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Abstract

The liver maintains an immunologically tolerant environment as a result of continuous
exposure to food and bacterial constituents from the digestive tract. Hepatotropic pathogens
such as hepatitis C virus (HCV) can take advantage of this niche and establish lifelong chronic
infections causing hepatic fibrosis, and hepatocellular carcinoma. Macrophages (M¢) play a
critical role in regulation of immune responses to hepatic infection and regeneration of tissue.
However, the factors crucial for M¢ in limiting hepatic inflammation or resolving liver damage
have not been fully understood. In this work, we demonstrate that expression of the C-type
lectin receptor scavenger receptor-Al (SR-AI) is crucial for promoting M2-like M¢ activation
and polarization during hepatic inflammation. Liver M¢ uniquely upregulated SR-AI during
hepatotropic adenoviral infection and displayed increased expression of alternative M¢
activation markers such as YM-1, arginase-1, and 1L-10 via the activation of Mertk associated
with inhibition of mMTOR. The expression of these molecules was reduced on M¢ obtained from
the livers of infected mice deficient for the gene encoding SR-AI (msrl). Furthermore, in vitro
studies using an SR-Al-deficient M¢ cell line revealed impeded M2 polarization and decreased
phagocytic capacity. Direct stimulation with virus was sufficient to activate M2 gene expression
in the wild type (WT) cell line but not in the knockdown cell line. Importantly, tissue damage
and fibrosis were exacerbated in SR-Al”- mice following hepatic infection. In contrast, adoptive
transfer of WT bone marrow derived M¢ conferred protection against fibrosis in these mice.
Taken together, these findings demonstrate that SR-Al expression on liver M¢ promotes
recovery from infection-induced tissue damage by mediating a switch to a pro-resolving M¢

polarization state.
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Chapter 1: Introduction

Hepatic Pathogens and Liver Physiology

Chronic liver disease represents a significant health threat and financial burden to the

United States hospital system. The liver is a highly susceptible site for persistent infection by
several human pathogens. The protozoan parasite Plasmodium falciparum, the causative agent
of malaria, begins its lifecycle by invading and reproducing within the structural cells of the liver
(hepatocytes) (1). Other hepatic parasites like liver flukes (Fasciola hepatica and F. gigantica)
and extraintestinal Entamoeba histolytica lead to the development of liver abscesses and necrosis
and are classified by the WHO as significant neglected tropical diseases (2,3). Several species
of bacteria can also invade the liver and cause hepatic abscesses and, while they are rare, they are
highly fatal (4). The most common cause of hepatitis, however, is viral, and can be traced back

to the five major hepatitis viruses: Hepatitis A, B, C, D, and E.

Hepatitis C, the leading cause for liver transplantation, results from infection by the
hepatitis C virus (HCV), a small enveloped RNA virus of the family Flaviviridae. Of the five
hepatitis viruses listed above, HCV is the most remarkable and the most dangerous because it
establishes an incredibly persistent infection: roughly 75% of those infected go on to develop
chronic hepatitis, eventually progressing to fibrosis, cirrhosis, and hepatocellular carcinoma
(HCC) (5). Approximately 2.7 million Americans have chronic HCV infection, amassing an
estimated cost of over $3.3 billion in 2012 alone, and the incidence of end-stage liver disease
from chronic HCV infection is predicted to increase until 2030 (6). Unlike Hepatitis A and
Hepatitis B, there is no vaccine against HCV, and while new antiviral therapeutics like

sofosbuvir report extremely high clearance rates and less severe side effects than the previous



standard treatment of pegylated interferon (IFN) and ribavirin, they remain prohibitively

expensive to obtain and do not treat severe fibrosis (7).

The challenge of developing a successful HCV vaccine is due to the same reason that
HCV is so readily able to establish persistent infections: the liver provides a uniquely tolerogenic
niche that HCV has evolved to exploit. Due to its role in filtering nutrient- and waste product-
enriched blood that drains from the digestive system via the hepatic portal vein, the liver needs to
be able to come into contact with highly inflammatory stimuli without mounting an immune
response in order to maintain homeostasis (8). Several cell types within the liver’s considerable
immune compartment orchestrate and maintain this immunotolerant state, the largest constituent

of which are liver macrophages, which comprise 80% of the macrophages in the human body

(9).

Macrophages

Macrophages (Mo) represent a ubiquitous yet complex and nuanced population of
immune cells that play essential roles in both disease and homeostasis throughout the body (10).
In addition to monocytes and M¢ circulating throughout the bloodstream, specialized tissue-
resident M¢ can be found in most major organs, including Kupffer cells in the liver, Langerhans
cells in the skin, microglia in the brain, splenic red pulp M¢, lung alveolar M¢, adipose tissue
Md, and bone osteoclasts, to name a few (11-14). While some identify these populations as the
endpoint of bone marrow monocyte maturation, several lines of evidence indicate that tissue
resident M¢ originate during embryogenesis in association with their specific tissue

independently from blood monocytes and monocytes/M¢ recruited to sites of inflammation



(11,15,16). Regardless of their location, M¢ are responsible for the maintenance of healthy
tissues through phagocytic clearance of apoptotic cells and foreign materials and through tissue
repair and remodeling during wound healing (17-20). M¢ are also major regulators of the
inflammatory response to disease and infection, acting as a bridge between innate and adaptive
immunity by monitoring the microenvironment through an array of surface receptors and

secreting appropriate cytokines and chemokines (21,22).

Depending on the stimuli they encounter, tissue resident and circulatory M¢ populations
can be directed to distinct phenotypic programs in a process known as M¢ polarization (Fig. 1.1,
Table 1.1). The diverse properties of different M¢ subsets can have drastic effects on health and
disease within the tissues where they reside; while the induction of a particular subset can be
protective during homeostasis or disease, this process can be altered or subverted to enhance
pathogenesis and disease progression (by, for example, inappropriately dampening the immune

response or exacerbating harmful inflammation) (23).

Phenotypic Polarization of M¢

The most well-described and commonly reported paradigm of M¢ polarization is the
M1/M2 polarization axis (24-26). Originally named to reflect relationships to the Th1/Th2
polarization of immune responses, M1 and M2 M¢ are also referred to as classically or

alternatively activated M¢, respectively (27,28).

Classical activation is stimulated by microbial products and proinflammatory cytokines
(IFNy and/or LPS or TNF), and the resulting M1 M¢ are characterized by high antigen

presentation, high production of IL-12 and IL-23, and high production of nitric oxide (NO) and



reactive oxygen intermediates (ROI) (29). M1 M¢ have been shown to produce several other
inflammatory cytokines like TNFa; IL-1, 6, and 12; Type | IFN; CXCL1-3, 5 and 8-10; CCL2-5

and 11; CXCL16; and CX3CL1 (24,30).

By contrast, alternative/M2 activation is mediated by IL-4, IL-10 and IL-13, which were
initially thought to produce "deactivated M¢" (25). M2 M¢ are marked by the upregulation of
several surface molecules including Dectin-1, DC-SIGN, mannose receptor (MRC1/CD206),
scavenger receptor A (SR-Al), scavenger receptor B-1, CD163, CCR2, CXCR1, and CXCR2
(24,25,27). M2 M¢ exhibit altered cytokine and chemokine production, and typically produce
high levels of IL-10 and low levels of IL-12 (31). CCL1, CCL2, CCL17, CCL18, CCL22,
CCL24 and IL-1Ra are also made by alternatively activated M¢ (24). Genetic studies of M2 M¢
in mouse models have identified additional signatures of alternative activation, including
arginase 1 (Argl), YML1 (a member of the chitinase family) and FIZZ1 (found in inflammatory
zone 1, RETNLA) (32,33). Generally, the M2 polarization state is characterized by little to no
secretion of proinflammatory cytokines, increased secretion of anti-inflammatory cytokines,
enhanced scavenging of cellular debris, promotion of tissue remodeling and repair, and, in some
cases, increased capacity to fight parasitic infections (34). Additionally, the concept of
resolution of inflammation has evolved and is no longer perceived as a passive process that
simply occurs when the insult disappears, but rather as a highly orchestrated process coordinated
by a complex regulatory network of cells and anti-M1 mediators called pro-resolving mediators

(35).

M2 M¢ can be further divided into three subtypes according to their inductive stimuli and
secreted chemokines (36). M2a M¢ are stimulated by IL-4 and IL-13 and produce CCL24,

CCL22, CCL17, and CCL18, which are recognized by CCR3, CCR4, and CCR8 and promote



recruitment of eosinophils, basophils, and Th2 cells. M2b M¢ result from activation by immune
complexes in combination with TLR agonists (like LPS) and selectively produce CCL1, which
recruits Tregs. IL-10 drives M¢ polarization to M2c cells, which produce CCL16 and 18,

recruiting eosinophils and naive T cells, respectively.

A full understanding of the M1/M2 paradigm of M¢ polarization, however, contains
some caveats. First, M1 and M2 M¢ as defined in the foundational literature most likely do not
exist as distinct categories, but rather should be considered as extremes at either end of a
continuum of overlapping functional states (37). Indeed, M¢ with combinations of M1 and M2
markers can be found in atherosclerotic plaques and some murine tumors (38,39). Second,
unlike the irreversible phenotypic changes seen in lymphocytes after exposure to polarizing
cytokines, M¢ polarization is both transient and plastic (26,40-42). For example, M2 M¢ can be
reprogrammed to express M1 genes following exposure to TLR ligands or IFNy (43,44).
Additionally, while there is partial overlap of M1-and M2-identifying markers in murine and
human studies, there are still markers in each system that fail to translate to the other. The
chitinase-like proteins YM1 and YM2, along with FIZZ1, are markers of murine M2 polarization
which lack human orthologs, while CCL14, CCL18, and CCL23 are human-restricted M2
markers with no murine orthologs (25,45,46). Finally, there are other specially activated M¢
(M4, Mhem, Mres, and Mox) that have been described in atherosclerosis and may lie on a
separate activation axis from M1/M2 M¢ (Fig. 1.1). These atherosclerotic M¢ subsets have

been discussed in recent reviews (47,48).



Signaling Pathways Involved in M¢ Polarization

The network of molecular mediators that regulate M1/M2 polarization in response to
various stimuli is incompletely understood, but several signaling pathways have been implicated
in this process (Fig. 1.2). One of the major pathways identified is the JAK/STAT pathway,
which mediates responses to a collection of different cyotkines and growth factors and regulates
processes from hematopoiesis and immune development to lactation and adipogenesis (49).
Binding of IFNYy to its cell surface receptor leads to activation of receptor-associated JAKS,
which in turn cause STAT1 to dimerize and translocate to the nucleus where it initiates
transcription of genes that promote M1-associated functions like enhanced microbicidal activity
and proinflammatory cytokine production (50,51). Md¢-specific deletion of SOCS3, an inhibitor
of cytokine and JAK/STAT signaling, was found to increase levels of the M1 genes IL-1p, IL-6,

IL-12, IL-23, and INOS (52) and increase phosphorylation of STAT1 and STAT3 (53).

