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ABSTRACT

Tumor-associated macrophages (TAMSs) are the most prevalent immune cell in the tumor
microenvironment. Their high abundance in tumors has been strongly correlated with poor
prognosis and patient survival across many cancer types. Despite their exhibition of immune
stimulating M1-like phenotypes at an early stage of cancer development, TAMs mainly adopt an
immunosuppressive M2-like phenotype. Extensive evidence has shown that M2-like TAMs
support cancer cell survival, dampen cytotoxic adaptive immunity, promote angiogenesis, and
facilitate tumor metastasis. Because of their negative influence in almost every step of
tumorigenesis, targeting M2-like TAMSs represents an emerging anti-cancer therapeutic strategy.
However, our ability to exploit TAMs therapeutically has been stymied by two challenges: 1) an
incomplete understanding of targetable pro-tumorigenic pathways and 2) limited knowledge of
the mechanisms producing their M2-like phenotype. Overcoming these two challenges is
required to develop effective TAM-targeting therapeutics and identify patients that might benefit

from them. Studies in Chapter 2 (aiming to tackle the first challenge) not only identified

lysosomal cysteine protease activity in TAMS as an important immune checkpoint in regulating
antigen cross-presentation in cancer but further described a DNA nanodevice that can be targeted
with organelle-level precision to alleviate this checkpoint in TAMs and achieve

immunomodulation in vivo. Studies in Chapter 3 (aiming to tackle the second challenge) not only

demonstrated a metabolic pathway to promote M2-like phenotypes in TAMs through a novel
epigenetic mechanism, but also provided a rationale for repurposing LDHA inhibitors to target
TAMs using the lactate-Kla-M2 pathway as a biomarker. Collectively, our studies clarify
mechanisms contributing to the pro-tumorigenic functions of TAMs and seeded an approach to

therapeutically target them.
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CHAPTER ONE: A COMPREHENSIVE INTRODUCTION

Historical milestones of macrophage discovery, origins, and activation

Macrophages, along with their phagocytic capability during infection, were first
discovered by a Russian zoologist Elie Metchnikoff over 120 years ago (Cavaillon, 2011;
Metschnikoff, 1884; Tauber, 2003). Having observed that sticking rose thorns in starfish larvae
could cause many phagocytic cells in their hemolymph, Metchnikoff had the intuition that
phagocytosis might be a cellular defense mechanism against infection. He started to work on the
concept that those phagocytes were actively participating in inflammation to fight pathogens and
that inflammation should not be considered as a detrimental event (Cavaillon, 2011; Metchnikoff
and Metchnikoff, 1873; Tauber and Chernyak, 1991). Although other scientific papers also
reported similar phenomena of phagocytosis around the same time or even earlier, Metchnikoff’s
work on describing the phagocyting macrophages was the most detailed and documented
(Ambrose, 2006; Cavaillon, 2011).

During the next five decades (after the initial discovery in 1884), researchers began to
explore the origin of tissue resident macrophages. From both in vitro and in vivo experiments,
scientists achieved a key realization that monocytes in the blood could migrate into the damaged
tissue and accumulate there with appearances similar to those of tissue resident macrophages
(Carrel and Ebeling, 1922; Clark and Clark, 1930; Ebert and Florey, 1939). This notion that
macrophages were differentiated from blood monocytes became the prevailing view for the next
40 years. In the early 1980s, some evidence suggested that tissue resident macrophages were
independent of circulating monocytes (Sawyer et al., 1982; Schulz et al., 2012). But it was not

until recently that research equipped with more advanced genetic tools, such as lineage tracing,



demonstrated that many of the resident tissue macrophages were established during embryonic
development, specifically derived from the yolk sac and the fetal liver (Ginhoux et al., 2010;
Hoeffel et al., 2012; Schulz et al., 2012). However, whether embryonic and blood-derived
macrophages possess specialized function remained to be explored (Epelman et al., 2014).

In addition to the origin of macrophages, the development of new technologies after
World War Il allowed research to more closely examine the biological roles of phagocytes in the
disease setting. One milestone discovery was by George Mackaness in the early 1960s. He
observed that macrophages from mice immunized with Listeria monocytogenes had distinct
structures compared to those from the non-immunized mice (Mackaness, 1962; North and
Mackaness, 1963). Mackaness further showed that those macrophages remained hypersensitive
and acquired resistance to reinfection (Mackaness, 1962). This work introduced the concept of
macrophage activation.

In the next 40 years, several studies reported that the supernatant from antigen-stimulated
lymphocytes could robustly enhance pathogen killing activity of both murine and human
macrophages (Anderson et al., 1976; Borges and Johnson, 1975; Fowles et al., 1973; Nathan et
al., 1971, 1973). After a decade of hard searching, Carl Nathan finally identified interferon-
gamma (IFNy) as the lymphokine that could activate macrophages to acquire a boosted
antimicrobial activity (Nathan, 1983). This finding was immediately integrated with the
hypothesis that there were two types of T helper cells proposed by Robert Coffman and his
colleagues (Mosmann et al., 1986). Research linked the secretion of IFNy from Type 1 T helper
cells (Th1) with the antimicrobial activity (intracellular infection) of activated macrophages and
later referred to this type of activation as classical activation. The effect on macrophages by Type

2 T helper cells (Th2), which were involved in extracellular parasite clearance and allergy



response, was studied by Siamon Gordon and his team. They discovered that Th2-derived
interleukin 4 (IL-4) potently enhanced murine macrophage mannose receptor (MMR) and
suppressed pro-inflammatory cytokine expression (Doyle et al., 1994; Stein et al., 1992). This
was later referred to as an alternative activation.

Classical and alternative activation were termed as M1 and M2 to mimic the Th cell
nomenclature, but studies had soon realized that this terminology is more relevant for describing
macrophage activation phenotype rather than the stimulus. Charles Mills observed that with the
same stimulus (IFNy and/or liposaccharide (LPS)), macrophages from prototypical Thl strains
of mice (e.g., C57BL/6, B10D2) showed increased nitric oxide synthases (iNOS) expression to
produce nitric oxide (NO) whereas those from Th2 stains (e.g., BALB/c, DBA/2) showed
increased arginase expression to produce ornithine (Mills et al., 2000). The discovery of
differences in arginine metabolism between M1- and M2-activated macrophages prompted
researchers to ask how the cytokine system contributed to similar/different phenotypes under
physiological conditions.

While studying macrophage activation under physiological conditions, researchers
gradually realized that such a binary classification does not represent the complex in vivo
phenotypes. In the early 2000s, Alberto Mantovani and his colleagues presented the concept of a
continuum of macrophage activation (Mantovani et al., 2002, 2004). This concept was first
presented in the context of cancer: tumor-associated macrophages (TAMSs) mainly adopt an M2-
like phenotype (Mantovani et al., 2002). Later studies further acknowledged that M1 and M2
were just the two extreme ends of the continuum of macrophage activation and extended this
concept to macrophage plasticity and heterogeneity in various diseases (Mantovani et al., 2004;

Martinez and Gordon, 2014; Murray, 2017).



With rapidly growing research in this field, one challenge that stood out was the lack of
consensus on how to define macrophage activation, which is commonly thought to be
interchangeable with the term “polarization”. This impeded the appropriate experimental designs
both in vitro and in vivo, causing various interpretations and contentious statements about their
pathophysiological functions (Hume, 2015; Murray et al., 2014). Peter Murray and his
colleagues attempted to unify the polarization/activation terminology in 2014 (Murray et al.,
2014). In cancer, for example, TAMs heterogeneity began to resolve and better characterized
through genetics, microarray analysis, and purification methods (Cassetta et al., 2019; Qian and
Pollard, 2010). Nowadays, the concept of macrophage activation has evolved to be a complex
field that not only intersects with most physiological and pathological scenarios, but also

provides conceptual understanding to guide therapeutic development.

Macrophage heterogeneity and plasticity in tissue homeostasis and disease progression
Macrophages are present in almost all tissues in various forms and play important roles in
shaping tissue architectures, maintaining homeostasis, and orchestrating tissue-repair response
(Okabe and Medzhitov, 2016; Wynn et al., 2013). One of the most appreciated features is that
they display unique epigenetic and transcriptomic profiles and thus specialize in different tasks
in each tissue (Gautier et al., 2012; Lavin et al., 2014). For example, Kupffer cells (macrophages
in the liver) are involved in both immunogenic and tolerogenic responses, such as microbial
clearance, toxin removal, and lipid metabolism (Ju et al., 2003; Remmerie and Scott, 2018; Seki
et al., 2000). Osteoclasts (macrophages in the bone) mainly function in bone resorption during
remodeling (Teitelbaum and Ross, 2003). Microglia (macrophages in the brain) are crucial in

synaptic pruning for normal brain development (Paolicelli et al., 2011; Parkhurst et al., 2013).



Macrophages in the intestines regulate gastrointestinal motility as well as maintain mucosal
homeostasis in the face of microbiota (Bain and Mowat, 2014; Muller et al., 2014). Therefore,
macrophages are an incredibly diverse set of cells that have roles in almost every aspect of an
organism’s biology.

As plastic as they can be, macrophages within the same tissue have the capability of
quickly adjusting their phenotype along the M1/M2 activation spectrum (Murray, 2017; Okabe
and Medzhitov, 2016). For instance, during an early stage of infection, macrophages recognize
and destroy a wide range of pathogens. They secrete pro-inflammatory cytokines and/or present
antigens to alert the adaptive immune system (Shi and Pamer, 2011). Once the infection is
cleared, macrophages adjust their phenotype to an immunosuppressive state to heal the wound
and repair the tissue. (Mills et al., 2014; Nathan and Ding, 2010). Such plasticity not only
reinforces their integral role in maintaining homeostasis, but also indicates their necessary
functions in response to environmental stimuli. Consequently, macrophage dysfunction, i.e.,
under-or over-activation, that impairs functional heterogeneity and adaptation results in a causal
association of macrophages with many diseases, including cancer, atherosclerosis, obesity/type 2
diabetes, asthma, arthritis, and susceptibility to infections (Cassetta and Pollard, 2018; Chawla et
al., 2011; Moore and Tabas, 2011; Olefsky and Glass, 2010; Vitale et al., 2019; Wynn and
Barron, 2010; Wynn et al., 2013) 1.

Obesity is associated with low-grade chronic inflammation that potentiates insulin
resistance (IR). This leads to an increased insulin secretion by p-cells, causing a state of

hyperinsulinemia to control blood glucose levels. If unmanaged, IR progress to type 2 diabetes

1 Qur lab aims to understand how disease-specific changes to tissues trigger specific pathways in macrophages to
drive pathogenesis. | am fortunate to be involved in obesity/T2D and atherosclerosis projects, and thus provide a
brief background in the following two paragraphs. Macrophages in cancer, which is the main focus of my Ph.D
studies will be presented as a separate section.



(T2D), in which the increased insulin is unable to compensate for the degree of IR (Petersen and
Shulman, 2018). Evidence since the 1990s has suggested a strong link among inflammation,
obesity, and IR. Inhibiting pathways that drive inflammatory signaling and/or production in
adipose tissue improves IR (Han et al., 2013; Hotamisligil et al., 1993, 1996; Olefsky and Glass,
2010; Saberi et al., 2009; Wei et al., 2016). Macrophages, which accumulate in obese adipose
tissue, have been identified as a key player in the inflammation in potentiating IR (Weisberg et
al., 2003; Xu et al., 2003). Murine studies showed that ablating pro-inflammatory adipose tissue
macrophages (ATMs) or targeting pathways (e.g., TLR4, JNK) that support inflammation in
ATMs improved insulin sensitivity and glucose tolerance (Arkan et al., 2005; Han et al., 2013;
Saberi et al., 2009). Such inflamed ATM profile is often referred to as M1-activated phenotypes.
Nevertheless, studies from our laboratory showed that ATMs adopt a metabolically activated
(MMe) macrophage phenotype during obesity (Kratz et al., 2014). The MMe phenotype is
distinct from the pro-inflammatory M1 phenotype present during infection. Using a proteomic
approach, we showed that markers of M1 activation are absent on ATM from obese humans.
MMe is driven by independent pro- and anti-inflammatory pathways, which regulate the balance
between cytokine production and lipid metabolism. We further demonstrated that MMe
macrophages could perform both detrimental and beneficial functions depending on the stages of
obesity progression (Coats et al., 2017). Ongoing studies in the laboratory aim to dissect the
signaling pathways underlying the activation of MMe macrophages. Understanding this
mechanism is important because it allows us to specifically target the pro-inflammatory pathway
in obesity/T2D without affecting the ability of macrophages to fight infections (M1-activated

pro-inflammatory profile).



Another macrophage dysfunction-related inflammatory disease that our lab studies and |
was fortunate to be involved in is atherosclerosis (Beckman et al., 2002; Gore et al., 2015;
Haffner et al., 1998). Macrophages with excess cholesterol accumulation (foam cells) have been
causatively linked to the initiation, progression, and rupture of atherosclerotic plaques (Li and
Glass, 2002; Moore et al., 2013). Our previous work provided additional mechanistic
understanding by identifying a “macrophage sterol-responsive network” (MSRN) that is
important for foam cell formation and the development of atherosclerosis (Becker et al., 2010).
Beyond deciphering pathways of atherosclerosis development, research has also tried to gain
knowledge of how risk factors promote this disease. One major risk factor of atherosclerosis is
T2D. However, the underlying mechanism has not been fully understood. This is mainly due to
the difficulty of distinguishing macrophage pathways driven by hypercholesterolemia from those
regulated by concomitant obesity/IR. To overcome this obstacle, many recent efforts, including
ours, have combined genetic and dietary intervention in atherosclerotic mouse models
(Daugherty et al., 2017; Guerrini and Gennaro, 2019; Hartvigsen et al., 2007; Reardon et al.,
2018). Our work identified IFNy, potentially through a noncanonical signaling pathway, as a
T2D-specific driver of atherosclerosis by regulating proteins in the MSRN leading to foam cell
formation (Reardon et al., 2018). Others have identified additional critical components in
macrophages that drive diabetes-accelerated atherosclerosis (Kanter et al., 2020).

The above examples of how macrophages regulate disease progression illustrate their
heterogeneous and plastic properties. More importantly, they emphasize that not all
inflammatory phenotypes (non-resolving inflammation such as cancer is discussed below) are
born equal. Although the upstream triggers involve the same molecules, the downstream effector

pathways could have dramatic differences and thus overall outcome. Thus, therapeutics that are



tailored to precisely target disease driven pathway or a specific subcellular compartment within

them would be necessary and have great potential.

Macrophages and cancer

Over the past decades, extensive research has increasingly recognized that tumor biology,
especially metastatic dissemination and resistance to cancer treatment, cannot be fully
understood when only examining the intrinsic proprieties of the cancer cells. Instead, it must be
conferred by non-malignant cells as well as the non-cellular component that make up the tumor
microenvironment (TME) (Cassetta and Pollard, 2018; Hanahan and Weinberg, 2011). The
cellular component of the TME constitutes numerous cell types, among which leukocytes
account for a large portion of total tumor mass (Gentles et al., 2015; Stankovic et al., 2018;
Thorsson et al., 2018). As early as 100 years ago, evidence suggested that immune cells were
able to react to the presence of cancer cells and reject tumors at early onset. This led scientists to
formulate the hypothesis of cancer immunosurveillance (Burnet, 1971; Ehrlich, 1909; Gajewski
et al., 2013). However, subsequent evidence showed that once cancer progresses, these tumor-
infiltrating immune cells are modified to support tumor growth and suppress immune cell-
mediated toxicity (Gajewski et al., 2013; Lengauer et al., 1998; Loeb et al., 2003). Such
recognition that immunity plays a dual role in cancer progression refined the cancer
immunosurveillance hypothesis to “cancer immunoediting” (Dunn et al., 2004a).

Cancer immunoediting is a dynamic process composed of three phases: elimination,
equilibrium, and escape. In brief, elimination represents the classic concept of cancer
immunosurveillance. Equilibrium is the adaption of tumor cells to increase resistance to immune

attack by genetic instability/mutation/selection. This is probably the longest of the three phases



and ultimately contributes to the reduced immunogenicity and increased heterogeneity of tumors.
The escape phase could be considered as the final win for cancer cells, where they acquire the
ability to grow and progress (Dunn et al., 2004b, 2004a). Although many immune cells
participate in this process, tumor-associated macrophages (TAMSs) have been shown to be one of
the most crucial contributors to this cancer immunoediting process (Cassetta and Pollard, 2018;
O’Sullivan et al., 2012).

TAMs are the most abundant infiltrating leukocyte in almost all solid tumors (Cassetta
and Pollard, 2018; Thorsson et al., 2018). Such increased infiltration largely originates from
bone marrow-derived monocytes that are recruited through inflammatory signals, such as
monocytes chemoattractant protein-1 (CCL2), released by cancer cells (Arwert et al., 2018; Qian
etal., 2011). Yet, in cancers such as gliomas and those of the pancreas, TAMs can also be
derived from erythroid-myeloid progenitors developed in the yolk sac at the embryonic stage
(Chenetal., 2017; Zhu et al., 2017). But regardless of origin, the TME promotes these
progenitors to differentiate into TAMSs, which constitutes a heterogeneous population and
perform diverse functions during tumorigenesis (Cassetta and Pollard, 2018).

At an early stage of cancer development, TAMs exhibit M1-like antitumor properties.
They produce cytokines, such as IFNy, to coordinate with adaptive immune cells (e.g., stimulate
CD8" T cell proliferation and activation) and activate an antitumor adaptive immune response
(Biswas and Mantovani, 2010; Evans and Alexander, 1970; Ong et al., 2012; Tsung et al., 2002).
As the biggest “eaters” in our immune system, macrophages also possess phagocytosis ability
that can directly Kkill cancer cells (Kroemer et al., 2013; Munn and Cheung, 1990; Salmi, 2017).
This phagocytosis ability has been recently leveraged in combination with other therapeutic

agents to eliminate tumor cells (Gholamin et al., 2017; Gl et al., 2014). In addition, several



studies, including ours, have shown that TAMs are capable of cross-presenting tumor antigen to
active cytotoxic T cell response (Asano et al., 2011; Singhal et al., 2019). Considering their
abundance in tumors, their cross-presentation activity makes them attractive to serve as a
communication bridge to alert the adaptive immunity (a function classically ascribed to DCs).
Furthermore, the abscopal effect, raised from the clinical observation that tumors regress at
distant sites upon irradiation of the primary sites, has also been linked to the antitumor properties
of TAMs (Klug et al., 2013).

However, those beneficial properties to oppose tumorigenesis do not represent the
dominant phenotype of TAMSs. With tumor progression, TAMs mainly adopted an M2-like pro-
tumorigenic function. This dominantly pro-tumorigenic function also reflects on patients’
clinical outcomes. Studies showed that their increased abundance in tumors is strongly correlated
with both poor prognosis and patient survival in many cancer types (Joyce and Pollard, 2009;
Mei et al., 2016; Tang, 2013; Yin et al., 2017; Zhao et al., 2017).

TAMs contribute to almost every step of tumorigenesis. At initiation stages, they supply
bioactive molecules to create a “fertile” TME for cancer cells to survive and thrive (Mantovani et
al., 2008; Wang et al., 2019). These bioactive molecules include growth factors, such as
epidermal growth factor (EGF), to sustain tumor cell proliferating signaling, and survival factors,
such as WNT, to limit cell death and maintain tumor stemness. They also include inflammatory
cytokines, such as IL-6, and reactive oxygen species, such as nitric oxide, to create a mutagenic
microenvironment. Studies have shown that in comparison to the normal inflammatory response
during infection, which is resolved after the environmental insult is eliminated, the chronically

inflamed TME that TAMSs nourished presents no functional restoration. This leads to increased
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DNA damage with existing congenic stress cause more mutation and genomic instability,
proceeding tumor malignancy (Greten and Grivennikov, 2019; Kawanishi et al., 2017).

Beyond “fertilizing the soil”, TAMSs support tumor angiogenesis. They produce pro-
angiogenic factors, such as vascular endothelial growth factors A (VEGFA), and angiogenic
CXC chemokines (CXCL8/12) to trigger rapid formation of new vessels, which provide a
constant supply of oxygen and nutrients for tumor cells (Bergers and Benjamin, 2003; Lin and
Pollard, 2007; Owen and Mohamadzadeh, 2013). Unlike normal blood vessels, those newly
formed tumor vessels are immature and leaky. These abnormalities further contribute to other
pro-tumorigenic characteristics, such as interstitial hypertension, hypoxia, and acidosis. Besides,
these factors that TAMSs secrete have also been reported to interfere with the delivery of
therapeutic drugs, rendering tumor cells resistant to both radiation and some forms of cytotoxic
therapy (Owen and Mohamadzadeh, 2013; Wenes et al., 2016).

In addition to directly benefiting cancer cells, TAMs negatively modulate other immune
cells in the tumor, which indirectly contributes to tumorigenesis (Biswas and Mantovani, 2010;
Mantovani et al., 2017). TAMs express T cell checkpoint ligands, such as PDL1 and CD80/86,
which directly inhibit T cell functions. They also secrete enzymes, such as arginase (ARG1) and
indoleamine 2,3-dioxygenase (IDO) to inhibit T cell proliferation (Dannenmann et al., 2013;
Munn et al., 1999; Rodriguez et al., 2003, 2004; Saio et al., 2001). Their secretion of IL10 and
TGFp have also been shown to inhibit both CD4* and CD8* T cells yet induce regulatory T cell
expansion (Curiel et al., 2004; Liu et al., 2011; Serafini et al., 2008). Further, TAMs are able to
obstruct the activation of NK cells by expressing non-classical major histocompatibility complex

HLA-E to interact with CD94 (Morandi and Pistoia, 2014). Together, those interactions with
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other immune cells in the TME create an immunosuppressive environment where cancer cells
can escape immune surveillance and proceed to establish metastases.

To facilitate cancer cell metastasis, another task TAMs take on is extracellular matrix
(ECM) remodeling. ECM is a major structural support of the TME and is comprised of a
network of biochemically distinct components. It is highly dynamic and able to shape
communication among cells in the TME through a broad range of biophysical and biochemical
changes. In general, there are three different mechanisms of ECM remodeling: 1) ECM
deposition and post-translational modification, which alters the abundance, composition, or
biochemical properties of ECM components; 2) ECM degradation, which releases bioactive
ECM fragments and ECM-bound factors to alleviate migration barriers; 3) force-mediated ECM
modification, where integrins apply mechanical force to align ECM fibres to open-up passages
for cell migration (Henke et al., 2019; Winkler et al., 2020). TAMs are an important source of
ECM remodeling proteases (Joyce et al., 2004). They induce proteolytic clearance of ECM
component through upregulating metalloproteinase (MMP) production, accompanied by
increased endocytosis and lysosomal degradation of collagen (Madsen et al., 2017). In addition
to ECM degradation, TAMs contribute to ECM deposition. They increase the synthesis and
assembly of collagens, resulting in cross-linking and linearization near invasive tumors. Such
alteration increases tumor stiffness, which further promotes cell migration and invasion (Afik et
al., 2016; Kai et al., 2019).

