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The inflammatory response to hepatocyte death is mediated by TIR-domain containing adapters, which
are involved in pattern recognition receptor (PRR) signaling. We study this mechanism during acute liver
injury in mice, induced by Diphtheria Toxin (DT) in cells that have been transduced with the human DT
receptor. Dying cells promote a local innate immune response in several different ways, including
chemokine production, inflammasome activation, and PRR stimulation. Toll-like receptor 9 (TLR9), a PRR
that interacts with the TIR-domain containing adapter MyD88, has been implicated in models of both
acute liver failure and chronic liver disease. However, the role of TLR9 in DT-induced acute liver injury
has not yet been determined. TLR9 deletion exacerbated liver injury compared to WT mice by 48 hours
post-DT treatment. TLR9 deletion also had cell type specific effects in steady state liver, most notably in
hepatocyte programmed cell death gene expression. Fas gene expression was increased in TLR9-
deficient mice, while inhibition of TLR9 in vitro caused elevated Fas and FasL expression in a hepatocyte-
derived cell line. In this thesis, we argue that TLR9 is hepatoprotective during acute liver inflammation
by controlling Fas hepatotoxicity. In addition, we briefly discuss the impact of TLR9 deletion on
chemokine gene expression in purified hepatocytes and Kupffer cells, and the impact of Silymarin

treatment on the inflammatory response to DT-induced hepatocyte death.
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Chapter 1 — Introduction

The Liver

Liver Function

The liver performs many essential functions including macronutrient metabolism, blood volume
regulation, immune system support, endocrine control of growth signaling pathways, lipid and
cholesterol homeostasis, and breakdown of xenobiotic compounds such as medication(1, 2). Glucose
secretion by the liver responds to the energy needs from other parts of the body, such as the brain and
the immune system(1, 2). Upon feeding, the liver shifts from a mode of net glucose output to net
uptake, requiring a decline in glucagon and increase in insulin to facilitate glucose uptake and glycogen
storage(1, 2). Macronutrient processing in the liver also involves protein synthesis and breakdown. 80-
90% of proteins (by volume) secreted into the blood are produced by the liver(2). The most abundant of
those proteins is albumin, which helps to maintain blood volume and transport molecules such as lipids
and hormones(1, 2). The liver also performs uptake, synthesis, packaging, and secretion of lipids and
lipoproteins(1, 2). Cholesterol, which is required for assembly of cellular membranes and maintenance
of membrane fluidity, can be absorbed from the intestines, or synthesized in the liver. Fatty acids
provide an internal energy source via oxidative pathways but can also provide energy to other organs

from ketogenic products during times of extreme fasting or extreme deprivation of carbohydrates(2).

The liver is made up of parenchymal cells (hepatocytes and cholangiocytes) and non-parenchymal cells
(sinusoidal endothelial cells, stellate cells, and Kupffer cells). Hepatocytes are the most abundant cell
population and are responsible for most of the glucose, protein, and lipid metabolism in the liver(3).
Cholangiocytes line the bile ducts and are responsible for producing and transporting bile(4). Liver

sinusoidal endothelial cells (LSECs) are specialized endothelial cells that form fenestrated sieve plates in
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the sinusoids, creating pores for protein exchange between hepatocytes and the sinusoid (Fig. 1)(5). In
the quiescent form, hepatic stellate cells (HSC) store vitamin A in lipid droplets(6). HSC activation results
in loss of vitamin A stores, induces proliferation, and the primary function switches to collagen
deposition and organization(6). Kupffer cells (KC) are sentinels for enteric pathogens entering the liver
via the portal vein(7). Depending on their microenvironment, KC can contribute to pro- or anti-

inflammatory responses during liver injury(7).

The structural unit of the liver is the lobule. Hepatocytes are organized in a loosely hexagonal shape
around the central vein, and portal triads are located at each of the vertices. Portal triads are closely
grouped branches of the portal vein, hepatic artery, and bile duct. Oxygenated blood from the hepatic
artery mixes with nutrient-rich blood directly from the intestines via the portal vein and then flows
across the sinusoidal network before draining into the central vein (Fig. 1). While this creates gradients
of oxygen, nutrients, and waste products that dictate different “zones” of metabolic processes in
hepatocytes especially, these are not terminally differentiated functions and hepatocyte metabolic

processes can adapt to changes in the surrounding microenvironment, such as injury(2, 3).
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Fig. 1 The liver sinusoidal microenvironment. The sinusoids are lined with liver sinusoidal
endothelial cells (LSECs) that form small pores for direct interaction between hepatocytes and the
blood. Kupffer cells (KCs) also have direct contact with the blood, and hepatic stellate cells (HSC)
have direct contact with hepatocytes within the Space of Disse. As blood flows from the hepatic
artery (red) and portal vein (blue) towards the central vein (purple), the components switch from
highly oxygenated blood containing high levels of macronutrients to less oxygenated blood
containing high levels of metabolites to be sent off to other areas of the body. Blood from the portal
vein is sourced directly from the intestines and contains microbe-associated molecular patterns

