to improved tumor-free survival compared to intratumoral
injections, via the action of both CD8* T cells and NK cells. This approach prevented local
tumor reoccurrences and induced systemic antitumor immunity.

Clinical trials with locally applied STING agonists showed that patients tolerated the
treatments, but little efficacy has been reported so far (Harrington et al., 2018; Meric-Bernstam
et al., 2019). Improvements are likely to be in store, as groups have developed orally available
STING agonists/mimetics that are effective in animal models (Chin et al., 2020; Pan et al.,
2020), and various combination therapies are being tested in conjunction with these and other
STING agonists.

IL-2 cytokine and superkines
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IL-2, originally described as a T cell growth factor, also stimulates NK cell activation and
proliferation. Culturing of peripheral blood lymphocytes (PBLs) with high dose IL-2 leads to the
outgrowth of lymphocyte activated killer (LAK) cells that lyse freshly isolated tumor cells, and
many of these LAK cells are NK cells (Rosenberg et al., 1985). Adoptive transfer of LAK cells
in combination with low-dose IL-2 injections has been shown to inhibit metastases formation in
vivo in a melanoma model in mice. High dose IL-2 immunotherapy resulted in long-term
survival of a small percentage of patients with metastatic renal carcinoma and metastatic
melanoma (Waldmann, 2006), which led to FDA approval of IL-2 for these indications. The
degree to which NK cells, as opposed to T cells, mediated these effects is not known. Moreover,
the low rate of efficacy and the high toxicity of high dose IL-2 therapy — with adverse events
including vascular leak syndrome, heart failure and liver damage (Rosenberg et al., 1987) — has
limited the utility of this approach in the clinic. Another problematic aspect of this approach is
that IL-2 administration selectively expands Treg cell populations, which may counteract the
beneficial effects of the therapy.

To optimize the efficacy of IL-2 as an immunotherapeutic agent, groups have modified or
engineered IL-2. One approach has been to extend the in vivo half-life of the molecule, which
can be accomplished by fusing cytokines to albumin (Zhu et al., 2015) or Fc domains of
antibodies, or by conjugation of polyethylene glycol (PEG) to the molecule (Charych et al.,
2016). A variant of IL-2, known as bempegaldesleukin (formerly NKTR-214), is a PEGylated
version of the molecule. In addition to extending the in vivo half-life of the protein, PEGylation
selectively masks the region of IL-2 that binds to IL-2Ra, making it an IL-2Rpy-biased cytokine
(Charych et al., 2016). Compared to IL-2 administration, bempegaldesleukin administration
resulted in the selective expansion of CD8* T cells and NK cells and a higher CD8* T cell:Treg
cell ratio. Bempegaldesleukin therapy showed better single agent efficacy than IL-2 against
transplanted melanoma tumors in mice. It provided synergistic antitumour activity in
combination with anti-CTLA4 in mouse tumour models, and was well-tolerated in non-human
primates, with no evidence of vascular leak syndrome, a common side effect of IL-2 therapy.
Bempegaldesleukin is well tolerated in patients (Bentebibel et al., 2019) and is currently being
tested in combination with nivolumab (a PD-1 inhibitor) in numerous Phase Il and I11 clinical
trials. However, recent results from Nektar’s Phase III clinical trial were disappointing (BMS
and Nektar).

Another powerful approach has been to engineer the molecule to alter its binding to I1L-2
receptor components. Native IL-2 binds with high affinity to IL-2Ra. (highly expressed by Treg
cells) and with low affinity to IL-2R[3, meaning that very high concentrations of IL-2 are
required to stimulate cells that lack IL-2Ra, which is the case for most NK cells and resting T
cells. A mutant form of IL-2 called super-2, or H9, was selected with five amino acid
substitutions that together increase the binding affinity to IL-2R by 200-fold (Levin et al.,
2012). Super-2 showed very potent activity in stimulating NK cells. Furthermore, compared to
IL-2, super-2 administration resulted in accumulation of fewer Treg cells, and lower toxicity,
despite the fact that super-2 retains its capacity to bind IL-2Ra.. Importantly, in syngeneic mouse
tumor models, super-2 showed better single agent efficacy against melanoma, colon carcinoma
and lung adenocarcinoma tumors than IL-2 (Levin et al., 2012).
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An important feature of super-2 is its potential ability to reverse or delay the previously
discussed desensitization of NK cells that occurs in tumors (Ardolino et al., 2014).
Administration of super-2 in mice with established MHC I-deficient tumors sustained tumor
control in an NK-dependent fashion. Future clinical studies will address whether super-2, or
similar superkines that do not bind at all to IL-2Ra. (Mullard, 2021; Silva et al., 2019; Wolf et
al., 2022a), provide benefit to cancer patients.

Dissertation question and overview

Great advances have been made in the immunotherapy field over the past decade, vastly
improving patient outcomes over that of traditional therapies (Kalbasi and Ribas, 2020; Sharma
et al., 2021). Many current cancer immunotherapies are targeted at mobilizing CD8 T cells, but
numerous tumors have few or no antigens for CD8 T cells, or have lost MHC | thereby evading
CD8 T cell responses. There is therefore a need to improve on these therapies by mobilizing
other immune cells to the tumor microenvironment, such as NK cells. A recent therapy
candidate, cyclic dinucleotide (CDN), has been used to activate the cGAS-STING pathway of
the innate immune system. Recently, it has been shown that intratumoral CDN injection can
induce primary tumor regression and that type | IFNs produced downstream of STING amplify
the CD8 T cell response. MHC I-deficient tumors are not susceptible to CD8 T cell-mediated
rejection, but data from our lab has shown STING activation resulted in remissions of >50% of
tumors in four of the six MHC I-deficient models studied. In two models, the rate of permanent
remissions was much lower: ~20% in the MC38-B2m-/- model and 0% in the B16-F10-B2m-/-
model (Nicolai et al., 2020). At the same time, early phase clinical trials of STING agonists in
patients have not yielded sustained clinical remissions (Harrington et al., 2018; Meric-Bernstam
et al., 2019), indicating a need for improvements in this immunotherapy approach.

My thesis focuses on boosting CDN therapy in MHC I-deficient and MHC I+ tumor
models through the addition of an engineered IL-2 superkine, H9-MSA, to enhance the antitumor
response of NK cells and T cells. In chapter 3 of this dissertation, I detail results showing that
engineered IL-2 family cytokines synergize with CDN therapy to mobilize anti-tumor responses
by NK cells and in some cases CD4 T cells in the rejection of MHC I-deficient tumor models. |
show in our B2m-/- tumor models that the anti-tumor responses are due, in part at least, to
sustained activation and cytotoxicity of NK cells. In chapter 4, | examine the role of T cells in
mediating tumor rejection after CDN/H9-MSA therapy in both MHC I-deficient and MHC 1+
tumor models. And finally, in chapter 5, | examine the addition of numerous therapies to the
CDN/H9-MSA combination treatment to try to enhance NK cell and T cell antitumor responses.
Overall, this work is significant in exploring the role of combination therapy to enhance the
responsiveness of NK cells and T cells to exert stronger antitumor activity.
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Chapter 2
Methodology
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Study Design

For most experiments in this study, tumors were established s.c. in mice, PBS or CDN
was injected i.t. once, and PBS or H9-MSA was injected i.p. multiple times. Tumor growth,
toxicity, overall survival, and NK cell activation status were recorded. Male and female mice
were used equally within an experiment, and treatments were randomized among mice in the
same cage. Experimental groups consisted of 5 to 10 mice. Mice were terminated in the studies
when tumors reached an average diameter of 1.5 cm or mice showed a body condition score of
less than 2. We did not use a power analysis to calculate sample size. All experiments were
performed at least twice and, in some cases, experiments were pooled. The investigators were
not blinded.

Mouse strains

Mice were maintained at the University of California, Berkeley. C57BL/6J and Rag2-/-
mice were purchased from the Jackson Laboratory. NK-DTA mice were generated in our
laboratory by breeding Ncr1'°™ to Rosa26-S-P™ (Jackson Labratories). All mice used were
between 8 and 20 weeks of age. All experiments were approved by the University of California
(UC) Berkeley Animal Care and Use Committee and were performed in adherence to the NIH
Guide for the Care and Use of Laboratory Animals (National Research Council Committee for
the Update of the Guide for the and Use of Laboratory, 2011).

Cell lines and culture conditions

B16-F10 cells (obtained from the UC Berkeley Cell Culture Facility) and MC38 cells,
obtained from JP Allison (M.D. Anderson Cancer Center, Houston TX, USA) were cultured in
Dulbecco’s modified Eagle’s medium (ThermoFisher Scientific). RMA cells (obtained from
Michael Bevan, who received it from Dr. K. Karre, Karolinska Institute, Stockholm, Sweden)
were cultured in RPMI 1640 medium (ThermoFisher Scientific). B2m-/- versions of B16-F10,
MC38 and RMA were previously generated in the lab using CRISPR-Cas9 (Nicolai et al., 2020).
In all cases, medium contained 5% fetal bovine serum (FBS) (Omega Scientific), 0.2 mg/mL
glutamine (Sigma-Aldrich), 100 U/mL penicillin (ThermoFisher Scientific), 100 mg/mL
streptomycin (ThermoFisher Scientific), 10 ng/mL gentamycin sulfate (ThermoFisher
Scientific), 50 uM B-mercaptoethanol (EMD Biosciences), and 20 mM Hepes (ThermoFisher
Scientific). Cells were cultured in 5% CO2. All cell lines tested negative for mycoplasma
contamination.

Protein Design and Purification

H9, H9-MSA and IL-2-MSA were purified by Dr Lora Picton in the laboratory of our
collaborator KC Garcia (Stanford University). DNA encoding wild-type human IL-2 or human
IL-2 with H9 mutations (L80F, R81D, L85V, 186V, 192F) (35) was cloned into the insect
expression vector pAcGP67-A, which includes a C-terminal 8xHIS tag for affinity
purification. DNA encoding mouse serum albumin (MSA) was purchased from Integrated DNA
Technologies (IDT) and cloned into pAcGP67-A as an N-terminal fusion between the N-
terminus of hlL-2 and C-terminus of MSA (indicated as IL-2-MSA or H9-MSA).
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Insect expression DNA constructs were transfected into Trichoplusia ni (High Five) cells
(Invitrogen) using the BaculoGold baculovirus expression system (BD Biosciences) for
secretion and purified from the clarified supernatant via Ni-NTA followed by size exclusion
chromatography with a Superdex-200 column and formulated in sterile Phosphate Buffer Saline
(PBS) (Gibco). Endotoxin was removed using the Proteus NoEndo HC Spin column kit
following the manufacturer’s recommendations (VivaProducts) and removal (to a final amount
of between 0.01-1.1 EU/mg of protein) was confirmed using the Pierce LAL Chromogenic
Endoxotin Quantification Kit (ThermoFisher). IL-2 proteins were concentrated and stored at -80
°C until use.

In vivo tumor transplant experiments

Cells were washed and resuspended in PBS (ThermoFisher Scientific). 100 ul containing
4 x 100 cells were injected s.c.. Tumor volume was estimated using the ellipsoid formula: V =
(4/3)rabc where a, b and ¢ correspond to height, width and length of the tumors measured with
digital calipers. Five days after tumor cell inoculation, when tumors reached a volume of 50
mm?3, they were injected i.t. with PBS or 50 pg of the STING agonist mixed-linkage [2'3'] dithio-
(Rp, Rp) cyclic diadenosine monophosphate (ADU-S100, abbreviated as CDN in this paper, a
gift of Aduro Biotech) in a total volume of 100 ul PBS. Mice were also injected i.p. with PBS,
20 ug of HY, 10 ug of IL-2-MSA or 10 pg H9-MSA in a total volume of 100 ul PBS, which was
repeated every three days (except for Fig. S1, where it was repeated every two days) until the
mice were euthanized or one week after a mouse had no palpable tumor. In some experiments,
after tumor cell inoculation, tumors were grown to either 150 mm?3, 300 mm3 or 450 mm? before
being treated with CDN/H9-MSA.

Bilateral tumor experiments

All mice were depleted of CD4 and CD8 T cells. Tumor cells were washed and
resuspended in PBS. 100 ul containing 4 x 10° cells were injected subcutaneously on the right
flank of the mice and 100 pl containing 2 x 10° were injected subcutaneously on the left flank of
the mice. Tumor growth was measured using digital calipers and tumor volume was estimated
using the ellipsoid formula: V = (4/3)rabc. Five days after tumor inoculation, when the right
flank tumors were ~50 to 100 mm?, the right flank tumors were injected intratumorally with PBS
or CDN and the mice were treated i.p. with H9-MSA or PBS as described above for single tumor
experiments.

Co-housing pet-store mice experiments

Female mice were purchased from a local pet store and tested in the facility for
pathogens. 7-week-old female C57BL/6J mice were purchased from Jackson Laboratory. Eight
C57BL/6J mice were combined with one pet store mouse in each rat cage and co-housed
together for 60 days. C57BL/6J mice were weighed every day for the first 10 days and then once
every week thereafter. Mice that exhibited >15% weight loss during the co-housing period or
displayed a body score less than 2 were terminated in the study. In our study, 14/40 mice
survived the co-housing period. After the 60-day co-housing period, the pet-store mice were
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euthanized and the C57BL/6J mice were injected with 4 x 106 cells MC38 B2m-/- cells s.c. as
described in the in vivo transplant experiment section.

Methylcholanthrene (MCA)-induced sarcoma experiments

Mice were injected subcutaneously on the right flank with 100 mg of 3-
methylcholanthrene (MCA) (Crescent Chemical) in peanut oil, after which they were monitored
weekly. When palpable tumors (~50 mm?) were detected, usually 8-10 weeks after MCA
injection, the mice were randomized and entered into the study. Tumors were injected i.t. with
PBS or 50 pg of CDN in a total volume of 100 ul PBS on days 0, 3, and 6, which was repeated
every 6 six days. Mice were also injected intraperitoneally with PBS or 10 ug H9-MSA in a total
volume of 100 pl PBS starting on day 0, which was repeated every three days

In vivo cellular depletions and cytokine blockade

For cellular depletion experiments, mice were depleted of NK cells, CD8 cells and/or
CD4 cells by i.p. injections of 200 ug of anti-NK1.1 (clone PK136, purified in our laboratory),
anti-CD8b.2 (clone 53-5.8, Leinco) or anti-CD4 (clone GK1.5, Leinco), respectively, 2 days and
1 day before initiation of therapy, and again every six days thereafter until mice were euthanized
or no palpable tumor was detected for one week. Whole rat immunoglobulin G (IgG; Jackson
ImmunoResearch) was used as a control for depletions. Depletions were confirmed by flow
cytometry.

In some experiments, mice received 500 ug of anti-IFNAR-1 (clone MAR1-5A3,
Leinco), 200 ug anti-TNF-a. (clone TN3-19.12, Leinco), 100 pg anti-GR-1 (clone RB6-8C5,
Leinco), 200 pg anti-Ly6G (clone 1A8, Leinco), 200 pg anti-1L-5 (clone TRFKS5, Leinco), 200
ul Clodronate Liposomes (Liposoma) or control rat IgG i.p. in a volume of 100 uL PBS i.p. on
days -1 and 0 before the initiation of therapy, and again every three days throughout the
experiment.

Additional therapies (Innate stimulants, cytokine therapy, and checkpoint blockade therapy

For the comparison of innate stimulants, mice were injected i.t. with PBS or 50 pg of
either CDN, CpG ODN DS-L03 (Invivogen), HMW Polyl:C (Invivogen) or R848 (Invivogen) in
a total volume of 100 ul PBS.

For additional cytokine therapy, mice received of 100 ng recombinant IL-12 (p70)
(Biolegend) and 100 ng recombinant IL-18 (Biolegend) each in a total volume of 100 uL PBS
I.p. starting on day 0 and repeated every 3 days.

For RAE-1¢ blockade, mice received 200 ng anti-RAE-1¢ (Innate Pharma) in a volume
of 100 uL PBS i.p., starting on day 0 and repeated every three days.

For checkpoint blockade, in addition to CDN and/or H9-MSA treatment, mice received
either 200 ug anti-CD137 (41BB, clone 3H3, Leinco), 200 ug anti-PD-1 (clone RMP1-14,
Leinco), 200 pg anti-CTLA4 (clone 9H10, Leinco), or 200 pg anti-TIGIT (either clone
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MUR10A from Arcus Biosciences or 1G9 from BioXCell) each in a volume of 100 ul PBS i.p.,
every three days. In the MCA experiments, some of the mice received a combination of anti-
TIGIT and anti-PD-1; in most of these mice, the anti-TIGIT treatment was staggered 1 day after
anti-PD-1 treatment, but in some cases the two antibodies were injected on the same day.

Oral drug delivery

In some experiments, tumor bearing mice received experimental drugs, AB928 and
TPST-1495, by oral administration. AB928 was formulated in a PEG:Solutol solution (provided
by Arcus Biosciences), which was kept in solution throughout dosing by stirring it at 420 RPM
on a heated stir plate at 40C. Mice were treated with 100 mg/kg of AB928 or PEG:Solutol
solution twice daily by oral gavage.

TPST-1495 (provided by Tempest Therapeutics) was resuspended to a final concentration
of 110 mg/mL in 0.5% 400cps methylcellulose by sonication and gentle heating. The solution
was stable at 4C for 15 days. Mice were treated with 100 mg/kg of TPST-1495 or 0.5% 400cps
methylcellulose twice daily by oral gavage.

Toxicity

To assess toxicity of therapies, tumors were established, and the baseline weights were
recorded just before therapies were initiated as described. Mouse weights were recorded daily.
Mice appearing to experience toxicity through a loss in body weight were assessed for a known
IL-2 toxicity, pulmonary edema. Pulmonary edema was determined by measuring lung wet
weight/body weight ratios six days after initiating treatment.