Therefore, understanding the diverse phenotypes of TAMs at different stages of cancer
development as well as the mechanism by which they influence cancer and non-cancer cells
within the TME is essential for designing therapeutic strategies and best leveraging their ability

to eliminate tumors.
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Current strategies of targeting tumor-associated macrophages

Currently, TAM-targeting strategies can be generally divided into three categories. One is
to prevent their accumulation in tumors by either depleting TAMs or inhibiting
macrophage/monocyte recruitment. Depleting macrophages by either genetic ablation of
macrophage colony-stimulating factor 1 (CSF1°P’°P) or antibody/chemical-based methods (anti-
CSF1R/anti-F4/80 antibody or clodrosome treatment) in various murine tumor models has
shown some promise in limiting tumor growth (Duong et al., 2018; Hiraoka et al., 2008; Lin et
al., 2001, 2006; Miselis et al., 2008; Ries et al., 2014; Zeisberger et al., 2006). Hence, many
small molecules or monoclonal antibodies (mAbs) therapies have been proposed, some of which
have moved into clinical trials (Cassetta and Pollard, 2018; Poh and Ernst, 2018). For instance,
trabectedin, in addition to its cancer cell killing capacity through the TNF-related apoptosis-
inducing ligand (TRAIL)-mediated apoptosis pathway, induced TAM apoptosis (Germano et al.,
2013; Liguori et al., 2016). Bisphosphonates, which are a class of drugs typically used for
treating osteoporosis and complications arising from bone metastases, have also been widely
used for depleting macrophages (Rogers and Holen, 2011; Van Acker et al., 2016). Especially,
clodronate and zoledronic acid, a non-nitrogen or nitrogen-containing-bisphosphonate
respectively, were preferentially taken up by macrophages in vivo, resulting in decreased TAM
accumulation and reduced tumor burden (depletion efficacy varies depending on administration
route and tissue, but is ~30-50%) (Daubiné et al., 2007; Hiraoka et al., 2008; Marra et al., 2011;
Zeisberger et al., 2006). Moreover, CSF1 plays a crucial role in macrophage survival and
proliferation. And CSF1-receptor (CSF1R) activation leads to macrophage accumulation in the
tumor (the first study was in diffuse-type giant cell tumor) (Cannarile et al., 2017; Ries et al.,

2014; Stanley et al., 1997). Thus, mAbs or small molecules to inhibit CSF1-CSF1R and CCL2-
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CCR2 axes to prevent macrophage recruitment to both primary and metastatic tumors have also
gained traction (Grossman et al., 2018; Manthey et al., 2009; Ries et al., 2014; Strachan et al.,
2013).

The second category is to impede their immunosuppressive effects on other immune cells
in the TME by directly targeting the molecules TAMs secrete or express. For instance, T cell
proliferation and subsequent effector function rely on a sufficient L-arginine supply. Because
M2-like TAMs express a high level of ARG1, which enzymatically depletes L-arginine from the
environment and suppresses T cell functions, inhibitors to neutralize ARG1, such as CB-1158,
have been in development (Cassetta and Pollard, 2018; Rodriguez et al., 2004; Steggerda et al.,
2017). Checkpoint blockade inhibitors are another example. Effector T cells need to overcome
intrinsic negative regulation pathways signaled through immune checkpoint receptors such as
programmed cell death protein (PD1) or cytotoxic T-lymphocytes-associated protein 4 (CTLAA4)
(Waldman et al., 2020). In many cancer types, tumor cells express their ligand (PDL1 for PD1
and CD80/CD86 for CTLAA4) to silence T cell function. Nevertheless, those ligands are also
abundantly expressed on infiltrating immune cells, especially on TAMs, the most abundant
immune cells in tumors (Sharma and Allison, 2015). Hence, the administration of many
checkpoint inhibitors is also targeting TAMs in addition to malignant cells (Kleinovink et al.,
2017).

The third category is through macrophage reprogramming, which is also the most
advantageous pathway due to the opportunity to rebalance the infiltrating immune cells in the
TME (compared to strategies in the first category) in a more proactive way (compared to
strategies in the second category). Admittedly, macrophage reprogramming is a broad concept.

Here, it is mainly referring to as shifting TAMs away from an M2-like phenotype and towards an
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M1-like phenotype. Many targets have been proposed and explored. For instance, CD47 interacts
with the signal regulatory protein-a (SIRPa), mainly expressed by macrophages, to prevent
myosin I1A accumulation at the phagocytic synapse. Because this signaling pathway serves as an
anti-phagocytosis or “do not eat me” signals, many cancer cells overexpress CD47 to escape
phagocytosis by macrophages (Barclay and VVan den Berg, 2014; Okazawa et al., 2005). Studies
have shown that targeting this signal stimulates TAMs’ antitumor phagocytic response and
attenuate tumor growth in several murine tumor models (Edris et al., 2012; Gholamin et al.,
2017; Xiao et al., 2015). Currently, two anti-CD47 monoclonal antibodies (mAb; HUSF9G4 and
CC-90002) and one soluble recombinant SIRPa-crystallizable fragment fusion protein (TTI-621)
are being tested in clinical trials (Liu et al., 2015).

Toll-like receptor (TLR) agonist is another promising direction for reprogramming
TAMs. Because TLRs play crucial roles in the detection of microbial infection and the induction
of immune and inflammatory responses, different TLR synthetic ligands have been tested in
various cancer models to skew macrophage polarization towards an M1-like phenotype to
promote tumor regression (Adams, 2009; Medzhitov and Janeway, 2000). Two TLR7 agonists
(Imiguimod and 852A) have shown efficacy in many murine models and are currently being
tested on several cancers in clinical trials (Adams et al., 2012; Bubna, 2015; Dudek et al., 2007;
Rodell et al., 2018). Similarly, the TLR9 ligand IMO-2055 has shown great promise when used
alone or in combination with other therapies (Agrawal, 2008; Melisi et al., 2014; Sagiv-Barfi et
al., 2018).

There are many other emerging strategies to reprogram TAMSs. Targeting CD40, a
receptor that belongs to the tumor necrosis factor receptor (TNFR) superfamily, showed

profound TAM reprogramming and elicited an antitumor T cell response (Hoves et al., 2018;
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Perry et al., 2018; Vonderheide, 2018). Anti-MARCO antibody, which targets macrophage
receptors with collagenous structure (MARCO), induces antitumor activity of TAMs in multiple
pre-clinical models. The underlying mechanism was dependent on the interaction of the Fc
portion of the anti-MARCO antibody with the inhibitory Fc receptor on TAMs (Georgoudaki et
al., 2016). These findings revisit the concept of mAb-mediated cytotoxicity via the Fc receptor
(Clynes et al., 1998, 2000; Kang and Jung, 2019). In addition, the histone deacetylase inhibitor
(HDACs) TMP195 led to the recruitment of highly phagocytotic and antitumorigenic TAMSs and
increased the efficacy of immunotherapy and chemotherapy (Guerriero et al., 2017). Some
transcription factors, such as STAT1, STAT3, STAT6, and NF«B, were also proposed as targets
for reprogramming TAMs (Baer et al., 2016; Kumar et al., 2016; Kusmartsev and Gabrilovich,
2005; Xin et al., 2009; Yan et al., 2016). Yet, many drugs are not designed to specifically target
TAMSs, and many targeted molecules are also expressed by other cell types. Hence, when
interpreting the effect on tumor growth, one needs to take into consideration the off-target
effects, which might be either synergetic or adversary or both depending on the dose, delivery

method, and tumor models.

The contribution of my studies

There are two general approaches to explore targeting TAMSs therapeutically. One
approach is to identify targetable pro-tumorigenic pathways in M2-like TAMs, and the other is to
understand the mechanism producing M2-like TAMSs. In other words, one is to correct their bad
behavior to prevent further damage, and the other is to prevent them from behaving badly in the
first place.

My studies in Chapter 2 identified lysosomal cysteine protease activity in TAMs are
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responsible for destroying tumor-associated antigens, resulting in a failure to activate CD8" T
cells. I proposed that their failure to instruct CD8* T cells represents an important blockade in
antitumor immunity. And because elevated lysosomal cysteine protease levels in tumors
correlates with poor prognosis in many cancers, most of which are characterized by a
preponderance of TAMs, the identification of this targetable pro-tumorigenic pathway in M2-like
TAMs may have broad therapeutic implications. My studies in Chapter 3 extrapolated the
concept obtained from an infection setting and applied it to cancer, and demonstrated that
hypoxia induces a pro-tumorigenic M2-like phenotype in TAMs through LDHA-mediated lactate
production. And this lactate-histone lactylation (Kla) pathway is considered as one mechanism
producing M2-phenotypes. Because hypoxia is the most common feature of aggressive tumors,
targeting this pathway to lowering lactate production by TAMs may also have broad

implications.
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CHAPTER TWO: ELEVATED LYSOSOMAL CYSTEINE PROTEASE ACTIVITY IN

TUMOR-ASSOCIATED MACROPHAGES RESTRAINS ANTITUMOR IMMUNITY

Introduction

Tumor-associated macrophages (TAMS) are the most prevalent immune cell in the tumor
microenvironment (Cassetta and Pollard, 2018). TAMs predominantly adopt an anti-
inflammatory M2-like phenotype that contributes to tumor development through multiple
mechanisms. M2-like TAMs overexpress growth factors (eg. VEGFa) that promote
angiogenesis, proteases (eg. MMPs) that facilitate metastatic dissemination, and inhibitory
molecules (eg. ARGL, IL-10, PDL1) that suppress adaptive immune responses (Cassetta and
Pollard, 2018; Mantovani et al., 2017; Noy and Pollard, 2014). Moreover, depleting TAMSs in
pre-clinical models attenuated tumor growth and metastasis (Cotechini et al., 2015; Poh and
Ernst, 2018), and high TAM abundance correlates with poor survival in patients across many
cancer types (Gentles et al., 2015; Mantovani et al., 2017; Takeya and Komohara, 2016). For
these reasons, M2-like TAMs are an emerging target for anti-cancer therapy development
(Cassetta and Pollard, 2018; DeNardo and Ruffell, 2019; Mantovani et al., 2017; Poh and Ernst,
2018; Vitale et al., 2019).

Although the M2-like TAM phenotype predominates during tumor progression, TAMs
are heterogeneous and their phenotype can be dynamically controlled by environmental cues
including hypoxia, crosstalk with cancer cells, or stimuli derived from stromal or other immune
cells in the tumor microenvironment (Poh and Ernst, 2018). During early stages of tumor
development, TAMs are considered to acquire a pro-inflammatory M1-like phenotype that

opposes tumorigenesis by killing cancer cells and secreting immune-activating cytokines
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(Mantovani et al., 2017; Singhal et al., 2019). Moreover, recent studies showed that TAMs
isolated from early human lung tumors can cross-present antigens to directly activate CD8*
cytotoxic T lymphocytes (CTLs) (Singhal et al., 2019).

CD8* CTL activation via antigen cross-presentation has proven effective at eliminating
tumors (Fehres et al., 2014; Kurts et al., 2010). In this process, innate immune cells acquire
tumor antigens by phagocytosing cancer cells and display them on MHC class | molecules to
activate CD8" CTLs. Although this function has been traditionally ascribed to tumor dendritic
cells (DCs) (Joffre et al., 2012), many types of macrophages can cross-present antigens (albeit
less efficiently than DCs), including TAMs isolated from early human lung tumors (Cruz-Leal et
al., 2018; Embgenbroich and Burgdorf, 2018; Shen et al., 2004; Singhal et al., 2019). Given that
TAMs are far more abundant and phagocytic than DCs in tumors (Cassetta and Pollard, 2018;
Noy and Pollard, 2014), harnessing their ability to directly activate CD8* CTLs to attack tumors
would be advantageous. However, there are two major impediments to enable such an approach.
the first is an incomplete understanding the mechanisms limiting antigen cross-presentation by
M2-like TAMs and the second is a paucity of technologies to target therapeutics to TAMSs in
Vivo.

Here | identify a mechanism that limits antigen cross-presentation by M2-like TAMs.
Using unbiased proteomics, | found that M2-like TAMs are characterized by elevated cysteine
protease activity specifically in their lysosomes which hampers antigen cross-presentation and
therefore prevents the effective activation of CD8" CTLs. | reasoned that if one could chemically
inhibit cysteine proteases specifically in lysosomes, it might act as a potential therapeutic. DNA
scaffolds have enabled the targeted delivery of chemical imaging agents to lysosomes in

phagocytic cells in culture or in live worms by exploiting scavenger receptor mediated
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endocytosis (Chakraborty et al., 2017; Dan et al., 2019; Surana et al., 2011; Veetil et al., 2017).
Since there has been no other synthetic scaffolds that can deliver cargo with organelle-level
precision and cell-type specificity in whole organisms, we therefore collaborated with Dr.
Yamnua Krishnan’s group and adopted their DNA nanotechnology to create a DNA nanodevice
(E64-DNA) that carries the cysteine protease inhibitor E64 as a payload. E64-DNA
preferentially localizes to TAMSs via scavenger receptor-mediated endocytosis and traffics to
lysosomes in these cells. By inhibiting cysteine protease activity specifically in lysosome in
TAMs, E64-DNA improves antigen cross-presentation, which in turn, activates CD8" T cells to
oppose tumorigenesis. My studies identify elevated lysosomal activity in M2-like TAMs as an
important innate immune blockade in antitumor immunity that can be targeted by DNA

nanotechnology.

Materials and Methods

Regulatory. Animal studies were approved by the Institutional Animal Care and Use
Committee (ACUP #72209, #72504) at the University of Chicago. Cancer cell lines were
approved by the Institutional Biosafety Committee (IBC #1503).

Mouse models. 6-7-week-old C57BL/6 female mice, LysMcre knock in mice, OT-1
mice, Scarb1-/-, Cd36-/- and Msri1-/- mice were purchased from The Jackson Laboratory. Tfeb/f
mice were a gift from Dr. Andrea Ballabio. pMel mice were a gift from Dr. Melody Swartz,
University of Chicago. Myeloid cell specific Tfeb-/- mice (mTfeb-/-) and their littermate controls
(fI/fl) were generated by crossing Tfeb™ mice with LysMcre*- mice. Mouse genotype was
confirmed by PCR using the following primers: forward,

GTAGAACTGAGTCAAGGCATACTGG,; reverse, GGGTCCTACCTACCACAGAGCC,; loxp-
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R, CTTCGTATAATGTATGCTATACGAAG). Mice were housed in the specific pathogen free
animal facility at the Gordon Center for Integrative Science building at the University of
Chicago.

Cell Lines. EQ771 cells were a gift from Dr. Marsha Rosner, University of Chicago.
LLC1 cells were purchased from ATTC (CRL-1642™). B16F10 cells were a gift from Dr.
Thomas Gajewski, University of Chicago. B16.OVA cells were a gift from Dr. Jeffrey Hubbell,
University of Chicago. Cells were cultured in Dubecco’s Modified Eagles Medium (DMEM;
HyClone) containing 10% heat-inactivated FBS (Gemini Bio Products) and 1%
penicillin/streptomycin (Gibco).

Bone marrow-derived macrophage (BMDM) isolation and activation. BMDMs were
differentiated from bone marrow stem cells with L-cell conditioned media for six days as
previously described (Kratz et al., 2014). For M1 activation, BMDMs were treated with LPS
(5ng/mL) and IFNy (12ng/mL) for 24hrs. For M2 activation, BMDMs were treated with IL-4
(20ng/mL, R&D Systems) for 48hrs.

Adipose tissue macrophage (ATM) isolation. Adipose tissue was digested with Type 1
Collagenase (Worthington, 1mg/mL) at 37°C with shaking at 160rpm for 45mins. Digested tissue
was filtered through a 100um cell strainer, incubated in RBC lysis buffer for 5 min, and passed
through a 40um cell strainer. ATMs were isolated using CD11b microbeads (Miltenyi Biotec)
as previously described (Kratz et al., 2014) and purity was assessed by flow cytometry.

Murine tumor processing. Tumors were digested with Type 4 Collagenase
(Worthington, 3mg/mL) and hyaluronidases (Sigma, 1.5mg/mL) at 37°C with horizontal shaking
at 200rpm for 45 mins (E0771) or 30 mins (LLC1 and B16F10). Digested tumor was filtered

through a 100um cell strainer, incubated in RBC lysis buffer for 5 min, and passed through a
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40um cell strainer. For tumor immune cell analyses, cells were labeled with various antibodies
and analyzed by flow cytometry. For sorting, cells were resuspended in isolation buffer (0.1%
BSA/PBS, 2mM EDTA), layered onto Ficoll-Paque™ PLUS (GE Healthcare), and centrifuged at
450xg for 30mins. Mononuclear cells were obtained by collecting the middle white layer.
Enriched mononuclear cells were stained with antibodies and M1-like and M2-like tumor-
associated macrophages (TAMs) were sorted using a BD FACS Aria Fusion cell sorter. For
isolation of pooled TAMs, TAMs were isolated using CD11b microbeads (Miltenyi Biotec)
according to manufacturer’s instruction, and purity was assessed by flow cytometry. Antibodies
used include: CD45 (47-0451), CD11b (25-0112), MHCII (11-5321), Ly6C (12-5932), CD4
(17-0041), CD8 (12-0081), CD44 (25-0441) from ThermoFisher Scientific; CD3 (560527),
CD62L (561917), CD11c (561241), Gr1(553129) from BD Biosciences, and Ly6G (127614),
CD103 (121415), CD206 (141706) from BioLegend. Viability was assessed by calcein blue AM
(BD Biosciences). Flow data were quantified by FlowJo v.10.4.1.

Isolation and activation of human peripheral blood monocyte-derived macrophage
(HMDM). Monocytes were purified from the buffy coat using CD14 microbeads
(MiltenylBiotec) and differentiated into HMDMs using human M-CSF (125ng/mL, R&D
Systems) for 7 days as previously described (Kratz et al., 2014). For M1 activation, HMDMs
were treated with LPS (100ng/mL, Sigma) and IFNy (1ng/mL, R&D Systems) for 48hrs. For M2
activation, HMDMs were treated with IL-4 (10ng/mL, R&D Systems) and 1L-10 (10ng/mL),
R&D Systems for 48hrs.

Human breast tumor tissue processing and immune analysis. Human breast tumor
tissue was cut into ~100mg pieces, each of which was digested in HBSS Ca2*/Mg2* buffer

containing TL (14U/ml) and DL (28U/ml) (Roche) and DNAse | (156mg/mL) at 37°C with
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horizontal shaking at 200rpm for 45mins, adapted from previously described (Cassetta et al.,
2019). Digested tumors were filtered through a 100um cell strainer, incubated in RBC lysis
buffer for 5 min, passed through a 40um cell strainer, and resultant cells were resuspended in
isolation buffer (0.1% BSA/PBS, 2mM EDTA). For DQ-OVA degradation assays, cells were
incubated with DQ-ovalbumin (see below) and DQ-OVA fluorescence was quantified in
CD45*CD11b*CD14*CD163* TAMs. Antibodies used include: CD11b (17-0118-41) from
ThermoFisher Scientific; CD45 (557748), CD163 (563887), CD14 (347497), CD206 (321120),
HLA-DR (560651) from BD Biosciences. Viability was assessed by Calcein blue AM (BD
Biosciences). Flow data were quantified by FlowJo v.10.4.1.

Thioglycolate-elicited peritoneal macrophage isolation. Peritoneal macrophages were
isolated as previously described (Reardon et al., 2018). Briefly, peritoneal macrophages were
collected by lavaging the peritoneal cavity with PBS containing 2% endotoxin-free BSA (Sigma)
5 days after 4% thioglycolate injection (3 mL/mouse). Purity was assessed by flow cytometry.

Cytosolic and nuclear extractions. For cytosolic extraction, cell pellets were
resuspended in 5X volume of cytoplasmic extraction buffer (10mM HEPES, 10mM KClI, 0.1
mM EDTA, 0.3% NP-40, protease inhibitors), incubated on ice for 5 mins with vortexing, and
centrifuged at 3500xg for 5 mins at 4°C, and the supernatant was harvested. For nuclear
extraction, cell pellets were washed twice with 5X volume of cytoplasmic extraction buffer
without NP-40, resuspended with 1X volume of nuclear extraction buffer (20mM HEPES, 0.4M
NaCl, ImM EDTA, 25% glycerol, protease inhibitors), incubated on ice for 10 mins with
vortexing, centrifuged at 900xg for 5 mins at 4°C, and the supernatant was harvested.

Analysis of lysosome number. Macrophages were seeded on imaging dishes

(Cellvis). After attachment, cells were stained with anti-LAMP1 antibody to mark lysosomes,
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followed by a DyLight 594 secondary antibody and DAPI for nuclear staining. Fluorescence
images were acquired with a Nikon Eclipse Ti2 microscope with the following settings:
objective magnification 90x, objective numerical aperture 0.45, room temperature, emission
wavelengths of 457.5nm (DAPI), 535.0nm (GFP), and 610 nm (RFP), Camera Nikon DS-Qi2,
and NIS-Element Version 5.02 software. Analysis was performed using brightfield to denote the
area and perimeter of the cell. LAMP1 was imaged in RFP and thresholding was set using bright
spot detection. Adjacent cells were separated using a watershed function centered on the nucleus.
LAMP1 signal was quantified using number of LAMP1 signals per unit of cell area.

Analysis of lysosomal degradation by DQ-OVA. Lysosomal degradative capacity of
macrophages was assessed by a DQ-OVA degradation assay according to manufacturer’s
instruction. Briefly, 0.2 million cells were incubated with 10ug/mL of DQ-OVA at room
temperature for 15mins, washed, and incubated at 37°C for another 15mins. DQ-OVA
fluorescence was quantified by flow cytometry.

Analysis of lysosome pH. Lysosomal pH of macrophages was assessed by
LysoTracker™ Red DND-99 according to manufacturer’s instructions. In brief, 0.5 million cells
were incubated with 100nM lysotracker at 37°C for 1h. Signals were quantified by flow
cytometry.

In vitro cell viability assay. TAMs were plated in complete growth media and treated
with vehicle, DNA, E64, or E64-DNA (100nM) for 72h, and cell viability was assessed by
Calcein-AM (4ng/mL). Fluorescence was measured at 495nm/516nm using a Synergy HT Multi-
Mode Microplate Reader (Biotek).

In vitro cell proliferation assay. EO771 cells were seeded in a 96 well clear bottom plate

(Greiner Bio-One) at 2000 cells/well. plate was placed into the IncuCyte® S3 live-cell analysis
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system and allow the plate to warm to 37 °C for 30min prior to scanning. Each well was scanned
every 4h, and the % of confluency was analyzed by IncuCyte analysis software.