In contrast, STAT® is activated by IL-4 and IL-13 to induce M2 polarization (54-56). C-
Jun N-terminal kinase (JNK), a mitogen-activated protein kinase (MAPK) involved in cell
proliferation, transformation, differentiation, and apoptosis is likely involved in this pathway
(57). Upon activation, JNK can phosphorylate serine 707 on STATS6, thereby deactivating it
(58). A study of M¢ polarization in obesity showed that mice lacking the JNK activator MLK3
were also deficient in M1 M¢ polarization (59). The transcription factors PPARy and PPARS are
activated by STAT6 and necessary for M2 polarization, and PPARS” M¢ exhibit enhanced
activation of INK following treatment with adipocyte-conditioned medium, which contains the
M2 cytokines IL-4 and 1L-13 (60,61). The zinc-finger transcriptional regulator Krippel-like
factor 4 (KLF4) is involved in this pathway as well and cooperates with STATG6 to skew

polarization towards M2 by sequestering coactivators of NF-«xB (62).



Furthermore, the phosphoinositol-3-kinase (PI3K) signaling pathway, which activates
multiple kinase cascades through the production of the second messenger PIP3, regulates M¢
survival and gene expression via activation of the Akt family of serine/threonine protein kinases
(63,64). Knockout studies have demonstrated that M1 polarization depends on the activation of
Akt2 while M2 polarization requires Aktl (65). In addition, the PI3K/Akt signaling pathway

controls the activation of mTOR, which promotes M1 polarization (66—68).

Interferon-regulatory factor (IRF) proteins are also regulators of M¢ polarization. IRF5
is associated with M1 polarization and promotes the transcription of genes encoding I1L-12 while
repressing the gene that encodes 1L-10 (69). Notch signaling through the nuclear transducer
RBP-J controls expression of IRF8, which induces M1 gene expression (70). IRF4 is highly
expressed in adipose tissue M¢ (ATM) and its deletion leads to increased production of IL-1f3
and TNFa and expression of M1 markers, indicating that IRF4 activation contributes to M2
polarization (71). The IRFs also underlie the ability of GM-CSF and M-CSF to induce
polarization: GM-CSF leads to downstream activation of IRF5 (M1) while M-CSF leads to IRF4

(M2) activation (72).

Bacterial Infections

Given the ability of M¢ to acquire enhanced microbicidal abilities following stimulation
with microbial products and the preeminent roles of M¢ in both innate and adaptive immune
responses, one might predict that pathogens would evolve strategies to redirect and alter M¢
activation in their favor. Several transcriptome analysis studies have established that innate

immune cells, particularly M, engage in a common response to pathogen challenge that



involves a shared pattern of gene expression (73,74). A multi-study review of transcriptional
responses of mononuclear phagocytes to bacteria and bacterial components focusing specifically
on genes involved in M¢ polarization identified a common response program that mainly
involved the upregulation of M1-associated genes, including the cytokines TNF, IL-6, IL-12, IL-
1B, the cytokine receptors IL-7R and IL-15RA, the chemokines CCL2, CCL5, and CXCLS8, and
the chemokine receptor CCR7 (75). This M1 activation program is typically associated with
protection against bacterial disease, and M1 polarization has been shown to aid host control of
several bacteria, including Listeria monocytogenes, Salmonella typhimurium, Mycobacterium

tuberculosis, Mycobacterium ulcerans, and Chlamydia infections (75-80).

Consequently, several pathogenic bacteria, especially intracellular species, have
developed mechanisms to interfere with M¢ polarization in order to enhance their own survival.
Some species accomplish this by blunting M1 polarization to reduce inflammation and
microbicidal functions of M¢. The intracellular form of the enteropathogen Shigella flexneri
produces an altered, hypoacetylated form of LPS that evades recognition by TLR4 and elicits
decreased production of proinflammatory cytokines from murine bone marrow derived M¢
(BMDM) (81). During pulmonary infection in mice, Staphylococcus aureus induces Aktl
signaling to enhance SOCS1 activity and inhibit NF-«xB activity, shifting M¢ from an
antimicrobial M1 phenotype to a functionally inert one (82). M. tuberculosis secretes the
virulence factors lipoarabinomannan and early secretory antigenic target-6 (ESAT-6), which
inhibit M1 activation by inhibiting phagosome maturation and NF-«B activation, respectively
(83). M. tuberculosis also subverts the inflammatory response by stimulating Wnt6 signaling in
infected M¢ in granulomatous lesions in the lung, driving M2-like polarization (84). S. aureus

biofilms are resistant to M¢ invasion, but those M¢ that do successfully penetrate catheter-



associated biofilms in vitro display decreased expression of IL-1B, TNFa, and iNOS expression
but robust Argl expression, signifying an M2 profile (85). S. typhimurium has been shown to
preferentially associate with M2 M¢, and PPARGS expression is upregulated in Salmonella-
infected M¢ while PPARS deficiency severely inhibits bacterial replication and persistence (86).
Interestingly, the dependency of S. typhimurium on PPARS expression was shown to be due to
its metabolic effects rather than its ability to reduce production of antimicrobial mediators by
promoting M2 polarization, and it remains to be determined whether S. typhimurium directly

augments PPARGS activity to promote persistence.

Viral Infections

Similar to evasion strategies employed by bacterial pathogens, many viruses take
advantage of the M¢ polarization system to enhance their own growth and virulence. However,
unlike bacterial pathogens, which generally tend to thrive within and encourage production of
M2-polarized M¢, viral pathogens more commonly activate M1 polarization. This inflammatory
phenotype is often correlated with disease severity. HCV preferentially infects hepatocytes and
establishes a chronic inflammatory infection, often leading to fibrotic cirrhosis and HCC (87). It
has been demonstrated that the viral protein NS3 enhances IL-12 and TNFa production by THP-
1 M¢, implicating M1 polarization in sustaining inflammation (88). Furthermore, activation of
M¢ with TLR agonists triggers the secretion of TNFa, which promotes HCV entry into polarized
hepatoma cells by relocalizing the tight junction protein and HCV entry factor occludin (89). Of
the three common clades of avian H5N1 influenza virus circulating in poultry in China (2.3.2,
2.3.4,and 7), clade 2.3.4 is the most successful at infecting, replicating within, and inducing

cytopathic effects in human monocyte-derived M¢ (MDM) (90). H5N1 clade 2.3.4 also
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stimulated the highest expression of IL-1f, IL-6, IL-8, TNFa, IFNy, and MCP-1 in MDMs (90).
M2 M¢ polarization by S. aureus, which is commonly present among the airway mucosal
microbiota, inhibits influenza-mediated lung injury, implying that M1 M¢ exacerbate flu

infection (91).

Nonetheless, some viruses do benefit by skewing M¢ polarization towards an M2
phenotype. During infection by severe acute respiratory syndrome coronavirus (SARS-CoV),
lung damage resulting from both intrinsic viral infection and dysregulation of the host immune
response rapidly progresses to diffuse alveolar damage, resulting in acute respiratory distress
syndrome and pulmonary fibrosis (92,93). A recent study revealed that SARS-CoV-infected
mice lacking hematopoeitic STAT1 expression have greater weight loss and lung pathology
associated with upregulation of the M2 indicators YM1, FIZZ1, IL-4, and IL-13 (94). Absence
of lung disease and prefibrotic lesions in infected STAT1/STAT6” double-knockout mice also
supported the notion that M2 M¢ contribute to SARS-CoV pathogenesis. Human
cytomegalovirus (HCMV) has a more complex relationship with M¢ polarization. The HCMV
gene UL111A encodes a homolog of human IL-10 that is capable of polarizing monocytes
towards an anti-inflammatory M2c phenotype including high expression of the scavenger
receptor CD163, suppression of MHC expression, and exppression of heme oxygenase 1 (which
suppresses TNFa and IL-1B) (95). Additionally, HCMV optimally infects M2- but not M1-
polarized M¢ and late-phase HCMV infection is dependent on the M1-promoting activation of
mTOR (96). Accordingly, HCMV-activated M¢ have been shown to adopt an M1 transcriptome
profile in self-defense (97). HIV-1 similarly seems to benefit from M2 polarization: HIV-1
displays impaired viral DNA synthesis, delayed proviral integration, and reduced proviral

transcription in M1 M¢, while the M2a surface receptor DC-SIGN facilitates HIV-1 entry, DNA
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synthesis, and transmission from infected M¢ to CD4+ T cells (98-100). Notably, clathrin-
mediated endocytosis of HIV-1 is increased in M1 and decreased in M2 M¢, but this method of
endocytosis leads to increased viral degradation and is unlikely to result in productive infection
(101). Yet, like HCMV, HIV-1 infection of MDMs drives them toward M1 polarization, and the
viral protein Nef is preferentially taken up by M2 M¢ and stimulates an M2-to-M1 transition
(83,100,102). These contradictions may be explained by a viral survival strategy that takes
advantage of both M1 and M2 M¢ as means to different ends: M2 M¢ as a reservoir of
replication and M1 M¢ to recruit fresh immune cells to spread the infection. This can also be
inferred from the ability of proinflammatory cytokines and chemokines from HCMV-infected

M¢ to enhance virus replication and dissemination (34,103,104).

Diabetes, Obesity, and Non-alcoholic Steatohepatitis

Type 1 diabetes is an autoimmune disease that results in high blood sugar following the
destruction of insulin-producing pancreatic beta cells via activation of innate immunity and
expansion of auto-reactive T cells and autoantibody-producing B cells. Monocytes/M¢ from
patients with Type 1 diabetes present a pro-inflammatory profile (high levels of TNFa, IL-6 and IL-
1B) when compared to normal subjects (105-107). Moreover, elevated levels of glucose and islet
amyloid polypeptide (IAPP) deposition lead to the activation of TLRs and inflammasomes, resulting
in beta cell death and decreased insulin secretion (108). Recently, it has been suggested that M1 M¢
may contribute to diabetes-related complications such as cardiovascular diseases by altering the
immune system of type 1 diabetics (109). Furthermore, the sustained increase of growth hormone in
murine models of type 1 diabetes leads to a reduction of diabetes symptoms by attenuating the

apoptosis and increasing the expansion of beta cells (110). Growth hormone also triggers M2
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polarization of M¢ via modulation of the cytokine milieu, stimulating the activity of suppressor T

cells and limiting Th17 cell activation (110).

Obesity is a major health problem in western countries and a risk factor for insulin resistance,
type 2 diabetes, hepatic steatosis, and artherosclerosis. Obesity is closely associated with chronic
inflammation in adipose tissues, suggesting that the chronic excess of nutrients triggers an immune
response in adipose tissues (111-113). White adipose tissues store energy in form of fat and
regulate systemic metabolism through the release of adipokines by adipocytes that control insulin
sensitivity in the liver and skeletal muscle (114,115). In lean subjects and mice, adipose tissue M¢
(ATM) present an M2 phenotype and are critical to maintaining insulin sensitivity in adipocytes
through IL-10 production (62,116,117). In metabolic homeostasis, M2 ATMs are maintained by IL-
4 and IL-13 secreted by adipocytes in a PPARY/3- and KLF4-dependent manner (57,118). In obese
subjects and mice, adipocytes release proinflammatory mediators (i.e. CCL2/MCP-1, TNFa, CCI5,
CCLS8 and free fatty acid), promoting the infiltration of Ly6C" inflamFmatory monocytes which
differentiate into M1-polarized ATMs that express high levels of TNFa, iNOS, IL-6 and IL-1p
(115,116,119-122). Therefore, the severity of obesity-related metabolic dysfunctions correlates with
M1 ATM infiltration whereas chronic inflammation in adipose tissue inhibits the production of
adiponectin, thus contributing to the development of insulin resistance in surrounding adipocytes

(116,122).