Flow cytometry

Single-cell suspensions of tumors were generated by dicing tumors with a razor blade
followed by enzymatic digestion for 30 minutes at 37C in medium containing 1 mg/mL
Collagenase D (Roche Diagnostics) and 1mg/mL DNase | (ThermoFisher Scientific). The
samples were further dissociated in a gentleMACS Dissociator (Miltenyi) before passage
through a 70-um filter. Cells were stained directly for determining NK cell numbers and Ki67
staining or incubated for 4 hours in medium containing Brefeldin A (Biolegend) and Monensin
(Biolegend) for granzyme B staining before surface staining and intracellular staining.
LIVE/DEAD stain (ThermoFisher Scientific) was used to exclude dead cells. Before staining
with antibodies, FcgRII/I1 receptors were blocked by resuspending the cells in 50 ul undiluted
culture supernatant of the 2.4G2 hybridoma cell line (prepared in the lab) and incubating for 20
minutes at 4C. Cells were washed in PBS containing 2.5% FCS and stained with antibodies
directly conjugated to fluorochromes for 30 minutes at 4C in the same buffer. For intracellular
staining of granzyme B and Ki67, cells were fixed and permeabilized using Cytofix/Cytoperm
buffer (BD Biosciences) and stained with antibodies directly conjugated to fluorochromes for 1hr
at RT in 1X Perm/Wash buffer (BD Biosciences). NK cells were gated as viable, CD45*, CD3,
CD19, F4/807, Ter119, NK1.1*, NKp46™ cells. Flow cytometry was performed using an
LSRFortessa or an LSRFortessa X-20 (BD Biosciences). Data were analyzed using FlowJo
software.
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Antibodies for flow cytometry

The following antibodies were used: From BioLegend we purchased anti-CD45 (30-F11,
Alexa Fluor 700) , anti-CD3¢ (145-2C11, APC-Cy7, PE-Cy5), anti-CD4 (GK1.5, BV421), anti-
CD8a. (53-6.7, BV650, BV605), anti-CD19 (6D5, PE-Cy5, BV605), anti-Ter119 (TER-119, PE-
Cyb), anti-F4/80 (BM8, PE-Cy5), anti-NKp46 (29A1.4, PerCP-Cy5.5), anti-NK1.1 (PK136,
BV711, FITC), anti-CD69 (H1.2F3, BV605), anti-Sca-1 (D7, BV510), anti-Ki67 (SolA15,
eFluor 450), anti-CD107a (1D4B, Alexa Fluor 647), anti-Thet (4B10, BV421), anti-FoxP3 (MF-
14, AF488), anti-IFN-y (XMGL1.2, PE), anti-TNFa. (MP6-XT22, APC), anti-IL-2 (JES6-5H4,
BV605), anti-TIGIT (1G9, PE-Cy7), anti-PD-1 (29F.1A12, BV711), anti-CD137 (17B5, APC).
From BD Biosciences we purchased anti-granzyme B (GB11, PE-CF594), anti-Bcl-6 (K112 91,
BV711), anti-RORyt (Q31-378, AF647) and anti-GATA3 (L50-823, PE-Cy7).

Ex vivo cytotoxicity assay

Cytotoxicity by splenocytes was assessed with a standard 5-hour 'Cr-release assay. 24
and 72 hours after treating mice with PBS, CDN (i.t.), H9-MSA (i.p.) or CDN/H9-MSA, spleens
were harvested and single cell suspensions were treated with ACK lysis buffer. The >'Cr-release
assay was performed as described (Nicolai et al, 2019) using B16-F10 B2m-/- cells as target
cells. For NK cell-depleted samples, mice were injected twice (2 days and 1 day before the
initiation of treatment) intraperitoneally with 200 ug of anti-NK1.1 (PK136) and spleens were
collected and treated as described above. Efficacies of cellular depletions were confirmed by
flow cytometry.

Generation of B16-F10 MHC 11 knockout cell line

Plasmids containing Cas9 and the Abl-targeting guide (SgRNA sequence:
TCGTATGCGCTGCGTCCCGT) were previously cloned in to PX458 following the ‘Zhang lab
general cloning protocol’ provided by the Zhang Laboratory at Massachusetts Institute of
Technology. To generate the Ab1 knockout cell line, the plasmids were transiently transfected
using Lipofectamine 2000 (ThermoFisher Scientific) into B16-F10 B2m-/- cells. After one week,
cells were transiently transfected with a plasmid containing CIITA-GFP (obtained from Dr.
Cheong-Hee Chang) to induce MHC I1 in order to enable MHC I1+ and MHC II- cells to be
distinguished by flow cytometry. Cells were staining for MHC 1l and sorted using a FACSAria
sorter for negative cells based on staining and GFP expression.

Tetramer staining of tumor specific CD4 T cells

Spleens of Naive or B2m-/- tumor-bearing mice were harvested six days after CDN, H9-
MSA, CDN/H9-MSA or PBS treatment. Single cell suspensions of spleens were made by
passage through a 40-um filter and were then and treated with ACK to lyse red blood cells.
Splenocytes were then stained in triplicate with a PE-conjugated MHC I1 I-AP tetramer
containing the MuLV 123-141 epitope EPLTSLTPRCNTAWNRLKL for RMA B2m-/- tumor-
bearing mice or Trpl 113-126 epitope CRPGWRGAACNQKI for B16-F10 B2m-/- tumor-
bearing mice. The tetramers were kindly provided by the Tetramer Core Facility at the National
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Institutes of Health. Tetramer staining was carried out in 100 ul RPMI medium for 3 hours at 37
degrees C in a round-bottom 96 well plate at a dilution of 1:400 for the MuLV tetramer or 1:200
for the Trpl tetramer. Tetramer-stained splenocytes were then stained with Live/Dead, 2.4G2,
and antibodies or reagents for surface markers and intracellular markers as described above.
Triplicate samples were pooled prior to running flow cytometry.

Peptide stimulation assay

Spleens of naive or tumor-bearing mice were harvested six days after CDN, H9-MSA,
CDN/H9-MSA or PBS treatment. Single cell suspensions of spleens were made by passage
through a 40-um filter and were then and treated with ACK to lyse red blood cells. Splenocytes
were then added in triplicate to a round-bottom 96 well plate in 100 ul RPMI media gp70 peptide
(DEPLTSLTPRCNTAWNRLKL, from Peptide 2.0) for RMA-B2m-/- tumor-bearing mice or
Trpl peptide (CRPGWRGAACNQKI, from Peptide 2.0) for B16-F10-B2m-/- tumor-bearing
mice at a concentration of 5 pg/ml. One hour later, Brefeldin A (Biolegend) and Monensin
(Biolegend) were added to the stimulation mix. 4 hours later, cells were stained with Live/Dead,
2.4G2, and surface markers as described above. Triplicate samples were pooled prior to running
flow cytometry.

Statistics

Statistics were performed using Prism (GraphPad). For tumor growth and survival data,
two-way analysis of variance (ANOVA) and log-rank (Mantel-Cox) tests were used. Two-way
ANOVA was used for cytotoxicity. For flow cytometry data in Chapter 3, single therapies were
compared to either control PBS or CDN/H9-MSA using one-way ANOVA followed by
Dunnett’s multiple comparisons. For the bar graphs in Chapter 4, the data was analyzed by 2-
tailed unpaired Student’s t-test. For flow cytometry data in Chapter 5, all therapies were
compared to control PBS using one-way ANOVA followed by Dunnett’s multiple comparisons.
Significance was indicated as follows: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Chapter 3
CDN and H9-MSA combination therapy enhance NK cell antitumor
responses from against MHC I-deficient tumors
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and Raulet, D.H. Synergistic effects of a STING agonist and an IL-2 superkine in cancer
immunotherapy against MHC I-deficient and MHC 1+ tumors. Proc Natl Acad Sci U S A, In
press (2022).”

Abstract

Cyclic dinucleotides (CDNs) and TLR ligands mobilize antitumor responses by NK cells
and T cells, potentially serving as complementary therapies to immune checkpoint therapy. In
the clinic thus far, however, CDN therapy has yielded mixed results, perhaps because it initiates
responses potently, but does not provide signals to sustain activation and proliferation of
activated cytotoxic lymphocytes. To improve efficacy, we combined CDNs with a half-life
extended IL-2 superkine, H9-MSA. CDN/H9-MSA therapy induced dramatic long-term
remissions of the most difficult-to-treat MHC I-deficient and MHC I* tumor transplant models.
H9-MSA combined with CpG oligonucleotide also induced potent responses. Mechanistically,
tumor elimination required CD8 T cells and not NK cells in the case of MHC I+ tumors, and NK
cells but not CD8 T cells in the case of MHC-deficient tumors. Furthermore, combination
therapy resulted in more prolonged and more intense NK cell activation, cytotoxicity and
expression of cytotoxic effector molecules in comparison to monotherapy. Remarkably, in a
primary autochthonous sarcoma model that is refractory to PD-1 checkpoint therapy, the
combination of CDN/H9-MSA combined with checkpoint therapy yielded long-term remissions
in the majority of the animals, mediated by T cells and NK cells. This novel combination therapy
has potential to activate responses in tumors resistant to current therapies and prevent MHC I-
loss accompanying acquired resistance of tumors to checkpoint therapy.

Significance statement

Immunotherapy provides long-term remissions in numerous types of cancer but is
ineffective in most tumors with poor immune cell infiltrates or lacking T cell epitopes or MHC |
molecules. Agents that activate the STING protein showed promise in several MHC 1+ and
MHC-deficient mouse tumor models in mice, where they induced powerful antitumor CD8+ T
cell and NK cell responses, respectively. They were less effective in numerous other tumor
models and yielded mixed results in the clinic in human patients. This report demonstrates strong
synergy between a STING agonist and an IL-2 superkine in effectively curing difficult-to-treat
MHC-deficient and MHC-positive tumor models in mice by mobilizing T cells and NK cells.
This combination therapy shows considerable promise for clinical application.

Introduction

Recent advances in immunotherapy have vastly improved patient outcomes (Kalbasi and
Ribas, 2020; Sharma et al., 2021). However, for most cancers the majority of patients do not
show clinical benefit. Most of the approved therapies are “checkpoint” therapies predicated on
amplifying CD8* T cell responses (Leach et al., 1996; Sharma et al., 2021). However, some
tumors lack many neoantigens for T cell recognition (Alexandrov et al., 2013; Yarchoan et al.,
2017), or acquire defects in antigen presentation or MHC | expression before or during therapy
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that confer resistance (Garrido and Algarra, 2001; Maleno et al., 2011; McGranahan et al., 2017,
Roemer et al., 2016; Sade-Feldman et al., 2017).

Natural Killer (NK) cells kill cancer cells (Bauer et al., 1999; Marcus et al., 2014; Raulet and
Guerra, 2009; Vivier et al., 2011) and amplify adaptive immune responses (Barry et al., 2018;
Bottcher et al., 2018; Kearney et al., 2018) by recognizing stressed-induced ligands (Jamieson et
al., 2002; Raulet et al., 2013) and/or the absence of MHC class | on tumor cells (Karlhofer et al.,
1992; Moretta and Moretta, 1997; Shifrin et al., 2014). Their capacity to kill MHC I-deficient
tumor cells, including those lacking neoantigens, suggests that mobilizing antitumor NK cells is
an attractive approach to counteract evasion of T cell responses.

The cyclic guanosine monophosphate-adenosine monophosphate synthase—stimulator of
interferon genes (CGAS-STING) innate immune sensing pathway has shown promise in
preclinical studies as a therapeutic target. The pathway is triggered by cytosolic DNA in
mammalian cells (Sun et al., 2013), but can also be potently activated by exposure of cells to
cyclic dinucleotides (CDNSs) such as 2°,3” cyclic guanosine monophosphate—adenosine
monophosphate (cGAMP), an intermediate in the pathway that enters the cytosol of cells, and
binds and activates the stimulator of interferon genes (STING) protein (Diner et al., 2013; Gao et
al., 2013; Wu et al., 2013). Activated STING in turn activates both IRF3 and NF-kB pathways,
leading to production of type | interferons and other inflammatory cytokines and chemokines
(Ishikawa and Barber, 2008). The same pathway is activated naturally, but probably quite
weakly, in many tumors due to the escape of nuclear or mitochondrial DNA to the cytosol in
cancer cells (Marcus et al., 2018; Woo et al., 2014).

Synthetic cyclic di-nucleotides (CDNSs) serve as potent STING agonists that, when injected
intratumorally or systemically, superactivate antitumor T cell responses (Corrales et al., 2015;
Sivick et al., 2018). Similarly, we recently demonstrated that intratumoral injections of CDNs
induce robust NK cell-mediated rejection of six different established MHC I-deficient murine
tumors, generated by CRISPR/Cas9 disruption of the B2m gene in each line (Nicolai et al.,
2020). The CDN injections induced high levels of type I IFN, which was essential for NK cell
activation, and acted directly on NK cells as well as indirectly by inducing trans-presentation of
IL-15 by DCs. We observed permanent remissions of >50% of tumors in four of the six MHC I-
deficient models studied. In two models, the rate of permanent remissions was much lower:
~20% in the MC38-B2m-/- model and 0% in the B16-F10-B2m-/- model (Nicolai et al., 2020).
At the same time, early phase clinical trials of STING agonists in patients have not yielded
sustained clinical remissions (Harrington et al., 2018; Meric-Bernstam et al., 2019), indicating a
need for improvements in this immunotherapy approach.

Superkines are an emerging category of immunotherapy agents that powerfully activate
immune cells. The superkine H9, also known as super-2, is a variant of I1L-2 that was selected to
bind with high affinity to the IL-2Rp/y complexes that NK cells express (Levin et al., 2012). H9
activates NK cells at much lower concentrations than 1L-2, and was shown to stimulate
antitumor responses in mouse tumor models with lower toxicity than IL-2 (Levin et al., 2012).
Furthermore, H9 administration reversed or delayed the onset of NK cell desensitization and
prolonged the survival of mice with MHC I-deficient tumors, in an NK cell-dependent fashion
(Ardolino and Raulet, 2016). Because STING agonists provide a potent initial stimulus for NK
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cell responses but may not provide continual cytokine production to sustain the responses, we
evaluated the combination of a STING agonist with repeated administrations of the H9 superkine
to sustain effective NK cell responses against cancer. The results demonstrate remarkable
efficacy of this combination therapy in MHC I-deficient tumor models.

Results

Half-life extended IL-2 superkine, H9, synergized with CDNs to induce rejection of MHC class I-
deficient tumors

Injections of the STING agonist ADU-S100 (mixed-linkage [2'3"] dithio-(Rp, Rp) cyclic
diadenosine monophosphate, hereafter referred to as CDN) intratumorally resulted in long-term
tumor regressions in the majority of animals in four of six MHC I-deficient (B2m-/-) tumor
models previously tested. Poor efficacy was observed in two models, the B16-F10-B2m-/-
melanoma model (no long-term survivors) and the MC38-B2m-/- colorectal cancer model (~20%
long-term survivors). In order to sustain the initial response in difficult to treat models, we
combined CDN therapy with administration of the H9 superkine. Like IL-2, H9 has a short half-
life in vivo. To extend the half-life and reduce toxicity due to high dose administration, H9 was
fused to mouse serum albumin (Zhu et al., 2015) to create H9-MSA. Monotherapy with repeated
doses of 5 ug or 20 ug H9-MSA slowed tumor growth and extended survival of the tumor
bearing mice to a similar extent, resulting in long term survival of ~20% of the animals. In
contrast, H9 by itself had no significant antitumor activity (Figure 3.1A).

In the same tumor model, a single i.t. injection of CDN also slowed tumor growth, but
combining CDN with 10 ug or 20 ug doses of H9-MSA provided dramatically improved
outcomes, resulting in long-term (>100 d) tumor-free survival in 75-85% of the mice (Figure
3.1A, Figure 3.2A, Figure 3.2B, Figure 3.3A). CDN combined with H9 (lacking MSA) was less
efficacious, and CDN combined with IL-2 was little better than CDN alone (Figure 3.1C).

The CDN/H9-MSA combination was even more effective in the MC38-B2m-/- model,
resulting in long-term tumor-free remissions in 100% of the animals (Figure 3.2C, Figure 3.3B).
Treatments with CDN or H9-MSA alone were much less effective (Figure 3.2C, Figure 3.3B).
Thus, the combination of STING agonist and half-life extended H9 superkine was extremely
effective in eliminating tumors in two very difficult-to-treat MHC I-deficient murine cancer
models.

The combination of CDNs (one treatment) and 10 ug H9-MSA (every two days) resulted
in modest weight loss and a minor increase in the lung/body weight ratio, a metric for pulmonary
edema, a known side effect of IL-2 therapy (Conant et al., 1989) (Figure 3.4A-C). Greater weight
loss and pulmonary edema were associated with the 20 pug dose of H9-MSA by itself. CDNs
alone had the least toxicity in all tests performed, corresponding to transient weight loss that in a
separate experiment was maximal on day 1. Administering 10 ug H9-MSA every three days
further minimized toxicity while maintaining efficacy, and we employed that dose and schedule
for most of the experiments in this study.
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Figure 3.1 Synergistic impact of H9 or H9-MSA administration and CDN therapy on

tumor rejection. B16-F10-B2m-/- tumor cells were implanted s.c.in C57BL/6J mice on day -

5 and grown to approximately 50 mm3. On d0, tumors were injected once intratumorally with
50 ug CDN or PBS, and/or i.p. with the indicated cytokines or PBS. The cytokine or PBS
injections were repeated every two days until mice were euthanized or until 1 week after a
mouse completely cleared a tumor. Tumor growth curves and survival data are shown. (A)
Half-life extended H9 (H9-MSA) showed significant antitumor effects as a monotherapy,
even with a lower administered dose (5 ug). (B) Dose titration of H9-MSA in combination
with CDN therapy, showing that doses >5 ug were necessary for optimal combination
therapy effects. (C) When combined with CDN therapy, H9 administration, but not IL-2
administration, resulted in improved antitumor effects including long term survival of a

significant percentage of the animals. (D) CDN monotherapy, but not monotherapy with 1L-2

or H9, delayed tumor growth. The data in panels A-C were from one large experiment.
Tumor growth data were analyzed by 2-way ANOVA. Survival data were analyzed using



log-rank (Mantel-Cox) tests. The data in all panels are representative of two independent
experiments. N=6-7 mice per group. Error bars represent standard error of the mean (SEM).
*P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3.2. Cell types mediating rejection of MHC I-deficient tumors induced by CDN
combined with IL-2 superkine, H9-MSA. (A) Timeline. Tumor cells were implanted s.c. in
C57BL/6J mice and grown to approximately 50 mm? (day 0). Tumors were injected once i.t.
with 50 pug of CDN or PBS. Mice were also injected i.p. with 10 ng H9-MSA or PBS on day
0. The cytokine or PBS injections were repeated every three days until euthanization or 1
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week after tumor clearance. (B, C) Tumor growth curves and survival of mice with B16-F10-
B2m-/- (B) and MC38-B2m-/- (C) tumors. (D) Timeline for cellular depletions. Tumors were
established and treated as in (A), except groups of mice were depleted of NK cells, CD8 T
cells and/or CD4 T cells, or injected with control IgG. (E) Tumor growth curves and survival
of mice with B16-F10-B2m-/- (left) and MC38-B2m-/- (right) tumors. Tumor growth data
was analyzed by 2-way ANOVA. Survival data was analyzed using log-rank (Mantel-Cox)
tests. The data in all panels are representative at least two independent experiments. N=7-10
mice per group. Error bars represent standard error of the mean (SEM). *P< 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.