Western blot analyses. Cells were lysed with 1% SDS containing protease and
phosphatase inhibitors (Sigma), and protein was quantified with the BCA Protein Assay Kit
(Pierce). Proteins (10-20ug) were resolved on 10%, 12.5%, or 15% SDS-PAGE gels depending
on the target protein, transferred to PVDF membranes (Millipore), blocked with 5% BSA
(Sigma) in 0.1% TBS/Tween-20 at RT for 2hrs, stained with primary and secondary antibodies,
and visualized using the ECL detection kit (Biorad) and a LI-COR imager.

Antibodies — Antibodies against murine CTSL (af1515, R&D Systems), CTSB (3171, CST),
Tubulin (2125, CST), CTSZ (sc-376976, Santa Cruz Biotechnology), BLOC1S1 (SC-515444,
Santa Cruz Biotechnology), LIPA (sc-58374, Santa Cruz Biotechnology). LMNB1 (13435,
CST), IRF3 (sc-33641, Santa Cruz Biotechnology), p-IRF3 (29047, CST), TBK1 (5483, CST),
p-TBK1 (3504, CST), LC3 (L7543, Sigma), p62 (nbp1-49954, Novus Biologicals), CTSE (SC-
166500, Santa Cruz Biotechnology), CTSD (SC-377124, Santa Cruz Biotechnology).

Shotgun proteomics. Whole cell lysates from M1 and M2 BMDMs were collected in 4%
sodium deoxycholate (SDC) in 10mM Tris, 1 mM EDTA, pH 7.4 for trypsin digestion. Samples
were denatured by heating at 56°C and reduced with 5mM dithiothreitol (DTT) for 1h, alkylated
with 15mM iodoacetamide for 30 min at room temperature in the dark, and excess
iodoacetamide was quenched with an additional 5mM DTT. Samples were digested with trypsin
(Promega, Madison, WI) at 1:20 w/w ratio overnight at 37°C with mixing. After digestion, SDC
was precipitated by addition of 1% trifluoroacetic acid and insoluble material was removed by

centrifugation at 14,000xg for 10min. Samples were then desalted by solid phase extraction
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using Oasis HLB 96-well pElution Plate, dried down, stored at -80°C, and reconstituted with
0.1% formic acid in 5% acetonitrile to a peptide concentration of 0.1ug/uL for LC-MS analysis.

LC/MS analyses. Digested peptides were injected onto a trap column (40x0.1mm,
Reprosil C18, 5um, Dr.Maisch, Germany), desalted for 5 min at a flow of 4uL/min, and
separated on a pulled tip analytical column (300 x 0.075 mm, Reprosil C18, 1.9 um, Dr.Maisch,
Germany) with a 3 segment linear gradient of acetonitrile, 0.1%FA (B) in water, 0.1%FA (A) as
follows: 0-2 min 1-5%B, 2-150 min 5-25%B, 150-180 min 25-35%B followed by column wash
at 80% B and re-equilibration at a flow rate 0.4uL/min (Waters NanoACQUITY UPLC).
Tandem MS/MS spectra were acquired on Orbitrap Fusion Lumos (Thermo Scientific) operated
in data-dependent mode on charge states 2-4 with 2s cycle time, dynamic exclusion of 30s, HCD
fragmentation (NCE 30%) and MS/MS acquisition in the Orbitrap. MS spectra were acquired at
a resolution 120,000 and MS/MS spectra (precursor selection window 1.6Da) at a resolution of
30,000 (for PMN media) or 15,000 (in-gel digests, recombinant peptides). Peptides and proteins
were identified using the Comet search engine (Eng et al., 2015) with PeptideProphet and
ProteinProphet validation. Search criteria included a 20ppm tolerance window for precursors and
products, fixed Cys alkylation, and variable Met oxidation.

Measurement of gene expression by gRT-PCR. Cell pellets were lysed in RLT buffer,
total RNA was isolated using the RNAeasy kit (Qiagen) with on-the-column DNAse digestion
(Qiagen), converted to cDNA using reverse transcription kit (Qiagen), and amplified using
QuantiTect SYBR Green PCR Kits (Qiagen). The following murine primers were used:
18s forward: GCCGCTAGAGGTGAAATTCTT, reverse: CGTCTTCGAACCTCCGACT.

Ctsb forward: CTGCGCGGGTATTAGGAGT, reverse: CAGGCAAGAAAGAAGGATCAAG.

Cstl forward: AGACCGGCAAACTGATCTCA, reverse: ATCCACGAACCCTGTGTCAT.

Ctsz forward: GGCCAGACTTGCTACCATCC, reverse: ACACCGTTCACATTTCTCCAG.
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Lipa forward: CTGGTGAGGAACACTCGGTC, reverse: AGCCGTGCTGAAGATACACAA.
Lgmn forward: ATTCCTGACGAGCAGATCATAGT, reverse: GTGCCGTTAGGTCGGTTGA.
Tnfa forward: CACCACGCTCTTCTGTCTACTG, reverse: GCTACAGGCTTGTCACTCGAA.
111b forward: AACTCAACTGTGAAATGCCACC, reverse: CATCAGGACAGCCCAGGTC.

Nos2 forward: GCTCCTCTTCCAAGGTGCTT, reverse: TTCCATGCTAATGCGAAAGG.

Argl forward: CTCCAAGCCAAAGTCCTTAGAG, reverse: AGGAGCTGTCATTAGGGACATC.
1110 forward: GCTCTTACTGACTGGCATGAG, reverse: CGCAGCTCTAGGAGCATGTG.

Fizz1 forward: CCTGCTGGGATGACTG, reverse: TGGGTTCTCCACCTCTTCAT.

Gapdh forward: TGGCCTTCCGTGTTCCTAC, reverse: GAGTTGCTGTTGAAGTCGCA.

Cd11b forward: CCATGACCTTCCAAGAGAATGC, reverse: ACCGGCTTGTGCTGTAGTC.
Sgstm1 forward: GAGTAACACTCAGCCAAGCA, reverse: TTCACCTGTAGATGGGTCCA.
Map1llc3b forward: TTGCAGCTCAATGCTAACCA, reverse: GGCATAAACCATGTACAGGA.
Vpsi1l forward: AAAAGAGAGACGGTGGCAATC, reverse: AGCCCAGTAACGGGATAGTTG.
Uvrag forward: CTGACAGAAAAGGAGCGAGA, reverse: GGATGGCATTGGAGATGTGA.
Atg9b forward: CCATCCCACAATGATACACACC, reverse: CCTCTAGCCGTTCATAGTCCT.
Vps18 forward: AGTACGAGGACTCATTGTCCC, reverse: TGGGCACTTACATACCCAGAAT.
Becnl forward: AGGTACCGACTTGTTCCCTA, reverse: TCCATCCTGTACGGAAGACA.

The following human primers were used:

18S forward: CCCAACTTCTTAGAGGGACAAG, reverse: CATCTAAGGGCATCACAGACC.
CTSB froward: GAGCTGGTCAACTATGTCAACA, reverse: GCTCATGTCCACGTTGTAGAAGT.
CTSL forward: AAACTGGGAGGCTTATCTCACT, reverse: GCATAATCCATTAGGCCACCAT.
CTSZ forward: ACCAATGTGGGACATGCAATG, reverse: TTTGCGTAGATTTCTGCCATCA.
LIPA forward: CCCACGTTTGCACTCATGTC, reverse: CCCAGTCAAAGGCTTGAAACTT.
LGMN forward: TCCGGCAAAGTCCTGAAGAG, reverse: GGCAGCAGTAGTTGCATAAACA.

TNF A forward: CAGCCTCTTCTCCTTCCTGAT, reverse: GCCAGAGGGCTGATTAGAGA.

IL1B forward: TCTGTACCTGTCCTGCGTGT, reverse: ACTGGGCAGACTCAAATTCC.
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IL12 forward: GCGGAGCTGCTACACTCTC, reverse: CCATGACCTCAATGGGCAGAC.
NOS2 forward: CAGCGGGATGACTTTCCAAG, reverse: AGGCAAGATTTGGACCTGCA.
CD206 forward: GGCGGTGACCTCACAAGTAT, reverse: ACGAAGCCATTTGGTAAACG.
ARG1 forward: GGCAAGGTGATGGAAGAAAC, reverse: AGTCCGAAACAAGCCAAGGT.
IL10 forward: GGGAGAACCTGAAGACCCTC, reverse: ATAGAGTCGCCACCCTGATG.
MMP12 forward: CATGAACCGTGAGGATGTTGA, reverse: GCATGGGCTAGGATTCCACC.

In vitro peptide digestion by lysosomal aspartic and cysteine proteases. gp1002s-33
(1.5png) was incubated with vehicle (Veh), lysosomal cysteine protease s (0.1pg CTSB and 0.1ug
CTSL), or LAPs (0.1pg CTSD and 0.1pg CTSE) in pH 5 sodium acetate buffer at 37°C for 3h.
Degradation was stopped by diluting the digested solution with cell culture media to 10pg/mL at
pH 7.4. Diluted digested solution was added to TAMS to assess antigen presentation and CD8* T
cell activation.

Nucleic acid synthesis. Amine labeled 38-mer DNA (D1), Alexa 647 labeled
complementary DNA strand (D2), RNA (R1) and Alexa 647 labeled RNA strand (R2) were
obtained from IDT. HPLC-purified oligonucleotides were dissolved in Milli-Q water to make
100uM stock solutions and quantified using an ultraviolet spectrophotometer and stored at — 20
°C. To prepare a DNA or RNA duplex sample (i.e. D1-D2, or R1-R2), 50uM of each
complementary strand were mixed in equimolar ratios in 20 mM sodium phosphate buffer (pH
7.2) containing 100 mM KCI. The resultant solution was heated to 90 °C for 15 min, cooled to
room temperature at 5°C per 15 min, and kept at 4°C overnight.

D1: ATCAACACTGCACACCAGACAGCAAGATCCTATATATA
D2: Alexab47TATATATAGGATCTTGCTGTCTGGTGTGCAGTGTTGAT
R1: AUCAACACUGCACACCAGACAGCAAGAUCCUAUAUAUA

R2: Alexa647TUAUAUAUAGGAUCUUGCUGUCUGGUGUGCAGUGUUGAU
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E64-DNA or PepA-DNA synthesis. E64 (Selleckchem) or Pepestin A (PepA, GoldBio)
was conjugated to the amine labeled DNA duplex via EDC coupling. Briefly, 2mM E64 was
incubated with N-hydroxysuccinimide (NHS) and 1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC, each 2 equivalents excess) in 10mM MES buffer at pH 5.0
for 1 hour at room temperature. The solution was then added to the DNA duplex sample in two
rounds and incubated for 24 hours. To remove excess E64, NHS and EDC the reaction mixture
was pass through a 3kDa cut off centrifugal filter (Amicon, Millipore) and washing multiple
times. E64-DNA is then stored at 4°C till further use.

E64-DNA uptake. For E64-DNA trafficking to lysosome, TAMs were allowed to adhere

to 8 well dishes, pulsed with TMR-Dextran (0.5mg/mL) in complete medium for 1h, washed
with PBS, and cultured for 16h to allow TMR-Dextran to traffic to lysosomes. At this time,
TAMs were treated with E64-DNA (100nM) for 30min, washed with PBS, and imaged 30min

later using a Leica SP5 confocal microscope. Images were analyzed using ImageJ. For in vitro

E64-DNA uptake by M2 BMDMs from wt, Scarbl1-/-, Msr1-/-, or Cd36-/-mice, 100nM E64-
DNA or other types of nucleic acids (D1-D2, D2, R1-R2, R2) was incubated with 0.2 million
BMDMs for 30mins, washed with PBS, and uptake was assessed by flow cytometry. For the in

vitro M1 and M2 macrophage uptake competition assay, M2 BMDMs were labeled with Hoechst

dye 33342 (2ug/mL, ThermoFisher Scientific) in a tube for 10mins and washed with PBS twice.
M1 and M2 BMDMs were co-incubated at 1:1 ratio (0.2 million cells total) with E64-DNA
(100nM) for 15mins, washed with PBS, and E64-DNA uptake was assessed by flow cytometry.

For in vivo E64-DNA uptake, 2519 of E64-DNA was injected intratumorally (i.t.) or

intravenously (i.v.) by retro-orbital route into EO771 tumor-bearing mice. Tumors were isolated

7h after injection, digested, and E64-DNA uptake was assessed by flow cytometry.
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dsDNA serum stability. 10uM dsDNA was added to 100% mouse serum obtained from
8-week-old C57/BL6 mice and incubated for various time points (0-24h) at 37°C. DNA
degradation was assessed using 18% polyacrylamide gels stained with SYBR™ Gold
(ThermoFisher Scientific).

CD8* T cell isolation. Mouse splenocytes were isolated from OT-1 or pMel mice as
previously described (Reardon et al., 2018). CD8* T cells were isolated using the CD8* T Cell
Isolation Kit (Miltenyi Biotec) according to manufacturer’s instructions, and purity and
activation status were assessed by flow cytometry.

Antigen cross-presentation assays. For in vitro antigen cross-presentation, macrophages
were seeded at density of 100,000 cells/well in tissue culture treated 96-well plates (Corning).
For the OT-1 system, macrophages were incubated with OV Azs7-264 peptide (10ug/mL) or
ovalbumin protein (OVA, 2mg/mL) for 2h. For the pMel system, macrophages were incubated
with gp1002s-33 peptide (10uM) or X-ray irradiated B16F10 cells (60Gy, 50,000 cells) for 2h.
After two washes with PBS, CFSE-labeled CD8* T cells were added (100,000/well) and co-
cultured with macrophages for 72hrs. For ex vivo antigen cross-presentation, TAMs were
isolated from B16.OVA tumors, plated, and co-cultured with 10,000 CFSE-labeled CD8* T cells
(isolated from OT-1 mice) at a 1:1 ratio for 72hrs. For allostimulation, CD8" T cells were co-
cultured with TAMs that had not been pre-treated with antigens. Anti-CD3 (5ug/ml) and anti-
CD28 (5ug/ml) antibodies were used as a positive control. For CD8* T cell activation, IFNy
production in the culture medium at 72 hours was quantified using a mouse IFN-y ELISA kit
(Invitrogen). In some cases, cells were treated with BD GolgiPlug for the final 6h of coculture to
allow intracellular IFNy accumulation. Cells were collected, washed in Stain Buffer (BD

Biosciences) and stained for activation markers for 15 minutes in the dark at room temperature.
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Cells were fixed with BD Cytofix Fixation Buffer (BD Biosciences) for 20mins at 4°C. Fixed
cells were permeabilized with BD Perm/Wash Buffer (BD Biosciences) and stained with an anti-
IFNy antibody (Biolegend, clone: 4S.B3). The percent of IFNy*/CD44* CD8* T cells was
quantified by flow cytometry. For CD8* T cell proliferation, cells were labeled with 5uM 5,6-
carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen), according to the
manufacturer’s instructions. The number of proliferating cells (CFSE-diluted) was quantified
using CountBright™ beads (Invitrogen). In some cases, proliferating cells were quantified by the
Proliferation Platform Software (FlowJo v.10.4.1).

Tumor inoculation and treatment. For the TNBC model, E0771 cells (0.5x108) were
injected into the 4" mammary fat pad of the right ventral side of C57BL/6 mice. For other
models, LLC1 cells (0.5x108), B16F10 cells (1x10°), or B16.OVA cells (1x10°) were injected
into the flank of C57BL/6 mice. Tumor volume was assessed by calipers, and experiments were
terminated when tumor volume reached >1000mm?. For in vivo treatments, 25ug/injection of
E64-DNA or DNA every 4 days, or 50mg/kg/intraperitoneal injection of cyclophosphamide
every other day for three doses, followed by a week rest and another three doses every other day
(Sigma) was used.

CD8* T cell depletion. Anti-mouse CD8a. (clone 2.43) or rat 1gG2b (isotype control)
were injected intraperitoneally (200ug/injection) 3 days before the first treatment, and once/week
after the last treatment. CD8* T cell depletion was confirmed by flow cytometry.

TAMs depletion. Anti-mouse CSF1R (clone AFS98) or rat 1gG2b (isotype control) were
injected intraperitoneally (300ug/injection) every other day for three doses before the first

treatment, and every three days after the last treatment to maintain depletion.
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Statistics. Statistical significance was determined with the Student’s two-tailed, unpaired
t-test (p<0.05). Linear regression was performed using Prism v.7 software. For shotgun
proteomics studies, significance was assessed by a combination of the t-test and G-test (Becker
et al., 2010) with correction for false-discovery rate (<5%) using PepC software (Heinecke et al.,

2010).

Results
M2-like TAMs are characterized by elevated lysosomal protein levels and activity.

In order to identify tumor-promoting pathways in M2 macrophages, | compare them to
their antitumorigenic M1 counterparts. | prepared the whole cell lysate samples obtained from
M2-activated (IL-4) and M1-activated (LPS/IFNy) bone marrow-derived macrophages
(BMDMs), and Dr. Tomas Vaisar performed the discovery-based shotgun proteomics. Statistical
analysis with the G-test and t-test identified 337 and 413 proteins significantly elevated in M2
and M1 BMDMs respectively (FDR<5%), many of which have been previously described (eg.
M2: ARG1, YM1; M1: NOS2, CD11a) (Becker et al., 2012) (Figures 2.1a-b).

Informatics analysis of proteins elevated in M2 BMDMs identified enrichments in
mitochondria, electron transport, and lipid metabolism (Figure 2.1c), which are consistent with
their reliance on oxidative phosphorylation (Odegaard et al., 2007; Rodriguez-Prados et al.,
2010). Interestingly, informatics also identified an enrichment of 18 lysosomal proteins in M2
BMDMs including several proteases (Figures 2.1c-d), five of which were representatively
validated by immunoblotting (Figure 2.2a). The elevated levels of lysosomal proteins in M2
BMDM were consistent with enhanced lysosomal degradation assessed by an ovalbumin

degradation assay (DQ-OVA) (Figures 2.1e).
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Figure 2.1. M2 macrophages have elevated lysosomal enzyme levels and activity. a, Shotgun
proteomics analysis of whole cell lysates from M1 and M2 BMDMs. Differentially abundant
proteins were identified by the G-test and t-test (FDR<5%). See also Table S1. n=5/group. b,
Levels of known M1/M2-associated proteins from proteomics data. Proteins were quantified by
spectral counting and standardized to the condition with highest abundance. n=5/group. ¢, Top
five pathways from gene ontology (GO) analysis of proteins elevated in M2 BMDMs (p<0.05,
Fisher’s exact test with Benjamini-Hochberg correction). d, Heatmap of lysosomal protein levels
in M1 and M2 BMDMs. Scale: (M2-M1avg)/(M2+M1avg) or (M1-M2avg)/(M1+MZ2avg). N=5/group.
e, DQ-OVA degradation assays of M1 and M2 BMDMs. Assay scheme (left) and quantification
(right). n=3/group. f, M1-like and M2-like TAMs were sorted from murine EQ771 tumors. g-h,
MRNA levels of M1- and M2-associated genes (g) and lysosomal genes (h) in sorted TAMs.
n=6/group. i-j, Lysosomal gene expression (i) and DQ-OVA degradation (j) in M1 and M2
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Figure 2.1 continued. HMDMs. n=4/group. k, M1-like and M2-like TAMs were sorted from
human ER+ breast tumors. |, DQ-OVA degradation assays of sorted TAMs. n=5-10/patient. *,
p<0.05 Student’s t-test. **, FDR<5% G-test and t-test, error bars indicate the mean of
independent experiments + s.e.m. LC/MS is performed by Dr. Tomas Vaisar (University of
Washington). Proteomic data (b) is analyzed by me, with the help of Dr. Lev Becker. Patient
breast tumor samples were provided by Dr. Swati Kulkarni (Northwestern University).
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Figure 2.2. TFEB is responsible for elevated lysosomal enzymes in M2-like macrophages. a,
Validation of lysosomal proteins elevated in M2 BMDMs by immunoblotting, related to Fig.1d.
b, MRNA levels of lysosomal genes in M1 and M2 BMDMs. n=3/group. ¢, Tfeb mRNA levels in
M1 and M2 BMDMs. n=3/group. d, TFEB protein levels in M1 and M2 BMDMs. e, Cytosolic
and nuclear TFEB levels in M1 and M2 BMDM:s. f, Validation of mTfeb-/-. mRNA levels (top)
n=3/group and protein levels (bottom). g, A comparison of lysosomal gene expression in M1 and
M2 BMDMs from fl/fl mice versus M2 BMDMs from mTfeb-/- mice, n=3/group; and a
comparison of lysosomal gene expression in TAMs from fl/fl and mTfeb-/- EQ771 tumors,
n=4/group. h, DQ-OVA degradation assays of fl/fl and mTfeb-/- M2 BMDMs. n=3/group. *,
p<0.05 Student’s t-test, error bars indicate the mean of independent experiments + s.e.m.
Immunoblots (d, f) took the help of Anna Tang.
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Although the M1/M2 system is a useful experimental model for in vitro studies,
macrophages adopt more complex phenotypes in vivo (Geissmann et al., 2010). Hence, | used
two approaches to corroborate our findings in vivo. First, | compared lysosomal gene expression
in M2-like TAMs (CD206MI"MHCII'*"%) and M1-like TAMs (CD206'"YMHCIIMe") sorted from
E0771 tumors (Figure 2.1f-g). In comparison to M1-like TAMs, M2-like TAMs displayed
elevated lysosomal enzyme levels including Ctsb, Ctsl, Lgmn, and Lipa (Figure 2.1h). Second, |
purified total TAMs from E0771 tumors (~90-95% pure with minimal contamination with other
myeloid cells, Figure 2.3) and compared them to mammary adipose tissue macrophages and
thioglycolate-elicited peritoneal macrophages from tumor-free mice. Lysosomal enzyme levels
and activity were elevated in TAMs relative to both types of macrophages (Figure 2.4).

| also studied the regulation of lysosomal enzyme levels and activity in human
macrophages, which can sometimes exhibit distinct properties from murine macrophages
(Schroder et al., 2012; Thomas and Mattila, 2014). In comparison to M1 polarized human
monocyte-derived macrophages (HMDMs), M2 polarized HMDMs had increased lysosomal
gene expression (CTSB, CSTL, CTSZ, LGMN, LIPA) and DQ-OVA degradation (Figure 2.1i-j,
2.5). Moreover, analysis of TAMs from human ER+ breast cancer patients revealed an increase
in DQ-OVA degradation in M2-like (CD206"9"HLA-DR'") versus M1-like (CD206'""HLA-
DRM9") TAMSs (Figure 2.1k-I). Altogether, these studies demonstrate that lysosomal enzyme
levels and/or activity are induced in M2 macrophages in vitro and M2-like TAMSs in vivo, in both

mice and humans.
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Figure 2.3 Validation of TAMSs purity. a, Flow cytometry analysis of TAMs purified from
E0771 tumors. b, Quantification of other types of myeloid cells in the purified TAM population.
DC contamination was assessed by quantifying MHCII""CD11c* cells, and CD11¢*CD103*
(Type 1 dendritic cell subset). TAN and monocyte contamination were assessed by quantifying
CD11b*Ly6G* and CD11b*Ly6CM9" cells respectively. ¢, mMRNA expression levels of Zbtb46, a
DC specific transcription factor, in TAMs isolated from E0771, LLC1, and B16 tumors, and
bone marrow-derived M1/M2 macrophages and DCs. n=3/group. *, p<0.05 Student’s t-test, error
bars indicate the mean of independent experiments + s.e.m.
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Figure 2.4. TAMs exhibit increased lysosomal enzyme levels and activity. a, Isolation of
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lysosomal protein levels in ATMs and TAMs. ¢, DQ-OVA degradation assays of ATMs and
TAMs. n=3/group. d, mRNA expression of lysosomal genes in TAMs isolated from EQ771
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p<0.05 Student’s t-test, error bars indicate the mean of independent experiments + s.e.m.
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Figure 2.5. Validation of M1 and M2 activation of HMDMs. mRNA expression levels of M1-
and M2-associated genes in HMDMs treated with LPS/IFNy (M1) or IL10/IL4 (M2). Expression
levels were normalized to the cell type with the highest expression of each gene. n=4/group. *,
p<0.05 Student’s t-test, error bars indicate the mean of independent experiments + s.e.m. Blood
is donated by myself and taken by Kristen Becker for me to isolate monocytes.