Recently NAFLD (Non-alcoholic fatty liver disease) has emerged as an obesity-related
health problem characterized by steatosis (accumulation of lipids in hepatocytes). Hepatic steatosis
can evolve to non-alcoholic steatohepatitis (NASH) when accompanied by liver injury (ballooning
hepatocytes) and hepatic inflammation, which may be associated with fibrosis and eventually

culminates in cirrhosis and HCC. The development of the complex pathology of NASH involves a
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variety of liver cells including hepatocytes, hepatic M¢, and stellate cells. Inflammatory mediators,
especially those derived from adipose tissues, the gut, and the liver, have recently been reported to
play a major role in initiating and controlling the progression of NASH by regulating lipid
metabolism (123-125). In particular, the activation of innate immune cells such as Kupffer cells and
infiltrating blood-derived monocytes is a major event of NASH development. In homeostatic
conditions, Kupffer cells perform immune surveillance by removing pathogens and toxins from the
circulation and maintain liver tolerance through 1L-10 secretion (8). Kupffer cells communicate
with a variety of hepatic immune cells and interact directly with hepatocytes passing through the
space of Disse (124). In early mouse models of diet-induced steatohepatitis, Kupffer cells are the
first innate cells responding to injured hepatocytes and differentiate toward M1 M¢, promoting the
recruitment of blood-derived CD11b™ Ly6C" monocytes through secretion of TNFo and
chemokines (MCP-1 and IP-10) (126). The recruitment of these inflammatory M1-polarized Ly6C*
blood-derived monocytes is dependent on CCR2 and MCP1 (127-130). The hallmarks of NASH
(i.e. steatosis, low-grade inflammation, and hepatic recruitment of M1-polarized M¢) are
reduced/delayed following specific depletion of Kupffer cells or by silencing of TNFa in myeloid
cells (126). Moreover, M1-polarized Kupffer cells also produce inflammatory mediators such as IL-
1B and ROS, which induce hepatic steatosis and fibrosis (129,131). NF-xB and JNK activation in
Kupffer cells may contribute to development of hepatic inflammation by promoting M1-like M¢

polarization (57).

Liver M¢ are also implicated in the severity of NASH via the expression of Toll-like
receptors (TLR2, TLR4, TLR9, MyD88) and scavenger receptors (scavenger receptor A and CD36)
(129,132-134). TLRs and scavenger receptors trigger pro-inflammatory responses following

recognition of hepatic free fatty acids, damage-associated molecular pattern (DAMPS) expressed by
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steatotic hepatocytes, and/or bacterial products derived from the gut (135,136). NASH patients
show increased intestinal permeability, resulting in greater hepatic abundance of bacterial products
and other TLR ligands derived from the gut via portal vein circulation (137). The imbalance of gut
flora may influence liver disease by activating TLRs expressed on liver cells and leading to the
activation of NLPR3 (108,135,136,138). In models of diet-induced NASH and obesity,
inflammasome-deficient mice develop more severe NASH which is fully transferable to WT mice
upon prolonged cohousing, suggesting that commensal bacteria in the Gl tract play an important role

in NASH disease progression (108,122,138,139).

Cancer

M¢ are a highly influential cell type in most varieties of cancer and are recruited to all
solid tumors (140). The contributions of different subsets of polarized M¢ to the tumor
microenvironment and cancer progression are therefore a subject of great interest. M1 M¢ are
generally considered to be beneficial to the host, and peritumoral M¢ that express M1 cytokines
like IFNy, IL-1p, and IL-6 have been shown to have antitumoral effects and are associated with
improved prognoses (141-145). M1 M¢ may have the opposite effect in virally induced cancers,
however: administration of IFNy or TNFa to patients infected with Kaposi sarcoma virus
enhances disease progression, and PBMCs from infected tissues have themselves been found to
produce elevated levels of IFNy or TNFa endogenously (146). Proinflammatory M¢ are also
harmful in intraocular tumors, where TNFa- and iNOS-dependent antitumor responses lead to

necrosis of bystander cells and destruction of the eye (147).

M2-polarized tumor-associated M¢ (TAM), on the other hand, have been repeatedly and

consistently associated with unfavorable effects like tumor growth, angiogenesis, and metastasis
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in malignant cancers (34). The M2 cytokines IL-4, IL-13, and IL-10 are present within the
tumor microenvironment and TAMs from various cancer models have been shown to express an
M2 activation profile that includes enhanced expression of CD163, MRC-1, c-type lectins, IL-
10, and Arg-1 and decreased production of IL-12 (148-151). The small secretory lectin Reg3p is
an important inhibitor of inflammation in pancreatic and intestinal tissues, and deficiency of
Reg3p (an activator of the STAT3 pathway) drastically impairs pancreatic tumor growth by
skewing M¢ polarization away from M2 and towards M1 (152). M2 TAMSs have also been
shown to increase fibroblastic morphology, vimentin and snail expression, metalloproteinase
activity, and proliferation and migration of pancreatic cancer cells, implicating them in the
development of eptihelial-mesenchymal transition and metastasis (153). In HCC, high
expression of the heparin-sulfate proteoglycan glypican-3 (GPC3) on the surface of cancer cells
is associated with increased M¢ infiltration in human patients, and human/mouse xenograft
transplantation with a GPC3-overexpressing cell line leads to infiltration by M¢ expressing M2-
specific markers (154,155). M2 TAMs worsen HCC both by promoting tumor growth and

angiogenesis and by encouraging liver fibrosis through IL-13 and TGFp secretion (26).

Therapies Targeting M¢ Polarization

Given that M¢ play important roles in maintaining tissue homeostasis and fighting
disease, polarized M¢ subsets that specifically contribute to the pathogenesis or amelioration of
various diseases present themselves as attractive targets for therapeutic intervention. Different
therapeutic strategies include either targeting the polarized M¢ themselves or manipulating the

signaling pathways involved in the process of M¢ polarization to a desirable outcome.
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Bacterial biofilms that form on body surfaces or on surgical implants lead to chronic and
recurrent infections, and are difficult to treat with antibiotics (156,157). Early, local
administration of M1 M¢ or the C5a receptor agonist EP67, which stimulates M1 polarization,
significantly attenuated biofilm formation in a mouse model (158). Furthermore, treatment of
established biofilms significantly reduced bacterial burden compared to antibiotic treatment,
suggesting the potential of a therapeutic alternative (158). Microbes themselves may also prove
to be useful sources of therapeutics that modulate M¢ polarization. In vitro application of
extracellular polysaccharide secreted by an oligotrophic bacteria found in Lop Nur Desert,
Bacillus sp. LBP32, was found to limit LPS-induced inflammation in the M¢ cell line RAW
264.7 by inhibiting NF-xB and JNK activation and may prove useful in diseases characterized by
excessive M1 polarization (159). Similarly, the small-molecule compound bis-N-norgliovictin
isolated from the marine-derived endophytic fungus S3-1-c inhibits LPS-induced M1
polarization of RAW 2.6.4 cells and murine peritoneal M¢, and improves survival in mouse
models of sepsis (160). As a proof of concept for treating inflammatory gastrointestinal diseases,
a lab strain of E. coli was created that secretes a Herpes virus homolog of IL-10 via a Sec-
dependent transporter construct. Viral IL-10 delivered in this manner was shown to activate

STATS3 and suppress TNFa production in the J774.1 murine M¢ cell line (161).

IKKp, a downstream mediator of insulin resistance and activator of the NF-kB pathway
(and therefore of M1 polarization), is inhibited by anti-inflammatory salicylates like aspirin,
which attenuates hyperglycemia and hyperinsulinemia in obese rodents (162,163). Several small
trials in patients with type 2 diabetes have demonstrated that treatment with salicylates results in

a marked reduction of diabetic metabolic parameters and improved glycemic control (115).
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Apolipoprotein A-1 mimetics are a class of therapeutic molecules that attempt to
modulate HDL to treat atherosclerosis and are the subject of extensive clinical and mechanistic
study, as reviewed in Leman et al., 2013. Interestingly, the mimetic D4F also has potential for
cancer therapy: D4F inhibits the M2-associated scavenger receptor SR-AI/SRA on TAMs,

preventing metastatic spread (165).

Anticancer therapies also seek to convert protumoral M2 M¢ into M1 M¢. M2 Mo
generated by IL-6 and prostaglandin E secreted by cervical cancer cells can be repolarized to
M1 by coculture with Th1 cells, and this interaction could possibly be reproduced by activation
with CD40L and IFNy (166). Moreover, IFNy was shown to successfully switch M2 TAMs
purified from human ovarian tumors to an M1 phenotype, and the addition of IFNy skewed de
novo tumor-induced M2 differentiation of monocytes to favor M1 polarization (167). Other
potentially therapeutic molecules found to repolarize TAMs from an M2 to an M1 phenotype

include zoledronic acid, CpG oligonucleotide, and histidine-rich glycoprotein (168-170).
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Figure 1.1. Schematic representation of M¢ polarization. While M1/classically activated
macrophages are typically induced by IFNy and microbial products like LPS, different stimuli
lead to the development of an array of finely tuned alternately activated states. IC, Immune
complex; HH, Hapto-hemoglobin; OXRBC, oxidized red blood cells; Ox-PL-PPC, ox-PL 1-

palmitoyl-2arachidonoyl-sn-glycero-3-phosphorycholine; FFA, free fatty acid.



20

Polarization | Gene expression Cytokines Chemokines
State
M1 CD80, CD86, TNFa, IL-1, IL-6, CXCL1-3, CXCLS5,
MHC /11, IL-1R 1, IL-12, IL-15, IL-23, CXCL8-10, CXCL186,
TLR2, TLR4, INOS | ROS, iNOS, type | IFN | CCL2-5, CCL8, CCL11,
CCL15, CCL20,
CX3CL1
M2a CD163, MHC I, SR, IL-10, TGFB, IL-12, CCL1, CCL2, CCL24,
CD206, MR, IL-1R I IL-1Ra CCL22, CCL17,CCL18
YM-1, Fizz1, Arg-1
M2b CD86 IL-10, IL-1, TNFa, IL-6 | CCL1, CCL20, CXCLA1,
MHC Il CXCL2, CXCL3
M2c CD163, TLR1, MR, IL-10, TGFp CCL16, CCL18
Arg-1, YM-1, TLR8
M2d VEGF IL-10, VEGF CCL5, CXCL10,
CXCL16
M4 s TNFa CCL18, CCL20
Mhem HO-1 IL-10 ?
Mox HO-1, SD-1, ? ?

TR-reductase
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Table 1.1. Phenotypes of common polarization states. SR, Scavenger receptor: MR, Mannose
receptor; HO-1, Heme Oxygenase-1; VEGF, Vascular endothelial growth factor; SD-1,
sulfiredocin-1; TR-reductase, thioredoxin-reductase. (Kadl et al., 2010; Leitinger and Schulman,

2013; Murray and Wynn, 2011)
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Figure 1.2. Major signaling pathways involved in M1/M2 Mé¢ polarization. STAT1/3 and
STATG6 regulate transcription of M1 and M2 genes following recognition of IFNy or I1L-4/13 by
their surface receptors and activation of JAKs (A). Differential activation of Aktl or Akt2 via
PI3K and PIP3 leads to either M2 or M1 polarization, respectively (B). Upon activation, the
intracellular domain of Notch (NICD) is cleaved and activates IRF8 to promote M1 polarization.