A B16-F10 B2m--
£1000 ‘£1000+ E1000-
£ cON £ £
§ 8004 PBS § 800 PBS H9-MSA é 8004 PBS
3 3 3
s 600-] s 6001 s 600
S 4004Rx 5 4004 5 400drx CDN/H9-MSA
5] ] 3
S S S
5 200 l 5 2004 5 2001 l
E n = 1/10 on axis n = 8/10 on axis
£ o+ F o+ £ o+
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Day Day Day
B MC38 B2m-/-
E1000 £ 1000 E 1000+
g PBS £ s
g 8007 g 8009 PBS; howsa £ sooq  PBS
3 g B!
o 6009 < 600 S 600
£ £ £
3 4004 3 400Rx S 400{Rx
S S S
5 200 S 2004 l 2 2004 l CDN/H9-MSA
£ n = 1/6 on axis E n=15onaxis & n = 6/6 on axis
= 0- = o+ T T T T 1 04
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Day Day Day
C B16-F10 B2m-/-
a0 PBS CDN/H9-MSA = PBS  CDN/H9-MSA =a00- PBS a0 PBS  CDN/H9-MSA PR PBS  CDN/HO-MSA
g800 0 depletion £800 NK depl. £ 800 g 800 CD8 depl g800 NK/CDA4/CDS depl.
) o Q Qo o
5 600 5 600 5 600 S 6004 k-]
3 2 3 ! s
£ 400 £ 400 £ 200 £ 400 g
=] 3 Rx 3 Rx 3 3
3 3 3 5] 3
Z 200 2 2004 l Z 200 l 2 2004 z
5 5 5 5 5
£ g g 5 5
£ o+ F o r —r — F 0 r r r r ) P o+ F 04
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Day Day Day Day Day
D MC38 B2m-- CDN/HI-MSA
£800- PBS 2800+ PBS CDNHOMSA  gggp PBS 800 PBS £8004 PBS NK/CDA4/CDS depl
£ £ NK depl £ £ £
Q Qo o o o
2 600 2 600 S 6004 5 6004 5 600
> 5 s s CDN/HO-MSA <
£ 400 £ 200 2 400 £ 400 D8 depl £ 400
E Rx E Rx E Rx H Rx P 5 Rx
] CDN/H9-MSA S S g S
5 200 l o depletion 5 200 l 5 200 l 5 200 5 200 l
1 =5/5 on axis n = 5/5 on axis
£ o+ P o+ T T T P 0T T ¥ T 1 £ o+ £ o+
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Day Day Day Day Day

Figure 3.3. Spider plots showing growth of individual tumors from Figure 3.2. (A, C)
B16-F10-B2m-/- tumors (B, D) MC38-B2m-/- tumors. (A, B) impact of combination therapy
vs monotherapies. (C, D) Impact of cellular depletions on the efficacy of CDN/H9-MSA
combination therapy.
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Figure 3.4. Toxicity associated with H9-MSA or combination therapy. Tumors were
generated and mice received therapy as described in Figure 3.1, legend. Mice were weighed
on the indicated days after initiating therapy (d0). In a separated experiment, lungs were
harvested on day 6, and wet weights were determined. (A) Percentages of dO body weights
over time. (B) Lung weight (grams) on day 6. (C) The lung/body weight ratio, a measure of
pulmonary edema, is shown for each mouse on day 6. Each analysis was confirmed in a
repeat experiment. Error bars represent standard error of the mean (SEM).
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Figure 3.5. Verification of in vivo cellular depletions. (A) Successful T cell and NK cell
depletion protocols. As described in Methods, mice were treated on days -2 and -1 with
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compared to contemporaneous controls. Error bars represent standard error of the mean
(SEM).
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Rejection of MHC I-deficient tumors induced by CDN/H9-MSA therapy was NK cell-dependent
and CD8 T cell-independent

In the MC38-B2m-/- model, depleting either CD4+ or CD8p+ cells starting after tumors
were established but just before therapy was initiated (Figure 3.2D, Figure 3.5) did not
significantly diminish efficacy, whereas depleting NK cells alone greatly diminished therapeutic
efficacy, resulting in terminal morbidity of all the animals (Figure 3.2E, Figure 3.3D). Depleting
all three types of lymphocytes had no greater effect than depleting NK cells. Therefore, NK cells,
and not CD4 or CD8 T cells, mediate tumor rejection.

In the B16-F10-B2m-/- model, depleting CD8 T cells had no effect, but depleting either
NK cells or CD4 T cells diminished therapeutic efficacy (Figure 3.2E, Figure 3.3C). Depleting
all three populations had an even greater effect, suggesting that combination therapy separately
mobilized both antitumor NK cells and antitumor CD4 T cells, and that each acted to some
extent independently. Antitumor CD4 T cells were previously implicated as antitumor effector
cells in studies of wild type B16 tumors (Quezada et al., 2010; Tay et al., 2021).

To address whether nonconventional T cells or B cells were necessary for tumor
rejection, we tested the combination therapy in tumor-bearing B6-Rag2-/- mice, which lack all T
cells (including NK1.1* T cells) and B cells but retain NK cells. In both tumor models, CDN and
H9-MSA were more potent in combination than separately in the B6-Rag2-/- mice (Figure 3.6).
In the MC38-B2m-/- model, the combination therapy was as effective in Rag2-/- mice as in WT
mice, resulting in 100% survival of the mice (Figure 3.6A, C, Figure 3.7A). As before, NK-
depletion greatly diminished efficacy, resulting in 100% mortality. In the B16-F10-B2m-/-
model, combination therapy only delayed tumor growth in Rag2-/- mice, and 100% of the
animals eventually succumbed (Figure 3.6B, D, Figure 3.7B). This finding is consistent with the
data showing that CD4 cell depletion greatly diminished the rejection of these tumor cells in WT
mice (Figure 3.2B). NK depletion in Rag2-/- mice accelerated tumor growth, as expected. Thus,
combination therapy mobilized a fully effective antitumor NK response against MC38-B2m-/-
tumors, with no discernable role for conventional or nonconventional T cells. In contrast, both
antitumor NK cells and antitumor CD4 T cells participated in rejecting B16-B2m-/- tumors in
WT mice, albeit to a significant extent independently. Separately, each effector cell type delayed
tumor growth but did not eliminate the tumors, but together they eliminated the tumors in most
animals. There was no indication of a role for nonconventional T cells in elimination of B16-
B2m-/- tumor cells, since the defect in tumor rejection in Rag2-/- mice was similar to the defect
in WT mice depleted of CD4 T cells. CD8 T cells played no discernable role in either response.

Some delay in tumor growth was still evident after depleting all three lymphocyte
populations in both tumor models (Figure 3.2) and in the Rag2-/- tumor models following NK
cell depletion (Figure 3.6). This delay was partially prevented by simultaneously blocking TNF-
o and type | interferon receptors (IFNAR-1) (Figure 3.8A), suggesting that these cytokines
impeded tumor growth independently of CD4, CD8 and NK cells after CDN/H9-MSA therapy,
consistent with published reports (Francica et al., 2018; Nicolai et al., 2020; Sivick et al., 2018).
Blocking either TNF-a and type | interferon receptors separately (Figure 3.8B) also showed a
significant increase in tumor growth indicating that these cytokines each played a separate, if
minor, role in impeding tumor growth. However, some slowing of tumor growth was still
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apparent when blocking both cytokines in the absence of T cells and NK cells, suggesting that an
unidentified mechanism also plays a role.
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Figure 3.6. NK cell dependent rejection of MHC I-deficient tumors induced by
CDN/H9-MSA treatment in Rag2-/- mice. MC38-B2m-/- (A, C) and B16-F10-B2m-/- (B,
D) tumors were established as in Figure 3.2 legend in Rag2-/- mice, and subjected to therapy
as indicated. (A, B) Combination therapy was more effective than monotherapies in both
tumor models. (C, D) The therapeutic effects were decreased by NK-depletion in both
models. Tumor growth data were analyzed by 2-way ANOVA. Survival data were analyzed
using log-rank (Mantel-Cox) tests. The data in all panels were representative of at least two
independent experiments. n=9-12 mice per group. Error bars represent standard error of the
mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3.7. Spider plots showing growth of individual tumors from Figure 3.6. (A)
Rag2-/- mice with MC38-B2m-/- tumors. (B) Rag 2-/- mice with B16-F10-B2m-/- tumors.
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Figure 3.8. Blockade of TNF-a and IFNAR-1 partially reverses the tumor growth delay
imparted by CDN/H9-MSA administration in mice depleted of T cells and NK cells.
B16-F10-B2m-/- tumors were generated and mice received therapy as described in Figure 3.2
legend. Mice were depleted of NK cells, CD4 T cells and CD8 T cells i.p. on days -2 and -1
before the initiation of therapy and repeated every 6 days. Additionally, mice received anti-
IFNAR-1 and/or anti-TNF-a i.p. on day -1 and day O before the initiation of therapy and
again every three days. (A) Blockade of TNF-a and IFNAR-1 or (B) blockade of TNF-a or
IFNAR-1 led to more rapid tumor growth in the NK/T cell depleted animals. Tumor growth
data were analyzed by 2-way ANOVA. The data in all panels are a combination of 2
experiments. n=10-11 mice per group. Panel A and B are from the same experiments but
separated for clarity. Error bars represent standard error of the mean (SEM). *P< 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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H9-MSA was more effective than WT IL-2-MSA in combination with CDNs

We next directly compared H9-MSA to WT IL-2-MSA in the context of the combination
therapy in WT mice with established B16-B2m-/- tumors. The mice were depleted of CD4 and
CD8 T cells before the initiation of therapy to narrow the analysis to the effects of NK cells. The
CDN/H9-MSA combination was again more effective than CDN or H9-MSA alone (Figure
3.9A, Figure 3.10). The CDN/IL-2-MSA combination, in contrast, was only slightly more
effective than CDN or IL-2-MSA alone (Figure 3.9B). In the head-to-head comparison, the
CDN/H9-MSA combination was more effective than the CDN/IL-2-MSA combination, both in
terms of delaying tumor growth and delaying terminal morbidity (Figure 3.9C). Therefore, H9-
MSA is more effective than IL-2-MSA in activating NK cells against B16-B2m-/- tumors.
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Figure 3.9. Greater efficacy of H9-MSA compared to IL-2-MSA in mice lacking CD4
and CD8 T cells. B16-F10-B2m-/- tumors were established as in Figure 3.2 legend in
C57BL/6J mice. In all panels, the mice were depleted of both CD4 and CD8 T cells before
initiating therapy. (A-C) Comparisons of the effects of CDN, H9-MSA and IL-2-MSA
separately (A, B) or in combinations (CDN/IL-2-MSA vs CDN/H9-MSA) (A-C) using the
schedule shown in Fig. 1, one dose of 50 ug of CDN and 10 ug doses of H9-MSA or IL-2-
MSA. Curves in A-C were all from the same experiment. Tumor growth data were analyzed
by 2-way ANOVA. Survival data were analyzed using log-rank (Mantel-Cox) test. The data
in all panels are representative at least two independent experiments. n=9-20 mice per group.
Error bars represent standard error of the mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001,
****P < (0.0001.
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Figure 3.10. Spider plots showing growth of individual tumors from Figure 3.9. Spider
plots for comparison of IL-2-MSA and H9-MSA treatments.
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A distinct innate activator, CpG oligonucleotide, synergized with H9-MSA in providing
antitumor efficacy

To address if H9-MSA would synergize with various innate agonists, we compared TLR
agonists including CpG oligodeoxynucleotides (ODN), Polyl:C and R848, in addition to CDN,
for inducing a potent antitumor response against MHC I-deficient tumors. These TLR agonists,
like CDN, induce the production of interferons and other cytokines downstream of IRF3 and
NK-kB. We tested the therapy combinations in mice that had been depleted of CD4 and CD8 T
cells in order to evaluate their efficacy in activating antitumor NK cell responses. Similar to our
findings with CDN (Figure 3.11A, Figure 3.12), combining H9-MSA (i.p.) with CpG ODN
(administered once, i.t.) resulted in delayed tumor growth and extended survival (Figure 3.11B).
CpG ODN DS-L03, is a TLR9 agonist optimized to stimulate high levels of type I IFN (Yang et
al., 2013b). Intratumoral treatments with R848 (Figure 5.11C) and Polyl:C (Figure 5.11D) did
not show synergy with H9-MSA, though it remains possible that alternative doses could have
activity. These findings indicated that at least two IFN-inducing innate agonists, CDN and CpG
ODN, showed synergistic effects with H9-MSA. However, CDN combined with H9-MSA was
the more potent combination.
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Figure 3.11. Comparison of innate agonists separately or in combination with H9-MSA.
B16-F10 B2m-/- tumor cells were implanted s.c. in C57BL/6J mice on day -5 and grown to
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Tumor volume (cubic mm)

approximately 50 mm3. On dO0, tumors were injected once intratumorally with 50 pg
indicated innate agonist or PBS, and/or i.p. with 10 ug of H9-MSA or PBS. The cytokine or
PBS injections were repeated every two days until mice were euthanized or until 1 week after
a mouse completely cleared a tumor. In all panels, the mice were depleted of both CD4 and
CD8 T cells before initiating therapy. (A-D) Comparison of the effects of (A) CDN, (B) CpG
ODN, (C) R848 and (D) Polyl:C separately or in combination with H9-MSA.. Graphs are all
from the same experiment. Tumor growth data were analyzed by 2-way ANOVA. Survival
data were analyzed using log-rank (Mantel-Cox) tests. The data in all panels are
representative at least two independent experiments. n=5-7 mice per group. Error bars
represent standard error of the mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001.
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Figure 3.12. Spider plots showing growth of individual tumors from Figure 3.11. Spider
plots for comparison of H9-MSA, CDN, CpG ODN, R848 and Polyl:C treatments.
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Local CDNs and systemic H9-MSA synergized in creating a systemic NK cell mediated
antitumor effect

To address whether CDN/H9-MSA therapy induces a systemic NK cell effect with the
potential to reject metastases, we established a bilateral tumor model system. B16-F10-B2m-/-
tumors were established on both flanks of syngeneic mice (Figure 3.13A). In order to focus on
the NK-mediated effect, all the mice were depleted of CD4 and CD8 T cells before the start of
treatment. Tumors on the right flank of each mouse were injected with either PBS or CDN. H9-
MSA or PBS was then delivered intraperitoneally. As before, combination therapy was more
effective than the single therapies in the CDN-injected tumors (Figure 3.13B, Figure 3.14A).
Remarkably, the same was true in the contralateral tumors that were not injected with CDNs,
corroborating that local CDN therapy by itself exerted a systemic effect (Nicolai et al., 2020),
and demonstrating that CDNs synergized with H9-MSA in mobilizing greater systemic
antitumor effects (Figure 3.13B, Figure 3.14A). Depletion of NK cells diminished the efficacy of
combination therapy similarly in both the injected tumor and the uninjected tumor (Figure 3.13C,
Figure 3.14). As these mice were depleted of CD4 and CD8 T cells, the data implicated NK cells
as major antitumor effectors both locally and in the distant tumor. Some delay in tumor growth
in both tumors was still evident after simultaneous depletion of NK cells, CD4 and CD8 cells.
Part of the residual effects of therapy in these conditions may be due to systemic TNF and IFN,
based on the findings within single tumor experiments (Figure 3.8).
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Figure 3.13. Intratumoral CDN injections combined with intraperitoneal H9-MSA
injections synergized in creating a systemic NK cell-mediated antitumor effect. (A)
Timeline of the bilateral tumor experiments. On day -5, B16-F10-B2m-/- tumor cells were
injected s.c. on both flanks of C57BL/6J mice. Mice were depleted of CD4 cells and CD8
cells 2 days and 1 day before initiation of treatment. On day 0, right flank tumor was injected
once i.t. with 50 ug CDN or PBS. The mice received i.p. injections of PBS or 10 ug H9-
MSA starting on day 0. The cytokine or PBS injections were repeated every three days until
mice were euthanized. (B) Growth of injected (left panel) vs contralateral uninjected tumors
(right panel) receiving the indicated therapies. The data were combined from 3 experiments
(n=18). (C) Tumor growth following CDN/H9-MSA therapy in mice from which NK cells
were depleted or not (with the treatment schedule shown in panel A) as indicated. The data
were combined from 2 experiments (n=12). Tumor growth data were analyzed by 2-way
ANOVA. Error bars represent standard error of the mean (SEM). *P< 0.05, **P < 0.01, ***P
< 0.001, ****p < 0.0001.
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CDN/H9-MSA combination therapy mobilized more activated intratumoral NK cells with greater
functional activity

To address the mechanisms underlying the synergy of CDN and H9-MSA in induction of
antitumor NK cell responses, we employed the bilateral tumor system, and examined markers of
activation on NK cells infiltrating both tumors 2 days and 5 days after treatment. The
percentages of granzyme B+ NK cells in the tumors, and the levels of granzyme B per cell (mean
fluorescence intensity of staining), were significantly elevated in mice treated with CDN/H9-
MSA compared to mice treated with CDN alone (on day 5 for both injected or uninjected
tumors), or compared to mice treated with H9-MSA alone (the levels of granzyme B/cell on day
2 for uninjected tumors and on day 5 for injected tumors) (Figure 3.15A, B, Figure 3.16, Figure
3.17). The percentages of CD69+ NK cells in the tumors were significantly elevated in mice
treated with CDN/H9-MSA compared to mice treated with CDN alone (on day 5, and in
uninjected tumors on day 2), or compared to mice treated with H9-MSA alone (on day 2) (Figure
3.15A, B, Figure 3.16, Figure 3.17). The percentages of NK cells expressing the activation
marker Scal were also elevated in mice receiving combination therapy compared to mice
receiving CDN therapy, and in uninjected tumors compared to mice receiving H9-MSA therapy
(Figure 3.18A, B). On day 2, the percentages of NK cells among CD45+ cells were elevated in
uninjected tumors in mice receiving combination therapy compared to mice receiving CDN
therapy (Figure 3.15A, B, Figure 3.16, Figure 3.17). Overall, the combination therapy elicited
NK cells showing higher levels of activation or granzyme B expression than did the individual
therapies.