Reducing lysosomal activity in TAMSs by genetic manipulation improves antitumor
immunity.

I next explored the mechanism by which lysosomal proteins are elevated in M2
macrophages. Because many lysosomal proteins were induced, and this induction was also

observed at the mRNA level (Figure 2.2b), | hypothesized that transcriptional control might be
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involved. Previous studies identified transcription factor EB (TFEB) as a master regulator of the
lysosome (Sardiello et al., 2009; Settembre et al., 2011). Three lines of evidence suggest that
TFEB is responsible for the induction of lysosomal proteins in M2 macrophages. First, TFEB
MRNA and protein levels were both elevated in M2 BMDMs (Figures 2.2b-c). Second, TFEB
translocation to the nucleus was increased in M2 BMDMs (Figure 2.2d). Third, deleting Tfeb in
myeloid cells (mTfeb-/-) lowered lysosomal gene expression and DQ-OVA degradation in both
M2 BMDMs and TAMs (Figures 2.2f-h, 2.6a-d). These findings indicate that M2 macrophages

activate TFEB to promote lysosomal protein expression and enhance lysosomal degradation.
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Notably, deleting Tfeb did not eliminate lysosomal gene expression or abolish lysosomal
degradation in M2 macrophages, but rather attenuated them to levels observed in M1
macrophages (Figure 2.2g). This observation is consistent with the notion that TFEB does not
regulate the basal level of lysosomal genes but rather modulates their induction in response to
environmental cues (Napolitano and Ballabio, 2016). In addition, lysosomal number, lysosomal
pH, and autophagy were all unaffected in TAMs from mTfeb-/- mice (Figure 2.7). Thus, mTfeb-
/- mice enable one to reduce lysosomal proteins and proteolysis in M2-like TAMs while

preserving basal lysosomal functions.
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Figure 2.7. Characterization of mTfeb-/- TAMs. a, Quantification of lysosomes in fl/fl and
mTfeb-/- TAMs based on LAMP1 immunostaining. Schematic for quantification (left).
Quantification of average LAMP1 signal/cell area (n=10/group) with an average of >40
cells/field (middle). Representative images (right). LAMP1 (red) and DAPI (blue). b,
Quantification of lysosomal pH in fl/fl and mTfeb-/- TAMs based on lysotracker staining.
Representative flow cytometry image (left). Quantification of relative MFI of lysotracker signal
(right). n=3/group. ¢, Autophagy gene expression in fl/fl and mTfeb-/- TAMs (left, n=5). LC3B
and p62 protein levels in fl/fl and mTfeb-/- TAMs following treatment with vehicle (Veh) or
chloroquine (CQ, 50uM) for 24h (right). Veh = H20. *, p<0.05 Student’s t-test. TAMSs were
isolated from EO771 tumors. ns, not significant; error bars indicate the mean of independent
experiments + s.e.m. Quantification of lysosomal # was performed by Dr. Alex Hoffman and
Blake McBeth.
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To study how the elevation of the lysosomal activity in TAMs contribute to
tumorigenesis, | injected mTfeb-/- mice and fl/fl littermate controls with EO771 cells (triple-
negative breast cancer, TNBC), B16F10 cells (melanoma), or LLC1 cells (lung cancer). Deleting
Tfeb in myeloid cells attenuated tumor growth in all three models (Figures 2.6e, 2.8a), implying

that hyperactive lysosomal activity in TAMs broadly influences tumorigenesis.
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Figure 2.8. Deleting Tfeb in myeloid cells attenuates tumor growth through CD8* T cells in
B16F10 and LLC1 models. a, B16F10 and LLC1 tumor growth rates in fl/fl and mTfeb-/- mice.
n=8-14/group. b, Tumor immune cell composition in B16F10 and LLC1 tumor bearing fl/fl and
mTfeb-/- mice. n=6-10/group. ¢, Blood CD8* T cell levels in mice treated with o-CD8 or IgG
antibodies. Representative flow cytometry data (left). Quantification of CD8" and CD4* T cells
(right). d, Final tumor volume in B16F10 and LLC1 tumor bearing fl/fl and mTfeb-/- mice
treated with 1gG or a-CD8 antibodies. n=5-7/group. *, p<0.05 Student’s t-test; ns, not

significant, error bars indicate the mean of independent experiments £ s.e.m. CD8*Tesf = effector
CD8" T cells.

Because TAMs promote tumor growth, in part, by suppressing adaptive immunity

(Mantovani et al., 2017; Noy and Pollard, 2014), I quantified tumor immune cells in mTfeb-/-
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and fl/fl control mice. | observed increases in total CD8* T cells (CD3*CD4-CD8*) and effector
CD8* T cells (CD3*CD4-CD8*CD62L'°“CD44"9") in all 3 models and these changes were
specific since numbers of TAMs (CD11b*F4/80%), tumor-associated neutrophils (TANS,
CD11b*Ly6G"), DCs (CD11c* MHCII"9"), and CD4* T cells (CD3*CD4*CD8) were minimally
affected (Figures 2.6f, 2.8b).

I next investigated whether the decreased tumor growth in mTfeb-/- mice was reliant on
CD8* T cell function. I injected mTfeb-/- mice with an anti-CD8 antibody to deplete CD8* T
cells or an 1gG control antibody and evaluated effects on tumor growth. Depleting CD8* T cells
in mTfeb-/- mice restored tumor growth in all 3 tumor models (Figures 2.6g, 2.8c-d). In contrast,
depleting CD8* T cells in fl/fl control mice had no impact on E0771 tumor growth (Figure 2.69).
These results suggest that deleting Tfeb in myeloid cells activates CD8* T cells to oppose
tumorigenesis.

How does deleting Tfeb in myeloid cells activate CD8* T cells? One possibility is that
Tfeb-/- impacts the M2-like phenotype of TAMSs, which has been previously linked to immune
suppression in cancer (Mantovani et al., 2017; Noy and Pollard, 2014). Arguing against this
possibility, M2 markers (Argl, 1110, Fizz1) and M1 markers (Tnfa, 111b, Nos2) were minimally
and inconsistently affected in TAMs from E0771, LLC1, and B16F10 tumors of mTfeb-/- versus
fl/fl mice (Figure 2.9a). For example, mRNA levels of Argl were lower in TAMs isolated from

E0771 and B16F10 tumors but increased in TAMs from LLC1 tumors.
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Figure 2.9. TAMs from mTfeb-/- mice exhibit improved antigen cross-presentation with
minimal phenotypic changes. a, M1- and M2-associated gene expression in TAMs from fl/fl
and mTfeb-/- EO771 tumors (left, n=5/group), LLC1 tumors (middle, n=5/group) and B16F10
tumors (right, n=4 group). b-c, Quantification of pMel-CD8* T cell activation (b) and
proliferation (c) following co-culture with TAMs isolated from fl/fl and mTfeb-/- B16.OVA
tumors. n=6/group *, p<0.05 Student’s t-test, error bars indicate the mean of independent
experiments £ s.e.m.

TAMSs can cross-present antigens to activate class I restricted T cells (Singhal et al.,
2019). Moreover, in antigen presenting cells, lysosomal activity inversely correlates with their
ability to present antigens (Delamarre et al., 2005; Trombetta and Mellman, 2005). | therefore
reasoned that deleting Tfeb could activate CD8* T cells by enhancing antigen cross-presentation
in TAMs. To test this possibility, I used the B16.OVA model to evaluate antigen cross-
presentation ex vivo (Lund et al., 2012). B16.OVA cells are engineered to express ovalbumin
(OVA) protein, which contains the antigenic OV Azs7-264 peptide recognized by CD8* T cells

from OT-1 mice. They also express gp100 which contains the endogenous antigenic gp1002s-33
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peptide recognized by CD8* T cells from pMel mice. | subcutaneously injected B16.0OVA cells
in the flank to create a tumor. Isolated TAMs were subsequently co-cultured with CD8* T cells
from OT-1 mice or pMel mice to evaluate their antigen cross-presentation capability ex vivo
(Figure 2.6h).

As in other models, B16.OVA tumor growth was attenuated in mTfeb-/- mice (Figure
2.61). TAMs from mTfeb-/- mice activated CD8" T cells purified from OT-1 mice or pMel mice
more effectively, as evidenced by increased IFNy production and proliferation (Figures 2.6j-Kk,
2.9b-c). This effect was not due to contamination of TAMs with tumor DCs, which was
measured at <3% based on flow cytometric quantification of CD11c*MHCIIM9" and
CD11c*CD103* DCs, as well as expression levels of Zbtb46, a DC specific transcription factor
(Satpathy et al., 2012) (Figure 2.3). Similarly, contamination with TANs and monocytes was
insignificant (<3%) (Figure 2.3). Thus, genetically downregulating lysosomal activity

selectively in myeloid cells (via mTfeb-/-) attenuates tumors by promoting adaptive immunity.

A lysosome-targeted DNA nanodevice promotes antigen cross-presentation by TAMs.
Having found that broadly lowering lysosomal activity in TAMs improves their ability to
cross-present antigens, Lev and | sought to identify a therapeutically actional target. Lev and |
therefore analyzed 18 lysosomal proteins elevated in M2 BMDMs (see Figure 2.1d), which
pinpointed an enrichment in cysteine protease and antigen presentation (Figure 2.10a). Indeed,
Cysteine proteases were specifically elevated in M2 versus M1 BMDMs, while aspartic
proteases were not (Figures 10a-b). Furthermore, previous studies showed that unlike aspartic
proteases, cysteine proteases fail to generate antigenic peptides when incubated with OVA in

vitro and can completely digest smaller OVA-derived antigenic peptides (Diment, 1990;
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Rodriguez and Diment, 1995). Indeed, incubating gp1002s-33 with purified cysteine proteases
(cathepsin B, CTSB and cathepsin L, CTSL) prior to delivering it to TAMs blocked their ability
to activate CD8" T cells, while incubation with purified aspartic proteases (cathepsin D, CTSD

and cathepsin E, CTSE) had a negligible effect (Figures 2.11a-b).
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Figure 2.10. Cysteine proteases, not aspartic protease, are specifically upregulated in M2
BMDMs and affect antigen preservation. a, Top two pathways from GO analysis of up-
regulated lysosomal proteins in M2 BMDMs (top, p<0.05, Fisher’s exact test with Benjamini-
Hochberg correction). Cysteine protease and aspartic protease levels in M1/M2 BMDMs
quantified by spectral counting (bottom, n=5/group). b, Immunoblots of representative cysteine
and aspartic protease in M1 and M2 BMDMs. **, FDR<5% G-test and t-test (from shotgun
proteomics analyses, see also Fig 1a, Table S1); ns, not significant; error bars indicate the mean
of independent experiments + s.e.m. LC/MS is performed by Dr. Tomas Vaisar (University of
Washington). Proteomic data (b) is analyzed by me, with the help of Dr. Lev Becker.
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Figure 2.11. Inhibiting aspartic protease activity in the lysosome has minimal effect on
antigen cross-presentation by macrophages. a-b, gp1002s-33 (1.5ug) was incubated with
vehicle (Veh; PBS), cysteine proteases (CPs) (0.1ug CTSB and 0.1ug CTSL), or aspartic
proteases (APs) (0.1pg CTSD and 0.1pug CTSE) in pH 5 sodium acetate buffer at 37°C for 3h.
Degradation was stopped by adjusting to pH 7.4 with cell culture media (dilution to 10 ug/mL).
Inhibition of CPs and APs was confirmed by activity assays and diluted solution was
subsequently used for antigen cross-presentation assays. pMel-CD8* T cell activation (a) and
proliferation (b) after 72h of co-culture with TAMs pre-stimulated with diluted gp1002s-33
digestion solution. n=3/group. ¢, PepA-DNA design: one strand is conjugated with PepA on its
5’ end and the other with Alexa Fluor 647 to monitor uptake. d, Catalytic activity assays for
lysosomal cysteine proteases (CTSB, CTSL; 5nM) or aspartic proteases (CTSD, CTSE; 5nM) in
the presence of vehicle (Veh; PBS) or PepA-DNA (25nM). Results are plotted as fluorescence
intensity at time t, relative to time 0 (1/10). n=3/group. e-h, Peritoneal macrophages were isolated
and treated with vehicle (Veh; PBS), DNA, PepA, or PepA-DNA (100nM) for the indicated
times and various functional endpoints were measured. e, Effect of PepA-DNA (2h) on DQ-
OVA degradation. n=3/group. f, Quantification of MHCI-bound OV Azs7-264 0n peritoneal
macrophages 3h post treatment with OV A protein or OV A2s7-264 peptide. n=3/group. g-h, pMel-
CD8" T cell activation (g) and proliferation (h) after 72h of co-culture with peritoneal
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Figure 2.11 continued. macrophages pre-stimulated with irradiated B16F10 cells (irrB16).
n=3/group. *, p<0.05 Student’s t-test, error bars indicate the mean of independent
experiments + s.e.m. ns, not significant. PepA-DNA was made by Dr. Kasturi Chakraborty for
me.

Moving forward, | aimed to test whether the elevated cysteine protease activity in
lysosomes of TAMSs impeded their ability to cross-present antigens. Cysteine proteases
predominantly function in endocytic pathway. Yet, many of their pro-tumorigenic functions are
linked to extracellular cysteine protease activity in tumors (Mohamed and Sloane, 2006).
Whether treating TAMs with E64 (Matsumoto et al., 1999), a small molecule that inhibits
cysteine protease activity, would improve antigen cross-presentation was considered. E64 has
difficulty penetrating cells and localizing to lysosomes (Powers et al., 2002), which could
potentially limit its access to the pool of cysteine proteases in the lysosome. To overcome these
challenges, our lab collaborated with Dr. Yamuna Krishnan’s group and adopted their DNA-
based lysosomal targeting nanotechnology (Chakraborty et al., 2016; Leung et al., 2019; Surana
et al., 2011). DNA nanotechnology has provided effective ways to localize fluorescent molecules
in lysosomes of phagocytes in nematodes or immune cells in culture (Surana et al., 2011; Veetil
etal., 2017). One such delivery pathway utilizes double-stranded DNA (dsDNA) which is
endocytosed via scavenger receptors that are highly expressed by macrophages (Leung et al.,
2019). We reasoned that if E64 was conjugated to DNA, the DNA nanodevice could localize the

E64 payload to the lysosome of TAMSs (Figure 2.12a).
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Figure 2.12. A lysosome-targeted DNA nanodevice (E64-DNA) promotes antigen cross-
presentation by TAMSs. a, Scheme of E64-DNA trafficking to lysosome. b, E64-DNA design:
one strand (D1) is conjugated with E64 on its 5’ end and the other (D2) with Alexa Fluor 647 to
monitor uptake (top). E64-DNA purity and integrity were validated by native polyacrylamide gel
electrophoresis (bottom). ¢, E64-DNA uptake by M2 BMDMs from wt, Scarb1-/-, Msr1-/-, or
Cd36-/- mice. Uptake was quantified by flow cytometry; n=3/group. d, Representative images
(left) and Pearson correlation (right) of co-localization of TMR-Dextran labeled lysosomes
(green) with E64-DNA (red). Pearson correlation with and without a 20-pixel shift (~ lysosome
diameter) of the green signal. n=10 cells/group. e, DQ-OVA degradation by TAMs treated with
E64-DNA, DNA, or E64 (100nM) for 2h. n=3/group. f, Experimental design of antigen-cross
presentation by TAMs treated with OVA or OV Azs7-264. -1, Effect of E64-DNA on antigen
cross-presentation by TAMs pre-treated with E64-DNA, DNA, or E64 (100nM) for 2h, followed
by treatment with OV A protein or OV Azs7-264 peptide for 3h. Quantification of MHCI-bound
OVAG2s7-2640n TAMS (g). OT-1 CD8* T-cell activation (h) and proliferation (i) after 72h of co-
culture with TAMs. n=3/group. Vehicle (Veh) = phosphate-buffered saline. *, p<0.05 Student’s
t-test, error bars indicate the mean of independent experiments £ s.e.m. ns, not significant. TAMs
were isolated from E0771 tumors. E64-DNA was made by Dr. Kasturi Chakraborty for the
whole study. She also performed the imaging and quantification of the lysosomal targeting.

E64 was chemically conjugated to a 38-base pair DNA duplex to yield the nanodevice E64-
DNA. In E64-DNA one strand is covalently attached to E64 at its 5 end through a C6 amine

linker. It is hybridized to a complementary strand that displays an Alexa Fluor 647 label to monitor
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cell-specific endocytic uptake, organelle localization, and temporal labeling efficacy (Figure
2.12b). In E64-DNA, the DNA scaffold serves two main purposes. First, it enables specific uptake
of the nanodevice by macrophages via scavenger receptors; and thereafter the trafficking pathway
leads to device accumulation in the lysosome. Second, it introduces Alexa Fluor 647 in a precise
ratio with the functional molecule E64, to assay physiological effects of E64 while simultaneously
quantitating uptake by various cell types in the tumor.

| found that E64-DNA localized specifically to lysosomes of TAMs. Uptake occurred
through specific scavenger receptors because Scarbl-/- (scavenger receptor class B type 1) or
Msrl-/- (macrophage scavenger receptor 1) reduced E64-DNA uptake by M2 BMDMs, while
Cd36-/- (scavenger receptor class B, member 3) did not (Figure 2.12c). E64-DNA was localized
specifically to lysosomes of TAMs and attenuated their capacity to degrade DQ-OVA (Figures
2.12d-e). Importantly, neither free E64 nor DNA alone had any such effect (Figure 2.12e).

In order to address the need for a duplex DNA-based assembly in achieving lysosomal
targeting, differently structured variants of 38 nucleotides in length. sSDNA, dsDNA, ssRNA, and
dsRNA tagged with Alexa 647 were generated. | found that internalization by M2 BMDMs
required the presence of DNA, in either the single- or double-stranded form (Figure 2.13a-b).
These findings suggest that nanodevice uptake is specific for the DNA backbone and not simply

dependent on size or shape.
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Figure 2.13. Uptake and stability of dsDNA. a, Schematic of various fluorescently labeled
nucleic acid structures used for uptake studies in BMDMs. Each nucleic acid scaffold is either a
single stranded or double stranded 38 mer DNA or RNA sequence. Each scaffold is labelled with
an Alexa Fluor®647 fluorophore on the 5’ end of one of the strands. b, Uptake of various types
of nucleic acids by M2 BMDMs. n=3/group. ¢, Native polyacrylamide gel of dsDNA incubated
in 100% mouse serum for various time points. Intact dSDNA was quantified by densitometry. *,
p<0.05 Student’s t-test, error bars indicate the mean of independent experiments + s.e.m. ns, not
significant. Various fluorescently labeled nucleic acid constructs were made by Dr. Kasturi
Chakraborty.

From a series of experiments that evaluated the properties of E64-DNA, | found that
E64-DNA retained its specificity for cysteine proteases, did not impact TAM viability, and did
not affect lysosomal cysteine protease protein levels or autophagy gene expression (Figures
2.13a-e). Importantly, E64-DNA did not activate the STING pathway (Burdette and Vance,
2013) as it did not induce TBK1 and IRF3 phosphorylation in TAMSs, nor did it elevate
inflammatory cytokine expression (Figures 2.14f-g). More generally, E64-DNA did not alter the
TAM phenotype as evidenced by the unchanged M1- and M2-asociated gene expression levels
(Figure 2.149). This reveals that E64-DNA offers an avenue to attenuate cysteine protease

activity selectively in lysosomes, without significantly altering the TAM phenotype.
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Figure 2.14. Effects of E64-DNA on the functional properties of TAMs. a, Catalytic activity
assays for lysosomal cysteine proteases (CTSB, CTSL; 5nM) or aspartic proteases (CTSD, CTSE;
5nM) in the presence of vehicle (Veh; PBS) or E64-DNA (25nM). Results are plotted as
fluorescence intensity at time t, relative to time 0 (I/10). n=3/group. b-d, TAMs isolated from
EO0771 tumors were treated with vehicle (Veh; PBS), DNA, E64, or E64-DNA (100nM) to evaluate
a variety of parameters. b, Cell viability (Calcein-AM) following a 72h exposure. n=4/group. c,
CTSB and CTSL protein levels following a 24h exposure. d, Relative mRNA levels of autophagy
genes following a 24h exposure. n=3/group. e, LC3B and p62 protein levels in DNA or E64-DNA
(10uM) treated TAMs following a 24h treatment with vehicle (Veh; H20) or chloroguine (CQ,
50uM). f, Effect of E64-DNA (2h) on TBK and IRF3 phosphorylation. TAMs treated with 3°3’-
CGAMP (10ug/mL, 6h) were used as a positive control for STING activation. g, Effect of E64-
DNA (24h) on M1- and M2-associated gene expression. n=3/group. *, p<0.05 Student’s t-test,
error bars indicate the mean of independent experiments * s.e.m. ns, not significant. TAMs were
isolated from EO771 tumors. Immunoblots (e) were run by Anna Tang.
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Next, | evaluated if E64-DNA treatment affected antigen cross-presentation in TAMs. |
used the OVA-OT-1 CD8* T cell system (Figure 2.12f). In this assay, TAMs are treated with
OVA, which is processed in the lysosome to liberate an antigenic peptide (OVA2s7-264) that if
successfully presented on cell surface MHCI, will activate CD8* T cells from OT-1 mice. As a
control, TAMs are treated with OV Azs7-264, which circumvents the lysosome by directly binding
cell surface MHCI. This control tests the importance of OVA cleavage in the lysosome for antigen
presentation.