GM-CSF triggers M1 polarization via IRF5 while M-CSF induces M2 polarization via IRF4 (C).
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Chapter 2: Rationale and Research Aims

Hepatitis C virus (HCV) is known for its ability to establish a persistent infection in
hepatocytes, which leads to chronic hepatitis, cirrhosis, and hepatocellular carcinoma. The virus
accomplishes this in part by modulating and suppressing a wide variety of immune cell types and
signaling pathways. M¢ are important for the activation and direction of innate and adaptive
immune responses, but their role in liver infection is particularly poorly understood. This is in
part due to the presence of functionally distinct subsets within the population. In addition to the
distinction between inflammatory (circulating) and liver resident M¢ (Kupffer cells), M¢ can
also be directed towards the M1 or M2 phenotypes by classical or alternative activation
pathways, respectively. M2 M¢ are anti-inflammatory and immune suppressive, and are

characterized in part by increased expression of scavenger receptors.

The scavenger receptor SR-Al is a marker for M2 M¢ and a component of the HCV
receptor complex. Of note, SR-Al on APCs has been shown to inhibit CD8* T cell function in
models of tumor microenvironments. Our preliminary data has shown that hepatotropic viral
infection in C57BL/6 mice leads to an increase in M¢ positive for SR-Al.  We hypothesize that
M¢ activation in the liver is altered during viral infection, contributing to disease progression. |
investigated this hypothesis by using a combination of live mouse and murine cell culture

systems to pursue the following aims:
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AIM 1. Investigating the effect of SR-AI receptor expression in controlling hepatic viral

infection and progression of disease

SR-Al is a known marker for alternatively activated, anti-inflammatory M¢ as well as a
suppressor of TLR signaling and T cell activation. The observed increase of SR-Al expression
on M¢ in virally infected livers is likely to be relevant to the pathogenesis of hepatotropic viruses

and may even provide insight into the tolerogenic properties of the liver.

Flow cytometry has been used to examine the tempo and duration of SR-Al
upregulation on liver M¢ following viral infection. The SR-AI" cells generated in this system
were characterized by flow staining for M2-specific surface markers and Luminex analysis of
cytokines and chemokine production. Cells were further categorized based on which

combinations of molecules they express.

| interrogated the suppressive capabilities of SR-AI" liver M¢ via flow cytometric
analysis of hepatic T and natural killer (NK) cells to determine if proliferation and activation of
these cells was altered in the livers of SR-Al knockout mice. Natural killer (NK) cells were
harvested and analyzed for activation and maturity markers as well as Granzyme B (GrB)

production.

The functional readout of SR-AI’s effect on control of hepatic viral infection and disease
was histological examination of tissue health. Furthermore, liver sections from WT and SR-AIl"

mice were stained for the presence of DNA damage and collagen deposition.
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AIM 2. Characterizing the role of SR-AIl in M¢ polarization and its mechanism of action

The liver is known to be a tolerogenic organ capable of dampening or altering the
functions of immune cells during infection. Many aspects of the virally-infected liver, such as
high levels of IL-10, have also been shown to contribute to the generation of M2 M¢. | have
used a mouse model of adenovirus infection to tease apart the mechanism(s) that contribute to

SR-Al upregulation and M2 M¢ activation in vivo.

The effects of SR-AI expression on the regulation of M2-associated surface markers and
cytokines were examined by flow cytometry and Luminex analysis of M¢ isolated from the
livers of SR-Al"" mice after viral infection. Furthermore, the impact of SR-Al expression on M
functionality was tested by measuring uptake by WT and SR-Al-deficient M¢ of carboxylated

latex beads, which approximate the surface charge of apoptotic cell debris.

While many studies have suggested that engagement of SR-Al initiates intracellular
signaling, SR-AI contains no identifiable intracellular signaling motifs and therefore the exact
mechanism of signal transduction is unknown. | have attempted to confirm other groups’
findings that Mertk can associate with SR-AI to transduce signals by probing Mertk

phosphorylation in WT and SR-Al”- mice via western blot.
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Chapter 3: Expression of scavenger receptor-Al promotes
alternative activation of macrophages to limit hepatic

inflammation and fibrosis

Abstract

The liver maintains an immunologically tolerant environment as a result of continuous
exposure to food and bacterial constituents from the digestive tract. Hepatotropic pathogens
such as hepatitis C virus (HCV) can take advantage of this niche and establish lifelong chronic
infections causing hepatic fibrosis, and hepatocellular carcinoma. Macrophages (M¢) play a
critical role in regulation of immune responses to hepatic infection and regeneration of tissue.
However, the factors crucial for M¢ in limiting hepatic inflammation or resolving liver damage
have not been fully understood. In this work, we demonstrate that the expression of C-type
lectin receptor scavenger receptor-Al (SR-AI) is crucial for promoting M2-like M¢ activation
and polarization during hepatic inflammation. Liver M¢ uniquely upregulated SR-AI during
hepatotropic viral infection and displayed increased expression of alternative M¢ activation
markers such as YM-1, arginase-1, and IL-10 via the activation of Mertk associated with
inhibition of mMTOR. The expression of these molecules was reduced on M¢ obtained from the
livers of infected mice deficient for the gene encoding SR-AI (msrl). Furthermore, in vitro
studies using an SR-Al-deficient M¢ cell line revealed impeded M2 polarization and decreased
phagocytic capacity. Direct stimulation with adenovirus was sufficient to activate M2 gene
expression in the wild type (WT) cell line but not in the knockdown cell line. Importantly, tissue

damage and fibrosis were exacerbated in SR-Al"- mice following hepatic infection and adoptive
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transfer of WT bone marrow derived M¢ conferred protection against fibrosis in these mice.
Taken together, our findings demonstrate that SR-Al expression on liver M¢ promotes recovery
from infection-induced tissue damage by mediating a switch to a pro-resolving M¢ polarization

state.
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Introduction

Due to constant exposure to typically inflammatory stimuli from the gut via the portal
vein (i.e. debris from commensal bacteria), the liver has evolved out of necessity to maintain a
tolerogenic environment (171). Subsequently, pathogens such as HCV have come to fill this
niche and can establish lifelong chronic infections (172,173). While the liver is known to have
remarkable regenerative capability, such persistent infections are characterized by liver fibrosis
and cirrhosis, potentially leading to the development of hepatocellular carcinoma (174). The
phenomenon of liver tolerance has been variously ascribed to dysfunctional activation of several
immune cell compartments, including M¢ (175). The specific role of M¢ activation and the
factors that control M¢ activation, however, have not yet been well defined. In addition to
monocytes and M¢ circulating throughout the bloodstream, the liver contains a specialized
tissue-resident M¢, the Kupffer cell, which is physically integrated into the structure of the
sinusoid (176). Liver M¢ are responsible for the maintenance of healthy tissue through
phagocytic clearance of apoptotic cells and foreign materials and through tissue repair and
remodeling during wound healing (13,177). Critically, M¢ are also major regulators of the
inflammatory response to disease and infection, monitoring the microenvironment through an

array of surface receptors and secreting appropriate cytokines and chemokines (178).

Depending on the inflammatory insults they encounter, M¢ populations can be directed to
distinct phenotypic programs in a process known as M¢ polarization (179). Classical activation
is stimulated by microbial products and proinflammatory cytokines (IFNy and/or LPS or TNF),
and the resulting M1 M¢ are characterized by high antigen presentation, high production of IL-
12 and IL-23, and high production of nitric oxide (NO) and reactive oxygen intermediates (24).

By contrast, alternative/M2 activation is mediated by IL-4, IL-10 and IL-13 and is characterized
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by little to no secretion of proinflammatory cytokines, increased secretion of anti-inflammatory
cytokines, enhanced scavenging of cellular debris, and promotion of tissue remodeling and repair
(25,34). M2 M¢ also upregulate several endocytic surface receptors, including scavenger

receptor A (SR-AI/CD204) (24,27).

Scavenger receptors are phagocytic pattern recognition receptors that mediate the
clearance of both endogenous (modified host molecules, apoptotic cells) and exogenous
(microbes, foreign particles) material (180). Scavenger receptor A exists in two isoforms (I and
I1) that are co-expressed mainly on M¢ and have no functional differences; they are typically
referred to collectively as SR-AI (181,182). Via its collagenous extracellular domain, SR-Al is
capable of binding natural ligands (LTA and LPS) as well as non-physiological ligands
(acetylated or oxidized low-density lipoprotein [LDL] and maleylated bovine serum antigen
[BSA]) (181). Indeed, scavenger receptor expression and function have been linked to a number
of diseases, including atherosclerosis, non-alcoholic steatohepatitis, hepatocellular carcinoma,

and transplant rejection (179,183,184).

Many of these diseases may be linked to scavenger receptors via their involvement in M¢
polarization: SR-Al acts as both a marker and an activator of M2 activation (185). Notably,
scavenger receptor function is also linked to HCV infection in that both SR-Al and SR-B1 can
recognize and endocytose HCV proteins (186,187). The exact function of SR-AI" M¢ in hepatic
viral infection, however, remains unknown. In the present study, we investigated the role of SR-
Al expression by M¢ in controlling tissue inflammation and repair during hepatic viral infection.
This study shows that SR-Al expression on liver M¢ protects against infection-induced tissue

damage and fibrosis, possibly via mTOR-mediated modulation of M2 M¢ polarization. These



results provide insight into new targets for the design of therapeutic agents for chronic liver

diseases caused by hepatic viral infections such as HCV.
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Methods and Materials

Mice
6-8 week old female C57BL/6 and SR-AI"" (B6.Cg-Msr1™<*/J) mice were purchased from

Taconic Farms (Hudson, NY) and Jackson Laboratories (Sacramento, CA) respectively. Mice
were housed in a pathogen-free facility and routinely tested for mouse hepatitis virus and other
pathogens. Animals were handled according to protocols approved by the University of Virginia

Institutional Animal Care and Use Committee.

Viral infection

Replication-defective recombinant adenovirus type 5 expressing ovalbumin (rAd5-OVA) under
the human CMV promoter and lacking E1 and E3 genes were purchased from the lowa Gene
Transfer Vector Core (lowa City, IA). Mice were injected intravenously with 5 x 107 1U

AdOVA.