The greater activity of NK cells after combination therapy was evident when cytotoxic
activity of splenic NK cells was tested ex vivo, despite there being no significant increase in NK
cell numbers in the spleen (Figure 3.19). The lysis of B16-F10-B2m-/- tumor cells by splenic NK
cells was highly elevated 24 or 72 hours after initiating treatment with the combination therapy,
and was more sustained compared to separate treatments with CDN or H9-MSA (Figure 3.15C).
NK depletion abrogated killing as expected (Figure 3.15D). In parallel, the percentages of
splenic NK cells showing elevated granzyme B, CD69 or Scal were significantly elevated in
mice two days after receiving the combination therapy compared to mice receiving the separate
therapies (Figure 3.18C, D). These data demonstrated that the combination therapy had multiple
impacts, maximizing NK cell activation and content of cytotoxic effector molecules (granzyme
B), as well as cytotoxicity, and prolonging the NK response compared to each therapy
separately.
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Figure 3.15. Activation, proliferation and cytotoxicity of NK cells in tumor bearing mice
receiving CDN/H9-MSA immunotherapy. B16-F10-B2m-/- tumors were established on
both flanks of C57BL/6J mice as in Figure 3.13. On d5 (A) or d2 (B) single cell suspensions
of both tumors were examined for the intracellular or cell surface markers shown and the
percentages of NK cells among viable CD45+ cells. n=3. GzmB MFI data are representative
of at least 2 independent experiments (n=3) and all other data were combined from 2
independent experiments (n=6). Samples were analyzed by one-way ANOVA. (C) B16-F10-
B2m-/- tumors were established and treated as described in Figure 3.13. 24 hr and 72 hr after
treatment, splenocytes were tested for cytotoxicity of B16-F10-B2m-/- target cells.
Spontaneous lysis of these target cells averaged 11%. Error bars are shown for biological
replicates (n=8). (D) B16-F10-B2m-/- tumors were established, treated and tested as in panel
C, 72 hrs after initiating H9-MSA therapy or combination therapy, as indicated. Additionally,
mice in one group receiving each therapy were depleted of NK cells. n=8 biological
replicates. Data in panels C and D were combined from 2 independent experiments and were
analyzed by 2-way ANOVA. n=8. Error bars represent standard error of the mean (SEM).
*P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3.16. Representative gating strategies for flow cytometry data in Figure 3.13A.
NK cells were gated as viable, CD45", CD3", CD19-, F4/807, Ter119-, NK1.1*, NKp46* cells.
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Figure 3.17. Representative gating strategies for flow cytometry data in Figure 3.13B.
NK cells were gated as viable, CD45%, CD3-, CD19-, F4/80", Ter119-, NK1.1*, NKp46* cells.
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Figure 3.18. Induction of NK cell activation markers by CDN/H9-MSA treatments in
tumors and spleens of mice. B16-F10-B2m-/- tumors were established on both flanks of
C57BL/6J mice, treated and analyzed as in Figure 3.13. On d5 (A) or d2 (B) after initiating
therapy, single cell suspension of both tumors were examined for Scal and Ki67 expression
on NK cells in both injected and uninjected tumors. Splenocytes on d5 (C) or d2 (D) were
examined for intracellular or cell surface markers on NK cells after CDN/H9-MSA
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treatment. NK cells were gated as viable, CD45*, CD3, CD19, F4/80", Ter119, NK1.17,
NKp46* cells. GzmB MFI data are representative of at least 2 independent experiments (n=3)
and all other data were combined from 2 independent experiments (n=6). Samples were
analyzed by one-way ANOVA. Error bars represent standard error of the mean (SEM). *P<
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3.19. NK cell percentages and numbers in the spleen after CDN/H9-MSA
treatment. NK cells were gated as viable, CD45%, CD3", CD19-, F4/80, Ter119, NK1.1*
cells. (A) Percentage of NK cells in the spleen. (B) Total number of NK cells in the spleen.
Error bars represent standard error of the mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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CDN/H9-MSA combination therapy effectively treats tumors in mice with a complex microbiota

As new information about the microbiome is reported, it has become clear the efficacy of
various therapies including checkpoint blockade is greatly influenced by the microbiota
(Gopalakrishnan et al., 2018). To determine if changes in the microbiota would alter the efficacy
of CDN/H9-MSA combination therapy, we turned to the “pet store mouse model” developed at
the University of Minnesota. By co-housing C57BL/6J mice with mice from pet stores, the
C57BL/6J mice take on a more complex microbiota and in turn, their immune systems better
resemble an adult human (Beura et al., 2016). Using this system, we were able to test the
combination of CDN/H9-MSA in treating MC38-B2m-/- tumors in co-housed animals versus
specific pathogen free (SPF) animals. Tumors treated with the vehicle PBS grew significantly
slower in co-housed mice than in SPF mice, but survival was not increased (Figure 3.20B, Figure
3.21). Co-housed mice treated with CDN or CDN/H9-MSA showed no difference in tumor
growth or survival compared to SPF mice (Figure 3.20C, D). CDN and CDN/H9-MSA treatment
in both SPF and co-housed mouse reduced tumor growth to a similar extent (Figure 3.20E).
Overall, the CDN/H9-MSA combination therapy exhibited strong synergy against MHC |-
deficient tumors in mice with a complex microbiota and immune system.
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Figure 3.20. Co-housed mice with a complex microbiota exhibit synergy of CDN/H9-
MSA therapy in treating MHC I-deficient tumors. (A) Timeline. C57BL/6J female mice
and female pet-store were co-housed together for 60 days after which tumor cells were
implanted s.c. in C57BL/6J mice and grown to approximately 50 mm? (day 0). Tumors were
injected once i.t. with 50 ug of CDN or PBS. Mice were also injected i.p. with 10 ug H9-
MSA or PBS on day 0. The cytokine or PBS injections were repeated every three days until
euthanization or 1 week after tumor clearance. (B, C, D) Tumor growth curves and survival
of mice treated with PBS (B), CDN (C) or CDN/H9-MSA (D). (E) Tumor growth curves and
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survival of SPF mice (left) or co-housed mice (right) with various treatments. Tumor growth
data was analyzed by 2-way ANOVA. Survival data was analyzed using log-rank (Mantel-
Cox) tests. n=5-7 mice per group. All panels are from the same experiment. This experiment
was only carried out once, so the results must be considered preliminary. Error bars represent
standard error of the mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Figure 3.21. Spider plots showing growth of individual tumors from Figure 3.20. Spider
plots for comparison of treated animals
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CDN synergized with H9-MSA to induce regression of large MC38-B2m-/- tumors, but failed to
cure mice

Mice bearing MC38-B2m-/- tumors treated with the CDN/H9-MSA combination therapy
completely rejected their tumors when therapy was initiated when tumors were at a volume of 50
mm? (Figure 3.2). Because tumors can vary greatly in size at the time of patient diagnosis, we
tested the efficacy of CDN/H9-MSA therapy when it was initiated with progressively larger
tumors. Mice were injected s.c. with MC38-B2m-/- tumors and therapy was initiated when
tumors reached volumes of 50 mm?3, 150 mm3, 300 mm? or 450 mm?3 (Figure 3.22). All of the
mice with the smallest tumors, 50 mm?3, completely rejected their tumors when treated with
CDN/H9-MSA. In contrast, in mice with medium-sized (150 mm? or 300 mmq) or large (450
mm?3) tumors, the CDN/H9-MSA combination therapy caused a substantial and significant delay
in tumor growth, but all of the tumors eventually grew out. Of note, the CDN/H9-MSA
treatments did cause an initial massive debulking of the medium- and large-sized tumors, similar
to what we observed with small tumors.
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Figure 3.22. CDN/H9-MSA combination therapy effectively reduces MC38-B2m-/-
medium- and large-sized tumor growth. MC38-B2m-/- tumor cells were implanted s.c. in
C57BL/6J mice and grown to varying tumor sizes. When tumors reached the appropriate
size, they were injected once i.t. with 50 ug of CDN or PBS. Mice were also injected i.p.
with 10 ug H9-MSA or PBS on day 0. The cytokine or PBS injections were repeated every
three days until 1 week after tumor clearance or the mice needed to be euthanized due to
progressing tumors. Tumor growth curves and spider plots of individual mice with MC38-
B2m-/- tumors of either 50mm3, 150 mm?, 300 mm?, or 450mm? starting sized tumors.
Tumor growth data was analyzed by 2-way ANOVA. The data in all panels are
representative at least two independent experiments. n=5 mice per group. Error bars represent
standard error of the mean (SEM).
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Discussion

The CDN/H9-MSA therapy combination synergistically induced profound antitumor
responses in several solid MHC I-deficient tumor transplant models of varying sizes. We suspect
that the therapy combination would be very effective for hematologic malignancies as well,
considering that such tumor cells are frequently highly sensitive to NK-mediated killing. It
remains to be seen whether this therapy combination will be effective for larger tumors than
tested here.

An important consideration for clinical applications is whether therapies elicit control of
metastases distant from the site of a primary tumor, which are known to limit the efficacy of
immunotherapies (Ribas and Wolchok, 2018; Sharma and Allison, 2015). We observed that local
administration of CDN in a primary tumor, combined with systemic applications of H9-MSA,
resulted in strong systemic activation of NK cells capable of limiting the growth of a second
tumor on the opposite flank of the animals and mediating killing of tumor cells in ex vivo tests
with splenic NK cells. In contrast, NK cell activation after a single treatment with CDN alone
was short lived, as by 72 hours after treatment, cytotoxicity by splenic NK cells had subsided.
Thus, the combination therapy sustained the systemic cytotoxicity of NK cells. We suspect that
the impact of intratumoral injections of CDNs on NK cell activation in a distant second tumor or
in the spleen is due to induced accumulation of systemic IFN which resulted in > 1 ng/ml of
IFN-p detected in the serum after intratumoral CDN injections in a different tumor model
(Nicolai et al., 2020). Systemic accumulation of other cytokines induced by intratumoral CDN
injections and/or the leakage of small amounts of CDNs from the tumor into the general
circulation (Sivick et al., 2018) may also play a role. We think it unlikely that the systemic
effects are due to trafficking of NK cells activated at the site of treatment to other sites, because
the percentage of activated NK cells in uninjected tumors was close to 100% as assessed by Scal
expression (Figure 3.16A, B) and was nearly as high in the spleen two days after treatment with
CDN/H9-MSA (Figure 3.16C, D). It is highly unlikely that such a high percentage of all NK
cells trafficked through the site of treatment in this short period.

Another important consideration for clinical application is how or if the microbiome will
affect the efficacy of the combination treatment. It has been shown the presence of specific
bacteria in the intestines limits the effectiveness of anti-PD-1 therapy. Using the recently
developed co-housing system, we were able to establish mice with a complex microbiota to
evaluate how the presence of many different microbial species could influence the CDN/H9-
MSA antitumor responses. To our surprise, co-housed mice exhibited a similar rate of tumor
rejection compared to SPF mice, indicating that this therapy does not seem to be much affected
by varying microbial species and therefore could translate very well into a clinical setting.

Mechanistically, the synergistic antitumor effects of CDNs and H9-MSA were manifested
primarily by greater induction of NK cell activation, cytotoxicity and granzyme B expression, as
well as some impact on NK cell proliferation. Type I IFNs induced by intratumoral injections of
CDN act directly on NK cells to induce granzymes and cytotoxicity (Martinez et al., 2008;
Nicolai et al., 2020) and protection from fratricide (Madera et al., 2016) and indirectly by
inducing IL-15Ra/IL-15 complexes on DCs, which are trans-presented to NK cells (Lucas et al.,
2007; Nicolai et al., 2020). The early bursts of IFN and IL-15 induced by administration of CDN
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are not sustained, however, consistent with the rapid waning of NK activity we observed with
CDN alone. NK cells that infiltrate MHC I-deficient tumors are also prone to enter a state of
hyporesponsiveness or anergy, which can be delayed or reversed with injections of cytokines,
including H9, or a mixture of IL-12 and IL-18 (Ardolino et al., 2014). Together, these
mechanisms are likely to account for the synergistic effects of combining H9-MSA and CDN
therapy.

In syngeneic tumor transplant models, H9-MSA acted synergistically with CDNs, but
also with another agonist for the innate immune system, CpG ODN DS-L03, a TLR9 agonist
optimized to stimulate high levels of type I IFN (Yang et al., 2013b). These findings show the
promise of combining IL-2/IL-15 family cytokines with agents that induce IRF3 and NF-kB
signaling. Clinical trials of TLR agonists and STING agonists as cancer therapies have thus far
yielded mixed results but clinical development remains active (Harrington et al., 2018;
McWhirter and Jefferies, 2020; Meric-Bernstam et al., 2019). Many engineered forms of 1L-2
family cytokines, including pegylated IL-2, Fc-bound, and engineered partial agonists, are
currently being investigated in many clinical and pre-clinical trials (Mullard, 2021). Our findings
suggest that those variants should be tested in combination with innate agonists such as STING
agonists or CpG ODN to improve overall outcomes. The greater challenges of treating human
cancer versus mouse cancer models are well documented and may reflect later diagnosis, a
relatively older population in the case of human patients, and the frequent use of transplantable
mouse cancer models as opposed to primary cancer models, among other factors. Our results
with primary sarcomas were encouraging, however, and suggest that the synergistic effects of
combining innate agonists and IL-2 family cytokines may have considerable promise in clinical
applications.

Compared to high dose IL-2, the H9 superkine was previously shown to provide greater
antitumor efficacy yet lower toxicity with lower accumulation of Tregs (Levin et al., 2012).
Published studies show greater efficacy of IL-2 and other cytokines with half-life extending
modifications, such as fusion to albumin or Fc domains, or PEGylation (Mullard, 2021; Zhu et
al., 2015). We observed that extended half-life H9 was more effective than extended half-life IL-
2 in the context of combination therapy as well. We observed acceptable toxicity in mice
receiving the combination therapy, generally maintaining a normal body score, but acknowledge
further assessment of toxicity is needed. Considering these results, H9-MSA warrants
consideration for clinical applications. Combining CDN therapy with other half-life extended IL-
2 and IL-15 variants, several of which are undergoing clinical testing (Mullard, 2021), may also
be effective.

The therapeutic effects of CDN/H9-MSA combination therapy were mediated by
different effector cells depending on the tumor cell line studied and whether the tumor cells
expressed MHC I molecules. In two difficult-to-treat MHC I-deficient tumor models NK cells
were critical for tumor rejection after combination therapy. Remarkably, in the MC38-B2m-/-
model the treatment effectively cured 100% of tumor-bearing Rag2-/- mice, which lack T cells.
NK cells were essential for these dramatic effects. In the B16-F10-B2m-/- model, NK cells and
CD4 T cells each caused weaker tumor rejection separately, but together resulted in long term
survival in the large majority of the animals. The less effective NK cell responses in the B16-
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F10-B2m-/- model could be related to the absence of NKG2D ligands, which are present on
MC38 cells but not B16 cells (Jamieson et al., 2002).

In the absence of T cells and NK cells, the combination therapy still delayed tumor
growth in all the tumor models studied but did not result in long-term remissions. Our data
suggest that therapy-induced production of TNF-a, which alters the tumor vasculature, and type |
IFNs, which inhibit cell proliferation, are partly responsible for the residual antitumor effects and
is supported by the observation of increased serum IFN after a single intratumoral CDN injection
(Nicolai et al., 2020). It remains possible that the therapy combination also induces other
antitumor cytokines or other cell types that retard tumor growth, such as myeloid cells or other
innate lymphoid cell subtypes.

In conclusion, our results show that CDN therapy combined with the IL-2 superkine, H9-
MSA, effectively enhanced the rejection MHC I-deficient tumors. The CDN/H9-MSA treatments
proved to be remarkably effective against difficult-to-treat tumors, mobilizing various effector
cells depending on tumor cell type. These results provide compelling support for testing
combinations of innate immune system agonists and IL-2 family superkines as potential next-
generation immunotherapies for tumors that are resistant to currently approved immunotherapy
regimens.
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Chapter 4
CDN and H9-MSA combination therapy enhance T cell antitumor
responses from against MHC I-deficient and MHC I+ tumors
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Portions of this chapter were adapted and/or reprinted with permission from “Wolf, N.K., Blaj,
C., Picton, L, Snyder, G., Zhang, L. Nicolai, C.J., Ndubaku, C.O., McWhirter, S.M. Garcia, K.C.
and Raulet, D.H. Synergistic effects of a STING agonist and an IL-2 superkine in cancer
immunotherapy against MHC I-deficient and MHC 1+ tumors. Proc Natl Acad Sci U S A, In
press (2022).”

Introduction

In chapter 3, the antitumor NK cell effects induced by the powerful synergy of a STING
agonist and an IL-2 superkine were explored in the context of MHC I-deficient tumor models. A
single intratumoral injection of CDN combined with periodic injections of the IL-2 superkine,
H9-MSA, resulted in a dramatically increased percentage of animals with disease-free survival in
very difficult-to-treat tumor transplant models. In the case of MHC I-deficient tumor lines, tumor
rejection was mediated at least in part by NK cells.

In this chapter we investigate the capacity of this combination therapy to elicit potent T
cell mediated tumor rejection. As described in chapter 3, in some models we tested CD4 T cells
also contributed to tumor rejection after treating mice with CDN alone (RMA-B2m-/- tumors, as
shown previously by Chris Nicolai in the laboratory (citation) or CDN/H9-MSA (B16-B2m-/-
tumors, chapter 3). It is unknown how these CD4 T cells induced by CDN or CDN/H9-MSA
therapy play a role in mediating tumor rejection in various MHC I-deficient tumor models.

The role for CD4 T cells is generally thought be in “helping” the CD8 T cell and B cell
responses (Haabeth et al., 2014; Tay et al., 2021) . CD4 T cells activation occurs through
recognition of peptide loaded MHC Il on antigen presentation cells leading to the production of
various cytokines, such as IFNy and TNFa, that help to facilitate an antitumor immune response.
However, there are reports supporting a role for CD4 T cells in eliminating tumor cells
independently of CD8 T cells or antibody (Pardoll and Topalian, 1998). The mechanisms of
tumor elimination by CD4+ T cells remain unclear, however.

Traditionally, CD8 T cells are considered the major mediators of antitumor immune
responses and are the focus of most immunotherapies. CD8 T cells interact with MHC I,
displaying peptides including neoantigens derived from mutated proteins or inappropriately
expressed proteins in tumor cells, on the surface of antigen presenting cells (APCs) and the
tumor cells themselves. This engagement causes activation of the CD8 T cells and subsequent
killing of target cells (Raskov et al., 2021). Strong CD8 T cell responses have been shown to be
induced by injection of STING agonists intratumorally, leading to primary regression of MHC 1+
WT tumors (Corrales et al., 2015; Sivick et al., 2018).

However, many types of tumors evade CD8 T cell recognition by displaying few or no
antigens, or losing expression of MHC I. In several models of MHC I-deficient tumors treated
with CDN therapy, CD8 T cells played no role in tumor rejection (Figure 3.2) (Nicolai et al.,
2020). In some models of this type, CD4 T cells were partially responsible for tumor rejection.
Some MHC I+ tumors are very resistant to immunotherapies, however, including CDN therapy
by itself. This may reflect a low abundance of tumor antigens or other features that reduce
immunogenicity of such tumors.
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This chapter explores various instances in which strong T cell mediated antitumor
responses are induced by CDN therapy or CDN/H9-MSA therapy. In one such model, CDN
treatment increased systemic levels of tumor specific CD4 T cells with a Th1-like phenotype. In
another MHC I-deficient model, CDN alone failed to induce potent antitumor CD4 T cells,
whereas treatments with CDN/H9-MSA induced potent CD4 T cell and CD4/CD8 T cell
responses. The antitumor CD4 T cell response did not rely on MHC Il expression on the tumor
cells to elicit tumor rejection. Priming with tumor cells elicited cytokine producing CD4 T cells
specific for antigens on tumor cells. Finally, this chapter documents that the CDN/H9-MSA
combination therapy regimen synergistically mobilizes powerful CD8 T cell responses in the
case of certain MHC I+ tumors, including a syngeneic tumor transfer model and a carcinogen-
induced primary tumor model. Together, these findings suggest that the CDN/H9-MSA
combination elicits potent antitumor effects by NK cells, CD4 T cells and CD8 T cells,
indicating the generality of the approach.