(MAMPs). Figure generated with BioRender.
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Liver Immunology

In the liver sinusoids, there is constant exposure to non-self proteins from nutrients or resident microbe-
associated molecular patterns (MAMPs) in the portal-vein blood supply directly from the intestines (Fig.
1). To prevent accidental immune activation against harmless antigens there are specialized mechanisms
in place to promote an immunologically tolerant environment. One such mechanism is endotoxin
tolerance, where constant low levels of endotoxin makes cells resistant to canonical pro-inflammatory
toll-like receptor 4 (TLR4) signaling and instead promotes an immunosuppressive environment through
KC production of IL10 and TGF[(7-9). This cytokine microenvironment, in addition to PD-L1 expression
by KC, HSC, LSECs, and hepatocytes, promotes T cell anergy, deletion, or Treg priming and expansion(8).
However, the liver must be capable of mounting an effective inflammatory response - it is the first line
of defense for any enteric pathogens that breach the gut epithelial barrier. Hepatocytes, KC, HSC, and

LSECs act as sensors for and triggers of immune responses and inflammatory injury in the liver(8, 10).

Danger signals secreted by stressed cells (active release) or cell death (passive release) trigger liver
inflammation by binding to their cognate pattern recognition receptor(s) (PRRs)(11). PRRs are
evolutionarily conserved among most eukaryotes and play a crucial role in activating the innate immune
response. The earliest identified PRRs were Toll receptors in Drosophila that activated the NFkB-
dependent anti-fungal response(12). Mammalian orthologues are called toll-like receptors (TLRs), and
they recognize a wide range of pathogen-, symbiotic microbe-, and host danger-associated molecular
patterns (PAMPs, MAMPs, and DAMPs respectively). TLRs are transmembrane proteins located either on
the cell surface or in endosomes to detect extracellular and endocytosed molecular patterns,
respectively. The ligand-binding domain of the TLR family possesses tandem short motifs of Leucine-rich

repeats (LRRs), and the cytosolic Toll/IL-1R (TIR) domain induces signaling cascades via interactions with
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multiple different TIR adapters such as MyD88 and TRIF (13). Canonical TLR signaling induces

inflammatory gene expression via NFkB, AP-1, and IRF signaling pathways(13, 14).

With this wide range of signaling pathways induced by TLR stimulation, it is no surprise that there are
cell type-specific responses to TLR activation(14, 15). For the purposes of this chapter, we will focus on
TLR2, TLR3, TLR4, TLR5, TLR7, and TLR9 cell-specific signaling in the liver. As previously mentioned,
constant low-level endotoxin (e.g. lipopolysaccharide, LPS) stimulation of TLR4 in KC induces anti-
inflammatory gene expression to promote immune tolerance in the liver. However, high levels of TLR4
stimulation in KC trigger production of IL6, IL12, TNFa, and inflammasome activation resulting in
secretion of IL1P and IL18(16). Additional KC-specific TLR signaling includes (but is not limited to) TLR3-
and TLR4-dependent IFNf production, TLR1/2-, TLR2/6-, and TLR4-dependent IFNy production, and
TLR9-dependent inflammasome activation(8, 15, 17). Upon HSC activation TLR2, TLR4, and TLR9
stimulation triggers VCAM-1 expression and secretion of IL6, TGF(3, and CCL2(16). LSECs respond to
stimulation of the TLR2/6 heterodimer, TLR4, and TLR9 by producing TNFa, whereas TLR3 stimulation by
induces TNFa, IL6, and IFNy(14). While hepatocytes are relatively unresponsive to TLR2 activation in the
absence of injury, liver inflammation increases sensitivity to TLR2 ligands leading to inflammasome
activation(15, 18). Other TLR signaling effects observed in hepatocytes include TLR3-dependent IFNJ,

TLR5-dependent CXCL1 and IL6 and TLR9-dependent PD-L1(19-21).