Hepatic and splenic mononuclear cell isolation

Mononuclear cells were isolated for further experimentation as described previously (188).
Briefly, livers were passed through a metal spleen screen and digested with 0.05% collagenase
IV (Sigma-Aldrich, St. Louis, MO) and intrahepatic mononuclear cells were purified via
Histodenz density gradient centrifugation (Sigma-Aldrich, St. Louis, MO). Spleens were passed

through a mesh spleen screen and mononuclear cells were purified by Ficoll gradient.
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Flow cytometry and Luminex assay
Antibodies against MHC-II, Thy 1.2, F4/80, CD11b (eBioscience, Sand Diego, CA), and SR-Al

(R&D Systems, Minneapolis, MN) were used for surface staining. 1.5 x 10° cells were blocked
with anti-CD16/CD32 (2.4G2; University of Virginia, Charlottesville, VA) and incubated with
the appropriate antibodies for 30 minutes at 4°C in Iscove’s Modified Dulbecco’s Medium
(IMDM) supplemented with 2% fetal bovine serum (FBS) and 0.1% NaNs. The cells were then
washed and fixed in Cytofix/Cytoperm (BD Biosciences) according to the manufacturer’s
instructions prior to flow cytometry analysis. For intracellular cytokine staining, cells were
incubated in Cytofix/Cytoperm (BD Biosciences) for 20 minutes and washed prior to addition of
antibodies. For intracellular T cell IFNy detection, cells were restimulated for 5h with 2pg/mL
of SIINFEKL peptide in the presence of monensin immediately after isolation. All samples were
run on a BD FACS Canto Il (BD Immunocytometry Systems, San Jose, CA) and analyzed using
FlowJo software 8.8.6 (Tree Star Inc., Ashland, OR). For Luminex analysis, mononuclear cells
were stained as above but in the absence of NaNsz and without fixation. The cells were
resuspended in Hank’s Buffered Salt Solution (HBSS) containing 1% fetal calf serum (FCS) and
1mM EDTA and sorted into F4/80"CD11b'"° KC or F4/80'°CD11b" M¢ using a BD Influx Cell
Sorter at the Flow Cytometry Core Facility (University of Virginia, Charlottesville, VA). Sorted
cell populations were cultured overnight in IMDM supplemented with 100 U/mL Pen Strep, 10%
Hyclone FBS, 2 mM L-glutamine, and 10 uM [-mercaptoethanol. The resulting supernatants
were submitted to the Flow Cytometry Core Facility for analysis using the Luminex MAGPIX

assay system (Luminex, Austin, TX).
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Fluorescent Microscopy

Samples were prepared for fluorescent microscopy as described previously (189). In brief,
mouse livers were fixed with periodate-lysine-paraformaldehyde (PLP) fixative and mounted in
optimal cutting temperature (OCT) medium before being sectioned at 5 um, blocked in 2.4G2
solution, and stained with antibodies from Biolegend, eBioscience, and R&D Systems. Images
were obtained with a Zeiss LSM-700 confocal microscope (Carl Zeiss Microlmaging GmbH,

Jena, Germany).

Quantitative Real-time PCR

Density gradient-isolated mononuclear cell fractions from murine livers were enriched for M¢
by adherence for 2 hours to Primaria cell culture 6-well plates (Corning Inc., Corning, New
York) at 37°C. Total RNA from enriched cell fractions (or cultured cells in later experiments)
was isolated using the RNeasy Plus Mini kit (Qiagen, Hilden, Germany) and reverse transcribed
using the High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA) according to
manufacturers’ instructions. Quantitative PCR was performed using TagMan master mix and
TagMan primers for Mus musculus Msrl1, Argl, Chi313, Srebfl, Nos2, and Emrl on an AB

StepOne Plus Real-Time PCR System (all Applied Biosystems).

TUNEL staining

Liver tissue was fixed, embedded in OCT medium, and sectioned as described above. Sections
were stained with TMR red TUNEL reaction mixture (Roche Diagnostics, Basel, Switzerland)
according to manufacturer’s instructions and imaged using an Olympus BX51 microscope

(Olympus, Tokyo, Japan).
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Cell Culture
RAW 264.7 cells were obtained from ATCC and cultured in Dulbecco’s Modified Eagle

Medium (DMEM) supplemented with 10% FBS and 100 U/mL Pen Strep at 37°C and 5% CO..
RAW cells were polarized by culturing 300,000 cells/well overnight in 24-well plates before
replacing the medium with complete culture medium supplemented with either LPS (300
ng/mL), IL-4/1L-13 (20 ng/mL, 10 ng/mL), or dexamethasone (100 nM) and incubating for 2
hours at 37°C. For select experiments, RAW cells were cocultured overnight with AdOva in

complete culture medium at an MOI of 0.5 or 5.0 PFU AJdOVA.

Generation of msrl Knockdown Cell Line

A panel of four 29-mer shRNA plasmids targeted against the murine msr1l gene was generated
by and obtained from OriGene (Rockville, MD). Each of the four anti-msrl shRNA plasmids
and the scramble control plasmid were packaged into lentiviral particles and transduced into
RAW 264.7 cells following the manufacturer’s instructions. The packaging plasmids ENV
pCMV-VSVG, pRSV-REV, and Gag/Pol pMDLg/pRRE were kindly provided by Dr. Tim
Bender (University of Virginia, Charlottesville, VA), amplified using OneShot TOP10
chemically competent E. coli (Invitrogen, Carlsbad, CA), and isolated using an Endotoxin-Free
Plasmid Maxi Kit (Qiagen). Transduced RAW cells were isolated via puromycin selection and

diluted to a single-cell suspension prior to subculturing.

Western blots

Cultured cells were lysed in buffer containing NaF, NasP207, NasVVOg, and protease inhibitor

cocktail V (EMD Millipore, Temecula, CA) to preserve protein phosphorylation. Proteins were
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resolved on Mini-PROTEAN TGX precast gradient gels (BioRad, Berkeley, CA), transferred to
PVDF membranes, and incubated with rabbit anti-phospho-mTOR (mAb, Cell Signaling
Technology, Danvers, MA), anti-mTOR (mADb, Cell Signaling Technology), anti-phospho-
MERTK (pAb, FabGennix, Frisco, TX), or anti-MERTK (pAb, FabGennix). The blots were
then incubated with horseradish peroxidase (HRP)-linked anti-rabbit IgG (pAb, Cell Signaling
Technology) and HRP-linked goat anti-Actin (Santa Cruz Biotechnology, Santa Cruz, CA) and
visualized with an 80/20 mix of SuperSignal West Pico Chemiluminescent Substrate and Femto

Chemiluminescent Substrate (Thermo Scientific, Rochester, NY).

In vitro bead phagocytosis assay

RAW and MSRC2 cells were polarized as described above for 2 hours and washed with serum-
free medium. A pre-warmed suspension of PE-conjugated FluoroSphere carboxylated beads
(Molecular Probes, Eugene, OR) was added to the cells (500 pL serum-free medium and 1.5 pL
beads per well) which were incubated for 2 hours at 37°C. The cells were washed 3 times with
PBS and analyzed by flow cytometry. Quantification of internalized beads was determined by

gating the PE histogram past the first peak to exclude beads stuck to the cell surface.

Adoptive transfer of BMDMs

Bone marrow was extracted from the femurs of WT C57BL/6 mice and cultured for 2 hours at
37°C in DMEM supplemented with 10% FBS, 100 U/mL Pen Strep, and 2 mM L-glutamine to
adhere resident bone marrow M¢. The adherent cells were resuspended in culture medium
containing 10% L-292 medium and allowed to differentiate for 7 days. The medium was

replaced with fresh differentiation medium every 2 days. Recipient SR-Al”- mice were treated
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with 100 pL clodronate liposome suspension (Encapsula NanoSciences, Brentwood, TN) via tail
vein injection one day prior to transfer of 2 x 10° differentiated BMDMs, also via tail vein
injection. Approximately 8 hours following BMDM transfer, the recipients were infected with 5

x 10" PFU AdOVA. The mice were sacrificed after 14 days for further experimentation.

Statistical analysis

Statistical significance was determined using either the two-tailed Student’s t test or one-way
analysis of variance (ANOVA) where appropriate. Analysis was performed using Prism
software (GraphPad Software Inc., La Jolla, CA). Values of p < 0.05 were regarded as
statistically significant. Asterisks (*, **, and ***) denote p < 0.05, p < 0.01, and p < 0.001,

respectively.
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SR-Al is upregulated on Mg following hepatotropic viral infection.

The expression of SR-AI has been reported to modulate the activation and polarization of
M¢ (185,190). To assess the impact of SR-Al expression on regulation of hepatic immune
responses to infection and development of tissue damage, we injected 5e7 PFU of OVA-
expressing adenovirus (AdOVA) into the tail vein of 6-8 week old C57BL/6 mice. The virus
travels along the tail vein to the liver where the large majority is taken up by M¢ and
hepatocytes, establishing a hepatotropic infection. In order to fully examine the phenotype of
SR-AI" liver Mg, we first determined the tempo and specificity of SR-Al expression in infection.
Whole livers were harvested from AdOVA-infected mice and, following homogenization and
density gradient centrifugation, liver M¢ were separately identified as liver-resident Kupffer
cells (KC, F4/80MCD11b") or non-resident circulating M¢ (F4/80'°CD11b™) by flow cytometry
(Fig. 3.1A). Increased expression of SR-Al was observed on both KC and non-resident liver M¢
seven days after AAOVA infection, a time point coinciding with viral clearance and the
beginning of tissue repair (Fig. 3.1B, C). In contrast, there was no upregulation of SR-Al on
splenic M¢ following infection (Fig. 3.1B, C), suggesting that the specific upregulation of SR-Al
on liver M¢ was possibly a result of viral recognition at the site of infection. Importantly,
fluorescent microscopy of histochemically stained liver sections confirmed upregulation of SR-
Al detected by flow cytometry and also revealed that SR-AI* liver M¢ co-expressed the M2
surface marker YM-1 (Fig. 3.1D). Taken together, these results suggest that SR-Al may trigger

signaling involved in alternative activation in liver M¢ during hepatotropic viral infection.
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SR-Al modulates M ¢ activation upon viral insult.

We next investigated whether the increase in SR-Al expression following infection
indeed correlated with a shift in M¢ activation. Luminex analysis of FACS-sorted KC and
circulating M¢ showed that production of the M2 cytokine I1L-10 by both populations was
increased on day 7 post-infection (Fig. 3.2A). KC tended to produce higher levels of 1L-10
compared to non-resident M¢. Several proinflammatory mediators typical of M1 activation (IL-
6, MIP-1a, and MIP-1p) were also secreted by these cells in both naive and infected conditions,
suggesting that liver M$ may assume an "M2-like" intermediate phenotype with some M1

characteristics (Fig. 3.2A).

Based on the finding that SR-AI" M¢ in the liver exhibited M2-like characteristics, we
examined the status of M¢ activation in WT and SR-AI"- animals to determine whether SR-Al
expression contributes to M2 polarization. Indeed, when M¢-enriched mononuclear liver cell
fractions from infected animals were analyzed by gPCR, liver M¢ in SR-AI" mice were
impaired in their expression of the M2 genes argl, chi313 (YM-1), and il-10 (Fig. 3.2B).
Interestingly, expression of the M1 gene nos2 was also reduced in the cells obtained from SR-AI
" 'mice compared to WT controls. When sorted SR-Al”- M¢ and KC were analyzed by Luminex,
both populations upregulated IL-10 secretion following infection but to a lesser degree than their
WT counterparts (Fig. 3.2C). We next asked whether SR-AI"- M¢ had lost the ability to become
alternatively activated by attempting to force M2 polarization via 2-hour stimulation with I1L-4
and IL-13. Both the WT and SR-Al”- M¢ were capable of upregulating argl expression in the
presence of these strong M2 stimuli, but the level of Arg-1 expression by SR-AI"" cells was still

lower than WT cells (Fig. 3.2D).
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Mice deficient in SR-AI develop exacerbated infection-induced liver tissue damage and

fibrosis.