When TAMs were first treated with E64-DNA and then allowed to process OVA, they
showed increased cell surface MHCI-associated OV Azs7-264 as well as improved ability to induce
CD8* T cell IFNy production and proliferation (Figures 2.12g-i). In contrast, none of these
parameters were affected when TAMs were treated with E64-DNA followed by the OV A2s7-264
peptide (Figures 2.12g-i). This reveals the importance of OVA cleavage within the lysosome.
Importantly, treatment with E64 or DNA alone did not enhance antigen cross-presentation
(Figures 2.12g-i). This indicates that E64-DNA was required to localize the E64 inhibitor within
the lysosome and attenuate lysosomal activity, which was supported by the DQ-OVA
degradation assay (see Figure 2.12e). When TAMs were treated with E64-DNA in the absence of

antigen, no activation or proliferation of CD8* T cell was observed (Figures 2.15a-b).
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Figure 2.15. E64-DNA does not activate T cells through allostimulation or direct stimulation.
a-b, Control for allostimulation. CD8* T cell activation (a) and proliferation (b) after 72h of co-
culture with E64-DNA-treated (100nM) TAMs that had not been exposed to antigen. CD3/CD28
antibodies were included as a positive control for T cell activation. n=3/group. c-d, Control for
direct effects of E64-DNA on T cells. CD8* T cell activation (c) and proliferation (d) after 72h of
culturing in complete growth media (Media) in the presence/absence of E64-DNA (100nM).
CD3/CD28 antibodies were included as a positive control for T cell activation. n=3/group. *,
p<0.05 Student’s t-test, error bars indicate the mean of independent experiments + s.e.m.

Given that lysosomal degradative capacity is inversely correlated with antigen
presentation (Delamarre et al., 2005; Trombetta and Mellman, 2005), and the lysosome has
several classes of proteases, | tested whether antigen cross-presentation could be enhanced by
inhibiting aspartic proteases in the lysosome. Kaz complexed the LAP inhibitor pepstatin A to
DNA nanodevice to create PepA-DNA (Figure 2.11c). | found that although PepA-DNA
specifically inhibited LAP activity in vitro (Figure 2.11d), it could not attenuate DQ-OVA

degradation or improve antigen cross-presentation when delivered to macrophages (Figures
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2.11e-h). These findings underscore a specific role played by the pool of cysteine protease in

lysosome in restraining antigen cross-presentation by TAMs and M2 macrophages.

E64-DNA preferentially targets M2-like TAMs.

In C. elegans, exogenously introduced DNA nanodevices preferentially label phagocytic
cells called coelomocytes that highly express scavenger receptors (Surana et al., 2011).
Coelomocytes in nematodes are considered to be functionally similar to macrophages in
vertebrates. Indeed, macrophages are also characterized by high scavenger receptor levels
relative to other cell types (Canton et al., 2013). | therefore tested whether E64-DNA could
preferentially target TAMSs in mice by injecting it into EO771 tumors (intratumoral delivery; i.t.)
and monitoring its uptake by various cell types (Figure 2.16a). | found that E64-DNA
preferentially targeted TAMSs and lowered their DQ-OVA degradation (Figures 2.16b-c). This
indicates that the DNA nandevice was delivered to lysosomes, and moreover selectively to
TAMs versus other cell types in tumors of mice.

Approximately 80% of TAMs were labeled by E64-DNA following intra-tumoral
injection. To determine whether E64-DNA uptake was differentially distributed amongst distinct
TAM subpopulations, I stratified TAMs according to their M2-like (CD206M9") and M1-like
(CD206'") phenotypes (Cassetta and Pollard, 2018) and found that E64-DNA was ~3-fold

enriched in M2-like TAMs in vivo (Figure 2.16d).
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Figure 2.16 The E64-DNA nanodevice preferentially localizes in lysosomes of M2-like
TAMs and lowers tumor growth. a, Experimental design of intratumoral delivery (i.t.). b-d,
DNA or E64-DNA (25 ng) were injected intratumorally into E0771 tumors. b, Flow cytometry
analysis of E64-DNA uptake by various tumor cell types 7h after injection. n=3/group. ¢, DQ-
OVA degradation by TAMs isolated from tumors 7h after injection. n=3/group. d, Flow
cytometry analysis of E64-DNA uptake by CD206"9" or CD206'°% TAMs 7h after injection.
Representative flow images of CD206 gating (left) and quantification (right) are shown.
n=3/group. e-g, E64-DNA (5ug, 25ug, 100ug) was injected intratumorally into EQ771 tumors.
Flow cytometry analysis of E64-DNA uptake (e) and DQ-OVA degradation (f) by TAMs 7h
after injection. n=4/group. EO771 tumor volume 5 days after injection (g). n=5/group. h, E64,
DNA, or E64-DNA (25 ug) were injected into EO771 tumors and tumor volume was assessed 5
days after injection. n=8-9/group. i, Effect of E64-DNA on EQ771 cell proliferation in vitro.
n=6/group. Vehicle (Veh) = phosphate-buffered saline. *, p<0.05 Student’s t-test, error bars
indicate the mean of independent experiments £ s.e.m. Neg = unlabeled negative control.

To test this in a more controlled system, | co-cultured M1 BMDMs and Hoescht-labeled
M2 BMDMs (1:1 ratio) and exposed them to E64-DNA in a competition assay. A similar
enrichment of E64-DNA labeling was observed in M2 BMDM over M1 BMDM (Figure 2.17).
This correlates well with the elevated expression of scavenger receptors in M2 over M1

macrophages. (Canton et al., 2013).
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Figure 2.17. E64-DNA is preferentially internalized by M2 BMDM:s in vitro. a, Schematic of
an E64-DNA uptake competition assay in M1 and M2 BMDMs. b, Hoechst dye levels in
individually cultured M1 and M2 BMDMs. ¢, E64-DNA uptake by co-cultured M1 and M2
BMDMs. Representative flow cytometry data (left) and quantification (right) are shown.
n=3/group. *, p<0.05 Student’s t-test, error bars indicate the mean of independent

experiments + s.e.m.

E64-DNA improves antigen cross-presentation by TAMs and attenuates tumor growth via
CD8* T cells.

High cysteine protease levels in tumors are a poor prognostic marker for a wide range of
solid tumors(Olson and Joyce, 2015), but the contribution of the population of cysteine protease
localized in lysosomes is unknown. Activity-based probes have recently revealed that the majority
of tumor cysteine protease activity is TAM-associated (Gocheva et al., 2010). Interestingly, high
doses of E64 (1mg, daily) showed limited impact on tumor growth in murine cancer models
(Gopinathan et al., 2012). One reason could be that E64 has a limited ability to cross cell

membranes (Powers et al., 2002), which could limit its access to the pool of cysteine proteases in
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the lysosome. Hence, | tested whether E64-DNA might produce a therapeutic response since it
could overcome the cell-entry barriers encountered by the small molecule E64.

| injected E64-DNA at various doses (5-100 ug, single dose) into E0771 tumors and
monitored effects on TAM uptake and lysosomal degradative capacity (7h post-delivery), as well
as tumor growth (5 days post-delivery). TAMs internalized the drug in a non-saturable, dose-
dependent manner (Figure 2.16e). E64-DNA treatment attenuated DQ-OVA degradation by
TAMs and diminished tumor growth, with both effects saturating at the 25 ug dose (Figures
2.16f-g), while free DNA and free E64 showed no such effects (Figure 2.16h). Moreover, E64-
DNA did not directly decrease EQ771 proliferation in vitro (Figure 2.16i), indicating that its
effects on tumor growth were not due to their action on cancer cells. Thus, these findings reveal
that 25 ng of E64-DNA is sufficient to adequately inhibit lysosomal cysteine protease activity in
TAMs and attenuate tumor growth.

| next evaluated whether similar effects could be obtained by intravenous (i.v.)
administration. Intravenously delivered E64-DNA was preferentially internalized by TAMs
(versus other cell types in the tumor) and attenuated their lysosomal activity as revealed by the
DQ-OVA degradation assay (Figures 2.18a-b). The ability to detect TAM labeling 7h post
injection was supported by our in vitro serum stability assay which showed that ~60% of DNA
remained intact up to this time point (Figure 2.13c). Further, i.v. delivered E64-DNA attenuated
E0771 tumor growth over a 5-day period (Figure 2.18c). It also increased CD8* effector T cells
in tumors (Figure 2.18d). This effect was not due to the ability of E64-DNA to directly activate

CD8* T cells in vitro (Figures 2.15c-d).
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Figure 2.18. Intravenously delivered E64-DNA targets TAMSs to activate CD8+ T cells and
attenuate tumor growth. a-j, E64-DNA or DNA (25 ug) was intravenously delivered (i.v.; retro-
orbital) into E0771 tumor-bearing mice. a, Flow cytometry analysis of E64-DNA uptake by
various tumor cell types 7h after a single injection. n=3/group. b, DQ-OVA degradation by TAMs
isolated from tumors 7h after a single injection. n=3/group. ¢, E0771 tumor growth over 5 days
after a single injection. n=8/group. d, Immune cell composition of tumors 5 days after a single
injection. n=8/group. e, Experimental design (top). Effect of 1gG or a-CSF1R (300ug) on EQ771
tumor growth (bottom, left) and CD8* effector T cells in tumors (bottom, right) in mice treated
with E64-DNA or DNA. n=5-8/group. f-g, Linear regression of %CD8* effector T cells in tumors
vs. tumor volume in DNA or E64-DNA treated mice (f, n=8/group), and in E64-DNA treated mice
treated with 1gG or a-CSF1R antibodies (g, n=6-8/group). h, Experimental design (left). Effect of
a-CD8 or 1gG antibodies (200ug) on EQ771 tumor growth in mice treated with E64-DNA or DNA
(right). n=5/group. i-j, Antigen cross-presentation by TAMs from E0Q771 tumors of DNA or E64-
DNA-treated mice. OT-1 CD8" T cell activation (i) and proliferation (j). n=6/group. *, p<0.05
Student’s t-test; ns, not significant; error bars indicate the mean of independent
experiments + s.e.m. CD8*Tesr = effector CD8* T cells.

The demonstration that E64-DNA preferentially targets TAMSs in vivo does not
necessarily imply that TAMs are required for its efficacy. To directly test the importance of
TAMs in E64-DNA-mediated antitumor activity, we used an anti-CSF1R antibody to deplete

TAMs in the EO771 model. Effects of E64-DNA on tumor growth and CD8" effector T cells
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were both abolished in TAM-depleted mice (Figure 2.18e). Moreover. the abundance of CD8*
effector T cells inversely correlates with tumor volume in E64-DNA-treated mice (Figure 2.18f).
And this correlation was absent in DNA-treated mice (Figure 2.18f) and in E64-DNA-treated
mice depleted of TAMSs (Figure 2.18g).

These findings suggest a model that the DNA nanodevice, E64-DNA, acts via TAMs to
activate CD8* T cells in the E0771 model. To test this, | depleted CD8* T cells and monitored
effects on E0771 tumor growth in mice. Depleting CD8* T cells restored tumor growth in E64-
DNA-treated mice (i.v.) but had no impact on tumor growth in DNA-treated mice (Figure 2.18h).
Effects on CD8* T cells were associated with improved cross-presentation by TAMs isolated from
E64-DNA-treated mice, both in the E0771 model (Figure 2.18i-j) and the B16.O0VA model, where
E64-DNA (i.v.) also attenuated tumor growth (Figure 2.19). Taken together, these results suggest
that blocking cysteine protease activity in lysosomes of TAMs activates CD8* T cells to attenuate

tumor growth.
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Figure 2.19. E64-DNA attenuates B16.OVA tumor growth and improves antigen cross-
presentation by TAMs. a, Experimental design (left). Effect of E64-DNA (25ug, i.v.) on
B16.0OVA tumor growth (right). n=8/group. b, OT-1-CD8* T cell activation (left) and proliferation
after 72h of co-culture with TAM isolated from DNA or E64-DNA (i.v.) treated B16.OVA tumors.
n=6/group. ¢, pMel-CD8* T cell activation (left) and proliferation (right) after 72h of co-culture
with TAMs isolated from DNA or E64-DNA (i.v.) treated B16.OV A tumors. n=6/group.*, p<0.05
Student’s t-test, error bars indicate the mean of independent experiments + s.e.m.
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E64-DNA-cyclophsophamide combination therapy results in sustained tumor regression.
Although E64-DNA treatment attenuates tumors, it does not lead to sustained tumor
regression as a monotherapy. Since E64-DNA enables TAMs to better utilize tumor antigens to
activate CD8" T cells, we considered whether enhancing antigen supply by increasing the number
of dead cancer cells in proximity of TAMs could improve its antitumor efficacy. | therefore tested
the efficiency of cyclophosphamide (CTX), an alkylating agent used as a frontline treatment for
TNBC and many other malignancies, in combination with E64-DNA. CTX was delivered at
metronomic doses (50 mg/kg/mice) to induce cancer cell killing and maintain antitumor immunity
(Kerbel and Kamen, 2004; Sistigu et al., 2011). | found that combining E64-DNA (i.v.) with CTX
led to sustained tumor regression in the EQ771 model, an effect that could not be replicated by

either treatment alone (Figure 2.20).
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Figure 2.20. E64-DNA synergizes with low-dose cyclophosphamide in the E0771 model.
Experimental design (left). Effect of E64-DNA and cyclophosphamide (CTX, 50mg/kg), alone or
in combination, on EQ771 tumor growth (right). n=6/group.

E64-DNA attenuates tumor progression in C3(1)-TAg GEM model

| investigated whether E64-DNA could show efficacy either alone or in combination with

cyclophosphamide in a genetically engineered mouse (GEM) model, where tumors
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spontaneously and independently arise at multiple sites. | used the C3(1)-TAg GEM model of
TNBC, which shares many features with human TNBC patients, including early atypia of
mammary ductal epithelium (~8 weeks of age), progressing to intraepithelial neoplasia (~12
weeks of age), and culminating in the independent development of genetically similar tumors in
multiple mammary glands (~16-24 weeks). | started two cycles of treatment after the appearance
of the first palpable tumor (week 16-17) and monitored the effects until 5 weeks after the initial
treatment (21-22 weeks). Consistent with our findings in syngeneic models, E64-DNA
attenuated tumor growth alone, and further showed better efficacy in combination with
cyclophosphamide (Figure 2.21).
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Figure 2.21. The combination of E64-DNA with CTX provides better efficacy in
attenuating C3(1)-Tag tumors. Experimental design (left). Effect of E64-DNA and
cyclophosphamide (CTX, 50mg/kg), alone or in combination, on C3(1)-Tag total tumor weight
(middle) and the number (#) of tumors (right). n=6-9/group.
Discussion

Although the pro-tumorigenic functions of TAMSs have been well characterized, TAMs
can also perform antitumor functions (Mantovani et al., 2017; Singhal et al., 2019). Our limited

understanding of the underlying mechanisms has stymied the development of therapeutics that

leverage their antitumor capabilities. Here, combining discovery-based proteomics with genetic
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(mTfeb-/-) and therapeutic (E64-DNA) interventions, my studies identify elevated cysteine
protease activity in lysosomes of TAMs as a targetable mechanism that impedes the
antitumorigenic function of TAMs. My findings support a model (Figure 2.22) wherein elevated
lysosomal cysteine protease activity in TAMSs destroys antigens, resulting in attenuated antigen
cross-presentation and CD8* T cell activation in tumors. | posit that the contribution of this
pathway to adaptive immune suppression would be governed by the abundance of M2-like
TAMs in a tumor, which is associated with poor prognosis across many cancers (Gentles et al.,

2015; Mantovani et al., 2017; Takeya and Komohara, 2016).
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Figure 2.22. The proposed models.

Antigen cross-presentation is a function classically ascribed to DCs. However,
macrophages are also capable of performing this function, albeit less efficiently (Cruz-Leal et al.,
2018; Embgenbroich and Burgdorf, 2018; Shen et al., 2004). Further, human TAMs isolated
from the early stage of lung cancer also have this capability (Singhal et al., 2019). Because
TAMs are far more abundant and phagocytic than tumoral DCs, | propose that their
overdegradation of tumor-associated antigens and failure to instruct CD8* T cells represents a

blockade in antitumor immunity.
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The importance of antigen cross-presentation by TAMs is underscored by my studies in
the EO771 model (TNBC). While CD8* T cells are present in EQ771 tumors, they do not oppose
tumor development; their levels do not correlate with tumor size, and their depletion has no
impact on tumor growth. However, following E64-DNA treatment CD8* T cells are increased,
inversely correlated with tumor size, and their depletion increases tumor growth. Importantly,
these E64-DNA-mediated effects depend on the presence of TAMs and are independent of
changes to their pro-tumorigenic M2-like phenotype or their expression of immunosuppressive
genes such as Argl and 1110. Thus, re-engaging antigen cross-presentation by TAMs facilitates
adaptive immune activation even in the context of an immunosuppressive environment.

Efficient antigen presentation requires optimal lysosomal activity since hypoactivity
would limit the generation of antigenic peptides while hyperactivity would destroy them
(Delamarre et al., 2005; Trombetta and Mellman, 2005). My studies reveal that M2-like TAMs
harbor heightened lysosomal cysteine protease activity that limits antigen cross-presentation.
These findings reinforce the importance of lysosomal processing to antigen presentation and
extend our understanding in two critical ways.

First, | demonstrate that the lysosomal degradative capacity of macrophages is regulated
by their phenotypic state. | show that lysosomal protein levels and activity are elevated in M2
versus M1 macrophages and identify TFEB as the mechanism. Differences in lysosomal
proteolysis between M1 and M2 macrophages may be well suited to their diverse functional
requirements in vivo (Gordon and Taylor, 2005). M1 macrophages predominate during infection,
where they phagocytose and clear pathogens. In this context, limited lysosomal proteolysis may
help preserve antigens and activate adaptive immunity to protect the host from infection. On the

other hand, M2 macrophages help to clear dead host cells during wound repair. In this setting,
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enhanced lysosomal proteolysis may help destroy antigens, limit adaptive immune activation,
and protect the host from potential autoimmune responses. However, my studies demonstrate
that this antigen destructive property of M2-like macrophages is detrimental in tumors as it
blocks adaptive immune participation in the antitumor response.

Second, | demonstrate that the lysosomal degrative capacity of M2-like TAMs and its
impact on cross-presentation is predominantly determined by cysteine proteases, not aspartic
proteases. | show that cysteine proteases are induced in M2 relative to M1 macrophages, and that
inhibiting cysteine protease activity in TAMs attenuates DQ-OVA degradation and improves
antigen cross-presentation. In contrast, aspartic proteases were not up-regulated in M2
macrophages, and inhibition of this class of enzymes had minimal effects on DQ-OVA
degradation and antigen cross-presentation. Consistent with these findings, my studies and others
(Diment, 1990; Rodriguez and Diment, 1995) show that incubating antigenic peptides with
purified lysosomal cysteine protease s in vitro inhibits the ability of macrophages to present them
to T cells, while incubation with purified aspartic proteases has minimal impact.

The requirement of optimal lysosomal processing and the specificity of generating
MHCI-restricted antigenic peptide to cysteine proteases further provide a rationale for using E64,
the specific cysteine protease inhibitors, over general lysosomal inhibitors, such as chloroquine.
Inhibiting a broad class of lysosomal enzyme activities or other aspects of lysosomal function,
such as autophagy, may lead to a non-optimal level of antigen preservation as well as
dysfunction in the phagocytosis pathway that is required to deliver antigen sources into the
lysosome.

Pre-clinical studies indicate several potential mechanisms by which cysteine proteases

promote tumorigenesis, including cell intrinsic activity in multiple tumor cell types and
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extracellular activity that facilitates metastasis (Olson and Joyce, 2015). My studies reveal that
suppressing the activity of the population of cysteine proteases localized inside lysosomes of
TAMs results in tumor attenuation. To achieve this, our lab adopted the nanotechnology
provided by Dr. Krishnan’s group: linking a small molecule inhibitor of cysteine proteases, E64,
to a DNA nanodevice as a lysosomal delivery agent in mice. Not only does this strategy
overcome the cell-permeability problems of E64, but the DNA scaffold is also selectively taken
up by TAMs over other cell-types in the tumor and localizes in lysosomes of those cells, thereby
conferring therapeutic properties at doses of E64 that are otherwise ineffective.

My studies with E64-DNA have several important implications for implementing DNA
nanodevices in therapeutics development. First, in contrast to aptamers, where DNA is the
therapeutic (Pastor et al., 2011), our approach uses DNA as a carrier to specifically deliver the
therapeutic to macrophages over other cell types in the tumor. This specificity arises from the
recognition of duplex DNA by scavenger receptors on macrophages, including MSR1 and
SCARBL1, which were shown to be required for E64-DNA uptake. Second, our approach does
not eliminate the target cell. Instead, it reprograms it to acquire a new property that is
therapeutically beneficial. It is therefore distinct from other DNA nanostructures that deliver
therapeutics such as doxorubicin, SIRNA, or thrombin, that cause the death of the targeted cells
(Choetal., 2014; Lee etal., 2012; Li et al., 2018b, 2016; Zhang et al., 2016). Finally, our
approach facilitates intracellular delivery of a therapeutic to lysosomes of a specific cell type,
i.e., macrophages. Polymer-based or liposome-based nanoparticles, which are internalized by
phagocytosis, can also target the lysosome. However, it has proven challenging for nanoparticles

to get enriched specifically in macrophages over other phagocytes.
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Although improving antigen cross-presentation by TAMs attenuates tumor growth, it
does not eliminate tumors as a monotherapy. One explanation is that the basal rate of cancer cell
death is insufficient to provide TAMs with enough antigen to fully capitalize on their improved
cross-presentation. Indeed, combining E64-DNA with metronomic doses of cyclophosphamide
results in sustained tumor regression in the EO771 model. Metronomic chemotherapy has been
proposed as a new treatment paradigm for patients, and clinical trials are underway. In this
approach, chemotherapy is administered more frequently at lower doses to elicit multi-factorial
benefits (cancer cell killing, inhibition of angiogenesis, preservation of immunity) and diminish
side effects (Maiti, 2014). My findings raise the possibility of synergistically combining this
approach with E64-DNA, which preferentially targets TAMs and improves their ability to
activate adaptive immunity. Given that chemotherapy is a frontline treatment for many solid
tumors, most of which are characterized by a preponderance of TAMs, we envision that this
approach may have broad therapeutic implications.