TLR2, TLR4, and TLR5 are located on the plasma membrane and sense DAMPs released into the
extracellular microenvironment. TLR2 and TLR4 each recognize multiple DAMPs involved in liver
inflammation (Fig. 2)(15, 18, 22). This may be due, in part, to TLR2 and TLR4 interactions with the co-
receptor CD14, a LRR glycoprotein that can bind to a wide range of molecular patterns with similar

structures to Poly(l:C), peptidoglycan, LPS, lipoteichoic acid, and DNA(13).
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TLR3, TLR7, and TLR9 are located in endosomes and recognize endocytosed nucleic acid DAMPs. All
three endosomal TLRs also interact with CD14, however their range of DAMP ligands is more restricted
with TLR3 and TLR7 binding different self RNA structures and TLR9 binding mitochondrial DNA (Fig.

2)(15, 19, 23).

Sterile Acute Liver Injury

Acute hepatitis is defined by liver cell death, cellular disarray, and immune cell infiltration. The
pathophysiology of acute liver injury is orchestrated by immune cells, cytokines, and parenchymal cells.
For example, neutrophils that infiltrate into the liver can aggravate tissue damage by activating KC and
LSEC adhesion molecule expression, triggering further leukocyte recruitment to the liver, and secretion
of reactive nitrogen and oxygen species, IL1[3, and TNFq(8). The immune responses to DAMPs released
by cell death causes liver inflammation(24). In mice, the liver can regenerate from extreme cell loss,
such as a 70% hepatectomy recovering almost the original organ mass within a few days(25). However,
after a certain threshold, hepatic proliferation is insufficient to regenerate liver function, leading to
acute liver failure and death without interventions(25). Acute liver failure presents as acute disorder in
liver coagulopathy (impairments in clotting, and reduced platelet number and function), high ALT and
AST, and hepatic encephalopathy (cognitive impairment due to increased circulation of toxic metabolism
byproducts). There is rapid progression to multiorgan failure with unpredictable complications(26). This
part of the chapter will review common causes of acute sterile liver injury in humans and the mouse

models used to study them, particularly in the context of TLR-mediated inflammatory liver injury.
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Acetaminophen Overdose

Human Disease

APAP overdose accounts for 50% of acute liver failure cases in humans(27-29). N-acetyl-para-
aminophenol (acetaminophen, or APAP) is a readily available anti-inflammatory oral drug that is used to
treat common aches and pains and is often paired with opioid analgesics for post-surgery pain
management. To generate the active metabolite, AM404, APAP processing occurs predominantly via the
glucuronidation and sulfation metabolic pathways in hepatocytes(28, 29). When therapeutic doses of
APAP are ingested, a minor amount is oxidized by cytochrome P450 and generates the reactive
metabolite N-acetyl-p-benzoquinone imine (NAPQI). In hepatocytes, NAPQI is neutralized by the ROS
scavenger glutathione. Increasing concentrations of APAP saturates the sulfation pathway, shifting
towards cytochrome P450 processing and increased generation of NAPQI, which results in glutathione
depletion and hepatotoxicity(28). NAPQI forms protein adducts, which are covalent modifications
created by electrophile and nucleophilic amino acid residues. These modifications disrupt protein
structure and function, damaging metabolic pathways, cytological processes, and submembrane
organelles(30). NAPQI-induced protein adducts are significantly produced on the mitochondria,
enhancing free radical production, loss of membrane potential, and Bax-dependent membrane

permeability that culminates in massive hepatocyte death(28, 29).

There is controversy over whether therapeutic doses of APAP (325-1000mg every 6 hours) can cause
liver injury in certain people. This phenomenon may be due to pre-existing effects on the liver at the
time of APAP ingestion. Some medications and supplements can induce cytochrome P450 activity and
enhance oxidative metabolism, and malnutrition has been shown to deplete glutathione in
hepatocytes(28, 29). Chronic alcohol consumption is a predicted risk factor for decreased tolerance to

APAP-induced liver injury because it increases cytochrome P450 activity in rats, however studies with
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human alcoholics receiving 1000mg per day do not support this hypothesis(31-33). Conversely, acute
alcohol consumption may increase tolerance to APAP overdose because ethanol directly inhibits NAPQI

production by cytochrome P450(34, 35).