Given the timing of the appearance of SR-AI* M¢ in the course of infection and their
potential role in wound repair and tissue remodeling following injury and infection, we
performed histological examinations on liver sections from WT and SR-Al”- mice to interrogate
possible protective qualities of SR-Al expression. Post-infection liver tissue damage appeared
dramatically more severe in the absence of SR-Al. H&E staining of liver tissue sections showed
increased inflammatory infiltrates in the SR-AI"- mice compared to WT at 7 and 14 days post-
infection (Fig. 3.3A). Infection-induced hepatocyte DNA damage was also increased in the
absence of SR-Al as measured by TUNEL staining (Fig. 3.3B). Collagen staining by Trichrome
C revealed deposition of extracellular matrix between cells (in blue) in the knockout liver 14 dpi
(Fig. 3.3C). No positive staining was observed in the WT liver at day 14 or in either mouse at
day 7 post-infection. Together, these data suggest that the expression of SR-Al on liver
M¢ plays a protective role in viral infection. SR-AI* liver M¢$ may thus comprise an

alternatively activated subset involved in wound repair and tissue remodeling.

T cell response to hepatotropic infection is not inhibited by SR-Al* M¢, despite PD-L1

coexpression.

To address the question of how SR-Al expression on liver M¢ translates to improved
tissue health following viral infection we investigated the status of the hepatic T cell population
by flow cytometry. 7 days following infection, the size of the CD8" T cell population in the SR-

Al liver tended to be smaller than that of the WT liver, but this difference was not statistically
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significant (Fig. 3.4A, B). The size of the CD8" T cell population was consistent in spleens from
the two animals, as were the CD4" populations in both organs. However, comparing IFNy
expression across these populations of CD8" T cells following SIINFEKL restimulation showed
no significant effect, demonstrating that the effector function of these liver CD8" cells was not
inhibited in SR-AI" mice (Fig 3.4C, D). To explain the difference in the size of the CD8"
compartment, we hypothesized that liver M¢ upregulate the programmed death ligand PD-L1 in
the absence of SR-AI, but this was not the case. On the contrary, KC and M¢ obtained from SR-
Al livers expressed less PD-L1 than their WT counterparts (Fig. 3.5). From these data, we
concluded that modulation of hepatic T cell function was not the main mechanism by which SR-

Al" M¢ confer protection against virally-induced tissue damage.

SR-AI expression is required for modulation of Mg activation via mTOR and maintaining

phagocytic ability.

In order to further investigate a direct effect of SR-Al on M¢ activation and function, we
established a cell line that recapitulated the SR-Al”- mice. To accomplish this, plasmids
containing shRNA sequences targeted against the msrl gene were loaded into lentivirus particles
via a lentiviral packaging cell line. These lentiviruses were then administered to the RAW 264.7
murine M¢ cell line, after which individually infected cells were clonally expanded and tested
for knockdown efficiency via flow cytometry of SR-AI (Fig. 3.6) and gPCR of msrl. Subclones
MSRC1 and MSRC2 showed significant knockdown of msrl message, but MSRC2 showed
more dramatic reduction in SR-Al surface expression than that in MSRC1 (Fig. 3.7A, B). Stable

SR-Al knockdown persisted through at least 20 passages in culture, as well as through freeze-
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thaw cycles (data not shown). The RAW 264.7 cell line (hereafter referred to as RAW cells) can
be reliably polarized in vitro via stimulation with LPS (M1) or IL-4/1L-13 (M2). We confirmed
M¢ polarization using real-time PCR for the prototypical M1 and M2 genes arginase (argl) and
iNos (nos2) (Fig. 3.8A). Notably, msrl gene expression appeared to track with M2 polarization
(Fig. 3.8B). When exposed to M2 stimuli, RAW cells exhibit robust upregulation of argl and
chi313 (encoding YM1) while MSRC2 cells show minimal upregulation, in agreement with the
results obtained from SR-AI" mice (Fig. 3.7C). The lipid metabolism gene srebfl was included
as an irrelevant control, and remained unchanged in the knockdown cell line under all

stimulation conditions (Fig. 3.7D).

While stimulation with LPS or IL-4/1L-13 are reliable ways to induce specific aspects of
M¢ polarization, we speculated that viral infection represented a unique mode of stimulation via
SR-Al-mediated recognition, and therefore we attempted to stimulate RAW and MSRC2 cells by
directly adding AdOVA in vitro. Overnight incubation with virus was enough to stimulate
upregulation of both argl and nos2 and the nos2 effect was dose-dependent with viral MOI
(argl expression actually decreased slightly at 0.5 MOI when compared to uninfected).
Strikingly, Argl expression by MSRC2 cells remained unchanged upon addition of virus, and
nos2 upregulation was only observed at 5.0 MOI and to a very small degree when compared to

the RAW cell expression (Fig. 3.7E).

We next sought to investigate the mechanism by which SR-AI expression alters M gene
expression. While many studies implicate SR-AI signaling in biological processes, the exact
mechanism remains unclear. Previous reports that activation of mammalian target of rapamycin
(mTOR) regulates scavenger receptor expression lead us to investigate whether mTOR

phosphorylation could in turn be regulated by expression of SR-Al (191,192). When analyzed
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by western blot, SR-Al knockdown cells exhibited enhanced mTOR phosphorylation compared
to SR-AI sufficient cells under all stimulation conditions (Fig. 3.7F, G). While SR-AI possesses
no recognized intracellular signaling motif, it has been suggested that SR-Al associates with Mer
receptor tyrosine kinase (Mertk) in order to transduce signals (193). Indeed, western blot
analysis revealed Mertk phosphorylation to be impaired in SR-AIl knockdown cells stimulated
with M1 or M2 cocktails as compared to their WT counterparts (Fig. 3.7F, H). Taken together,
these results suggest that the activation of Mertk may lead to inhibition of the mTOR pathway

and be involved in SR-Al-mediated alteration of M¢ activation.

Alternatively activated M¢ have been reported to participate in wound remodeling and
tissue repair (194,195). To determine the contribution of SR-AI to the wound healing process,
we analyzed the phagocytic capability of RAW and MSRC2 cells by quantifying internalization
of carboxylated fluorescent beads, whose negative surface charge approximates that of an
apoptotic cell. Both cell lines exhibited approximately equal phagocytic capability in the
absence of virus or when exposed to low doses of virus. Interestingly, RAW cells exhibited
decreased phagocytosis with 0.5 MOI of virus compared to uninfected cells but this deficit was
absent with 5.0 MOI of virus. However, at a higher dose of virus, bead uptake by MSRC2 cells
progressively decreased and MSRC2 cells treated with 5.0 MOI of virus were able to internalize
fewer beads than their RAW counterparts (Fig. 3.9A, B). These data indicate that direct
stimulation of M¢ by high doses of virus elicit M2 polarization, but this response is inhibited in

the absence of SR-AL.
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Transfer of SR-Al* M¢ into SR-Al-deficient mice protects against infection-induced tissue

damage and fibrosis.

We next investigated whether SR-AI* M¢ are able to protect from the development of
fibrosis in SR-AI” mice. First, SR-Al’- mice were treated with clodronate to deplete the
endogenous liver M¢ population before receiving an adoptive transfer of WT BMDMSs
intravenously (Fig. 3.10A). Transfer of SR-AI* M¢ derived from WT mice was verified by the
presence of SR-AI* M¢ in SR-AI" recipient mice (Fig. 3.10C). The animals were then infected
with AdOVA for 14 days and the degree of liver fibrosis was assessed by Trichrome C staining.
Remarkably, while the SR-Al”-mice accumulate a significant degree of fibrosis, knockout mice
that received WT BMDMs prior to infection did not develop fibrosis similar to that of WT mice
(Fig. 3.10B). These results suggest that manipulation of SR-AI signaling and adoptive transfer
of SR-AI" M¢ may represent potential therapeutic targets for preventing the development of

hepatic fibrosis.

Liver NK cell GrB is enhanced in the absence of SR-AL.

Finally, since hepatic NK cells are known to modulate hepatic fibrosis via interaction
with collagen-producing stellate cells, we investigated how NK cell maturation and activation
were altered in SR-Al”- mice. The size of the NK cell population in the knockout liver and the
spleen were not significantly different when compared to WT (Fig. 3.11A), and NK cell
maturation (as tracked by CD11b/ CD27 co-staining) also appeared comparable between animals
(Fig. 3.11B, C). When stained for intracellular GrB, however, NK cells from SR-AI"" mice

displayed enhanced production compared to WT (Fig. 3.11D, E). This result was surprising
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given that enhanced NK cell activation is thought to result in increased killing of activated
stellate cells and better control of fibrosis, while our earlier findings demonstrate that ablation of
SR-Al leads to more severe tissue damage by all measures. Further experimentation will be
required in order to determine what effect NK cell GrB production has on tissue damage in the

SR-AI" liver and how SR-AI regulates this process.
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Discussion

The liver is a highly regenerative organ with a unique immune repertoire that houses over
80% of the body’s macrophages, including liver-resident KC and non-circulating M¢. These M¢
play a unique role in maintaining homeostatic immune tolerance in the liver, and as described in
this work, orchestrate inflammatory responses and restore tissue homeostasis following injury.
Here, we describe the functional characteristics of SR-AI" M¢ and their protective role in
fibrosis development during hepatotropic viral infection. SR-Al expression steadily increases at
later time points in infection, which parallels the ability of SR-AI* M¢ to produce anti-
inflammatory mediators, express M2-like markers, perform efficient phagocytosis, and limit the
deposition of fibrotic tissue. Collectively, these observations identify SR-Al as a key regulator

and potential target in preventing liver fibrosis.

As a scavenger receptor, SR-Al can bind a variety of polyanionic ligands, including LDL,
bacterial products, polysaccharides, and nucleic acids. Interestingly, M2-like features were
reduced in SR-AI” mice (both in vivo and under M2-polarizing conditions ex vivo) and in vitro
in cultured M¢ with deficient SR-Al expression. Given that each of these conditions is likely to
have a different composition of SR-Al ligands, the similarities in M¢ phenotypes indicate that
the identity of the ligands might not be crucial for determining the polarizing function of SR-AI.
Rather, SR-AI signaling upon engagement with specific ligands may play a pivotal role in
influencing M2-like M¢ polarization. However, expression of iINOS (typically associated with
M1 polarization) was decreased in M¢ from the SR-AI"" animals, tracking with the M2-like
phenotype exhibited by SR-AI" M¢. Differences in the quality and quantity of SR-Al ligands
may underlie this mosaic polarization phenotype. Furthermore, redundancy in scavenger

receptor repertoires and other polarizing factors may be driving these intermediate polarization
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states. Indeed, the loss of M2-like features was more pronounced in cell lines lacking expression
of SR-AIl when compared to SR-Al”- mice, underscoring that M¢ polarization in vivo includes a
spectrum of activation states rather than absolute M1 or M2 phenotypes. Recent reports have
also shown that production of pro-inflammatory mediators by M2 M¢ subsets is not uncommon
(196-198). It is therefore likely that the polarization state of SR-AI" liver M¢ following viral
infection represents a crossover M2-like state with some M1 features. Moreover, the inhibition
of M2 polarization in SR-Al deficient M RAW cells occurred in the complete absence of
potential physiological stimuli such as apoptotic cells or viral particles. This finding indicates
that in addition to its role during infection, SR-AI contributes to the M2 polarization signaling

pathway even under homeostatic conditions.