Results

Myeloid depletions reveal these cells do not play a large role in mediating tumor rejection of
RMA-B2m-/- tumors after treatment with CDN

In Chapter 3, | documented that CDN/H9-MSA therapy elicited potent CD4 T cell
mediated rejection of B16-B2m-/- tumors, in addition to stimulating antitumor NK cells.
Previously, a former member of the Raulet laboratory, Chris Nicolai, showed that CDN therapy
alone elicited significant CD4 T cell mediated tumor rejection (as well as antitumor NK cells)
using a different MHC I-deficient tumor model: RMA-B2m-/- tumors. His work revealed CD4 T
cells did not rely on tumor expression of MHC |1 for direct recognition and did not kill through
FAS. He found that IFNy, produced by the CD4 T cells, was important for the antitumor
response. Based on these findings, we considered that myeloid cells induced by IFNg (Boehm et
al., 1997) may play a key role in tumor rejection. Nicolai tested whether tumor rejection induced
by CDN in NK-deficient NK-DTA mice (which lack NK cells in order to focus on the CD4
mediated component of rejection) was impaired by depleting macrophages (Clodronate
liposomes), neutrophils (anti-Ly6C and anti-GR-1), monocytes (anti-GR-1) or eosinophils (anti-
IL-5). Each depletion had a small effect, but only GR-1 treatments (which deplete neutrophils
and monocytes) had a statistically significant effect compared to PBS treatments (unpublished
data).

To explore the effects of the myeloid cells further, we reasoned that each of several
phagocytic cell types might be participating in tumor rejection. Therefore, | elected to test
whether simultaneous depletion of neutrophils, monocytes and macrophages would have a
greater impact on tumor rejection in this model. NK cell-deficient NK-DTA mice bearing RMA-
B2m-/- tumors received therapy with CDN, followed by treatments with PBS or with a mixture
of clodronate, anti-Ly6G and anti-GR-1. The triple depletion did not significantly impair tumor
rejection, nor did treatments with each separately (Figure 4.1). Therefore, | was not able to
confirm the role of phagocytes, separately or together, in CDN-induced tumor rejection
dependent on CD4 T cells.
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Figure 4.1. Myeloid cellular depletions of mice bearing RMA-B2m-/- tumors. RMA-
B2m-/- tumor cells were implanted s.c. in C57BL/6J mice on day -5 and grown to
approximately 50 mm?. On day 0, tumors were injected once intratumorally with 50 pg of
CDN or PBS. Additionally, some mice received 100 ug anti-GR-1 (clone RB6-8C5) and/or
100 pg anti-GR-1 (clone RB6-8C5) and/or 200 ug anti-Ly6G (clone 1A8) and/or 200 ul
Clodronate Liposomes on day -2 and -1 and repeated every 3 days. Tumor growth curves
shown. n=6-7 mice per group. Error bars represent standard error of the mean (SEM).
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CDN therapy induced more tumor specific CD4 T cells, exhibiting an increased Th1 subset
phenotype

In his investigation of the CD4 T cell response induced by CDN in mice with RMA-B2m-
/- tumors, Nicolai was able to identify CD4 T cells specific for the gp70 tumor antigen those
cells express using gp70 MHC 11 (I-AP) tetramers. He discovered significantly more tetramer
positive CD4 T cells in the spleens of CDN treated tumor bearing mice than in mice that
received PBS instead of CDN. By stimulating the cells with the gp70 peptide, Nicolai found,
showed that in mice receiving CDN therapy, more of the CD4+ tetramer positive T cells
produced IFNy, TNFa, and IL-2.

To further aid in classifying the subtype of the responding CD4 T cells, | repeated these
tetramer stains on splenocytes as well as immune cells from the tumor draining lymph node
(dLN). Mice were given RMA-B2m-/- tumors, which were treated with PBS or CDN. Six days
later, splenocytes and dLN cells were collected and stained. CDN therapy induced significantly
more gp70 tetramer positive CD4 T cells in the spleen compared to PBS treated or naive mice
(Figure 4.2A, Figure 4.3A). However, CDN and PBS treatments resulted in a similar percentage
of gp70 tetramer positive CD4 T cells in the dLN (Figure 4.2A). Hence, CDN therapy caused an
increase in the percentage of specific CD4 T cells in the spleen but not the draining LN.

To identify the T helper subset contributing to the antitumor response in CDN treated
mice, tetramer positive cells were stained for the key transcription factor of each T helper subset
(Figure 4.2B, C, Figure 4.3B). In the spleens of tumor bearing mice, percentage of Thet* CD4 T
cells increased from <10% in PBS treated mice to approximately 35% in CDN treated mice
(Figure 4.2B, Figure 4.3B) indicating that Th1l cells were induced. The other Th subsets were
generally decreased in the CDN-treated vs PBS treated animals, significantly so in the case of
Th2 (GATA3+) and Tfh (Bcl-6+) cells. The decrease in Tregs was almost significant, consistent
with Nicolai’s unpublished data showing decreased Tregs after CDN therapy in this model.
(Figure 4.2B, Figure 4.3B). The same trends were observed in the tumor dLN, with more Thet*
cells and fewer GATA3*, RORyt*, FoxP3* and Bcl-6* cells, induced by CDN therapy, though
only the reduction in Bcl-6+ cells was statistically significant (Figure 4.2C). These data together
with Nicolai’s data showing that a larger proportion of these CD4 tetramer positive T cells
produce Thl cytokines, suggest CDN therapy induces a skew towards Th1l CD4 T cells in RMA-
B2m-/- tumor bearing mice. Notably, approximately 50% of the CD4+ cells did not stain for any
of the Th defining transcription factors.
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Figure 4.2. CDN therapy induced more tumor specific CD4 T cells, exhibiting an
increased Thl subset phenotype. RMA-B2m-/- tumor cells were implanted s.c. in
C57BL/6J mice on day -5 and grown to approximately 50 mm?. On d0, tumors were injected
once intratumorally with 50 ug indicated CDN or PBS. Approximately a week later,
splenocytes were stained with gp70 MHC 11 tetramer at 1:400 for 3 hr at 37C and then
further stained for viability and surface/intracellular markers. (A) Percentage of gp70 MHC
Il tetramer positive CD4 T cells in the spleen (left) and tumor draining lymph node (dLN)
(right). The data in all panels are representative of two independent experiments. (B, C)
Tetramer positive CD4 T cells in the spleen (B) and dLN (C) stained for the T cell helper
subset identifying transcription factors. CD4+ T cells were gated as viable, CD45*, NK1.1",
CD19, Terl19, F4/80", CD3*, CD4*. Fluorescence Minus One (FMO) samples were used
for gating of the indicated transcription factor. n=4 mice per group. Data analyzed by 2-tailed
unpaired Student’s t-test. This experiment was only carried out once, so the results must be
considered preliminary. Error bars represent standard error of the mean (SEM). *P< 0.05,
**p < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4.3. Representative flow plots of tetramer-stained cells from Figure 4.2. (A)
Representative flow plots of splenocytes from RMA-B2m-/- tumor bearing mice stained with
gp70 tetramer. (B) Representative flow plots of tetramer+ splenocytes stained for the various
CD4 T helper subsets.
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CDN/H9-MSA therapy stimulated CD4 T cell antitumor responses to B16-F10-B2m-/- tumors,
independently of MHC 11 tumor expression

In Chapter 3, In Chapter 3, | showed evidence of powerful synergy between a STING
agonist, CDN, and the IL-2 superkine, H9-MSA, in improving long-term survival in mice
bearing B16-F10-B2m-/- tumors. The antitumor effects were mediated by both NK cells and
CDA4 T cells. To explore the role of antitumor CD4 effects induced by the combination therapy in
B16-F10-B2m-/- tumor rejection, we utilized NK cell-deficient NK-DTA mice. NK-DTA mice
bearing B16-F10-B2m-/- tumors treated with H9-MSA alone showed a small, but significant,
decrease in tumor growth, with effect on survival of mice compared to PBS (Figure 4.4A, Figure
4.5A). Mice treated with CDN resulted in a significant decrease in tumor growth and prolonged
survival (Figure 4.4A, Figure 4.5A). Treatment with both CDN and H9-MSA resulted in a
further significant decrease in tumor growth and significantly extended median survival
compared to either treatment alone (Figure 4.4A, Figure 4.5A).

To determine whether CD4 or CD8 T cells were mediating rejection of B16-F10-B2m-/-
tumor cells in NK-deficient NK-DTA mice, we performed cellular depletions after establishing
of tumors, and just before initiating CDN/H9-MSA therapy. Depletion of CD4 T cells led to a
significant acceleration in tumor growth, supporting the conclusion that CD4 T cells are
necessary therapy induced responses against these tumors (Figure 4.4B, Figure 4.5B). Depletion
of CD8 T cells alone trended towards an increase in tumor growth, albeit the difference was not
statistically significant compared to undepleted mice (Figure 4.4B, Figure 4.5B). Depletion of
both CD4 T cells and CD8 T cells significantly increased tumor growth compared to mice that
were depleted of only CD4 cells, suggesting that CD8 T cells can play a role in restricting
growth of the MHC deficient B16-F10-B2m-/- tumors in mice lacking both NK cells and CD4
cells (Figure 4.4B, Figure 4.5B).

Because we have engineered our tumor cells to lack B2m-/- and therefore MHC |, the
CD8 T cells are not able to recognize MHC | on the tumor cells, suggesting that they act
indirectly. It remained unclear whether the CD4 T cells recognized MHC 11 on the tumor cells,
because it has been previously shown that B16 tumor cells can upregulate MHC Il when exposed
to IFN-y (Londei et al., 1984). We therefore tested whether MHC Il expression by B16-F10-
B2m-/- cells was essential for CD4 cell-mediated tumor rejection. Starting with B16-F10-B2m-/-
cells we used transient CRISPR/Cas9 targeting of the MHC Il Ab1 gene, which encodes a
subunit of the A® MHC 11 protein. After transiently transfecting the CIITA MHC 11
transcriptional coactivator (Devaiah and Singer, 2013), we sorted MHC I1-negative cells (see
Chapter 2). Subsequent transient transfection with CIITA failed to induce AP expression by these
tumor cells (Figure 4.6A). The resulting tumor cells, lacking both MHC | and MHC 11, were
designated B16-F10-B2m-/-Ab1-/- cells.

B16-F10-B2m-/- or B16-F10-B2m-/-Ab1-/- tumors were established in NK cell-deficient
NK-DTA mice, and treated with combination therapy as in Figure 3.2. The growth of both types
of tumors was similarly restricted as a result of therapy (Figure 4.6B). The impaired growth of
B16-F10-B2m-/-Abl-/- tumors after therapy was partially reversed when CD4 T cells were
depleted. These data indicated that the antitumor effects of CD4 T cells after combination
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therapy were not dependent on direct recognition of MHC 11 or MHC I on the B16-F10 tumor
cells.
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Figure 4.4. CDN/H9-MSA therapy induced potent antitumor effects against MHC I-
deficient tumors in mice lacking NK cells tumors, mediated by CD4 T cells. (A, B)
Experiments were carried out as in Figure 3.2 except NK-DTA mice were employed. (A)
Impact of CDN, H9-MSA or combination therapy. (B) Antitumor effects were reversed by
depleting CD4 T cells and to an even greater extent by depleting both CD4 and CD8 T cells.
Tumor growth data were analyzed by 2-way ANOVA. Survival data were analyzed using
log-rank (Mantel-Cox) test. The data in all panels are representative of two independent
experiments, except for the CD8 and CD4/CD8 depletion which was performed only once.
n=6-7 mice per group. Error bars represent standard error of the mean (SEM). *P< 0.05, **P
<0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4.5. Spider plots showing growth of individual tumors from Figure 4.4. (A)
Individual growth curves from NK-DTA mice with B16-F10-B2m-/- tumors and (B) NK-
DTA mice with B16-F10-B2m-/- tumors subjected to cellular depletions.
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Figure 4.6. CD4 T cells mediated antitumor effects after CDN/H9-MSA combination
therapy independently of MHC 11 expression by tumor cells. (A) MHC Il knockout B16-
F10-B2m-/- tumor cells (B16-F10-B2m-/-Ab-/- cells) were generated by the CRISPR-Cas9
system by transient transfection with a plasmid containing Cas9 and an sgRNA targeting H2-
Ab1l. One week after transient transfection, the cells were transiently transfected with a
plasmid containing CIITA-GFP to induce the expression of MHC Il. Cells were then stained
for MHC 11 and sorted for MHC 11-, GFP+ cells using a FACSAria sorter, before returning
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the cells to culture. One week later cells were again transiently transfected with the same
plasmid containing CIITA-GFP and stained for MHC I1. Cells were analyzed for knockout
efficiency by flow cytometry, examining the percentage of MHC 11-, GFP+ cells. (B) The
indicated types of tumors were established in NK-DTA mice, and subjected to the indicated
therapy, as in Figure 3.2. Growth of B16-F10-B2m-/- vs B16-F10-B2m-/-Ab1-/- tumors with
and without therapy is shown. (C) Antitumor effects of combination therapy were partially
reversed in mice depleted of CD4 T cells. Tumor growth data were analyzed by 2-way
ANOVA. Survival data were analyzed using log-rank (Mantel-Cox) test. The data in all
panels are representative of two independent experiments. n=6 mice per group. Error bars
represent standard error of the mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001.
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Tumor-specific CD4 T cells responses promoted by CDN and H9-MSA combination therapy

To characterize the CD4 T cell response elicited by CDN/H9-MSA therapy against B16-
F10-B2m-/- tumors, we first tested the functionality of the tumor specific CD4 T cells. Mice with
established B16-F10-B2m-/- tumors were treated with CDN and/or H9-MSA twice, three days
apart. Approximately one week after the start of therapy, splenocytes were collected, stimulated
with the tumor specific peptide, Trpl, and examined for cytokine production by CD4 T cells.
When given two doses of H9-MSA, a significantly higher percentage of splenic CD4 T cells
from mice treated with CDN/H9-MSA or H9-MSA, versus mice treated with CDN or PBS,
produced IFNy, TNFo or IL-2 (Figure 4.7A). However, production of these cytokines also
occurred to a significant extent even when peptide was not added to the cultures, suggesting that
some of the response was directly induced by the therapy. When the mice were given only one
dose of H9-MSA, the background response was considerably reduced. Under those conditions,
there was a weak IFNg response to peptide without therapy, but surprisingly, this occurred even
with naive splenocytes, suggesting that these effects were nonspecific. On the whole, these data
failed to demonstrate a specific splenic CD4 T cell response to a tumor antigen.

To further characterize the CD4 T cell antitumor responses, we wanted to specific
identify these T cells in mice treated with the combination therapy. In order to do so, we had the
National Institutes of Health (NIH) Tetramer Core Facility (TCF) produce MHC 11 (1-AY) Trp1
tetramers, which have been shown to identify B16-F10 Trpl tumor specific peptide CD4 T cells
(Sharbi-Yunger et al., 2019). Mice were established with B16-F10-B2m-/- tumors, treated with
CDN and/or H9-MSA and approximately one week later, splenocytes were stained with the Trpl
tetramer to identify tumor specific CD4 T cells. The percentage of tetramer positive CD4+ T
cells was very low in the spleen of naive mice, as expected, but was not increased significantly in
tumor bearing mice, whether or not they received therapy. In fact the percentages of tetramer
positive CD4+ T cells trended lower in mice receiving H9-MSA or CDN/H9-MSA therapy,
albeit the difference was not significant. The results with tetramer staining and peptide
stimulation suggest either that few antigen specific CD4 T cells were induced, or that the
responding cells had trafficked out of the spleen to another site in the animals. We did note that
the percentage of tetramer positive cells that expressed the transcription factor FoxP3*was
reduced in mice treated with CDN/H9-MSA combination therapy> These data raise the
possibility that the combination therapy reduces the number of regulatory T cells with the
potential to suppress the response.
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Figure 4.7. B16-F10-B2m-/- peptide, Trpl, stimulated CD4 T cells responses in
splenocytes from CDN/H9-MSA combination therapy treated mice. B16-F10-B2m-/-
tumor cells were implanted s.c. in C57BL/6J mice on day -5 and grown to approximately 50
mm?3. On dO, tumors were injected once intratumorally with 50 ug of CDN or PBS, and/or
I.p. with 10 ng of H9-MSA or PBS. Additionally, some mice received a second dose of H9-
MSA three days later. Approximately a week later, splenocytes were stimulated with tumor-
specific peptide, Trpl, for 5 hours and then stained for intracellular markers of CD4 T cells.
(A) Trpl peptide stimulation of CD4 T cells, after mice received 2 doses of H9-MSA,
induced cytokine production. (B) Trpl peptide stimulation of CD4 T cells from mice which
received a single dose of H9-MSA, did not induce cytokine production. CD4+ T cells were
gated as viable, CD45*, NK1.1, CD19', Ter119-, F4/80°, CD3*, CD4*. The data in all panels
are representative at least two independent experiments. n=4-7 mice per group. Data
analyzed by 2-tailed unpaired Student’s t-test. Error bars represent standard error of the mean
(SEM). *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4.8. Tumor specific CD4 T cells identified in combination therapy treatment
mice. B16-F10-B2m-/- tumor cells were implanted s.c. in C57BL/6J mice on day -5 and
grown to approximately 50 mm3. On d0, tumors were injected once intratumorally with 50
ug indicated innate agonist or PBS, and/or i.p. with 10 pug of H9-MSA or PBS.
Approximately a week later, splenocytes were stained with Trpl MHC |1 tetramer at 1:200
for 3 hr at 37C and then further stained for viability and surface/intracellular markers. (A)
Percentage of Trpl MHC Il tetramer positive CD4 T cells induced in mice treated with CDN
and/or H9-MSA therapy. The reduced percentage of tetramer positive CD4 T cells in H9-
MSA or CDN/H9-MSA mice was significant compared to PBS or naive controls. (B)
Tetramer positive CD4 T cells showed reduced FoxP3 expression in CDN/H9-MSA treated
mice. CD4+ T cells were gated as viable, CD45*, NK1.1, CD19-, Ter119-, F4/80", CD3*,
CD4*. n=4 mice per group. Data analyzed by 2-tailed unpaired Student’s t-test. Error bars
represent standard error of the mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001.
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CDN/H9-MSA therapy activated CD8 T cells to reject MHC I* tumors

In Chapter 3, the STING agonist, CDN, and the IL-2 superkine, H9-MSA, were shown to
synergize in treating two hard-to-treat s.c. models, B16-F10-B2m-/- and MC38-B2m-/-. The
rejection was dependent on NK cells, and in one case by CD4 T cells, but was independent of
CD8 T cells. This impact of combination therapy on NK cell-dependent and CD4 T cell
dependent tumor rejection prompted us to ask whether this approach has broader applicability,
including against MHC I tumors. Therefore, we tested whether the CDN/H9-MSA therapy
combination is effective with “wildtype” MHC I* B16-F10 tumors, a model that is poorly
responsive to most therapies including checkpoint therapy. B6 mice with established MHC I*
B16-F10 tumors treated separately with CDN or H9-MSA showed delays in tumor growth, but
very poor long-term survival, whereas the combination of CDN/H9-MSA showed synergistic
tumor rejection and disease-free survival of most of the mice for > 100 days (Figure 4.9A, Figure
4.10).