Clinical biomarkers that predict outcome of APAP-induced liver injury in large patient cohorts (but not
individuals) are serum or plasma levels of protein adducts, mitochondrial DNA, glutamate
dehydrogenase, and nuclear DNA fragments — ALT and AST do not predict whether a patient will
progress to acute liver failure(28). Currently, the glutathione synthesis inducer N-acetylcysteine (NAC) is
the only clinically approved treatment for APAP overdose(36). It is generally effective if given early after
overdose but has limited effect in late-presenting patients of acute overdose and can lead to issues if

given as a treatment for prolonged periods(28, 36).

APAP Mouse Model

APAP overdose is the most common model of drug-induced liver injury (DILI) because the progression of
disease in humans and mice are relatively similar. CYP2E1 is the only human cytochrome P450 that is
functionally conserved across mammals, with mice and humans having the most similar activity
levels(29, 37). Mice and humans experience liver injury at doses >150mg/kg, and the main hepatotoxic
mechanisms appear to be the same, although peak for mice is 12-24 hours while for humans it is 24-72
hours(37). Overnight fasting is required in the mouse model for doses of 200-300mg/kg to ensure that
all mice have the same baseline levels of glutathione and Cyp2E1(28, 29, 37). Higher doses of 400-

600mg/kg generate consistent toxicity between mice regardless of food intake variation(37).

Necrosis is currently the hypothesized mechanism of APAP-induced hepatocyte death even though

some components of the intrinsic apoptosis mechanism, such as Bax, are activated. Hepatocytes exhibit
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cell and organelle swelling, cell content release, and there is no evidence of caspase involvement(28,
38). Investigations into whether necroptosis is the mechanism of hepatotoxicity are conflicting.
Necrostatin-1, a RIPK1 inhibitor, provided protection however hepatocyte-specific RIPK1 deletion was
not protective(27). RIPK3 deletion provided partial protection from APAP injury in one study, but did not
protect against liver injury in another(28). APAP hepatotoxicity mechanisms are difficult to study in vivo
because many solvents used to dissolve compounds that are intended to interrupt APAP metabolism are
themselves capable of competing with APAP for cytochrome P450(34, 38-40).

The mouse model has yielded some crucial information about the immune response in human APAP-
induced liver injury, such as discovering that infiltrating monocytes and neutrophils do not contribute to
liver injury but are crucial for recovery(29). However, there are aspects of this model that misrepresent
human disease, either through experimental design or inherent differences between mouse and human
liver biology. While fasting is used to equalize baseline glutathione and Cyp2E1 between mice prior to
APAP treatment, fasting induces autophagy and may mask potential effects of pharmacological
interventions(37). Additionally, most APAP studies use male mice because female mice are less
susceptible to APAP induced liver injury(37, 41, 42). Female mice exhibit less necrosis due to faster
glutathione recovery, which results in less ROS and mitochondrial damage(41, 42). Estrogen treatment
of male mice prior to APAP overdose provided moderate protection from injury and ROS production but
did not increase glutathione recovery(41). In humans however, more females than males are admitted
to hospitals in the US for APAP-induced liver injury or acute liver failure(43). This disparity of sex
differences between mice and humans is a confounding factor that contributes to the high rate of failure

that pre-clinical drug candidates experience in human trials(29, 37).

While defining therapeutic candidates with the APAP mouse model has been challenging, genetically

modified mice revealed the role of different TLRs in promoting the aggravated immune response during
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APAP overdose without impacting metabolic production of NAPQI. TLR4 activation by HMGB1 in
macrophages promotes IL17+ v3 T cell-dependent recruitment of neutrophils(44). Neutrophil and pro-
inflammatory macrophage inflammasome activation is a crucial step in the APAP aggravated immune
response and is induced by TLR9 recognition of mtDNA released by NAPQI-killed hepatocytes(45, 46).
TLR3 activation promotes KC and DC TNFa production which contributes to hepatotoxicity(47).
Cavassani, et al showed that TLR3 deletion protected mice from APAP-induced liver injury by
suppressing TNFa production(47). The effect on TNFa was still present when TLR3 was blocked with an
antibody 3 hours after APAP treatment, suggesting that this pathway may be a useful clinical

intervention target for humans after APAP liver injury has been initiated(47).