Intriguingly, SR-AI was differentially expressed in liver M¢$ and KC: SR-Al expression
peaked in liver M¢ at day 7 post-infection and returned to basal levels by day 14. In contrast, KC
expression of SR-Al was maintained at high levels from day 7 to day 21 post-infection. These
differences prompt interesting questions regarding distinct functions of these two
Mo populations. A likely explanation of these differences is that KC are the predominant M2-
like cells mediating tissue recovery in hepatotropic viral infection as they continue to express
high levels of the M2-promoting marker SR-Al. KC are thought to arise from liver-resident
yolk-sac derived precursors; meanwhile, non-resident liver M¢ are derived from monocyte
precursors from the bone marrow. Although there is limited information regarding the
expression of SR-Al during M¢ development, it is possible that expression of SR-Al and other
M2 effectors are programmed into liver-resident M¢ precursors. However, deposition of fibrotic
tissue was minimized upon transfer of SR-AlI* BMDM s into SR-AI”- mice, suggesting that the

local tolerogenic environment may also induce SR-Al and other M2-like properties in M¢
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originating from extrahepatic sources. Furthermore, the balance of M1 and M2 M¢ at the site of
infection is directly related to the development and progression of tissue injury. While pro-
resolving M2 M¢ subsets are responsible for the resolution of inflammation and the clearance
and remodeling of scar tissue, M1 M¢ (or even other M2 M¢ subsets) can actively contribute to
production of extracellular matrix and further tissue damage. Our studies report that SR-AI*
liver M¢ are necessary for optimal recovery from infection, as measured by the presence of

inflammatory infiltrates, fibrotic lesions, and hepatocellular DNA damage (Fig. 3A-C).

The molecular and cellular cues that program M¢ activation thus require further
investigation and may have significant implications for the development and function of these
cells. Our findings implicate SR-Al expression as a possible driver of alternative M¢ activation
in hepatotropic viral infection. The balance between M1 and M2 M¢ activation (and additional
subtypes of M2 M¢) is a key determinant of recovery from tissue injury and progression to
fibrosis. Consequently, the idea that the scavenger receptor SR-Al acts as a switch to turn on
resolution of inflammation and repair of tissue injury is a promising avenue to understand

M¢ polarization in the pathogenesis of chronic liver diseases.
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Figure 3.1. SR-Al is upregulated on M¢ following hepatic viral infection. (A) Flow
cytometry gating strategy for liver macrophages. Mononuclear cells were separated from whole
liver homogenate via density gradient centrifugation and live singlets were gated on Thy1.2
MHC-1I*. F4/80"CD11b™Md cells were identified as liver resident Kupffer cells and
F4/80™9CD11b" cells were identified as nonresident macrophages. (B) SR-Al surface
expression (black trace) vs isotype control (gray histogram) in spleen Mo, liver M¢, and Kupffer
cells at day 7 post infection. (C) Time course of frequency and number of SR-AI" cells
(determined by gating on isotype control) during AAOVA infection. Data points are mean=SEM
of n=3 mice. (D) Immunofluorescence microscopy of sections from AdLacZ infected mouse
liver at 0, 7, 10, and 20 days post infection ( x 100 magnification and scale bar = 100 pum, insert
x 200 magnification). Panels a, c, e, and g show SR-AI single surface staining in green; panels

b, d, f, and h show merged staining of SR-AI (green), F4/80 (red), and YML1 (blue).
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Figure 3.2. SR-Al modulates M¢ activation upon viral insult. (A) Luminex quantification
of cytokines and chemokines in supernatants collected from FACS sorted liver KCs and M¢
from infected WT mice following overnight culture. Data are mean+SEM of n=3 mice. (B)
gPCR analysis for expression of M2-related genes in M¢-enriched mononuclear cell fractions
from WT and SR-AI 7 livers on day 7 post infection. Expression levels were calculated via the
ddCT method and normalized to HPRT expression, data are mean+SEM for n=3 mice. (C)
Luminex data of 1L-10 levels in supernatants from sorted M¢ or KC from WT and SR-Al 7 mice
at day 7 post infection. Data are mean+SEM for n=3 mice. (D) Arginase 1 gPCR analysis of M¢
from infected WT or SR-AI 7 livers cultured for 2h in either plain media or media with 1L-4 and
IL-13 to induce M2 polarization. Expression levels were calculated as in A, data are mean+SEM

for n=3 mice.
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Figure 3.3. Infection-induced tissue damage is more severe in the absence of SR-AI. (A)
H&E staining of liver sections obtained from WT and SR-Al - mice 0, 7, or 14 days after tail
vein injection of 5e7 PFU of AdOVA (x 100 magnification and scale bars = 200 pm, insert x 200
magnification). Images are representative of 3 independent experiments. (B) Visualization of
cell damage by TUNEL staining of WT and SR-AIl 7~ liver sections 7 days post infection (x 100
magnification and scale bars = 200 pum, insert x 200 magnification). Staining was quantified by
dividing the number of positive red stained cells by the total number of blue counter stained
cells. Data are mean+SEM, *P<0.05 vs WT mice. (C) Trichrome staining for collagen in liver
sections from WT and SR-Al 7~ mice 7 and 14 days post infection (x100 magnification and scale

bars = 200 um). Images are representative of 3 independent experiments.
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Figure 3.4. T cell response to hepatotropic infection is not inhibited by SR-Al. (A) Flow
cytometry analysis of hepatic CD4* and CD8" T cell populations in WT and SR-AI"- mice 7 days
after tail vein injection of 5e7 PFU of AJOVA. Numbers adjacent to gates show subset
frequency of total T cell population. Data show one representative mouse per group (n=3). (B)
Quantification of the absolute number of cells in the populations shown in (A). Data are
presented as mean+=SEM. (C) Intracellular cytokine staining of IFNy production by restimulated
CD8" T cells isolated 7 days after infection. Numbers in bottom right gates show frequency of
IFNy* CD8" T cells. Data show one representative mouse per group (n=3). (D) Quantification

of the absolute number of IFNy" CD8" T cells shown in (C). Data are presented as mean+SEM.
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Figure 3.5. M¢ PD-L1 expression is decreased in the absence of SR-Al. (A) Flow cytometry
analysis of PD-L1 and SR-Al expression by KC obtained from WT and SR-AI"" mice 7 days
after tail vein injection of 5e7 PFU of AAOVA. Numbers in each quadrant show subset
frequency of total KC cell population. Data show one representative mouse per group (n=3).
(B) Quantification of the absolute number of PD-L1* KC and M¢ in WT and SR-AI"" mice.

Data are presented as mean=SEM.
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Figure 3.6. Generation of a stable MSR knockdown cell line. (A) Flow cytometric
identification of successfully transduced cells by detection of included selection marker GFP.
(B) Histograms comparing SR-AI surface expression of non-transduced (GFP-, black trace) and
transduced (GFP™, green trace) RAW cells for each of the four anti-msrl shRNA variants
provided by OriGene, as measured by flow cytometry. (C) Flow cytometric analysis of

transduction efficiency and SR-Al expression in control scramble shRNA and mock infection.
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Figure 3.7. SR-Al expression is required for modulation of M¢ activation via mTOR. (A)
gPCR analysis of relative Msr1 expression in two subcultures of siRNA-transfected cells and
two subcultures transfected with scrambled control plasmids. Expression levels were calculated
via the ddCT method and normalized to HPRT expression, then normalized to expression of
untransfected RAW cells. Data are mean+SEM for n=3, ****P<0.00005. (B) Flow analysis of
SR-Al expression after transfection with lentivirally-packaged anti-Msr1 siRNA. The bold trace
represents transfected RAW cell subclones while the dotted trace represents WT RAW cells. (C,
D) gPCR analysis comparing argl, chi313, and srebfl expression by stable knockdown MSRC2
cells to that of untransfected RAW cells cells incubated for 2 hours in either plain media (MO0),
LPS (M1), or IL-4 and IL-13 (M2). Expression levels were calculated as in A. Data are
mean=SEM for n=3; **P<0.005, ****P<0.00005. (E) Argl and Nos2 gene expression of
MSRC2 and untransfected RAW cells following overnight coculture with 0, 0.5 MOI, or 5.0
MOI of AdOVA in complete media. Expression levels were calculated as in A, data are
mean=SEM for n=3. (F) Western blot of phosphorylated and total mTOR and Mertk from whole
cell lysates of RAW or MSRC2 cells incubated for 2 hours in either plain media (MO0), LPS
(M1), or IL-4 and IL-13 (M2). Images are representative of 3 independent experiments. (G, H)
Densitometry analysis of phosphorylated mTOR and Mertk protein in RAW and MSRC2 cells
cultured for 2h in either plain media (MO0), LPS (M1), or IL-4 and IL-13 (M2). Data are
presented as the ratio of intensity of the phospho-mTOR or phospho-Mertk bands divided by the

total mTOR or total Mertk bands respectively, normalized to the expression of actin.



A

Fold induction
(relative to MO)

Fold Induction

In vitro polarization of RAW 264.7 cells

150+

m Argl
3 iNos l
100+
504
0 T T
AN
& N ¢
Emr1 Expression
2.09 . RAW
B MSRC2
1.54 ok ok
*
1.0+
D-S-AI ﬂ H
0.0 T T
M
N\ & «

Fold induction
(relative to MO)
b

63

MSR1 message in polarized RAWs

4-

w
1

-
1

(=]
I

Y

Q{L



64

Figure 3.8. Gene expression by differentially polarized RAW and MSRC2 cells. (A) gPCR
analysis of polarization-related genes argl (arginase) and nos2 (iNOS) in RAW 264.7 cells
cultured for 2h in either plain media (MO0), LPS (M1), or IL-4 and IL-13 (M2). Expression levels
were calculated via the ddCT method and normalized to HPRT expression, then normalized to
expression of MO stimulated RAW cells. Data are mean+SEM for n=3. (B) qPCR analysis of
msrl (SR-AI) gene expression by RAW cells cultured for 2h in either plain media (MO0), LPS
(M1), or IL-4 and IL-13 (M2). Expression levels were calculated as in A, data are mean=SEM
for n=3. (C) qPCR analysis of emrl (F4/80) expression by RAW and MSRC2 cells cultured for
2h in either plain media (MO0), LPS (M1), or IL-4 and IL-13 (M2). Expression levels were

calculated as in A, data are mean+SEM for n=3; *P<0.05, ***P<0.0005.
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Figure 3.9. RAW cells, but not MSRC2 cells, exhibit a phagocytosis profile consistent with
M2 polarization. (A) Flow staining of MSRC2 and WT RAW cells following exposure to
AdOVA and incubation with PE-stained carboxy-modified beads. Macrophages were gated as
live singlets with positive CFSE uptake, images are representative of 3 independent experiments.
(B) Quantification of A, showing the percent of cells containing fluorescence corresponding to

the presence of 2+ beads as mean+SEM for n=3 replicates, **P<0.005.
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Figure 3.10. Transfer of SR-Al+ M¢ protects against infection-induced tissue damage. (A)
Experimental design for adoptive BMDM transfer and infection. (B) Trichrome staining for
collagen in liver sections from WT and SR-Al 7~ mice 14 days post infection (x 100
magnification and scale bars = 200 um). Images representative of 3 mice. (C) Confirmation of
successful transfer of SR-Al* BMDM s into SR-Al 7~ mice by flow cytometry.
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Figure 3.11. Liver NK cell GrB is enhanced in the absence of SR-Al. (A) Gating strategy for
identifying NK cell populations and flow cytometric analysis of hepatic and splenic NK
cellularity in WT and SR-AI"" mice 7 days after tail vein injection of 567 PFU of AdOVA. Data
are mean+SEM for n=3 mice. (B) Method of CD11b/CD27 breakdown of NK cell maturity in
WT and SR-AI"-mice by flow cytometry. Images are representative of one liver (top panels) or
spleen (bottom panels) per group (n=3). (C) Quantification of (B), data are mean+SEM for n=3.
(D) Intracellular staining of GrB in hepatic NK cells from WT and SR-Al”- mice 7 days post
infection. Numbers above gates represent the frequency of GrB* NKs. Images are
representative of one WT and one knockout liver (n=3). (E) Quantification of GrB MFI and
GrB* NK frequency from hepatic and splenic NK cells 7 days post infection, data are

mean+SEM for n=3.
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Chapter 4: Conclusions and future directions

Main Findings

In this work we describe the importance of the scavenger receptor SR-Al on hepatic M¢
in the context of viral infection, and characterize the phenotype of M¢ that upregulate SR-Al
expression during the resolution and repair phase of infection. Contrary to our early working
hypothesis that SR-Al would be critical for M¢ polarization immediately after virus exposure
and therefore have a primary role in determining the quality of the adaptive immune response,
we found that this receptor is instead crucial for optimal recovery from infection and long term
liver tissue damage. In the absence of SR-Al expression, virally infected murine livers accrue
considerable DNA damage and collagen deposition. This infection-induced fibrosis, however,
can be prevented by adoptive transfer of SR-Al-sufficient M¢ into an SR-Al”- animal, suggesting

that SR-AI* M¢ are capable of controlling this damage.