Cellular depletion experiments demonstrated that CD8 T cells were essential for rejection
of the MHC I tumors, whereas CD4 cells and NK cells were largely dispensable (Figure 4.9B).
Elimination of all three populations was no more impactful than CD8 depletion alone. Therefore,
CD8 T cells are very effectively mobilized against MHC I* tumors by this combination therapy.
Thus, combining an innate agonist and IL-2 superkine synergistically mobilized T cells or NK
cells against tumors, depending on the MHC expression status of the tumor cells.
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Figure 4.9. CDN/H9-MSA therapy induced potent antitumor effects with MHC 1+
tumors, mediated by CD8 T cells. (A, B) Experiments were carried out as in Figure 3.2
except MHC 1+ B16-F10 wildtype cells were employed. (A) Impact of CDN, H9-MSA or
combination therapy. (B) Antitumor effects were reversed by depleting CD8 T cells
(p<0.0001), with no significant impacts of depleting NK cells or CD4 T cells (p=ns). Tumor
growth data were analyzed by 2-way ANOVA. Survival data were analyzed using log-rank
(Mantel-Cox) test. The data in all panels are representative of two independent experiments.
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n=6-7 mice per group. Error bars represent standard error of the mean (SEM). *P< 0.05, **P
<0.01, ***P < 0.001, ****P < (0.0001.
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Figure 4.10. Spider plots showing growth of individual tumors from Figure 4.9. (A)
B16-F10 WT tumors and (B) B16-F10 WT tumors subjected to cellular depletions.
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Efficacy of combination therapy in the methylcholanthrene induced sarcoma model

Subcutaneous tumor models are generally easier to treat than autochthonous tumor
models, which are more similar to human cancers. In collaboration with Cristina Blaj, a
postdoctoral fellow in the lab, we chose to utilize the methylcholanthrene (MCA)-induced
sarcoma model to address the efficacy of the CDN/H9-MSA combination in a primary
autochthonous cancer model, a very “high bar” model in tests of effective therapies. MCA was
injected s.c. on the right flanks and mice were monitored frequently for palpable tumors, which
arose 8-10 weeks after carcinogen administration in 80% of the treated animals. When a tumor
reached a volume of approximately 50 mm?, that mouse was treated individually. Mice were
initially injected with three doses of CDNs i.t. every three days followed by weekly injections.
Some mice received H9-MSA i.p. applied every three days (Figure 4.11A, Figure 4.12A). H9-
MSA alone had a minor, albeit significant effect on tumor growth and terminal morbidity of the
animals, whereas CDN therapy caused a substantial delay in both tumor progression and terminal
morbidity (Figure 4.11B, Figure 4.12A). The CDN/H9-MSA combination was significantly more
effective than CDNSs alone in prolonging survival, with a small percentage of animals surviving
after 160 days.

Some toxicity of the CDN/H9-MSA combination was evident in this model, including the
appearance of chronic granulomatous histiocytic inflammation in some mice, that arose in the leg
muscle on the same side of the mouse as the treated tumor. When treated with topical
diphenhydramine (Benadryl), the inflammation was partially controlled, and mice were
continued in the experiment.

The initial antitumor effects were significantly diminished when either NK cells, CD8
cells or, to a lesser extent, CD4 cells were depleted from the animals before initiating therapy
(Figure 4.11C, Figure 4.12B). Depleting NK cells accelerated the demise of a fraction of the
animals, whereas depleting CD8 or CD4 cells accelerated the demise of all the animals.
Depleting all three populations simultaneously had a modestly greater effect than depleting CD8
or CD4 cells separately, suggesting some separate impacts of these lymphocyte populations,
though some cooperative interactions between the populations are fully consistent with the data.
Thus, NK cells, CD8 T cells and CD4 T cells all contribute to the therapeutic effects in this
tumor model.
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Figure 4.11. CDN/H9-MSA therapy induced potent antitumor activity in
methylcholanthrene-induced sarcoma tumors, mediated by CD8 T cells, CD4 T cells
and NK cells. (A) Timeline for MCA-induced tumors. When MCA-induced tumors reached
~50 mm? in size they were injected i.t. with PBS or 50 ug CDN on days 0, 3, and 6 and
repeated every 6 six days, thereafter. Mice were also injected i.p. with PBS or 10 ug H9-
MSA starting on day 0. The cytokine or PBS injections were repeated every two days until
mice were euthanized or until 1 week after a mouse completely cleared a tumor. In some
groups, mice were depleted of NK cells, CD8 T cells, or CD4 T cells, or injected with control
1gG. (B) Tumor growth curves and survival of mice. (C) Tumor growth curves and survival
of depleted mice. Data in these panels are a combination of multiple experiments, such that
some of the data (e.g. CDN/H9-MSA\) are shared in different panels. n=11-24. Data were
analyzed by 2-way ANOVA. Error bars represent standard error of the mean (SEM). *P<
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4.12. Spider plots showing growth of individual tumors from Figure 4.11. (A)
MCA tumors and (B) MCA tumors subjected to cellular depletions.

Discussion

Adding to our findings that CDN and CDN/H9-MSA therapy induce antitumor NK cells,
the data in this chapter demonstrate induction of potent antitumor T cell responses by T cells. We
corroborated earlier findings that CDN therapy induces antitumor CD4 T cells against RMA-
B2m-/- tumors, and showed that CDN/H9-MSA combination therapy synergistically induced
CD4 mediated antitumor responses in the B16-F10-B2m-/- model. In addition, we showed that
the therapy combination synergistically mobilized CD8 T cell-mediated tumor rejection in MHC
I+ B16-F10 cells and in primary methylcholanthrene induced sarcomas.

In the RMA-B2m-/- model, we showed that CD4 T cells induced by CDN therapy alone
increased the number of CD4 T cells specific for an MHC Il-presented tumor antigen, and that
many of these T cells were Thl type CD4 T cells, with Th2 cells and Th17 cells being much less

abundant.

In the B16-F10-B2m-/- model, CD4 T cells induced by CDN/H9-MSA therapy showed
significant antitumor effects in mice lacking NK cells. In light of previous findings in the RMA-
B2m-/- model that CDN therapy amplified the number of functional CD4 T cells specific for an
MHC Il-presented tumor antigen [cite Nicolai thesis], we tested whether therapy amplified the
percentage of CD4 T cells specific for an MHC Il-presented tumor antigen expressed by B16-
F10-B2m-/- cells. However, we failed to detect significantly expanded CD4 T cells staining with
an MHC 11 tetramer in the spleen, nor did we detect a significant increase in functional CD4 T
cells producing cytokines in response to an MHC I1-presented tumor antigen peptide in the
spleen. It remains possible that the tumor antigen specific CD4 T cells have trafficked out of
secondary lymphoid organs such as the spleen. Further studies will be necessary to assess
whether MHC Il-restricted, tumor antigen-specific, CD4 T cell responses were induced.

We considered the possibility that MHC 11 was induced on B16-F10-B2m-/- tumor cells
and subject to direct recognition by tumor antigen specific CD4+ T cells (Haabeth et al., 2014;
Quezada et al., 2010; Xie et al., 2010).. Interestingly, however, by disrupting the MHC 11 gene in
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B16 tumor cells, we showed that the antitumor effects did not require MHC 11 expression by
B16-F10 cells. Chris Nicolai had previously generated data indicating that rejection of RMA-
B2m-/- tumor cells by CD4 T cells elicited by CDN monotherapy similarly does not require
MHC Il expression by tumor cells [cite Nicolai thesis?].

The mechanisms of tumor elimination by CD4+ T cells are unknown. Given the absence
of direct MHC Il (or MHC I) recognition, the possibilities include cytokine action, mobilization
of effector myeloid cells or possibly direct recognition by the CD4+ T cells of some non-MHC
ligand on tumor cells. In the case of the RMA-B2m-/- model, | tested whether tumor rejection by
CD4 T cells required neutrophils and/or macrophages. Simultaneous elimination of these cells
using clodronate liposomes, anti-GR1 and anti-Ly6G failed to significantly diminish tumor
rejection, arguing against the possibility that phagocytes mobilized by CD4 T cells play a major
role in tumor elimination.

In sum, with respect to the mechanisms of tumor elimination by therapy induced CD4+ T
cells, we have shown that in one model Th1l cells are the predominant CD4 T cell subtype
induced, but that there is no indication that rejection is mediated by phagocytes activated by the
CD4+ T cells. Hence the mechanisms of tumor elimination remain uncertain.

In the context of MHC I+ B16-F10 tumors, a “cold” tumor model that is resistant to
checkpoint therapy and other experimental monotherapies (Lechner et al., 2013), CDN/H9-MSA
therapy induced a highly effective CD8 T cell mediated antitumor response, with no evidence for
roles of NK cells or CD4 T cells. The impressive impact of CDN/H9-MSA therapy shown here
is notable considering that durable antitumor responses in this model has required combining 3-4
agents in past studies (Moynihan et al., 2016; Sivick et al., 2018). The absence of effective
antitumor NK cells in this model with CDN/H9-MSA therapy may be explained by the inhibitory
effects of MHC I, but it remains unclear why effective antitumor CD4 T cells were not elicited.

The finding that CDN/H9-MSA therapy worked well for both MHC 1+ cold tumors and
MHC I-deficient tumor variants suggests the promise of this approach both for tumor types that
are resistant to checkpoint therapy and for preventing the emergence of MHC I-deficient tumor
variants during immunotherapy. The loss of MHC | expression may occur before or during
immunotherapy and is increasingly recognized as a significant mechanism of acquired resistance
of tumors to checkpoint therapy (Garrido et al., 2016; Maleno et al., 2011; McGranahan et al.,
2017; Sade-Feldman et al., 2017; Zaretsky et al., 2016).

In conclusion, our results show that CDN therapy combined with the IL-2 superkine, H9-
MSA, effectively enhanced CD4 T cell mediated rejection MHC I-deficient tumors and CD8 T
cell mediated rejection of MHC | WT tumors. The CDN/H9-MSA treatments proved to be
remarkably effective against difficult-to-treat tumors, mobilizing various effector cells depending
on tumor cell type. These results provide compelling support for testing combinations of innate
immune system agonists and IL-2 family superkines as potential next-generation
immunotherapies for tumors that are resistant to currently approved immunotherapy regimens.
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Chapter 5
Additional therapies to improve anti-tumor responses in STING
agonist and IL-2 superkine treated mice
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Portions of this chapter were adapted and/or reprinted with permission from “Wolf, N.K., Blaj,
C., Picton, L, Snyder, G., Zhang, L. Nicolai, C.J., Ndubaku, C.O., McWhirter, S.M. Garcia, K.C.
and Raulet, D.H. Synergistic effects of a STING agonist and an IL-2 superkine in cancer
immunotherapy against MHC I-deficient and MHC 1+ tumors. Proc Natl Acad Sci U S A, In
press (2022).”

Introduction

In Chapters 3 and 4, the antitumor NK cell and T cell effects induced by the powerful
synergy of a STING agonist and an IL-2 superkine were explored in the context of MHC I-
deficient and MHC I+ tumor models. A single intratumoral injection of CDN combined with
periodic injections of the IL-2 superkine, H9-MSA, resulted in a dramatically increased
percentage of animals with disease-free survival in three very difficult-to-treat tumor transplant
models, two of which were MHC I-deficient and refractory to CD8 T cell recognition. In primary
MCA-induced sarcomas, the combination therapy prolonged the survival of mice. Depending on
the tumor model, tumor rejection depended on NK cells, both NK cells and CD4 T cells, CD8 T
cells, or all three populations. The results using this combination are impressive, but the therapy
failed with larger tumors, indicating that there is still room for improvement.

The tumor microenvironment (TME) consists of many different factors that play a role in
tumor development. The TME is populated by many different cell types including immune cells,
stromal cells and tumor cells, and various molecules produced by each that influence the tumor
development (Binnewies et al., 2018; Labani-Motlagh et al., 2020). Interactions between various
cell types and molecules in the TME can lead to the suppression of immune cell activation
through engagement of receptors/ligands, such as checkpoint molecules and NKG2D ligands,
and through the production of immunosuppressive metabolites. To improve the efficacy of
CDN/H9-MSA therapy, we endeavored to amplify the impact of tumor infiltrating NK cells and
T cells through various forms of activation or through the inhibition of suppressive factors found
in the TME.

Among various metabolites found in the TME, extracellular adenosine is notably
immunosuppresive. The majority of intratumoral extracellular adenosine is thought to arise from
the conversion of extracellular ATP, released from cells undergoing hypoxia and other forms of
stress, to AMP and further into adenosine through the cancer associated ectoenzymes CD39
(ENPP1) and CD73 (Vigano et al., 2019). Cells undergoing hypoxia and inflammation-
associated cytokines also induce overexpression of CD39 and CD73 in many cancers (Wang and
Matosevic, 2018). The resulting extracellular adenosine can bind to any of four G protein-
coupled adenosine receptors, A1, Aza, A2n, and As. These four receptors are found on many
immune cells, including NK cells (Wang and Matosevic, 2018). Stimulation of Aza and A2p
receptors by adenosine has been shown to impart immunosuppression of immune cells (Carozza
et al., 2020; Chambers et al., 2018). Stimulation of adenosine receptor Aza on NK cells has been
shown to limit maturation and cytotoxic functions (Chambers et al., 2018; Young et al., 2018).
Gene targeting of A2aR led to improved tumor control by NK cells (Young et al., 2018). We
employed AB928 designed by Arcus Biosciences, a dual adenosine receptor inhibitor that
inhibits A2aR and AR, to inhibit the immunosuppression of NK cells mediated by adenosine
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(Seitz et al., 2019). In this chapter, we report that AB928 did not augment tumor control induced
by CDN or H9-MSA therapy, at least in the MHC I-deficient tumor model studied.

Prostaglandins, also found in the TME, promote cancer cell growth and survival, by
acting directly to promote tumorigenesis and through imparting immunosuppression on
numerous tumor infiltrating immune cells (Wang and Dubois, 2010; Zelenay et al., 2015).
Prostaglandin E2 (PGEZ2) is produced by cyclooxygenase (COX)-1 and 2 enzymes and signals
through four receptors, EP1-4. PGE2 is the most abundant prostaglandin found in many tumors
and has been linked to immunosuppression through the engagement of EP2 and EP4 on T cells,
myeloid-derived suppressor cells (MDSCs) and NK cells (Bonavita et al., 2020; Wang and
Dubois, 2010; Zelenay et al., 2015). Inhibition of COX enzymes by non-steroidal anti-
inflammatory drugs (NSAIDs) has been correlated with reduced risk of development of various
cancers, including colon cancer. However, clinical trials have shown little chemopreventative
effects and prolonged treatment with non-selective NSAIDs is known to cause adverse side
effects (Wang and Dubois, 2010). Using a novel dual EP2/EP4 PGE2 receptor antagonist, TPST-
1495 developed by Tempest Therapeutics, we examined the effects of blocking prostaglandins in
the TME, alone or in combination with CDN/H9-MSA. In this chapter, we show that while
TPST-1495 had single agent efficacy in the MHC I-deficient tumor model studied, it did not
synergize with CDN and/or H9-MSA to further inhibit tumor control of MHC I-deficient tumors.

With respect to tumor cell recognition, most of the relevant activating NK cell receptors
recognize host gene-encoded ligands that are induced by cell stress pathways. Thus, NK cells are
dedicated, in part, to eliminating stressed cells, such as cancer cells. Recognition of this type has
been called ‘induced-self recognition’ and is best studied in the case of the NKG2D receptor.
NKG2D recognizes numerous ligands, all of which are distant relatives of MHC | proteins. In
mice the ligands include the RAE-1 family members (RAE-1a-RAE-1g), MULTL, and three
H60 isoforms (Raulet et al., 2013). Previously, the lab demonstrated that a steady-state
interaction between NKG2D on NK cells and RAE-1¢ constitutively expressed on lymph node
endothelial cells leads to partial desensitization of NK cells and diminished NK cell antitumor
responses and rejection (Thompson et al., 2017). To test the impact of blocking this interaction in
order to prevent desensitization of NK cells, we employed an anti-RAE-1¢ antibody. In this
chapter, we report that anti-RAE-1¢ did not synergize with CDN and/or H9-MSA to further
inhibit immune control of MHC I-deficient tumors, at least in the model studied.

Another strategy to improve NK cell responses is through the addition of other cytokines
(beyond IL-2 family cytokines) known to activate NK cells. IL-12 and IL-18 cytokines are
known to potently enhance NK cell (and T cell) functional activities. Each cytokine alone
exhibits antitumor effects in mouse tumor models (Nguyen et al., 2020; Smyth et al., 2000;
Srivastava et al., 2010), but only limited efficacy in patients with cancer (Motzer et al., 1998;
Weiss et al., 2003). The combination of 1L-12 and IL-18 is more potent in stimulating IFNy
production by NK cells in vitro and, when injected in vivo, sustained the survival of mice with
certain tumors (Coughlin et al., 1998; Osaki et al., 1998). Furthermore, combined IL-12 and IL-
18 treatment increased the long-term survival of mice with MHC 1'% tumors and reversed NK
cell desensitization (Ardolino et al., 2014). While potent, the IL-12 and IL-18 combination is
associated with augmented toxicity, sometimes fatal, due to elevated serum levels of
inflammatory cytokines such as IFN-y (Carson et al., 2000). In this chapter, we show the addition
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of IL-12 and IL-12 modestly synergize with CDN and/or H9-MSA to further augment immune
control of MHC I-deficient tumors.

Our final attempt to improve NK cell responses was through the addition of checkpoint
blockade. Checkpoint therapy has shown remarkable results and changed the standard of
treatment for many patients with the first checkpoint targeting agent receiving FDA approval in
2011 (Sharma et al., 2021). The success of PD-1 and PD-L1 immune checkpoint blockade
therapy is mainly interpreted in the context of amplifying T cell responses. However, evidence
has accumulated that NK cells also upregulate the inhibitory receptor PD-1 in certain cancers and
that PD-1 engagement can inhibit NK cells in some instances (Beldi-Ferchiou et al., 2016;
Benson et al., 2010; Hsu et al., 2018; Liu et al., 2017; Vari et al., 2018). TIGIT is an inhibitory
receptor expressed on both T cells and NK cells that has been shown to inhibit both types of
lymphocytes, through interactions with its ligand, CD155, on antigen presenting cells or on
tumour cells (Bi et al., 2014, Stanietsky et al., 2009). Blockade of TIGIT with antibodies
amplified NK cell activity in multiple tumor models. In some of the models studied, NK cells
were indispensable for the therapeutic effects of TIGIT blockade alone or when anti-TIGIT was
combined with anti-PD-1/anti-PD-L1 (Zhang et al., 2018b), and in other cases CD8* T cells
played a central role (Johnston et al., 2014). In this chapter, we examined the impacts of
checkpoint blockade with anti-CD137, anti-PD-1, anti-CTLA4 and/or anti-TIGIT in enhancing
antitumor NK cell and T cell effects induced by CDN and/or H9-MSA in controlling MHC I-
deficient and MHC I+ tumors. Little synergy was observed in the MHC I-deficient tumor
transfer model we examined, but a substantial synergy was observed in a spontaneous MHC I+
sarcoma model.