Ischemia Reperfusion Injury

Human Disease

During liver surgery, blood flow from both the portal vein and hepatic artery is interrupted either
continuously or intermittently to prevent the need for blood transfusion and the accompanying
potential short-term and long-term consequences(48). However, prolonged interruption (ischemia) and
subsequent reestablishment (reperfusion) of blood flow causes injury that can significantly impair liver
function(48, 49). Prolonged tissue deoxygenation causes ATP depletion and a switch to anaerobic
metabolism, which cannot be maintained for long periods before resulting in cell death. Reperfusion
leads to injury because the return of oxygen exceeds the rate at which cells can transition from
anaerobic to aerobic metabolism, and this leads to ROS-dependent cell death. Ischemic reperfusion
injury (IRI) is classically described as having early (<6 hours) or late (>12 hours) phases of reperfusion
injury(49). Kupffer cells are the primary producers of ROS in the very early phase, transitioning to NKT

cells later in the early phase (>1 hour), and finally neutrophils in the late phase(49, 50).
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IRl is measured by circulating ALT, AST, LDH, SGOT (serum glutamic oxaloacetic transaminase), and by
histology using the Suzuki classification which grades on sinusoidal congestion, hepatocyte necrosis, and
ballooning degeneration of the injured lesions(49). LSECs and hepatocytes are the main targets of
reperfusion injury, initially due to stimulation with high levels of endothelin-1 (ET-1), a vasoconstrictor,
which constricts sinusoids and reduces liver perfusion. ET-1 signaling also increases expression of
protective IL6, and endothelial nitric oxide synthase (eNOS), and injurious TNFa(51-53). Additionally,
hepatocytes are more susceptible to warm ischemic injury (37°C), while LSECs are more sensitive to the
cold ischemic injury (4°C)(48, 49). Warm ischemic injury is caused by the mechanical injury of the
surgery itself, whereas cold ischemic injury occurs in preserved liver donor grafts during storage prior to

transplantation(48).

Nakazato, et al discuss surgical efforts to mitigate IRI damage and lesion formation and highlight the
most promising strategies: ischemic pre- and post-conditioning(48). Ischemic pre-conditioning (ICP)
involves short periods of interruption and resumption of blood flow prior to the prolonged interruption
during the surgical procedure and has been shown in both the heart and kidneys to increase resistance
to IRI. ICP is associate with an increase in adenosine monophosphate kinase, which would increase ATP
availability during prolonged ischemia and reduce the need for anaerobic metabolism. Ischemic post-
conditioning (PosCl) employs a similar strategy as ICP however the short periods alternating between
flow interruption and resumption occur at the end of the main surgical procedure but prior to the final
full reperfusion. This method appears to promote a gentle switch back to aerobic metabolism, which
reduces the toxic levels of ROS production associated with the reperfusion phase of IRI. Studies
comparing the two strategies showed that both ICP and PosCl are protective against injury from warm
ischemia, however PosCl greatly reduced injury due to hypothermic ischemia(48). When considered

with cell-specific sensitivity to warm and cold ischemia, these data suggest that LSECs are more sensitive
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to ROS-mediated injury during reperfusion, whereas increased ATP or decreased ROS are

hepatoprotective.

Mouse Model — Partial Hepatic Ischemia Reperfusion (IR)

To mimic human liver injury during surgery, the mouse model employs a specific clamping strategy
during surgery to restrict blood flow to 70% of the liver for varying times(54). Mice are fasted overnight
prior to surgery, where the hepatic artery and portal vein are cross clamped above the quadrate and
right lateral lobes to induce ischemia in the median and left lateral lobes of the liver(54). Platelets and
leukocytes start to adhere to LSECs within 5 minutes of reperfusion, and neutrophil oxidative burst in
the later stages of IR directly causes additional hepatocyte injury after the initial ischemic insult(49).
While ATP depletion during blood flow interruption would indicate hepatocytes are initially dying via
necrosis, Bax”" mice have moderate protection from IR injury suggesting intrinsic apoptosis may also be

activated during ischemia(49, 55).