In summary, | demonstrate the therapeutic value of targeting a DNA nanodevice with
organelle-level precision in TAMSs within murine tumors. Successful localization of the
nanodevice in lysosomes of the target cells does not kill them, but instead reprograms them to
improve their ability to present antigens, which in turn activates the adaptive immune response.
The new-found capability of organelle-targeted DNA nanodevices to modulate macrophage
behavior in tumors suggests a broader possibility to manipulate macrophage function in other

diseases, as every organ harbors tissue-specific macrophages of variable phenotype.
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CHAPTER THREE: HYPOXIA-INDUCED LACTATE PRODUCTION BY TUMOR-

ASSOCIATED MACROPHAGES PROMOTES TUMORIGENESIS

Introduction

Tumor-associated macrophages (TAMS) are the most prevalent immune cell in the tumor
microenvironment (Cassetta and Pollard, 2018). TAMs predominantly adopt an anti-
inflammatory M2-like phenotype characterized by increased levels of proteins (e.g., ARG1,
VEGF, MMPs, IL10) that promote angiogenesis, attenuate anti-cancer immune response, and
facilitate metastatic dissemination (Cassetta and Pollard, 2018; Mantovani et al., 2017; Noy and
Pollard, 2014). Studies have shown that depleting TAMs in pre-clinical models attenuated tumor
growth and metastasis (Cotechini et al., 2015; Poh and Ernst, 2018), and high TAM abundance
correlates with poor survival in patients across many cancer types (Gentles et al., 2015;
Mantovani et al., 2017; Takeya and Komohara, 2016). For these reasons, M2-like TAMs are an
emerging target for anti-cancer therapy development (Cassetta and Pollard, 2018; DeNardo and
Ruffell, 2019; Mantovani et al., 2017; Poh and Ernst, 2018; Vitale et al., 2019).

While M2-like TAMs contribute to many cancers, mechanisms producing their M2-like
phenotype and its prevalence across different tumor types are poorly understood. This
knowledge is required to target TAMs therapeutically and to identify patients that would benefit
from such therapies. One potential pathway to influence macrophage polarization is via
metabolic reprogramming. Previous studies showed that glycolysis supports a pro-inflammatory
M1 phenotype in macrophages, while mitochondrial respiration is required for the M2
phenotype. In collaboration with Dr. Yingming Zhao’s group, our previous work directly

challenged this paradigm (Zhang et al., 2019).
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We showed that treating macrophages with LPS or bacteria (conditions that support M1
polarization) induces lactate production, which in turn promotes a late phase switch to an M2-
like phenotype. The mechanism underlying this surprising observation involves a novel lactate-
stimulated epigenetic modification termed histone lysine lactylation (Kla) that marks promoters
of genes associated with the M2-phenotype (e.g., Argl) and directly promotes transcription.
Lowering macrophage lactate production by deleting lactate dehydrogenase A (Ldha-/-) reduced
histone Kla marks at the Argl promoter and Argl expression without altering pro-inflammatory
cytokine expression during M1 polarization (Zhang et al., 2019). Together, our studies support a
model wherein the switch to aerobic glycolysis that occurs during M1 polarization starts a
“lactate timer” that uses an epigenetic mechanism to induce M2-like characteristics in the later
phase (Figure 3.1a). From a physiological standpoint, this perhaps assists in repairing collateral
damage incurred by the host during infection. In preliminary studies, we further showed that Kla
modification is also present in human macrophages. This is associated with higher glycolysis in

macrophages, as evidence by the acidification of media (Figure 3.1Db).
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Figure 3.1. Histone Kla in macrophages drives an M1 to M2 phenotypic switch. a, Graphical
summary of Zhang et al., Nature, 2019. b, HMDMs were treated or without LPS for 24hr.
Immunoblot of histone lactylation (panKla), acetylation (panKac), and photos of HMDM-
cultured media were shown. Western blot and media acidification photo were provided by Dr. Di
Zhang.
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Such transition to an M2-like phenotype during infection also resembles the pattern seen
in cancer where TAMSs transition towards an M2-like phenotype during tumor progression.
Studies have shown that hypoxia, a key environmental stimulus in tumors, can induce lactate
production. In this study, | aimed to examine if hypoxia-induced lactate production by TAMs
metabolically reprograms them to promote the Kla-M2 pathway to promote tumorigenesis. |
showed that hypoxia-induced lactate production by macrophages elevates the expression of M2-
like genes, marked by Kla at their promotes. | further demonstrated the spatial and quantitative
relationship between hypoxia, Kla, and an M2-like phenotype within a single tumor (GEM
model & human tumors) and across tumors with variable hypoxia (syngeneic models).
Moreover, inhibiting endogenous lactate production by TAMs (via Ldha deletion) reduces tumor
growth, attenuates the M2-like phenotype of TAMs, and increases CD8* T cells in tumor with
high hypoxia, but not low hypoxia. Importantly, lactate level in the TME is independent of tumor
hypoxia or macrophage LDHA status, suggesting that this epigenetic pathway is primarily driven
by endogenous lactate production by TAM rather than exogenous lactate in TME. Collectively,
my studies demonstrated an important role for a “hypoxia-induced lactate-Kla-M2 pathway” in

TAMs to promote tumorigenesis.

Materials and Methods

Regulatory. Animal studies were approved by the Institutional Animal Care and Use
Committee (ACUP #72209, #72504) at the University of Chicago. Cancer cell lines were
approved by the Institutional Biosafety Committee (IBC #1503).

Mouse models. 6-7-week-old C57BL/6 female mice, LysM-Cre knock in mice, Ldha™/,

and C3(1)-TAg mice were purchased from The Jackson Laboratory. Myeloid cell specific Ldha-
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/- mice (mLdha-/-) and their littermate controls (fl/fl) were generated by crossing Ldha™f mice
with LysM-Cre*- mice. Mouse genotype was confirmed by PCR using the following primers:
Ldhaf forward, CTGAGCACACCCATGTGAGA; reverse, AGCAACACTCCAAGTCAGGA,;
LysM common, CCCAGAAATGCCAGATTACG; LysM WT:
TTACAGTCGGCCAGGCTGAC; LysM-Cre: CCCAGAAATGCCAGATTACG. Mice were
housed in the specific pathogen free animal facility at the Gordon Center for Integrative Science
building at the University of Chicago.

Cell Lines. EO771 and Py8119 cells were a gift from Dr. Marsha Rosner, University of
Chicago. LLC1 cells were purchased from ATTC (CRL-1642™). B16F10 cells were a gift from
Dr. Thomas Gajewski, University of Chicago. B16.OVA cells were a gift from Dr. Jeffrey
Hubbell, University of Chicago. Cells were cultured in Dubecco’s Modified Eagles Medium
(DMEM; HyClone) containing 10% heat-inactivated FBS (Gemini Bio Products) and 1%
penicillin/streptomycin (Gibco).

Bone marrow-derived macrophage (BMDM) isolation and activation. BMDMs were
differentiated from bone marrow stem cells with L-cell conditioned media for six days as
previously described (Kratz et al., 2014). For M1 activation, BMDMs were treated with LPS
(5ng/mL) and IFNy (12ng/mL) for 24hrs. For M2 activation, BMDMs were treated with I1L-4
(20ng/mL, R&D Systems) for 48hrs.

Murine tumor processing. Tumors were digested with Type 4 Collagenase
(Worthington, 3mg/mL) and hyaluronidases (Sigma, 1.5mg/mL) at 37°C with horizontal shaking
at 200rpm for 45 mins (E0771) or 30 mins (LLC1 and B16F10). The digested tumor was filtered

through a 100um cell strainer, incubated in RBC lysis buffer for 5 min, and passed through a

40um cell strainer. For tumor immune cell analyses, cells were labeled with various antibodies
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and analyzed by flow cytometry. For sorting, cells were resuspended in isolation buffer (0.1%
BSA/PBS, 2mM EDTA), layered onto Ficoll-Paque™ PLUS (GE Healthcare), and centrifuged at
450xg for 30mins. Mononuclear cells were obtained by collecting the middle white layer.
Enriched mononuclear cells were stained with antibodies, and M1-like and M2-like tumor-
associated macrophages (TAMs) were sorted using a BD FACS Aria Fusion cell sorter. For
isolation of pooled TAMs, TAMs were isolated using CD11b microbeads (Miltenyi Biotec)
according to the manufacturer’s instruction, and purity was assessed by flow cytometry.
Antibodies used include: CD45 (47-0451), CD11b (25-0112), MHCII (11-5321), Ly6C (12-
5932), CD4 (17-0041), CD8 (12-0081), CD44 (25-0441) from ThermoFisher Scientific; CD3
(560527), CD62L (561917), CD11c (561241), Gr1(553129) from BD Biosciences, and Ly6G
(127614), CD103 (121415), CD206 (141706) from BioLegend. Viability was assessed by calcein
blue AM (BD Biosciences). Flow data were quantified by FlowJo v.10.4.1.

Isolation and activation of human peripheral blood monocyte-derived macrophage
(HMDM). Monocytes were purified from the buffy coat using CD14 microbeads
(MiltenylBiotec) and differentiated into HMDMSs using human M-CSF (125ng/mL, R&D
Systems) for 7 days as previously described (Kratz et al., 2014). For M1 activation, HMDMs
were treated with LPS (100ng/mL, Sigma) and IFNy (1ng/mL, R&D Systems) for 48hrs. For M2
activation, HMDMs were treated with IL-4 (10ng/mL, R&D Systems) and 1L-10 (10ng/mL),
R&D Systems for 48hrs.

Human breast tumor tissue processing and immune analysis. Human breast tumor
tissue was cut into ~100mg pieces, each of which was digested in HBSS Ca2*/Mg2* buffer
containing TL (14U/ml) and DL (28U/ml) (Roche) and DNAse | (156mg/mL) at 37°C with

horizontal shaking at 200rpm for 45mins, adapted from previously described (Cassetta et al.,

70



2019). Digested tumors were filtered through a 100um cell strainer, incubated in RBC lysis
buffer for 5 min, passed through a 40um cell strainer, and resultant cells were resuspended in
isolation buffer (0.1% BSA/PBS, 2mM EDTA). For DQ-OVA degradation assays, cells were
incubated with DQ-ovalbumin, and DQ-OVA fluorescence was quantified in
CD45*CD11b*CD14*CD163* TAMs. Antibodies used include: CD11b (17-0118-41) from
ThermoFisher Scientific; CD45 (557748), CD163 (563887), CD14 (347497), CD206 (321120),
HLA-DR (560651) from BD Biosciences. Flow data were quantified by FlowJo v.10.4.1.

Tumor spatial analysis of Kla and hypoxia in macrophages by microscopy. Tumors
were isolated and fixed in 4% paraformaldehyde in PBS for 24h, embedded in paraffin blocks,
and sectioned (5um). Slides were stained with CD206 (for murine: AF2353; for human: AF2536,
R&D systems), Kla (PTM-1401, PTM BIO), HIF1a (NB100-105, Novus Biologicals). For
murine tumors to be stained with hypoxyprobe (HP1-200Kit, Pimnoidazole HCI/hypoxyprobe-
1), mice were injected with hypoxyprobe (60mg/kg) intraperitoneally 1 hour prior to sacrifice.
Cell nuclei were labeled with DAPI (ThermoFisher Scientific). Images were obtained with a
Nikon Eclipse Ti2 microscope and analyzed using NIS-Elements software.

Collecting tumor interstitial fluid (TIF). Mice were euthanized by cervical dislocation.
Tumors were immediately isolated, rinse with PBS, and were placed on top of a 40um nylon
mesh filter on top of a tube. The tube was centrifuged at 106 xg for 10 minutes at 4 °C. Transfer
the fluid to a fresh Eppendorf tube, followed by another centrifugation at 3000 rpm for 15
minutes at 4 °C. The supernatant was subjected to GC/LC-MS analysis.

Tumor hypoxia and Kla analysis by flow cytometry. Digested tumor cells were
labeled with fluorophore attached antibodies for cell type identification before fixed in 4%

paraformaldehyde in PBS for 15mins, followed by 20min PBST (0.2%Triton X). Fixed cells
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were blocked in 5%BSA/PBST for 30mins, washed, and incubated with antibodies to Kla (PTM-
1401, PTM BIO) or HIF1a (NB100-105, Novus Biologicals) for an hour. Corresponding
secondary antibodies (P10994, Invitrogen; ab150113, Abcam) were applied for another hour
before analyzing using flow cytometry.

Lactate addition and measurement. Intracellular lactate was measured using a lactate
colorimetric assay kit (K607, BioVision) according to the manufacturer’s instruction. Exogenous
lactic acid (L6402, Sigma) was added to TAMs at various doses.

Shotgun proteomics. Whole cell lysates of TAMs from EQ771 or B16F10 models were
collected in 4% sodium deoxycholate (SDC) in 10mM Tris, 1 mM EDTA, pH 7.4 for trypsin
digestion. Samples were denatured by heating at 56°C and reduced with 5mM dithiothreitol
(DTT) for 1h, alkylated with 15mM iodoacetamide for 30 min at room temperature in the dark,
and excess iodoacetamide was quenched with an additional 5mM DTT. Samples were digested
with trypsin (Promega, Madison, WI) at 1:20 w/w ratio overnight at 37°C with mixing. After
digestion, SDC was precipitated by addition of 1% trifluoroacetic acid and insoluble material
was removed by centrifugation at 14,000xg for 10min. Samples were then desalted by solid
phase extraction using Oasis HLB 96-well pElution Plate, dried down, stored at -80°C, and
reconstituted with 0.1% formic acid in 5% acetonitrile to a peptide concentration of 0.1ug/uL for
LC-MS analysis.

LC/MS analyses. Digested peptides were injected onto a trap column (40x0.1mm,
Reprosil C18, 5um, Dr. Maisch, Germany), desalted for 5 min at a flow of 4uL/min, and
separated on a pulled tip analytical column (300 x 0.075 mm, Reprosil C18, 1.9 um, Dr. Maisch,

Germany) with a 3 segment linear gradient of acetonitrile, 0.1%FA (B) in water, 0.1%FA (A) as

follows: 0-2 min 1-5%B, 2-150 min 5-25%B, 150-180 min 25-35%B followed by column wash
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at 80% B and re-equilibration at a flow rate 0.4uL/min (Waters NanoACQUITY UPLC).
Tandem MS/MS spectra were acquired on Orbitrap Fusion Lumos (Thermo Scientific) operated
in data-dependent mode on charge states 2-4 with 2s cycle time, dynamic exclusion of 30s, HCD
fragmentation (NCE 30%), and MS/MS acquisition in the Orbitrap. MS spectra were acquired at
a resolution 120,000 and MS/MS spectra (precursor selection window 1.6Da) at a resolution of
30,000 (for PMN media) or 15,000 (in-gel digests, recombinant peptides). Peptides and proteins
were identified using the Comet search engine* with PeptideProphet and ProteinProphet
validation. Search criteria included a 20ppm tolerance window for precursors and products, fixed
Cys alkylation, and variable Met oxidation.

Western blot analyses. Cells were lysed with 1% SDS containing protease and
phosphatase inhibitors (Sigma), and protein was quantified with the BCA Protein Assay Kit
(Pierce). Proteins (10-20ug) were resolved on 10%, 12.5%, or 15% SDS-PAGE gels depending
on the target protein, transferred to PVDF membranes (Millipore), blocked with 5% BSA
(Sigma) in 0.1% TBS/Tween-20 at RT for 2hrs, stained with primary and secondary antibodies,
and visualized using the ECL detection kit (Biorad) and an LI-COR imager.

Antibodies — Antibodies against panKac (PT-101, PTM-BI0), panKla (PTM-1401, PTM-BIO),
H3k18la (PTM-1406, PTM-BIO), Tubulin (2125, CST), LDHA (2012S, CST).

RNA-seq. Total RNA was extracted from BMDM cells activated as indicated using an
RNeasy Plus Mini Kit (74134, Qiagen). 2-4ug of total RNA was used as starting material to
prepare libraries using Illumina TruSeq Stranded MRNA Library Prep Kit Set A (RS-122-2101,
Illumina). The size of the libraries was selected by using the Agencourt AMPure XP beads
(A63882, Beckman Coulter), with an average size of 400 bp. The libraries were sequenced using

Illumina HiSeq 4000 (pair end 50 bp). Bioinformatic analysis of RNA-seq data: sequencing
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quality was evaluated by FastQC v.0.11.4. All reads were mapped to the reference genome of
[llumina iGenomes UCSC mm10 using HISAT2 v.2.1.021. Differential expression analysis was
implemented using edgeR v.3.16.522, after retaining only genes for which counts per million
(cpm) was larger than one in four samples and normalizing the library sizes across samples using
the TMM method of the edgeR package. Hierarchical clustering was performed, and heat maps
were generated using Perseus v.1.6.1.1 (http://www.coxdocs.org/doku.php?id=perseus:start). The
log2-transformed gene expression values (RPKM) were normalized by subtracting the mean in
every row, and hierarchically clustered with a Pearson correlation algorithm. Gene Ontology
analysis (GOTERM_BP_DIRECT) was carried out using DAVID bioinformatics resources 6.8
(Huang et al., 2009a, 2009b)

ChlIP-seq. Native ChIP was carried out following the published protocol (Cuddapah et
al., 2009) with spike-in for normalization purposes. Spike-in was carried out according to vendor
protocols (61686, Active Motif). In brief, 50 ng of Spike-in chromatin (53083, Active Motif) was
added to 25 pg of BMDM chromatin to incubate with 2 pg Spike-in antibody (61686, Active
Motif) together with 4 pg of anti-H3K18la antibodies. After 4 h of incubation at 4 °C, Protein A
Sepharose (17-5280-01, GE Healthcare Life Sciences) was added and incubated for another 2 h,
followed by sequential wash with buffer TSE I (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20
mM Tris-HCI pH 8.0, 150 mM NaCl), TSE 11 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20
mM Tris-HCI pH 8.0, 500 mM NacCl), buffer 111 (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1
mM EDTA, 10 mM Tris-HCI pH 8.0), and TE buffer (1 mM EDTA, 10 mM Tris-HCI pH 8.0).
Chromatin DNA was finally eluted with buffer containing 1% SDS and 0.1 M NaHCQO3. The
eluates were digested with RNase A (12091021, Thermo Fisher Scientific) and proteinase K

(AM2546, Thermo Fisher Scientific). DNA was recovered using the QIAquick PCR purification
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kit (28106, Qiagen) according to the manufacturer’s instructions. ChlP—seq libraries were
constructed with an Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences) according to the
manufacturer's protocol. The libraries were then amplified and assessed for fragment size using
TapeStation (Agilent) and quantified using a Qubit dsSDNA HS AssayKit (Thermo Fisher
Scientific). The indexed libraries were pooled and sequenced on a Hiseq4000 Sequencer
(IMlumina) using the 50-nucleotide single-read configuration. Bioinformatics analysis of ChIP—
seq data: sequencing quality was evaluated by FastQC v.0.11.4. All reads were mapped to the
reference genome of Illumina iGenomes UCSC mm10 using Bowtie v.2.2.626,27, and only
uniquely mapped reads were retained. Then SAMtools v.0.1.1928 was used to convert files to
bam format, sort, and remove PCR duplicates. Peaks were called using MACS v.2.2.129 under q
=0.01. To quantify and directly compare H3K18la or H3K18ac in different samples (M0 and
M1 macrophages), the uniquely mapped H3K18la or H3K18ac reads in promoter regions (A} 2
kb around transcriptional start sites) of each gene were counted by featureCounts v.1.5.0-p130,
and then normalized by Spike-in ChIP read counts of the corresponding condition (MO
macrophages treated with or without 24hr 1% hypoxia). The overlap genes in ChlP-seq and
RNA-seq data were used for all subsequent analysis. Gene Ontology analysis
(GOTERM_BP_DIRECT) was carried out using DAVID Bioinformatics Resources 6.823,24.
Measurement of gene expression by gRT-PCR. Cell pellets were lysed in RLT buffer.
Total RNA was isolated using the RNAeasy kit (Qiagen) with on-the-column DNAse digestion
(Qiagen), converted to cDNA using reverse transcription kit (Qiagen), and amplified using
QuantiTect SYBR Green PCR Kits (Qiagen). The following murine primers were used:
18s forward: GCCGCTAGAGGTGAAATTCTT, reverse: CGTCTTCGAACCTCCGACT.

Mhcii forward: AGCCCCATCACTGTGGAGT, reverse: GATGCCGCTCAACATCTTGC.

Nos2 forward: GCTCCTCTTCCAAGGTGCTT, reverse: TTCCATGCTAATGCGAAAGG.
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Ym1 forward: GCCCACCAGGAAAGTACACA, reverse: TGTTGTCCTTGAGCCACTGA.

1112 forward: GGAGCACTCCCCATTCCTACT, reverse: GAACGCACCTTTCTGGTTACAC.
Cd86 forward: TGTTTCCGTGGAGACGCAAG, reverse: TTGAGCCTTTGTAAATGGGCA.
Cd206 forward: GGGCTTACGGTGAACCAAAT, reverse: GCTCCTCTTCCAAGGTGCTT.

Argl forward: CTCCAAGCCAAAGTCCTTAGAG, reverse: AGGAGCTGTCATTAGGGACATC.
Vegfa forward: CAGGCTGCTGTAACGATGAAG, reverse: CTATGTGCTGGCTTTGGTGA.
Mmp9 forward: GGACCCGAAGCGGACATTG, reverse: CGTCGTCGAAATGGGCATCT.
Mmp10 forward: CCCAGCTAACTTCCACCTTTC, reverse: AATTCAGGCTCGGGATTCCAA.
Mmp12 forward: GCCTGTGGGGCTGCTCCCATG, reverse: GTTGCCCAGTTGCTTCTAGCCC.
Mmp13 forward: CTATCCCTTGATGCCATTACCAG, reverse: ATCCACATGGTTGGGAAGTTC.
Mmp28 forward: TGCCATCACTGTAGGGAGTTA, reverse: GGACGAGGCTCTACAGTGATG.
KIf4 forward: AGGAACTCTCTCACATGAAGCG, reverse: GGTCGTTGAACTCCTCGGTC.
Sirt6 forward: CAGGGTTGTCGCCTTACGCGG, reverse: ACCACGCTGGAGGACTGCCAC.
The following human primers were used:

18S forward: CCCAACTTCTTAGAGGGACAAG, reverse: CATCTAAGGGCATCACAGACC.
ARG1 forward: GGCAAGGTGATGGAAGAAAC, reverse: AGTCCGAAACAAGCCAAGGT.
VEGFA forward: AGGGCAGAATCATCACGAAGT, reverse: AGGGTCTCGATTGGATGGCA.
IL10 forward: GGGAGAACCTGAAGACCCTC, reverse: ATAGAGTCGCCACCCTGATG.
MMP12 forward: CATGAACCGTGAGGATGTTGA, reverse: GCATGGGCTAGGATTCCACC.