Results

The adenosine receptor inhibitor, AB928, in combination with CDN and/or H9-MSA did not
enhance tumor rejection

Extracellular adenosine present in the TME binds to adenosine receptors, A2aR and
A2bR, present on various immune cells, resulting in immunosuppression (Carozza et al., 2020;
Chambers et al., 2018). AB928, a novel dual A2aR/A2bR antagonist, blocks the
immunosuppressive effects of adenosine (Seitz et al., 2019). We examined the impact of
blocking adenosine action of transplanted MHC I-deficient B16-F10-B2m-/- tumors by
employing AB928 alone or in combination with CDN and/or H9-MSA.. Treatment with AB928
alone (Figure 5.1, Figure 5.2) or in combination with CDN (Figure 5.1A), H9-MSA (Figure
5.1B) or CDN/H9-MSA (Figure 5.1C) did not significantly decrease tumor growth or prolong
survival of mice compared to CDN and/or H9-MSA alone. These findings indicated that in this
MHC I-deficient model, adenosine blockade by AB928, did not mediate significant single agent
activity nor did it significantly enhance anti-tumor effects of CDN and/or H9-MSA.
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Figure 5.1. AB928 does not enhance tumor alone or in combination with CDN and H9-
MSA rejection in an MHC I-deficient tumor model. B16-F10-B2m-/- tumor cells were
implanted s.c. in C57BL/6J mice on day -5 and grown to approximately 50 mm3. On do,
tumors were injected once intratumorally with 50 ug CDN or PBS, and/or i.p. with 10 ug
H9-MSA or PBS. The cytokine or PBS injections were repeated every three days until
euthanization or 1 week after tumor clearance. Additionally, some mice received 100 mg/kg
AB928 twice daily by oral gavage. (A-C) AB928 did not enhance tumor rejection or survival
of tumor bearing mice when combined with (A) CDN, (B) H9-MSA or (C) CDN/H9-MSA.
Tumor growth data were analyzed by 2-way ANOVA. Survival data were analyzed using
log-rank (Mantel-Cox) test. The data in all panels are representative at least two independent
experiments. n=5-7 mice per group. Error bars represent standard error of the mean (SEM).
*P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Any unmarked comparison in the
tumor growth data was not statistically significant.
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Figure 5.2. Spider plots showing growth of individual tumors from Figure 5.1. Spider
plots for AB928 treated animals.
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Prostaglandin inhibitor, TPST-1495, exhibited significant single agent efficacy but did not
enhance tumor rejection mediated by CDN or H9-MSA

Extracellular prostaglandins, PGEz, present in the TME, promote immunosuppression by
binding to receptors EP2 and EP4 on various effector immune cells (Bonavita et al., 2020;
Zelenay et al., 2015). TPST-1495, a novel EP2/EP4 dual receptor antagonist, blocks the
immunosuppressive effects of prostaglandins. We examined the role for prostaglandins in
rejection of MHC I-deficient tumor models by employing TPST-1495 in combination with CDN
or H9-MSA. Treatment with TPST-1495 alone (Figure 5.3, Figure 5.4) showed significant single
agent efficacy similar to the single agent efficacy of CDN or H9-MSA.. However, no synergy
was observed by when TPST-1495 was combined with CDN (Figure 5.3A) or H9-MSA (Figure
5.3B). These findings indicated that in this MHC I-deficient model, prostaglandin blockade by
TPST-1495 showed single agent efficacy but did not significantly enhance the anti-tumor effects
of CDN or H9-MSA.. Note that it could not be ascertained whether TPST-1495 might increase
the effectiveness of CDN/H9-MSA therapy, since the CDN/H9-MSA combination cured all the
animals. The addition of TPST-1495 to the mix similarly cured all the mice (data not shown).
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Figure 5.3. TPST-1495 showed single agent efficacy but does not enhance tumor
rejection in combination with CDN or H9-MSA in an MHC I-deficient tumor model.
MC38 B2m-/- tumor cells were implanted s.c. in C57BL/6J mice on day -5 and grown to
approximately 50 mm?. On dO0, tumors were injected once intratumorally with 50 ug CDN or
PBS, and/or i.p. with 10 ug H9-MSA or PBS. The cytokine or PBS injections were repeated
every three days until euthanization or 1 week after tumor clearance. Additionally, some
mice received 100 mg/kg TPST-1495 twice daily by oral gavage. (A) Treatment with CDN
and TPST-1495 did not enhance tumor rejection or overall survival. (B) Treatment with H9-
MSA and TPST-1495 did not enhance tumor rejection or overall survival. Tumor growth
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data were analyzed by 2-way ANOVA. Survival data were analyzed using log-rank (Mantel-
Cox) test. n=5-7 mice per group. This experiment was only carried out once, so the results
must be considered preliminary. Error bars represent standard error of the mean (SEM). *P<
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Any unmarked comparison in the tumor
growth data was not statistically significant.
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Figure 5.4. Spider plots showing growth of individual tumors from Figure 5.3. Spider
plots for TPST-1495 treated animals.
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Blockade of NKG2D ligand, RAE-1¢, in combination with CDN and H9-MSA did not enhance
tumor rejection

It has previously been shown preventing NKG2D interactions with host RAE-1g
enhances NK cell antitumor responses in vivo (Deng et al., 2015; Thompson et al., 2017). We
reasoned that blocking RAE-1¢ in combination with CDN/H9-MSA therapy might therefore
improve rejection of MHC I-deficient tumors. To focus on rejection mediated by NK cells, mice
were depleted of CD4 and CD8 T cells. Treatment with anti-RAE-1¢ alone did not show
significant single agent effects or increase tumor rejection in combination with CDN (Figure
5.5A, Figure 5.6). Combining anti-RAE-1¢ blockade with CDN/H9-MSA (Figure 5.5B) did not
enhance the antitumor effects compared to CDN/H9-MSA therapy, and did not prolong the
survival of the mice. These findings indicated that in this MHC I-deficient model, blockade of
RAE-1¢ did not enhance anti-tumor effects of CDN or CDN+H9-MSA.
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Figure 5.5. Anti-RAE-1g, in combination with CDN and H9-MSA does not enhance
tumor rejection. B16-F10 B2m-/- tumor cells were implanted s.c. in C57BL/6J mice on day
-5 and grown to approximately 50 mm?. On d0, tumors were injected once intratumorally
with 50 ug CDN or PBS, and/or i.p. with 10 ug H9-MSA or PBS. The cytokine or PBS
injections were repeated every three days until euthanization or 1 week after tumor clearance.
Additionally, some mice were injected i.p. with 200 pg anti-RAE-1e. In all panels, the mice
were depleted of both CD4 and CD8 T cells before initiating therapy. (A) Treatment with
CDN and anti-RAE-1¢ did not enhance tumor rejection or survival. (B) Treatments with anti-
RAE-1¢ plus CDN/H9-MSA did not enhance tumor rejection or survival. Tumor growth data
were analyzed by 2-way ANOVA. Survival data were analyzed using log-rank (Mantel-Cox)
test. n=5-7 mice per group. This experiment was only carried out once, so the results must be
considered preliminary. Error bars represent standard error of the mean (SEM). *P< 0.05,
**pP < 0.01, ***P < 0.001, ****P < 0.0001. Any unmarked comparison in the tumor growth
data was not statistically significant.
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Figure 5.6. Spider plots showing growth of individual tumors from Figure 5.5. Spider
plots for anti-RAE-1¢ treated animals.
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Cytokines, IL-12 and IL-18, in combination with CDN and H9-MSA modestly enhanced anti-
tumor responses in MHC I-deficient tumors

IL-12 and IL-18 cytokines are known to potently enhance NK cell functional activities
(Nguyen et al., 2020; Smyth et al., 2000; Srivastava et al., 2010). To test whether NK cell anti-
tumor responses could be further amplified in CDN/H9-MSA treated mice, we tested the
addition of 1L-12 and IL-18 in mice depleted of CD4 and CD8 T cells. IL-12/18 therapy by itself
had modest, statistically insignificant, effects on tumor growth and survival in this study. IL-
12/18 therapy in combination with H9-MSA resulted in a significant decrease in tumor growth
compared to IL-12/18 alone, and a nearly significant decrease in tumor growth compared to H9-
MSA, and modest, but not significant, increase in survival (Figure 5.7A, Figure 5.8). Combining
CDN and IL-12/18 did not enhance tumor rejection or survival compared to CDN alone (Figure
5.7B). Addition of IL-12/18 to the CDN/H9-MSA combination resulted in slightly slower tumor
growth and tumor free survival of one mouse, but these improvements compared to CDN/H9-
MSA therapy did not reach statistical significance (Figure 5.7C). This was, however, the first
time we achieved a cure in mice bearing B16-F10-B2m-/- tumors that had been depleted of CD4
and CD8 T cells.

In addition to enhancing NK cell function, IL-12 and IL-18 are also known to enhance T
cell functions. We therefore tested I1L-12/18 in combination with CDN/H9-MSA in the B16-F10-
B2m-/- model with no cellular depletions, where both NK cells and CD4 T cells were shown to
contribute to tumor rejection (Figure 3.2). 1L-12/18 therapy by itself had no significant antitumor
effects, nor did it enhance the antitumor effects of H9-MSA therapy (Figure 5.9A, Figure 5.10)
or CDN therapy (Figure 5.9B). When CDN/H9-MSA and 1L-12/18 were combined, the survival
rate increased to ~70% compared to 50% with CDN/H9-MSA, but this difference did not reach
statistical significance (Figure 5.10C). The group sizes were small in this experiment, so it is
possible that a more powered study with larger groups could document a significant difference.
These data raise the possibility that the addition of 1L-12/18 to CDN/H9-MSA therapy in the
B16-F10-B2m-/- tumor model may modestly enhance antitumor responses.
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Figure 5.7. IL-12 and IL-18 in combination with CDN and H9-MSA modestly
augmented antitumor effects of each separately in the absence of T cells. B16-F10-B2m-
/- tumor cells were implanted s.c. in C57BL/6J mice on day -5 and grown to approximately
50 mms3, which occurred 5 days later (labeled as day 0), before initiating therapy. In all
panels, the mice were depleted of both CD4 and CD8 T cells before initiating therapy starting
on day -2 and -1 and repeated every 6 days. On d0O, tumors were injected once intratumorally
with 50 ug CDN or PBS, and/or i.p. with 10 ug H9-MSA or PBS. The cytokine or PBS
injections were repeated every three days until euthanization or 1 week after tumor clearance.
Additionally, some mice were injected i.p. with 100 ng IL-12 and 100 ng IL-18. (A) Tumor
growth and survival of mice treated with H9-MSA and 1L-12/18. (B) Tumor growth and
survival of mice treated with IL-12/18 and CDN therapy. (C) Tumor growth and survival of
mice treated with 1L-12/18 and CDN/H9-MSA. Tumor growth data were analyzed by 2-way
ANOVA. Survival data were analyzed using log-rank (Mantel-Cox) test. n=5-7 mice per
group. This experiment was only carried out once, so the results must be considered
preliminary. Error bars represent standard error of the mean (SEM). *P< 0.05, **P < 0.01,
***p < 0.001, ****P < 0.0001. Any unmarked comparison in the tumor growth data was not
statistically significant.
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Figure 5.8. Spider plots showing growth of individual tumors from Figure 5.7. Spider
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CD4 and CDS8 T cells.

87



B16-F10 B2m-/-

PBS
1L-12/18

H9-MSA

200 1

Tumor volume (cubic mm) J>

)

5 0 5 10
B Day
'E 800
€
(8]
£ 600 PBS [eee
) IL-12/18
2 400 o e
=} Rx hk
o kkk
2 200 1
<] CDN
g CDN/IL-12/18
= O+ T T T

-5 0 5 10

Day

PBS |
ek
IL-12/18

Hhkk
Fkkk

Tumor volume (cubic mm) (7)
N B (=2}
o o o
o o o
\E‘

CDN/H9-MSA/IL-12/18
0-4 T , T CDN/H9-MSA

-5 0 5 10
Day

¥
Percent survival

Percent survival

Percent survival

PBS
H9-MSA

100

|

IL-12/18 [«*

nSl
*

H9-MSA

PBS

10

1L-12/18
T

20 30
Day

40 50

PBS
CDN

[

[wer
-
ns

|-
[ o

|

PBS

IL-12/18
CDN/IL-12/18

—\j CDN
IL-17/18 | CDN/IL-12/18
T T T 1

100

10

20 30 40 50
Day
PBS

CDN/H9-MSA
IL-12/18

[

80
60
40
204

0

|

-
.
-
ns |***

CDN/H9-MSA/IL-12/18
CDN/H9-MSA/IL-12/18

CDN/H9-MSA

PBS

—lj

IL-12/18
T

0

10

20 30
Day

40 50

Figure 5.9. Addition of IL-12 and IL-18 in combination with CDN and H9-MSA
modestly increased survival of mice compared to CDN/H9-MSA in the presence of T
cells and NK cells. B16-F10-B2m-/- tumor cells were implanted s.c. in C57BL/6J mice on
day -5 and grown to approximately 50 mm?3. On dO, tumors were injected once intratumorally
with 50 ug CDN or PBS, and/or i.p. with 10 ug H9-MSA or PBS. The cytokine or PBS
injections were repeated every three days until euthanization or 1 week after tumor clearance.
Additionally, some mice were injected i.p. with 100 ng IL-12 and 100 ng IL-18. (A) Tumor
growth and survival of mice treated with H9-MSA and IL-12/18. (B) Tumor growth and
survival of mice treated with IL-12/18 and CDN therapy. (C) Tumor growth and survival of
mice treated with IL-12/18 and CDN/H9-MSA. Tumor growth data were analyzed by 2-way
ANOVA. Survival data were analyzed using log-rank (Mantel-Cox) test. n=5-7 mice per
group. This experiment was only carried out once, so the results must be considered
preliminary. Error bars represent standard error of the mean (SEM). *P< 0.05, **P < 0.01,
***pP < 0.001, ****P < 0.0001. Any unmarked comparison in the tumor growth data was not

statistically significant.
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Figure 5.10. Spider plots showing growth of individual tumors from Figure 5.9. Spider
plots for IL-12/18 treated animals in mice containing MHC I-deficient tumors.

89



Checkpoint blockade with anti-CD137 did not enhance NK cell mediated rejection of MHC I-
deficient tumors

In our search to find new therapeutic combinations, we reasoned that CDN/H9-MSA
combination therapy would lead to changes of cell surface markers that could influence
antitumor responses and suggest combination therapies to try. Therefore, we employed our
bilateral tumor system (Figure 3.11) and examined markers of activation and inhibition on tumor
infiltrating NK cells following treatment.

We observed that CDN/H9-MSA therapy significantly increased the expression level of
CD137 (also known as 4-1BB), a well-known co-stimulatory checkpoint molecule, on NK cells
infiltrating B16-F10-B2m-/- tumors (Figure 5.11). To test the effects of blocking CD137 in
combination with CDN and/or H9-MSA in the setting of NK cell mediated antitumor responses,
mice were injected s.c. with B16-F10-B2m-/- tumors and depleted of CD4 and CD8 T cells to
focus on NK cell effects. Anti-CD137 alone did not have single agent efficacy (Figure 5.12A,
Figure 5.13). Combining anti-CD137 with CDN or CDN/H9-MSA did not significantly augment
the antitumor effects of the latter agents in tumor growth or increase overall survival (Figure
5.12B). Therefore, although an increase in expression of CD137 was observed on tumor
infiltrating NK cells in CDN-H9-MSA treated mice, the addition of anti-CD137 led to no
discernable augmentation of the antitumor effects.
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Figure 5.11. The co-stimulatory molecule, CD137, expression increased on NK cells in
tumors after CDN/H9MSA treatment. B16-F10 B2m-/- tumor cells were implanted s.c. in
C57BL/6J mice on day -5 and grown to approximately 50 mm?3. On dO, tumors were injected
once intratumorally with 50 ug CDN or PBS, and/or i.p. with the with 10 ug H9-MSA or
PBS on day 0. On d2, single cell suspensions of tumors were examined for the expression of
CD137 on NK cells among viable CD45+ cells. Samples were analyzed by one-way
ANOVA. n=3-4 mice per group. This experiment was only carried out once, so the results
must be considered preliminary. Error bars represent standard error of the mean (SEM). *P<
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5.12. Anti-CD137 in combination with CDN and H9-MSA did not boost NK cell
antitumor responses in an MHC I-deficient tumor model. B16-F10-B2m-/- tumor cells
were implanted s.c. in C57BL/6J mice on day -5 and grown to approximately 50 mm?2. On
do, tumors were injected once intratumorally with 50 ng CDN or PBS, and/or i.p. with 10 ug
H9-MSA or PBS. The cytokine or PBS injections were repeated every three days until
euthanization or 1 week after tumor clearance. Additionally, some mice were injected i.p.
with 200 pg anti-CD137. In all panels, the mice were depleted of both CD4 and CD8 T cells
before initiating therapy. (A) Tumor growth and survival of mice was not affected by anti-
CD137 therapy. (B) Tumor growth and survival of CDN or CDN/H9-MSA therapy was not
enhanced by the addition of anti-CD137. Tumor growth data were analyzed by 2-way
ANOVA. Survival data were analyzed using log-rank (Mantel-Cox) test. This experiment
was only carried out once, so the results must be considered preliminary. n=5-7 mice per
group. Error bars represent standard error of the mean (SEM). *P< 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. Any unmarked comparison in the tumor growth data was not
statistically significant.
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Figure 5.13. Spider plots showing growth of individual tumors from Figure 5.12. Spider
plots for anti-CD137 treated animals.

92



Checkpoint blockade of PD-1, CTLA4 or TIGIT, did not enhance NK cell mediated rejection of
B16-F10 MHC I-deficient tumors

Continuing our search for additional therapies to combine with CDN/H9-MSA therapy,
we employed our bilateral tumor system (Figure 3.11) and observed that CDN/H9-MSA therapy
increased the percentages among infiltrating cells in B16-F10 B2m-/- tumors of CD4 T cells or
NK cells expressing PD-1, a well-known checkpoint molecule (Figure 5.14A, B). The impact on
CD4 T cells was pronounced and statistically significant in the injected tumors but less
pronounced in the bilateral tumor. The impacts on NK cells were more modest and did not reach
statistical significance. To test the effects of PD-1 blockade in combination with CDN and H9-
MSA, mice were injected s.c. with B16-F10-B2m-/- tumors and treated as in Figure 3.2. Due to
the antitumor effects of both NK cells and CD4 T cells in this model, anti-CTLA4 was
additionally tested as anti-PD-1 and anti-CTLA4 synergize in various tumor models (Hellmann
et al., 2019). Survival of mice treated with CDN/H9-MSA was not prolonged by adding anti-PD-
1 or anti-CTLAA4 separately or together (Figure 5.15). In all cases the survival rate of mice was
~70%. Admittedly, there was relatively little room for improvement over the CDN/H9-MSA
combination, but to the extent that differences could be discerned, we failed to observe improved
antitumor effects by adding PD-1 and/or CTLAA4 checkpoint therapy to the mix.