It is worthwhile to point out that the late timing of induction of SR-AI expression (7 dpi)
in both the resident F4/80MCD11b'° KC cell population and the nonresident F4/80'°CD11b"
circulating M¢ population correlates with resolution and tissue repair after viral clearance.
Furthermore, in naive animals, SR-Al expression was detectable at much higher levels on KCs
than circulating M¢, consistent with reports that tissue-resident M¢ from many organs express
elevated levels of SR-Al compared to their nonresident counterparts. Consequently, the
magnitude of the increased SR-Al expression and the duration of sustained expression following
infection were both greater in KCs than nonresident M¢. This suggests a possibility for a
predisposition of liver resident M¢ to become alternatively activated under stress, contributing to

the tolerogenic and regenerative nature of the liver.
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Our findings that YM-1 co-localized with SR-Al in total liver M¢ that also produced
elevated amounts of 1L-10 reinforce the M2 characteristics of hepatic M¢ following exposure to
virus. Unexpectedly, the secretion of pro-inflammatory chemokines MIP-1o and MIP-1f by
both KC and circulating M¢ were increased following viral infection, and expression of INOS
(typically associated with M1 polarization) was decreased in M¢ from the SR-AI"" animals,
apparently tracking with the M2-like phenotype exhibited by SR-AI* M¢. We believe that the
polarization state of SR-AI" liver M¢ following viral infection represents a crossover M2-like

state with some M1 aspects.

As expected, expression of the M2 genes argl and chi313 was elevated in cultured
M¢ treated with canonical M2 stimuli and the expression of these genes was significantly
reduced in the MSRC2 cell line as compared to the WT RAW cells. These findings were further
verified by in vitro co-culture studies of RAW and MSRC2 cells with AdOva. Intriguingly,
direct stimulation with the virus was sufficient to induce M2 polarization in RAW cells as
measured by argl expression, but MSRC2 cells showed no change, confirming the ex vivo
findings. It is of interest to note that following direct viral stimulation of a clonally identical
cultured M¢ population, iINOS expression was observed alongside argl expression. It is more
likely, therefore, that in both cases the M2-like M¢ observed are indeed the same population

found to express some M1 mediators.

The balance of polarized M¢ at the site of damaged tissue is directly related to the
progression of fibrosis following infection or injury. While pro-resolving M2 M¢ subsets are
responsible for the resolution of inflammation and the clearance and remodeling of scar tissue,

M1 M¢ (or even other M2 M¢ subsets) can actively contribute to production of extracellular
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matrix and further tissue damage. Our studies report that SR-AI" liver M¢ are necessary for
optimal recovery from infection, as measured by the presence of inflammatory infiltrates, fibrotic
lesions, and hepatocellular DNA damage. Furthermore, phagocytosis of carboxylated beads, an
analogue of apoptotic cell recognition and uptake, was used as a functional readout of M2
polarization. At a dose of virus stimulation sufficient to induce argl expression, bead uptake by
SR-Al knockdown MSRC2 cells was impaired compared to RAW cells. This effect was not due
to direct recognition and endocytosis of beads by SR-Al, however, as bead uptake levels
remained consistent between the two cell culture variants in other conditions. It is probable,
then, that the role of SR-Al on liver M¢ is to promote a transition to a pro-resolving M2 subset in

order to effectively address the insult and any damage that results.

Implications and Future Directions

Targeted therapeutic modulation of SR-Al

While similar protective roles for SR-Al* M¢ have been demonstrated in models of
chemically-induced liver tissue damage (such as treatment with concanavalin A), it has not
previously been shown in models of hepatotropic viral infection. These findings introduce SR-
Al as an attractive target for drug design for the treatment of hepatotropic infection and
concomitant liver fibrosis. The type of SR-Al modulation needed would vary in a biphasic
manner correlating with the progression of the infection: SR-AI agonists administered in the late
stages of infection would encourage SR-Al-mediated protection against fibrosis, while SR-Al
inhibitors would be desirable in the early stages of infection in order to dampen M2 polarization

and encourage the development of productive immune responses. No highly effective agonists,
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small molecule inhibitors, or blocking antibodies are currently available, and the development
and testing of these compounds may provide fertile ground for future studies. It would therefore
be of great interest to coordinate with the Antibody Engineering and Technology Core to
generate and test monoclonal anti-SR-Al antibodies via their phage-yeast display and hybridoma
selection services. Potential biologics resulting from these studies may also be widely applicable
to the control of inflammatory diseases that occur in tissues with a resident M¢ population, as

they often express elevated levels of SR-Al and may be similarly protective as SR-Al* KC.

SR-Al-mediated signal propagation

The participants of the signaling transduction pathway induced by SR-AIl may also
provide targets for future intervention studies, but despite the findings presented here remain
poorly understood. While cooperative association between SR-Al and Mertk has been suggested
by others to propagate intracellular signals following SR-Al engagement, we have not definitely
shown this physical interaction in our model. Techniques such as FRET or electron microscopy
in combination with immunogold labeling would confirm the association suggested by the results
of the western blot phosphorylation experiments. The mechanism by which SR-Al or Mertk
signaling may inhibit mTOR phosphorylation and activation also remains unclear. Possibilities
include physical binding of SR-AI or Mertk (or another signaling molecule downstream of
Mertk) to mTOR, redirection of phosphorylated mTOR to the proteasome, or the prevention of
mMTOR phosphorylation via SR-Al/Mertk-mediated interference with S6 kinase. Similarly, the
method of SR-AI activation in our model also has multiple possible explanations. Experiments
investigating RAW and MSRC2 cell activation following treatment with apoptotic cells, lipid

particles (LDL/HDL), or viral components (adenovirus capsid or DNA) will reveal whether
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some or all of these mediators are essential for inducing the anti-fibrotic properties of polarized
Méo. Antibodies generated through the studies detailed above may also prove useful in these
studies if they are found to have agonistic effects on SR-Al as evidenced by increased activation

of Mertk and inhibition of mTOR.

Comprehensive analysis of polarized M¢ using next-generation techniques

Although the findings presented here begin to answer the question of what the
polarization state of SR-AI" liver M¢ looks like, they also reveal that M¢ polarization is a
nuanced and complicated process. Too often, descriptions of M¢ polarization in the scientific
literature present a very clear delineation between the expression of either canonically identified
M1 markers or M2 markers. These profiles are also frequently superficial, only presenting one
or two choice identifiers and showing them in stark contrast under different experimental
conditions. However, as the study of M¢ polarization has developed, it has been stressed by
many leaders in the field that M1 and M2 are merely the extreme ends of what exists in nature as
a spectrum of activation states. It seems that the best approach to take when attempting to access
the true nature of a particular M¢ population is “the more markers, the better.” While it will be a
time consuming and resource-intensive process, eventually the biggest breakthroughs will be
made by taking advantage of Big Data techniques, compiling comprehensive profiles of CyTOF
or RNA-Seq data to fully characterize polarized M¢ in different tissues at homeostasis and

during disease.
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Interactions of SR-AlI* M¢ with other hepatic immune cell types to orchestrate fibrosis

Our findings also raise the question of how these polarized M¢ interact with other hepatic
immune cells to control the accumulation of liver tissue damage and fibrosis. While we found
no clear effect of SR-Al expression on hepatic T cell recruitment or effector function, liver NK
cell production of GrB was decreased in the absence of SR-Al. It remains unclear how this
phenotype may relate to the effect of SR-Al expression on post-infection tissue damage. The
current understanding of how NK cells interact with liver fibrosis in the liver is that activated NK
cells can in turn kill activated hepatic stellate cells, which are otherwise free to deposit large
amounts of collagen. Therefore, in an SR-Al-deficient animal, higher GrB production by NK
cells should correlate with increased stellate cell killing and better control of fibrosis — however,
we observe the opposite effect. One possible explanation is that NK cells may have multiple
modes of target cell killing that they switch between depending on the activating signals they
receive. NK cells have been found to kill activated stellate cells using surface interactions with
NKG2D and TNF-related apoptosis-inducing ligand (TRAIL) (199). It may be that the presence
or absence of SR-AI on liver M¢$ mediates a switch between NK cell activation programs that
either favor NKG2D/TRAIL or GrB upregulation, respectively. Alternatively, it has also been
shown that NK cells preferentially kill previously-activated senescent stellate cells to resolve
fibrosis (200). SR-AI" M¢ may regulate this senescent program, rendering NK cells less
effective in its absence. Further experiments that make use of NK-depleting anti-asialo GM1
antibodies, SR-AIl knockout mice, and the combination of cultured NK cells with our SR-AI
knockdown M¢ cell line will be necessary to tease apart the interactions between these three cell

types and how they work together to promote or resolve fibrosis.
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SR-ALl in liver regeneration

The liver is unique in that it possesses a remarkable capacity to regenerate after partial
resection or transplant, unlike any other organ. The role of SR-AI" M¢ in maintaining healthy,
non-fibrotic liver tissue following viral infection raises the question of whether these M¢ can
also contribute to liver regeneration. To date, no investigations assessing the impact of SR-Al
expression on liver regeneration have been carried out. Partial hepatectomy and transplant
experiments in WT and SR-AI" mice would provide fascinating insight into the interactions of
liver M¢ and hepatocytes. Findings from these experiments and adoptive transfer experiments
would potentially have translational applications in the field of liver surgery and transplantation,

and may even have exciting implications for stimulating regeneration in other damaged organs.

In summary, my thesis work shows that SR-AI* M¢ comprise a crucial component of the
machinery employed by the liver to fight injury and maintain homeostasis, despite its vulnerable
nature as an intrinsically immunotolerant organ. In the face of infection, liver M¢ upregulate
SR-Al which in turn promotes their transition to an M2-like activation state that promotes injury
resolution and tissue repair. Furthermore, we show that this transition may be mediated via
modulation of the mTOR and Mertk signaling pathways. These findings help us to better
understand how the liver’s considerable immune compartment contribute to its function (and
dysfunction), as well as provide several starting points for the development of therapeutic agents
to aid in the treatment of hepatotropic infections and amelioration of debilitating liver damage

and fibrosis.
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