Tumor inoculation and treatment. For the TNBC model, E0771 or Py8119 cells
(0.5x10°) were injected into the 4" mammary fat pad of the right ventral side of C57BL/6 mice.
For the melanoma model, B16F10 cells (1x10°) were injected into the flank of C57BL/6 mice.
Tumor volume was assessed by calipers, and experiments were terminated when tumor volume

reached >1000mms.
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Statistics. Statistical significance was determined with the Student’s two-tailed, unpaired
t-test (p<0.05). Linear regression was performed using Prism v.7 software. For shotgun
proteomics studies, significance was assessed by a combination of the t-test and G-test (Becker
et al., 2010) with correction for false-discovery rate (<5%) using PepC software (Heinecke et al.,

2010).

Results
Hypoxia induces histone Kla and M2 phenotype in murine and human macrophages

Our previous discovery of the role of lactate in driving the M2-like phenotype via histone
Kla in the context of powerful M1 stimuli suggests that any condition that increases lactate
production by TAMs might trigger a similar mechanism to promote their M2-like phenotype.
Hypoxia, a key environmental stimulus in tumors (Eales et al., 2016; Henze and Mazzone, 2016;
Petrova et al., 2018), promotes lactate production and M2-associated gene expression in
macrophages (Dengler et al., 2014; Eales et al., 2016). | therefore hypothesized that hypoxia
promotes the histone Kla modification at promoters of M2-like genes.

To test this, | cultured bone marrow-derived macrophages (BMDMS) in 21% O:2
(normoxia) and 1% O: (hypoxia) conditions. Hypoxia enhanced lactate production by BMDMs,
which is associated with the increased total and site-specific histone Kla modification (Figures
3.2a-b). RNA/ChIPseq with anti-H3K18la identified many M2-like genes whose mRNA levels
were induced >2-fold and whose promoters were marked by increased H3K18la by more than 2-
fold (blue numbers) (Figure 3.2c). These included pro-tumorigenic genes expressed by M2-like
macrophages (Argl, Vegfa, Mmp’s), and genes required for M2 polarization (KIf4, Sirt6).

Consistent with our observations in BMDMSs, hypoxia exposed human monocyte-derived
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macrophages (HMDMs) also showed elevated intracellular lactate production, increased Kla

levels, and induced M2-like gene expression compared to those in normoxic conditions (Figure
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Figure 3.2. Hypoxia promotes histone lactylation & an M2-like macrophage phenotype. a-c,
BMDMs were cultured in normoxia (n, 21% Oz2) or hypoxia (h, 1% O2) conditions. a,
Intracellular lactate level at 48hrs. n=4/group. b, PanKla, H3K18la, and panKac (as control)
protein levels at 48hrs. ¢, RNA/ChlPseq with anti-H3K18la identified elevated M2-like genes,
with enriched Kla at their promoters (enriched in blue) at 24hrs. *, p<0.05, paired t-test.
FDR<1%. Inset: H3K18la and h3K18ac levels. d-f, HMDMs from two healthy donors were
cultured in normoxia (21% O2) or hypoxia (1% Oz) conditions for 48hrs. d, Intracellular lactate
level. n=4/group. e, PanKla and panKac (as control) protein levels. f, Representative M2-like
gene expression. n=4/group *, p<0.05 Student’s t-test, error bars indicate the mean of
independent experiments + s.e.m. Paired RNA/ChIPseq was performed by Dr. Yingming Zhao’s
lab. Blood was donated by me and Dr. Alex Hoffman, and taken by Kristen Becker for me to
isolate monocytes.

Histone Kla associates with M2-like phenotype and hypoxia in murine and human tumors.
Although BMDMs and HMDMs are a useful experimental model for in vitro studies,
macrophages adopt more complex phenotypes in vivo (Geissmann et al., 2010). Hence, in order

to corroborate our findings in vivo, | started with the C3(1)-TAg genetic engineered mouse
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(GEM) model of triple-negative breast cancer (TNBC), which shares many features with human
TNBC tumors (Green et al., 2000). The C3(1)-TAg mice show early atypia of mammary ductal
epithelium around 8 weeks of age, progress to intraepithelial neoplasia around 12 weeks of age,
and develop tumors in multiple mammary glands between 16-22 weeks of age.

To first determine if histone Kla is present in TAMSs in C3(1)-TAg tumors, | injected
mice that had developed at least one tumor > 100mm? with hypoxyprobe (allows for hypoxia
assessment) 1h prior to sacrifice. Immunofluorescence analysis of purified TAMs showed Kla
positive signal in the nucleus with variability in its intensity across TAMs (Figure 3.3a). Flow
cytometry further revealed that Kla"" TAMs had elevated levels of hypoxyprobe and HIF1a.
relative to Kla'®" TAMs (Figure 3.3b). Admittedly, HIF1o. may not always correlate with tissue
hypoxia status. Hence, the utilization of both hypoxyprobe and HIF1a, as well as hypoxia-
associated genes (see below in TAMSs, measured by proteomic) would strengthen the hypoxia
assessment. Notably, Kla"9" TAMs showed elevated CD206 levels, an indication of the M2-
phenotype (Figure 3.3c). Flow sorting of the TAM population further validated that
CD206"9"MHCII"" (M2-like TAMS) had increased expression of M2 like-genes, Kla, and
intracellular lactate level compared to CD206'°YMHCIIM" (M1-like TAMSs) (Figures 3.3d-g).
Moreover, Kaz and | developed an approach to study the spatial relationship between TAM Kla
and hypoxia in individual tumors (Figures 3.3h-i). Results showed that TAMs that reside in
higher hypoxia zones exhibit higher Kla levels compared to those in lower hypoxia zones

(Figures 3.3 h-i).
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Figure 3.3. TAM Kla associates with hypoxia and M2-phenotype in C3(1)-TAg GEM
model. a, Immunofluorescence staining of purified TAMs with anti-panKla (green) and DAPI
(blue). b-c, Flow cytometry analysis of gated TAMs from digested tumors with anti-panKila,
anti-HIF1a, hypoxyprobe Mabl, and anti-CD206. Representative plot of panKla versus HIF1a
and hypoxyprobe (b). Quantification of CD206 MFI in Kla'®¥ versus Kla"s" TAMs (c). d-g, M1-
like and M2-like TAMs from C3(1)TAg tumors were flow sorted based on CD206 and MHCII
level. d, Experimental design. e, mRNA levels. n=5/group. f, Representative flow cytometry data
of Kla level (left). Quantification (right). n=3/group. g, Intracellular lactate measurement.
n=3/group. h, Intensity of HIF1a staining is used to identify zones of low, intermediate (inter),
and high hypoxia. Areas (white box) in each zone will be applied to the TAM channel. g, CD206
was used to identify TAM-associated regions of interest (TAM ROI). Kla intensity is then
quantified in TAMs ROIs. Image J analysis will be performed to finalize quantification. *,
p<0.05 Student’s t-test, error bars indicate the mean of independent experiments + s.e.m.

Spatially analysis (h-i) was performed by Dr. Kasturi Chakraborty.

Having interrogated the quantitative and spatial association of hypoxia-Kla-M2-like

pathway in TAMs in C3(1)-TAg model of breast cancer, we began to investigate this pathway in

human tumors. | performed similar studies on tumors obtained from ER* breast cancer patients.
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After gating for TAMs (CD45*CD11b*CD14*CD163"), | stratified them as Kla"9" and Kla'®,
and found that Kla"9" TAMSs had elevated levels of HIF1o and CD206 (Figures 3.4a-c). For the
spatial relationship between TAM Kla and hypoxia, a similar threshold analysis on formalin-
fixed, paraffin-embedded tumor section were applied. Results showed that Kla"" TAMs
localized to high hypoxia zones while Kla'®” TAMs localized to low hypoxia zones of the tumors

(Figures 3.4d-e).
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Figure 3.4. TAM Kla associates with HIF1a and CD206 in human breast cancer tumors. a-
¢, Flow cytometry analysis on gated TAMSs from digested tumors. Stratification of TAMs based
on Kla levels (a). HIF1la (b) and CD206 levels (c) in Kla"9" and Kla'®¥ TAMs. d, Intensity of
HIFla staining is used to identify zones of low, intermediate (inter), and high hypoxia. Areas
(white box) in each zone will be applied to the TAM channel. e, CD206 was used to identify
TAM-associated regions of interest (TAM ROI). Kla intensity is then quantified in TAMs ROls.
*, p<0.05 Student’s t-test, error bars indicate the mean of independent experiments * s.e.m.
Spatially analysis (d-e) was performed by Dr. Kasturi Chakraborty. Patient breast tumor samples
were provided by Dr. Swati Kulkarni (Northwestern University).
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Lowering lactate production by deleting Ldha attenuates M2-like genes only in
macrophages under hypoxia conditions.
Having presented the observational association between hypoxia and the lactate-Kla-M2

pathway in macrophages both in vitro and in vivo, we aimed to further investigate the role of
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lactate in driving M2-like gene expression during hypoxia. | generated myeloid cell-specific
Ldha deficient mice (mLdha-/-) by crossing Ldha™ mice with LysM-Cre*" mice (Figure 3.5a).
mLdha-/- attenuated intracellular lactate levels and Argl expression in BMDMs under hypoxic
conditions when lactate is elevated, but not under normoxic conditions (Figures 3.5b-d). Similar
results were also observed in TAMs (data not shown). These findings suggest that LDHA
controls M2-like genes in the context of hypoxia-induced lactate overproduction but not under

basal normoxia conditions, where lactate levels are low.
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Figure 3.5 mLdha-/- lowers lactate production and M2 gene expression in macrophages
under hypoxia condition. a, The breeding scheme of fl/fl and mLdha-/- mice. b-d, fl/fl (control)
and mLdha-/- BMDMs were cultured in 21%02 (normoxia) or 1% O2 (hypoxia) for 24h. b,
LDHA and panKla protein level. c, Intracellular lactate level. d, Argl mRNA levels. n=4/group.
*, p<0.05 Student’s t-test, error bars indicate the mean of independent experiments + s.e.m.
Genotyping of mLdha-/- was done by Anna Tang, and breeding was facilitated by Kelly
Schoenfelt.

mLdha-/- decreases the M2-Kla pathway in TAMSs and attenuates tumor growth only in
models with a high degree of hypoxia.

What are the effects of lowering lactate production by TAMs in vivo? Because hypoxia is
required for mLdha-/- to lower M2-like gene expression, we first sought to identify tumor

models with hypoxia. We characterized the degree of hypoxia in two models: E0771 tumors, a
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syngeneic TNBC model, and B16F10, a syngeneic melanoma model. HIF1a staining on
similarly sized tumors revealed that B16F10 tumors had significantly more hypoxic regions
relative to E0771 tumors (Figure 3.6a). Based on this result, we predicted that the Kla-M2
pathway might be elevated in B16F10 compared to E0771 tumors. We further predicted that
blocking lactate production by deleting Ldha would only attenuate M2-associated gene
expressions and tumor growth in B16F10 but not EO771 tumors.

Indeed, as evidenced by increased intracellular lactate levels, H3K18la modification, and
M2-like protein abundance, the Kla-M2 pathway was higher in TAMs from B16F10 rather than
E0771 tumors (Figures 3.6b-d). These results were also supported by elevated levels of proteins
involved in the ‘glycolytic process’ and ‘response to hypoxia’ in TAMs as well as increased
basal glycolysis and glycolytic capacity of TAMs from B16F10 versus EQ771 tumors (Figures
3.6e-f). Hence, the hypoxia-lactate-Kla-M2 pathway was highly operative in B16F10 TAMs but
minimally detected in TAMSs from EO0771 tumors. This striking difference further predicted the
effect of blocking lactate production by TAMs. | found that deleting Ldha decreased M2-like
genes in TAMs from B16F10 but not EO771 tumors (Figure 3.6g). Because M2-like TAMs are
known to support immunosuppressive tumor microenvironment and inhibit cytotoxic T cell
activation (Dannenmann et al., 2013; Munn et al., 1999; Rodriguez et al., 2003, 2004; Saio et al.,
2001), I monitored tumor growth and assessed tumor immune composition between fl/fl and
mLdha-/- mice. Consistent with a decreased M2-phenotype in mLdha-/- TAMs, deleting Ldha
attenuated tumor growth and elevated CD8* T cell and CD8* effector T cells (CD8*Tesf) in
B16F10 tumors, but not EQ771 tumors (Figures 3.6h-i). | further extended this phenotype to
Py8119, another syngeneic TNBC model, and found that hypoxia induces lactate, Kla, and M2

signatures in TAMs, and deleting Ldha alleviates these inductions (data not shown).
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Figure 3.6 Hypoxia-lactate-Kla-M2 pathway is operative in B16F10 tumors but not in
EO771 tumors. a, Representative image of HIF1a (green) and DAPI (blue) staining of EO771
and B16F10 tumors (left). Quantification of % HIF1o + area (right). n=16-23/group. b-g, TAMs
purified from E0771 and B16F10 tumors. b, Intracellular lactate level of thioglycolate-elicited
peritoneal macrophages (pMacs, used here as a none-hypoxia source comparison) and TAMs.
n=5-7/group. c, Immunoblot quantification by densitometry (expressed relative to pMacs) of
H3K18la modification of pMacs and TAMSs. n=5/group. d, Proteomics analysis of TAMs.
protein levels were standardized to the most abundant condition. n=4/group. e, Heatmap depicts
differences in levels of proteins involved in response to hypoxia and glycolysis process in
TAMs. Proteins were quantified by proteomics. blue = low, Yellow = high abundance.
n=4/group. f, Glycolytic capacity and glycolysis of purified TAMs, measured by Seahorse assay.
n=8-10/group. g, mMRNA level of M1 and M2-like genes in purified TAMs. h, Tumor growth
curves of EO771 and B16F10 models. n=8-14/group. i, Immune composition of tumors isolated
from EO771 and B16F10 models. n=8-14/group. *, p<0.05 Student’s t-test, ns, not significant;
error bars indicate the mean of independent experiments + s.e.m. HIF1a quantification was
performed by Dr. Kasturi Chakraborty. Proteomic quantification was performed by Dr. Lev
Becker.
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Endogenous lactate production rather than exogenous lactate in the tumor
microenvironment is the driver of the Kla-M2 TAM pathway.

Differential lactate levels in TAMs could be due to differences in exogenous lactate
levels in the TME (largely determined by cancer cells) and/or differences in endogenous lactate
production due to hypoxia-stimulated glycolysis in TAMs. We have three pieces of evidence
indicating it was the endogenous lactate production by TAMs that matters. First, in collaboration
with Dr. Alexander Muir’s group, we quantified tumor interstitial fluid (TIF) by mass
spectrometry using a previously established protocol (Sullivan et al., 2019). TIF lactate levels
were not significantly different between E0771 and B16F10 tumors (Figure 3.7a), despite large
differences in histone Kla and M2-like proteins in TAMs (Figure 3.6d). Second, treating TAMs
with ‘TIF-appropriate’ lactate levels (1-10mM, black bars) had minor effects on M2-like gene
expression (Figure 3.7b). Third, although TAMs from mLdha-/- tumor exhibited decreased M2-
like genes (Figure 3.69), there is no significant difference in lactate levels in TIF between fl/fl
and mLdha-/- tumors or in their hypoxia status (Figures 3.7c-d). These results illustrated that it
was the endogenous lactate production rather than an exogenous source that predominately

contribute to the Kla-M2 pathway in TAMs.
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Figure 3.7. Exogenous lactate levels do not correlate with M2-like TAMs across tumors. a,
Lactate levels in TIF from EQ771 and B16F10 tumors quantified by mass spectrometry.
n=8/group. b, Effects of different lactic acid concentration on M2-like gene expression in TAMs.
TIF appropriate level (black color). h=1%0: hypoxia condition (blue color). n=3/group. c,
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Figure 3.7 continued. Lactate levels in TIF from fl/fl or mLdha-/- B16F10 tumors quantified by
mass spectrometry. n=5/group. d, TAM Kla staining vs HIF1a and hypoxyprobe. n=7-11/group.
*, p<0.05 Student’s t-test, ns, not significant; error bars indicate the mean of independent
experiments + s.e.m. After | isolated tumor and collected TIF, lactate level in TIF was measured
by Dr. Alexander Muir’s group.

Discussion

Although the stimuli that induce the M2-like phenotype of macrophages in vitro have
been well established in BMDMs, the understanding of how TAMs acquire an M2-like
phenotype in vivo remains limited. Studies have shown that tumor hypoxia induces cellular
glycolysis and lactate production, and TAMs adopt an M2-like phenotype during tumor
progression (Dengler et al., 2014; Eales et al., 2016). Because our previous study demonstrated
that lactate production by macrophages in an infection setting modifies histone Kla to induce an
M1-to M2-like phenotypic switch, we thought to explore whether lactate-induced Kla
modification could be applied in the setting of cancer to produce M2-like TAMSs. Here, | first
established that hypoxia induces lactate production, driving Kla modification and M2-like gene
expression in both murine and human primary macrophages. We further explored the spatial and
quantitative relationship between hypoxia, Kla, and M2-like phenotype not only within a tumor
but also across different tumors. Importantly, | provided preliminary evidence suggesting that
targeting LDHA in TAMs represents a promising therapeutic target to attenuate this “hypoxia-
induced lactate-Kla-M2 pathway” in TAMs (Figure 3.8). Collectively, my studies demonstrated
a metabolic pathway to promote an M2-like phenotype in TAMs through a novel epigenetic

mechanism.
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Figure 3.8. The proposed model.

Metabolic reprogramming has been an emerging concept in many cellular systems
(Faubert et al., 2020; Kelly and O’Neill, 2015). In cancer, one of the most common features is
the Warburg effect, depicting that cancer cells utilize the glycolysis pathway even when oxygen
is available, i.e., aerobic glycolysis (Faubert et al., 2020; Ward and Thompson, 2012). Such
active metabolic reprogramming allows them to utilize a variety of metabolites as
unconventional nutrient sources for survival and invasion. This concept has been further
extended to many immune cells in the TME. For instance, numerous studies have shown that
lactate, a byproduct of glycolysis, can regulate the functions of many cell types, including
dendritic cells, natural killer cells, regulatory T cells, and macrophages (Certo et al., 2020). In
tumors, hypoxia has been regarded as the main environmental stimulus to upregulate cellular
glycolysis and subsequent lactate production (Corbet and Feron, 2017). Previous studies have
shown that exposing macrophages to exogenous lactate acid in vitro promotes glycolysis and
induces M2-like gene expression phenotype (Colegio et al., 2014). But its importance for TAM
polarization in vivo has not been demonstrated. My studies provide a mechanistic understanding

of how lactate affects the M2-like phenotype in TAMs in three ways.
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First, my studies provide a novel epigenetic mechanism by which hypoxia-induced
lactate production could modify histones to directly regulate the expressions of many M2-
associated genes in TAMs. Beyond in vitro validation using both murine (BMDMs) and human
(HMDMs) systems, | used a GEM model and human patient breast tumor samples to
demonstrate that Kla"9" TAMs mostly reside in hypoxic areas and present an M2-like phenotype.
Moreover, lowering TAMS’ lactate production by deleting Ldha illustrated that TAMSs from
tumors with higher hypoxic signature (B16F10, Py8119) have elevated lactate, Kla, and M2-like
phenotype compared to those from tumors with fewer hypoxic regions (E0771). Notably, the
lower degree of hypoxia in the EO771 model does not represent for TNBC tumors in general.
The purpose of using this model here was simply to provide a system that can be manipulated
genetically to compare with models that have a higher degree of hypoxia. These findings
establish a mechanism underlying the M2-like phenotype of TAMSs and its variability within and
across tumors, open questions that have not yet been answered. Nevertheless, future studies aim
to identify the potential histone lactyltransferases that modify histone Kla to regulate M2-
associated genes are warranted.

Second, my studies provide a clarification of the lactate source that affects the Kla-M2
pathways in TAMs. Admittedly, exogenously delivered lactic acid can induce an M2-like
phenotype in macrophages in vitro, and TAMSs in hypoxic regions are bathed in a lactate rich
environment contributed by highly glycolytic cancer cells (Colegio et al., 2014; Corbet and
Feron, 2017). Yet, macrophages need not be reliant on exogenous lactate, as they can generate
their own via metabolic reprogramming. During infection, the metabolic shift of macrophages to
glycolysis results in significant cell-autonomous lactate production, which mimics many

components of the Warburg effect in cancer cells (O’Neill and Hardie, 2013). So how about in
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TAMSs? Is lactate from cancer cells or endogenous lactate production by TAMs the key source to
induce the Kla-M2 pathways? Our study showed that lactate concentration in TIF is comparable
regardless of the hypoxia status or macrophage LDHA status in the tumor. The striking
difference in the phenotype of TAMSs across high vs. low hypoxic models as well as the fl/fl vs.
mLdha-/- mice could not be explained by cancer cell-derived lactic acid in the TME. Moreover,
exogenously delivered lactate within physiological concentration does not induce M2-associated
genes in TAMs to the same level as when TAMs are exposed to hypoxia. Collectively, these
results suggested that it is the endogenous lactate production independent of cancer cell-
produced lactate that acts as a trigger for the Kla-M2 pathway in TAMSs.

Third, my studies provide a mechanistic explanation to reconcile the tumor hypoxia-
induced metabolic shift from an M1-like phenotype to an M2-like phenotype in TAMSs. Previous
studies have shown that exposing macrophages to hypoxia in vitro promotes glycolysis and
induces an M2-like phenotype, mediated in part by HIF1a activation (Henze and Mazzone,
2016). Nevertheless, HIF1a and glycolytic metabolites are generally considered to promote
inflammation and hence are associated with the pro-inflammatory M1-like phenotype (Lin and
Simon, 2016). For example, glycolysis is thought to support pro-inflammatory cytokine
expression in M1 macrophages treated with LPS/IFNy (Murray, 2017). This seemingly
conflicting phenomenon raises an interesting idea that perhaps lactate has homeostatic functions
that counterbalance the otherwise inflammatory effects of HIF1a and glycolytic metabolites
(Ivashkiv, 2020). However, the underlying mechanism is unclear. Extending from our previous
findings (Zhang et al., 2019), our identification of the novel epigenetic pathway triggered by
macrophage lactate production reconciles these differences and has important implications for

the interplay among tumor hypoxia, TAM polarization, and tumor development.
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Finally, although many LDHA inhibitors have been developed and shown pre-clinical
efficacy, their main purpose is to modify metabolisms in cancer cells (Feng et al., 2018; Miao et
al., 2013). Yet, the cell types that take up those inhibitors and ultimately lessened the tumor
growth in vivo are unclear. Our understanding of how endogenous lactate alters the phenotype of
TAMs provide not only an additional mechanism by which LDHA inhibitors might work, but
also provides opportunities to repurpose them as TAM targeting therapeutics. Because my work
also demonstrated that LDHA activity in TAMs contributes to adaptive immune suppression, one
future direction would be to test whether LDHA inhibitors and checkpoint blockade (e.g., PD-
L1) show synergy in tumors using the lactate-Kla-M2-TAM pathway as a biomarker. Altogether,
my study would have important implications for epigenetic, metabolic, and immune therapies

being developed or administrated clinically.
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CHAPTER FOUR: GENERAL DISCUSSION AND FUTURE DIRECTIONS

Summary

Cancer is a collection of diseases driven by a large variety of genetic mutations that cause
uncontrolled cell growth and spread to distant sites. Typically, those accumulated mutations in
cancer cells will inevitably leave footprints, i.e., tumor antigens, that can be picked up by
antigen-presenting cells to inform our adaptive immunity further to eliminate cancer cells (top,
Figure 4.1). However, cancer cells often create an immunosuppressive environment that evolves
with their growth, consequently hindering the detection of their footprints. One of the most
abundant immune cells in almost all tumor types is tumor-associated macrophages.
Unfortunately, TAMs adopt a pro-tumorigenic M2-like phenotype that supports tumor growth
and metastasis through multiple mechanisms. Clinical data has further shown that high TAM
infiltration, especially those with an M2-like phenotype, is strongly correlated with poor patients’
outcomes in many cancers. Therefore, targeting M2-like TAMS represents a promising
therapeutic strategy.