In addition to the upregulation of PD-1, the checkpoint molecule TIGIT was also
systemically upregulated on NK cells in the uninjected tumors (Figure 5.16B) and in spleens
(Figure 5.16C) of mice bearing two B16-F10 B2m-/- tumors following CDN/H9-MSA therapy.
To test the effects of blocking TIGIT in combination with CDN and H9-MSA, mice were
injected s.c. with B16-F10 B2m-/- tumors and treated as in Figure 3.2. Anti-TIGIT treatments
showed significant single agent activity in reducing tumor growth, comparable to the single
agent effects of CDN (Figure 5.17A, Figure 5.18) or H9-MSA (Figure 5.17B). However,
combining anti-TIGIT with CDN or H9-MSA did not significantly augment the anti-tumor
effects. The percentage of surviving mice treated with CDN/H9-MSA was not prolonged with
the addition of anti-TIGIT (Figure 5.17C), albeit there was relatively little room for improvement
compared to CDN/H9-MSA alone. Therefore, while an increase in expression of TIGIT was
observed on NK cells in mice receiving CDN/H9-MSA therapy, the addition of anti-TIGIT
blocking TIGIT did not greatly improve the efficacy of the therapy.
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Figure 5.14. NK cells and T cells upregulate the checkpoint receptor PD-1 following
CDN/H9-MSA therapy. B16-F10 B2m-/- tumor cells were implanted s.c. in C57BL/6J mice
on day -5 and grown to approximately 50 mm3. On d0, tumors were injected once
intratumorally with 50 ug CDN or PBS, and/or i.p. with 10 ug H9-MSA or PBS on day 0 and
again on day 3. On d2 and d5, single cell suspensions of tumors were examined for the
expression of PD-1 on NK cells and CD4 T cells among viable CD45+ cells. Samples were
analyzed by one-way ANOVA. The data in all panels are representative at least two
independent experiments. n=3-4 mice per group. Error bars represent standard error of the
mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Any unmarked

comparison in the tumor growth data was not statistically significant.
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Figure 5.15. Anti-PD-1 and anti-CTLA4 did not boost antitumor responses against B16-
F10-B2m-/- tumors when combined with CDN/H9-MSA therapy. B16-F10-B2m-/- tumor
cells were implanted s.c. in C57BL/6J mice on day -5 and grown to approximately 50 mmé,
On dO, tumors were injected once intratumorally with 50 ug CDN or PBS, and/or i.p. with 10
ug H9-MSA or PBS. The cytokine or PBS injections were repeated every three days until
euthanization or 1 week after tumor clearance. Additionally, some mice were treated i.p. with
200 ug anti-PD-1 (clone RMP1-14) and/or 200 pg anti-CTLAA4 (clone 3H10) and repeated
every three days. Survival data were analyzed using log-rank (Mantel-Cox) test. This
experiment was only carried out once, so the results must be considered preliminary. n=5-7
mice per group. *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Any unmarked
comparison in the tumor growth data was not statistically significant.
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Figure 5.16. Following CDN/H9-MSA therapy, NK cells systemically upregulated the
checkpoint receptor, TIGIT. B16-F10-B2m-/- tumor cells were implanted s.c. in C57BL/6J
mice on day -5 and grown to approximately 50 mm3. On dO, tumors were injected once
intratumorally with 50 ug CDN or PBS, and/or i.p. with the with 10 ug H9-MSA or PBS on
day 0. On d2 single cell suspensions of tumors and spleens were examined for the expression
of TIGIT on NK cells among viable CD45+ cells. Samples were analyzed by one-way
ANOVA. The data in all panels are representative at least two independent experiments. n=3-
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4 mice per group. Error bars represent standard error of the mean (SEM). *P< 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001. Any unmarked comparison in the tumor growth data
was not statistically significant.
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Figure 5.17. Anti-TIGIT alone reduced tumor growth in an MHC I-deficient tumor
model but did not augment the therapeutic effects of CDN and/ or H9-MSA. B16-F10-
B2m-/- tumor cells were implanted s.c. in C57BL/6J mice on day -5 and grown to
approximately 50 mm3. On d0, tumors were injected once intratumorally with 50 ug CDN or
PBS, and/or i.p. with 10 ug H9-MSA or PBS. The cytokine or PBS injections were repeated
every three days until euthanization or 1 week after tumor clearance. Additionally, some
mice were treated i.p. with 200 ug anti-TIGIT (clone MUR10A), which was repeated every
three days. (A,B) Tumor growth and survival of mice treated with anti-TIGIT in combination
with CDN (A) or H9-MSA (B). (C) Tumor growth and survival of mice treated with anti-
TIGIT combined with CDN/H9-MSA was not enhanced compared to CDN/H9-MSA alone.
Tumor growth data were analyzed by 2-way ANOVA. Survival data were analyzed using
log-rank (Mantel-Cox) test. The data in all panels are representative at least two independent
experiments. n=5-7 mice per group. Error bars represent standard error of the mean (SEM).
*P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Any unmarked comparison in the
tumor growth data was not statistically significant.
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Figure 5.18. Spider plots showing growth of individual tumors from Figure 5.17. Spider
plots for anti-TIGIT treated animals.
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Checkpoint blockade with anti-PD-1 and anti-TIGIT did not enhance NK cell mediated rejection
of larger MC38 MHC I-deficient tumors

To further explore whether checkpoint therapy can improve antitumor effects of NK cells
elicited by the CDN/H9-MSA combination therapy, we turned to the MC38-B2m-/- tumor
model, in which rejection is mediated by NK cells but not T cells. In this model, however, the
CDN/H9-MSA combination cures 100% of mice when tumors are small (50 mm?) at the time of
treatment initiation. Therefore, we allowed the tumors to grow to 150 mm? or 450 mm? before
initiating treatment, a situation in which CDN/H9-MSA therapy failed to result in prolonged
tumor remissions (Figure 3.20). In this situation we could determine whether adding checkpoint
therapy improved the outcomes. We first employed the bilateral tumor system to show that,
similar to what we observed in the B16-B2m-/- tumor model, CDN/H9-MSA therapy increased
the expression of PD-1 (Figure 5.19A) and TIGIT (Figure 5.19B) on NK cells infiltrating the
tumors, in at least some of the comparisons.

Mice were injected s.c. with MC38-B2m-/- tumors and treated as in Figure 3.2 when
tumors reached ~150 mm?3. The addition of anti-PD-1 or anti-TIGIT to the CDN/H9-MSA
treatment led to slight, though not significant, decreases in tumor growth small, but statistically
insignificant extensions in survival time (Figure 5.20). When combined separately with
CDN/H9-MSA, Neither of these treatments led to complete tumor clearance in any of the treated
mice. When anti-PD-1 and anti-TIGIT were added together to the therapy regimen, there was not
much additional improvement in tumor rejection, except that one mouse cleared the primary
tumor and remained tumor free long-term. Again, these improvements were not significant.

When these combinations were tested in mice with large tumors (450 mm?3) similar
outcomes were observed (Figure 5.21). Adding anti-PD-1 to the combination had little effect,
whereas adding anti-TIGIT potentially had a small, albeit insignificant, effect, although one
mouse cleared the tumor altogether. When both anti-PD-1 and anti-TIGIT were added, there was
no detectable improvement compared to CDN/H9-MSA alone.

Thus, in both the medium sized and large sized tumors, the addition of anti-PD-1 and
anti-TIGIT did not greatly enhance the antitumor response of NK cells in the MC38 MHC I-
deficient tumor model. A caveat to this conclusion is that relatively small numbers of animals
were tested, and it is possible that some of the differences would be significant if the experiments
were more highly powered.
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Figure 5.19. Tumor infiltrating NK cells upregulate the checkpoint molecules, PD-1 and
TIGIT, following CDN/H9-MSA therapy. MC38 B2m-/- tumor cells were implanted s.c. in
C57BL/6J mice on day -5 and grown to approximately 50 mm?. On d0, tumors were injected
once intratumorally with 50 ug CDN or PBS, and/or i.p. with 10 ug H9-MSA or PBS on day
0 and again on day 3. On d2 and d5, single cell suspensions of tumors were examined for the
expression of PD-1 and TIGIT on NK cells among viable CD45+ cells. Samples were
analyzed by one-way ANOVA. The data in all panels are representative at least two
independent experiments. n=5 mice per group. Error bars represent standard error of the
mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Any unmarked
comparison in the tumor growth data was not statistically significant.
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Figure 5.20. Checkpoint blockade with anti-PD-1 and/or anti-TIGIT, did not augment
antitumor effects of CDN/H9-MSA in mice with medium sized tumors. MC38-B2m-/-
tumor cells were implanted s.c. in C57BL/6J mice on day 0 and grown to approximately 150
mm?3. Then tumors were injected once intratumorally with 50 ng CDN or PBS, and/or i.p.
with 10 ug H9-MSA or PBS. The cytokine or PBS injections were repeated every three days
until euthanization or 1 week after tumor clearance. Additionally, some mice were treated i.p.
with 200 pg anti-PD-1 (clone RMP1-14) and/or 200 pg anti-TIGIT (clone MUR10A), which
was repeated every three days. (A) Tumor growth and survival data of anti-PD-1 and/or anti-
TIGIT treatments combined with CDN/H9-MSA therapy. (B) Spider plots showing
individual growth curves for treated animals in A. Tumor growth data were analyzed by 2-
way ANOVA. Survival data were analyzed using log-rank (Mantel-Cox) test. n=5-7 mice per
group. This experiment was only carried out once, so the results must be considered
preliminary. Error bars represent standard error of the mean (SEM). *P< 0.05, **P < 0.01,
***p < (0.001, ****P < 0.0001. Any unmarked comparison in the tumor growth data was not
statistically significant.
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Figure 5.21. Checkpoint blockade with anti-PD-1 and/or anti-TIGIT did not augment
antitumor effects of CDN/H9-MSA in mice with large sized tumors. MC38-B2m-/- tumor
cells were implanted s.c. in C57BL/6J mice on day 0 and grown to approximately 450 mm3,
Then tumors were injected once intratumorally with 50 ug CDN or PBS, and/or i.p. with 10
ug H9-MSA or PBS. The cytokine or PBS injections were repeated every three days until
euthanization or 1 week after tumor clearance. Additionally, some mice were treated i.p. with
200 ug anti-PD-1 (clone RMP1-14) and/or 200 pg anti-TIGIT (clone MUR10A), which was
repeated every three days. (A) Tumor growth and survival data of anti-PD-1 and/or anti-
TIGIT treatments combined with CDN/H9-MSA therapy. (B) Spider plots showing
individual growth curves for treated animals in A. Tumor growth data were analyzed by 2-
way ANOVA. Survival data were analyzed using log-rank (Mantel-Cox) test. This
experiment was only carried out once, so the results must be considered preliminary. Error
bars represent standard errors of the mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. Any unmarked comparison in the tumor growth data was not statistically
significant.
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Efficacy of checkpoint blockade in combination with CDN/H9-MSA therapy in the
methylcholanthrene induced sarcoma model

Although the CDN/H9-MSA combination showed efficacy in treating primary MCA
tumors, nearly all the mice eventually succumbed (Figure 4.11). Therefore, in collaboration with
Cristina Blaj in the laboratory, we tested whether efficacy could be improved by adding
checkpoint therapy to the combination. Addition of anti-PD-1 therapy did not result in an
improvement in survival, nor did addition of anti-TIGIT therapy (Figure 5.22, Figure 5.23A).
However, simultaneous blockade of PD-1 and TIGIT, in combination with CDN/H9-MSA, was
significantly more effective than CDN/H9-MSA therapy alone (Figure 5.22, Figure 5.23A).
When all four components were injected simultaneously, we observed instances of severe, rapid
morbidity of unknown causes. However, we found that delaying the anti-TIGIT treatments by
one day greatly ameliorated that toxicity. Therefore, we subsequently incorporated delayed anti-
TIGIT treatment into our treatment regimen for analysis of additional animals.

Notably, in mice that received the four-component therapy regimen, 44% of the animals
(8/18) survived tumor-free for >160 days. Interestingly, the chronic granulomatous histiocytic
inflammation noted in some mice treated with CDN/H9-MSA in Chapter 4, was not observed in
the mice receiving all four agents.

Mice that received anti-PD-1 or anti-TIGIT treatments alone or together did not show
prolonged survival (Figure 5.23B). CDN therapy outcomes were also not improved by the
addition of anti-PD-1 or anti-TIGIT separately to the CDN/H9-MSA therapy combination
(Figure 5.23C). In conclusion, simultaneous blockade of PD-1 and TIGIT was necessary to
unleash a fully effective antitumor immune response initiated by CDN/H9-MSA treatments.
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Figure 5.22. CDN/H9-MSA therapy induced potent antitumor effects with MHC I+
tumors, mediated by CD8 T cells. When MCA-induced tumors reached ~50 mm?3 in size

102



they were injected i.t. with PBS or 50 ug CDN on days 0, 3, and 6 and repeated every 6 six
days, thereafter. Mice were also injected with 10 ug H9-MSA or PBS. The cytokine or PBS
injections were repeated every three days. Addition of checkpoint inhibitors consisting of i.p.
injections of anti-PD-1 (clone RMP1-14) and anti-TIGIT (clone MUR10A), increased tumor
rejection and overall survival. Data in these panels are a combination of multiple
experiments, such that some of the data (e.g. CDN/H9-MSA) are shared in different panels.
n=11-24 mice per group. Data were analyzed by 2-way ANOVA. Error bars represent
standard error of the mean (SEM). *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Any
unmarked comparison in the tumor growth data was not statistically significant.
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Figure 5.23. Combination immunotherapy for treating primary sarcomas induced by
the carcinogen methylcholanthrene. (A) Spider plots for CDN/H9-MSA+checkpoint
inhibitor combinations from Figure 5.22. (B, C) Tumor averages for single agent checkpoint
inhibitors (B) or checkpoint inhibitors in combination with CDN (C). The anti-TIGIT
antibody employed in these panels was clone 1G9 (BioXCell). Tumor growth data were
analyzed by 2-way ANOVA. Survival data were analyzed using log-rank (Mantel-Cox) test.
n=7-11 mice per group. Error bars represent standard errors of the mean (SEM). *P< 0.05,
**P <0.01, ***P < 0.001, ****P < 0.0001. Any unmarked comparison in the tumor growth
data was not statistically significant.
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Discussion

The CDN/H9-MSA therapy combination synergistically induced profound antitumor
responses in several solid tumor models, including MHC I-deficient and MHC I+ tumor
transplant models. The combination was also effective for treating primary MCA-induced
sarcomas, although in that model long-term survival was less frequent and depended on
concomitant checkpoint therapy. The success of the combination in this autochthonous model is
encouraging, however, because it is very difficult to cure and likely mimics human cancer better
than s.c. tumors. We suspect that the therapy combination would be very effective for
hematologic malignancies as well, considering that such tumor cells are frequently highly
sensitive to NK-mediated killing.

Studies have demonstrated that exposure of NK cells to a cocktail of cytokines — IL-15,
IL-12 and IL-18 — converted the cells into long-lived, activated NK cells called ‘memory-like’
NK cells (Cooper et al., 2009; Romee et al., 2012). These cells persist for weeks or months with
augmented functional activity, suggesting their possible utility in cancer immunotherapy. In our
syngeneic tumor transplant model, 1L-12 and IL-18 in combination with CDN and/or H9-MSA
modestly improved antitumor responses in the presence or absence of T cells. Further studies to
examine the ‘memory-like’ nature of these NK cells are needed to understand how such cells
play a role in tumor rejection.

The immunosuppressive environment of the TME causes many challenges in treating
tumors. Many mediators, such as extracellular adenosine and prostaglandins, are produced by
tumor cells or other cells in the TME and bind to and inhibit the activation of T cells and NK
cells. However, blockade of these mediators in combination with CDN/H9-MSA did not boost
tumor responses in our MHC I-deficient tumor models. These are only a few of the possible
factors in the TME that could be targeted to improve tumor responses. One reason that blocking
these mediators may not have improved antitumor effects in combination with CDN/H9-MSA
combination therapy is that adenosine or prostaglandins were not produced in sufficiently high
amounts by the tumors tested to have appreciable inhibitory effects on the immune cells
infiltrating the tumors. Another possibility is that the CDN/H9-MSA therapy acts not only to
activate immune cells, but also acts to counter the inhibitory effects of these mediators. Future
efforts along these lines should focus on models where it is known that especially high amounts
of these mediators are produced.

Along with such factors, many inhibitory receptors/ligands are upregulated in the TME
and prevent immune responses. Using checkpoint blockade to reverse this negative interaction
has proven to be effective in treating many tumors. These therapies are typically aimed towards
amplifying T cell antitumor responses. However, these responses will have limited effects in
tumors that lost MHC | or have a low mutational burden. Nevertheless, recent studies indicate
that these checkpoint receptors can amplify NK cell responses as well in some tumor models. By
examining NK cells in tumors after the treatment with CDN/H9-MSA, we identified several
checkpoint receptors that were upregulated on NK cells and are therefore candidates to target in
combination therapy regimens.
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Unfortunately, in the MHC I-deficient tumor models studied, the addition of these
checkpoint blockades did not significantly augment NK cell antitumor responses. One possible
explanation is that CDN/H9-MSA therapy has already reversed the suppressive effects of
checkpoint receptors leading to strong activation of NK cells without the need to block such
interactions. Another possibility to consider is that after CDN/H9-MSA therapy, NK cells impart
antitumor effects against MHC I-deficient tumors without a requirement for cell mediated
contact and stimulation, such that checkpoint blockade is less relevant. A third possibility is that
other checkpoint receptors, such as Tim3 or Lag3, play a bigger role in imparting suppressive
effects upon NK cells and other immune cells infiltrating the TME. With better understanding of
the TME emerging, new targets, including mediators and checkpoint receptors will likely
emerge, and could show promise for efforts to amplify NK cell antitumor responses in
combination with CDN/H9-MSA therapy.

CDNs and H9-MSA also synergized in the MCA sarcoma model, leading to highly
delayed tumor growth and extended survival. Both NK cells and T cells contributed to the
therapeutic effect (Chapter 4), providing a demonstration that this therapy combination can
mobilize both types of responses in the same tumor model. The addition of checkpoint therapy to
the CDN/H9-MSA therapy regimen resulted in tumor regressions and long-term tumor free
survival in approximately 44% of the treated animals. These findings represent a dramatic
example of long-term immunotherapy remissions in an autochthonous sarcoma model in mice,
which is an especially substantive outcome considering that immunotherapy has given generally
poor outcomes in treating human sarcomas (Birdi et al., 2021). Given that the schedule of
treatments had an impact on toxicity of the therapy, any consideration of using such a regimen in
human patients would require careful tests of different schedules of the individual therapeutics.

In conclusion, our results show that CDN therapy combined with the IL-2 superkine, H9-
MSA, effectively enhanced the rejection of MHC I-deficient and MHC I+ tumors. The CDN/H9-
MSA treatments proved to be remarkably effective against difficult-to-treat tumors, mobilizing
various effector cells depending on tumor cell type. However, with larger transplanted tumors or
in the case of primary MCA-induced sarcoma, the CDN/H9-MSA therapy failed to yield many
longterm survivors. The addition of numerous additional test therapies to the CDN/H9-MSA
combination did not significantly enhance tumor rejection compared to the CDN/H9-MSA
combination by itself. The exception was the finding that the addition to the regiment of
checkpoint blockade, consisting of anti-PD-1 and anti-TIGIT together, resulted in greatly
improved tumor rejection and 44% longterm survivors. These results provide compelling support
for testing combinations of innate immune system agonists, IL-2 family superkines and
additional immunomodulatory agents as potential next-generation immunotherapies for tumors
that are resistant to currently approved immunotherapy regimens.
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