This dissertation presents two distinct perspectives that conceptually broaden our
understanding of how to interrogate TAM’s role during cancer development and further provides
two mechanisms that have the potential for developing effective TAM-targeting therapeutics.
Chapter 2 describes the identification of lysosomal cysteine protease activity in TAMs that is
critical in regulating the antigen cross-presentation ability of TAMSs to oppose tumorigenesis. By
analogy, M2-like TAMs behave like a drain that shifts the equilibrium of tumor antigens towards
destruction, which dampens APCs’ chance to alert the adaptive antitumor immune response.

Attenuating lysosomal cysteine protease activity is likely to allow TAMs to preserve tumor
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antigens for effective presentation and activation of the adaptive antitumor immune response
(red arrow, Figure 4.1). Practically, my studies also provide DNA nanotechnology that can
preferentially deliver therapeutics to TAMSs. Chapter 3 describes a hypoxia-induced lactate
production by TAMs as a novel pathway to drive their immunosuppressive phenotypes via
histone Kla modification. Lowering lactate production by TAMs decreased their M2-like
phenotype and subsequently attenuated tumor growth in preclinical models where hypoxia is
present (green arrow, Figure 4.1). Because anti-VEGF antibodies have been shown to induce
hypoxia (Shi et al., 2017), | envision that Kla modification in TAMs could potentially be used as
a biomarker to predict the efficacy of combining anti-VEGF antibody and LDHA inhibitors in

the clinics.
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Figure 4.1. Proposed model summarizing studies in this thesis.

The broad potential implications for both my studies are no coincidence for the following
three reasons: 1) TAMs are notably associated with almost all solid tumors; 2) our preliminary

work mostly comes from a pattern obtained from unbiased proteomics across tumors or the
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established M1/M2 model system instead of a single pathway in a single cancer type; 3) The
phenotypic observations were extensively validated in vitro and in vivo in mice and humans
before proceeding to mechanistic studies. Collectively, my studies provide new mechanistic
understandings on the targetable M2 pathway and the M2-phenotype-producing pathway, serve
as examples to illustrate how to exploit TAMs therapeutically from both approaches, and

described a DNA-based nanotechnology platform to target TAMSs in vivo specifically.

Extended results and discussion
The role of lysosomal cysteine protease in MHCI I-restricted antigen presentation

My study showed that lowering lysosomal cysteine protease activity in TAMs improves
their antigen cross-presentation capability. Because lysosomal cysteine proteases are also known
to closely participate in MHCII-restricted presentation, which is essential for CD4* T cell
activation, one question remains is whether E64-DNA affects presentation via MHCII in TAMs.
There are two convergent processes involved in MHCII-restricted presentation. The first is to
process the internalized antigens, and the second is to degrade invariant chains that block MHCI|I
molecules to bind to the processed peptide (Mizuochi et al., 1994; Villadangos et al., 1999). Both
processes are regulated by differential expression of lysosomal cysteine protease (Roche and
Furuta, 2015). Although inhibition of any single type of protease in most cases does not
significantly block MHCII presentation, presumably because of their redundancy (Nakagawa and
Rudensky, 1999), diminishing overall lysosomal cysteine protease activity in TAMSs has not yet
been explored.

To test this, | used CD4*T cells from OT-2 and TRP-1 mice, which recognize OV As23-339

(fragment of OVA) or TRP1113-126 (fragment of pMel from B16F10 melanoma cells) respectively
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(Gerner et al., 2008; Haabeth et al., 2018). Results showed that treating TAMs with E64-DNA
did not improve MHCII-restricted antigen presentation derived from OVA or irradiated B16 cells
(irrB16), nor did it made any differences when TAMSs were exposed to peptides (OVAs23-339 Or
TRP1113-126) that directly bind cell surface MHCII molecules (Figure 4.2). These results
suggested that E64-DNA did not affect antigen presentation via MHCII molecules by TAMs.
The observation that attenuation of lysosomal cysteine protease activity in TAMSs only
affects antigen cross-presentation but not MHCII-restricted presentation is not surprising.
Because peptides presented on class | molecules are shorter and precise in length, while those on
class 11 molecules are longer and variable in length (Roche and Furuta, 2015). This difference
might affect the sensitivity of antigen loading. Admittedly, lysosomal activity in DCs is a critical
factor in determining the balance between these two pathways in DC; increasing lysosomal
proteolysis decreases the MHCI pathway but improves the MHCII pathway (Samie and
Cresswell, 2015; Trombetta et al., 2003). However, macrophages have a much higher lysosomal
degradative capacity and are efficient in presenting via MHCII molecules (in contrast to their
poor efficiency in performing cross-presentation). Lowering their lysosomal cysteine protease
activity by E64-DNA might not have much influence on MHCII-restricted Il presentation. In
addition, E64-DNA serves as a lysosomal attenuator instead of a killer -- genetically knocking
out specific lysosomal protease genes (Ctsb-/-, Ctsl-/-, Ctss-/-) in mice. Therefore, the attenuated
lysosomal cysteine protease activity could still be sufficient to generate peptides that fit in the

MHCII groove and to degrade the invariant chain for peptide loading.
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Figure 4.2. E64-DNA does not improve MHCII-restricted antigen presentation by TAMs.
TAMs isolated from E0771 tumors were treated with vehicle (Veh), DNA, E64, or E64-DNA
(100nM) for 2h. a-d, OT-2 CD8* T-cell activation (a-b) and proliferation (c-d) after 72h of co-
culture with TAMs pre-stimulated with OV A protein or OV As23-339 peptide. e-f, Trp1-CD8" T-
cell activation (e) and proliferation (f) after 72h of co-culture with TAMSs pre-stimulated with
Trpliis-126 Or irradiated B16 cells. n=3/group. *, p<0.05 Student’s t-test.
Optimal lysosomal processing during antigen-cross presentation.

The goal of our study described in Chapter 2 is to understand the mechanisms that limit
antigen cross-presentation by TAMs and leverage it for therapeutic interventions. The intent was
not to compare the cross-presentation capability of TAMs with that of DCs. DCs were used

simply used as a reference for illustrating the importance of this study, i.e., considering that the

% of total DC population in tumors is less than 3% (the cDC1 that has been reported to have
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antigen cross-presentation would be even smaller) and TAMs are so abundant, harnessing TAMSs
capability for cross-present would be advantageous. Yet, because DCs are the most potent
antigen cross-presenting cells (Embgenbroich and Burgdorf, 2018; Wculek et al., 2020), it is
tempting to compare DC’s lysosomal cysteine protease level and activity with TAMs and to
examine how E64-DNA could affect antigen cross-presentation capability in DCs.

Proteomics data showed that lysosomal cysteine protease levels in DCs (bone marrow-
derived DCs/BMDCs) are comparable to those in M1 and lower than M2 BMDMs (Figure
4.3a). Lysosomal protease levels are also reflected in their lysosomal degradative capability by
DQ-OVA degradation assay (Figure 4.3b). Interestingly, E64-DNA inhibited rather than
improved DC’s cross-presentation capability (Figures 4.3c-d). Moreover, E64-DNA also

inhibited MHCII-restricted presentation in DCs (data not shown).
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Figure 4.3. Characterizing the lysosomal cysteine protease level and activity in DCs and the
effect of E64-DNA on their antigen cross-presentation capability. a, Spectral counts based on
proteomics data. b, DQ-OVA degradation. c-d, OT-1-CD8* T cell activation (c) and proliferation
(d) after co-culture with E64-DNA treated BMDCs. n=3/group. *, p<0.05 Student’s t-test. **,
FDR<5% G-test and t-test. LC/MS is performed by Dr. Tomas Vaisar (University of
Washington). Proteomic data (b) is analyzed by me, with the help of Dr. Lev Becker.
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Upon reasonable deduction, a model with MHCI-mediated cross-presentation and
MHCII-restricted presentation with E64-DNA treatment is proposed to explain the above results
(Figure 4.4). In this model, the optimal window for MHCI-mediated antigen cross-presentation
is narrow. Thus, attenuating DCs’ lysosomal cysteine protease activity, which is already around
the optimal range, may be harmful to their cross-presentation capability. In contrast, the high
lysosomal cysteine protease activity in TAMSs diminished their cross-presentation capability;
attenuating it improves their ability to cross-present. The optimal level for MHCII-restricted
antigen presentation is much broader, and thus E64-DNA did not affect TAMs presentation
capability despite attenuating lysosomal cysteine protease activity. In contrast, due to the lower
level of lysosomal cysteine protease activity, DCs cannot afford to attenuate lysosomal cysteine

protease activity while maintaining their presentation capability via MHCII.
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Figure 4.4. The proposed model of the relationship between lysosomal cysteine protease
activity and antigen presentation capability with E64-DNA treatment. a, MHCI-mediated
antigen cross-presentation. b, MHCII-restricted antigen presentation.
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Future Directions
The role of proteasome-mediated antigen cross-presentation in TAMs.
The presentation of internalized extracellular antigens on MHCI molecules is a process

termed antigen cross-presentation, critical in stimulating cytotoxic CD8* T cells response against
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tumors (Fehres et al., 2014; Kurts et al., 2010; Sigal et al., 1999). In general, there are two main
pathways of antigen cross-presentation: the vacuolar pathways and the endosome-to-cytosol
pathways (Embgenbroich and Burgdorf, 2018). In vacuolar pathways, antigens are
degraded/processed by lysosomal proteases and directly loaded on MHCI within the lysosomal
compartment. The most studied player in this pathway is the involvement of cathepsin S for
MHCI loading in DC (Shen et al., 2004). The other pathways involve transporting the
internalized antigens from the endosomal compartment to the cytosol, where the proteasome
degrades them for subsequently transported by TAP (transporter associated with antigen
processing) for MHCI loading (Embgenbroich and Burgdorf, 2018). Our work only explored the
vacuolar presentation pathway, and how much the cytosolic pathways contributed to antigen
cross-presentation in TAMs remains unclear.

To explored this, | treated TAMSs isolated from E0771 tumors with epoxomicin (EPM), a
selective proteasome inhibitor, followed by addition of OVA or OV Azs7-264. Flow cytometry was
used to examine the OV Azs7-264 0n the cell surface. EPM didn’t affect the ability of TAMSs to
display ready-to-present OV Azs7-264, nor did it affect TAM’s ability to process and present OVA
proteins (Figure 4.5). This result suggests that TAMs mostly rely on the vacuolar pathways
instead of endosome-to-cytosol pathways to present OVA proteins. Yet, previous studies using
BMDC showed that the antigen type could also affect the pathways cells use for cross-
presentation (Shen et al., 2004). Thus, how these two pathways in TAMs are dynamically
“communicating” when encountering different types of antigens would be interesting to explore.
Future studies also plan to examine whether TAMs at different activation states may prefer one

pathway over the other.
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Figure 4.5. Inhibition of proteasome function does not affect OVA antigen presentation by
TAMs. TAMs isolated from E0771 tumors were pre-treated with 200nM epoxomicin for 3h
before addition of OVA or OV Azs7-264. Cell surface MHCI bound OV A2s7-264 Was measured by
flow cytometry. n=3/group. *, p<0.05 Student’s t-test.

CD8+ T cell activation by E64-DNA treated TAMSs: in situ vs. tumor-draining lymphoid
nodes; naive activation vs. restimulating activation.

A critical step for successfully activating CD8* T cells is cross-priming, which could
either occur at the tumor sites or in tumor training lymphoid nodes (TdLN). Almost all studies on
this subject stem from work done with DCs, the most efficient antigen cross-presentation cells.
They found that DCs can both directly prime T cells at tumor sites (Broz et al., 2014) and traffic
to tumor TdLN to activate T cells (Roberts et al., 2016). In contrast, evidence on how TAMSs
activate T cells in tumors remains unclear, despite some experimental results suggesting that
TAMs do not migrate to TdLN, and that CD169*" macrophages in TALN phagocytose dead tumor
cells and are transported via lymphatic flow and subsequently cross-present tumor antigens to
CD8" T cells (Asano et al., 2011; Roberts et al., 2016). The little attention to exploring TAM-T-
cell priming is partially due to the poor ability of TAMs to cross-present and the lack of an

efficient method to stimulate them to activate T cells. However, considering their abundance and

plasticity in tumors, the route for TAM-T-cells priming is an interesting and important question
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to answer from both biological and therapeutic perspectives. The E64-DNA developed here
might serve as a useful tool to explore this aspect.

| thought to first examine if E64-DNA treated TAMSs have the ability to migrate to tumor
TdLN. I isolate TAMs from CD45.1 mice, treated them with E64-DNA ex vivo, and injected
them into tumors in CD45.2 mice (Figure 4.6a). My preliminary data showed that on 3 days
post-injection, E64-DNA treated CD45.1 TAMs, but not DNA treated CD45.1 TAMs, were
observed in TdLN, suggesting that following E64-DNA treatment TAMs gained the ability to
migrate to TALN (Figure 4.6b). Admittedly, this is an artificial system and may not represent the
in vivo natural scarious. Indeed, TALN of E64-DNA treated EO771 tumor-bearing mice did not
show a significant increase in the macrophage populations on Day 3, arguing against the
possibility that TAMs migrate to TdLN to activate CD8* T cells (Figure 4.6¢). Yet, two
possibilities could result in this negative observation. One is the timing of the measurement. |
should include additional time points considering Day 3 may be too late or early for lymph node
TAM migration. Second, | should increase the number of mice in each group since the %

increase could be small and require higher n in each group to reach statistic power.
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Figure 4.6 The ability of E64-DNA treated TAMs migrating to TALN. a, Experimental
design for b. b, Quantification by flow cytometry of % of CD45.1 population in TALN 3 days
post intratumor injection of DNA or E64-DNA treated TAM. n=5/group. ¢, Quantification by
flow cytometry of the two different macrophage populations in TALN 3 days post DNA or E64-
DNA (25ug, i.t) treatment in EO771 tumor-bearing mice. n=5/group. *, p<0.05 Student’s t-test.
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Hence, in my future study, | plan to create a tumor in Kaede transgenic mice that express
a photoconvertible fluorescence protein (Tomura et al., 2008) to explore this point further. In
brief, when tumors reach 50-100 mm?, they will be exposed to ultraviolet light to induce
photoconversion to only labeled cells in tumors in red. | will then analyze TAMSs in the tumor
and TdLN at 7h, day 1, day, day3, and day 5 post E64-DNA administration. If we do not observe
any photoconverted TAMs in the TdLN, it would be unlikely that TAMs traffic out of tumors to
activate T cells.

Another remaining question is whether TAMSs prime naive T cells or restimulate
activated T cells in tumors. My study used naive T cells for in vitro or ex vivo antigen cross-
presentation assay as a surrogate to measure TAMS’ cross-presentation ability. My intention was
not to decipher whether TAMs activate resident CD8* T cells in tumors. To test if E64-DNA
treated TAMs could restimulate activated T cells in tumors, | will adopt the method used in a
previous study (Broz et al., 2014) to coculture TAMs from E64-DNA treated B16.OVA tumors
with activated CD8* T cells from OT-1 mice. Splenocytes will be stimulated with OV A2s7-264 for

30 mins and expanded up to 4 days after stimulation, followed by purification of CD8* T cells.

LDHA inhibitor attenuates the M2 phenotype in TAMs.

Having demonstrated the importance of the hypoxia-induced lactate-Kla-M2 pathway in
tumorigenesis in high hypoxia tumors, I sought to explore the therapeutic potential of LDHA
inhibitors. Treating macrophages with the LDHA-specific inhibitor GNE attenuated the
expression of many M2-like genes in BMDMSs and TAMs, which were previously shown to be

upregulated upon Kla induction (Figure 4.7).
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Figure 4.7 GNE attenuated M2-associated genes in macrophages. BMDMs or TAMs isolated
from EQ771 tumors cultured in normoxic or hypoxic condition with or without 5uM of GNE for
24hr. RNA was collected for gene assessment. mRNA levels of BMDM were measured by Anna
Tang.

This result provides preliminary confidence that GNE could be used to lower lactate
production by TAMs in vivo. For in vivo delivery, | will try intratumorally delivery first and then
systemic delivery (intravenously or intraperitoneally). Because GNE is a small molecule and
unlikely to be preferentially taken up by TAMs, | plan to conjugate it with our DNA nanodevice

to achieve TAMs specific delivery. This conjugation will also allow us to distinguish the efficacy

of lowering lactate levels in TAMs from cancer cells.

Leveraging DNA nanodevice as TAM/macrophage targeting platform (e.g., E64-GNE-
DNA).

Another substantial merit of our studies is to provide a strategy that selectively targets
provide strategy to selectively target TAMs. Admittedly, several carrier technologies have been
developed for preferentially targeting macrophages. These include nanoparticles such as
liposomes and microspheres and antibody-drug conjugates (ADCs). Nanoparticles can target
macrophages passively via their high phagocytic potential or actively by decorating them with

mannose (binds CD206 on macrophages) or galactose-type lectin I (binds asialoglycoprotein
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receptor on macrophages) (Howard et al., 2016; Napoletano et al., 2012). However, nanoparticle-
based systems interact with other innate immune cells beyond macrophages and thus have poor
selectivity. ADCs using anti-CD206 (binds CD206 on macrophages) or Fc (binds Fcy receptor
on macrophages) have also been employed. While these approaches have improved selectivity,
problems associated with the low efficiency of drug internalization have been reported.
Moreover, these approaches are challenged by difficulties in obtaining defined conjugation ratios
and in delivering multiple drugs in combination. Therefore, there is a need for new systems to
selectively deliver drugs to macrophages within the body.

I have adopted a DNA-based nanodevice that has been shown to preferentially target
macrophages in vivo (data for targeting adipose tissue macrophages by intraperitoneal injection
and lung macrophages by intratracheal injection are not shown). The DNA-based nanodevice can
comprise two or three modules: i) a macrophage targeting module (e.g., polyanionic DNA),
which enables preferential uptake of the nanodevice by macrophages, ii) a therapeutic module
(comprising one or more drugs, also referred to as a therapeutic load module) which enables
targeting of the specific pathway(s) in macrophages, and (optionally) iii) a labeling module (e.g.,
a molecule that allows the measurement and/or quantification of nanodevice uptakes, such as a
fluorophore or other detectable molecule (Figure 4.8a). This labeling module can also be
substituted with another therapeutic target, resulting in a double target upon delivery.

Because attenuating lysosomal cysteine activity improves antigen cross-presentation
ability by TAMs and lowering lactate production by TAMSs attenuates their M2-phenotypes, |
propose to leverage the DNA-based nanodevice by combining benefits. | plan to create an E64-
GNE-DNA nanodevice (Figure 4.8b) where one strand of DNA conjugates with E64 and the

other GNE. The DNA backbone is degraded in the lysosome, thereby liberating both molecules.
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E64 will take action in the lysosome, and GNE, which is a membrane-soluble drug, will release

from lysosome and inactivate LDH in the cytosol.
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Figure 4.8 lllustration of DNA-based nanodevice. a, illustrations of the potential three
modules of the DNA-based nanodevice. b, the configuration of the E64-GNE-DNA.

E64-GNE-DNA just one example of how to leverage this DNA-based nanotechnology
platform. Considering the specificity, modularity, and trackability of this DNA-based
nanodevice, many additional targets could be applied to i) target macrophages preferentially in
multiple tissues, ii) allow for delivery of drugs that target lysosomal and cytosolic proteins, and
iii) enables manipulation of macrophage functions.

There are eight categories | could examine as DNA-based platform targets since they
have been identified to affect macrophage phenotypes. The first one is nuclear receptors. There
are 48 nuclear receptors in the human genome, of which 28 has been shown to associated with
macrophage and their phenotypes (Leopold Wager et al., 2019). The second aspect is the
metabolic target (Penny et al., 2016, Geeraerts et al., 2017; Wenes et al., 2016). The third is
epigenetic targets. Most work has been done to understand the epigenetic regulation of

macrophages in the setting of infection and chronic diseases, yet not much on TAMs (de Groot
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and Pienta, 2018). The Fourth category is TLR and stimulator of interferon genes (STING)
pathways. Current practice mostly applies intratumoral injection of STING or/and TLR9 agonist
combined with radiotherapy or chemotherapy or immune checkpoint inhibitors to create both
local and systemic antitumor immunity. Although both pathways use IRF3 and NF«B to
predominately control proinflammatory gene induction, STING and TLR9 pathways have
evolved to sense different types of DNA species (Barber, 2015). The fifth target is the redox
signaling pathway. Macrophages are the dominant producers of reactive oxygen species, such as
nitric oxide and hydrogen peroxide. Those molecules are not only prone to oxidatively modify
proteins or lipids, but also exhibit signaling properties that regulate macrophage polarization
(Weigert et al., 2018). There are multiple redox targets, including transcription factors (e.g.,
Nrf2, PPARY) that can transform redox signals. The sixth target is kinase signaling. This
category includes the well-recognized PI3K/Akt pathway, which regulates macrophage survival,
migration, and proliferation, and also their response to different metabolic and inflammatory
signals (Vergadi et al., 2017). Importantly, AKT1 and AKT2 seem to have the opposite effect
(Murray, 2017). 1 also include BTK and SRC, which have traditionally been targeted to cancer
cells, but recent evidence has pointed out their role in macrophage phenotypes. The last category
refers to reprogramming molecules, such as anti-CSF1R, CD40, CD47-SIRPa axis, since it
includes many clinical testing drugs (Gholamin et al., 2017; Li et al., 2018a; Liu et al., 2015,
2017, Coussens et al., 2013; Palucka and Coussens, 2016; Vitale et al., 2019, Beatty et al., 2011,

Hoves et al., 2018; Perry et al., 2018; VVonderheide, 2018).
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