During hypothermic IR liver injury TRIF-mediated TLR4 signaling in hepatocytes induces IRF1-dependent
cell death and subsequent HMGB1 release(15, 56). When HMGB1 is recognized by TLR4 in KC, the
results are TNFa, IL6, and CXCL10 secretion and a feed-forward loop increasing TLR4 expression(15, 57).
Additionally, KC-specific TLR2 activation is an important source of TNFo during warm IR(15, 57, 58).
Neutrophil activation during the reperfusion phase is due, in part, to TLR9 stimulation with mtDNA

released by the dead cells from the ischemic phase(15, 49, 57).
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Autoimmune hepatitis

Human Disease

Autoimmune hepatitis (AIH) occurs when immune tolerance in the liver breaks down and causes severe
immune-mediated tissue injury. The exact mechanism responsible for escaping immune tolerance in AlH
is unknown, although an increase in Treg homing to the liver and hepatic CXCL10 expression suggest that
liver injury is T cell-mediated(59, 60). As with most autoimmune diseases, a combination of genetic
predisposition and viral molecular mimicry are suspected causes. Genetic risk factors include allelic
variants of DRB1 within the HLA region of chromosome 6, tumor necrosis factor, alpha-induced protein
3 (TNFAIP3) SNPs, and CTLA-4 SNPs(60). Viral candidates that may trigger molecular mimicry include
hepatitis A virus (HAV), Hepatitis C virus (HCV), hepatitis E virus (HEV), measles, Epstein-Barr virus (EBV),

and herpes-simplex virus-1 (HSV-1)(60).

Positive diagnosis of AIH occurs with the combination of high ALT and AST, increased gamma-globulin or
IgG, the presence of autoantibodies, and biopsy evidence of hepatitis(60). The milieu of autoantibodies
further divides AIH diagnosis into two subtypes. In the most common subtype, Type 1, smooth-muscle
antigen antibodies (SMA) with or without anti-nuclear autoantibodies (ANA) are present. Type 2 AlH,
representing 5-10% of AlH cases, is characterized by liver kidney microsomal 1 and 3 antibodies (LKM-1
and LKM-3) or liver cytosol type 1 antibody (LC1), with or without ANA and SMA(59, 60). The female to
male ratio is 4:1 for Type 1 and 10:1 for Type 2(59). Mortality is highest during the first year after
diagnosis, potentially because at least 1/3 have evidence of cirrhosis at the time of diagnosis. When
treated with immunosuppressive therapeutics the 10 year mortality rate is 6-10%, however the
mortality rate without treatment is 50% in 5 years(59, 61). While immunosuppressive therapeutics are
effective, some patients will still progress to acute liver failure or end-stage cirrhosis and require a liver

transplant. Additionally, up to 20% of patients present with acute onset of disease associated with the
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development of acute liver failure(59). Autoimmune hepatitis can also occur in patients who receive a

liver transplant for other reasons, termed de novo AIH(59, 60).

Mouse Model — Concanavalin A

Concanavalin A (Con A), a jack bean-derived lectin, induces immune-mediated liver injury in mice to
model T cell-mediated damage during acute-onset severe autoimmune hepatitis(27, 62). Following i.v.
injection, Con A binds to LSECs within 15 minutes and induces membrane breakdown and detachment
from the sinusoid(61). By 4 hours, KC cross-present Con A to CD4+ T cells resulting in high levels of TNFa
and IFNy production and intrasinusoidal thrombosis(61, 63). IFNy also promotes KC-dependent
prothrombotic liver injury via STAT1 induced procoagulant pathway activation(63). Unlike other models
of acute sterile liver injury discussed in this chapter, Con A is not directly hepatotoxic. However,
hepatocytes are susceptible to stress and death due to high levels of TNFo and IFNy produce by the

activated CD4 +T cells(27, 64).

While TLR2 inhibition prevents T cell infiltration into the liver and results in decreased TNFa, IFNy, and
IL6(65), Con A itself binds to the TLR2/6 heterodimer(66). The decreased liver injury observed with TLR2
inhibition may therefore be due to inhibiting the initial effect of ConA on LSECs and/or KC. TLR9
activation with mtDNA promotes neutrophil recruitment and p38-mediated activation(67). TLR5
signaling moderates liver injury in Con A hepatitis; TLR5 deletion leads to increased pathology and
mouse mortality(68). Treatment with a TLR5 agonist further ameliorates Con A-induced liver injury in an
IL22-dependent manner, which may promote hepatocyte tolerance to pro-inflammatory cytokines

produced by activated CD4+ T cells(69).
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Other Animal Models of Sterile Acute Liver Injury

Carbon Tetrachloride (CCls)

High doses (>1mg/kg) of carbon tetrachloride (CCls) cause reproducible acute liver injury that resembles
the drug-induced liver injury disease course in humans(37). Toxicity is dependent on cytochrome P450
metabolism to the reactive metabolite trichloromethyl radical, which induces lipid peroxidation and can
alkylate proteins, nucleic acids, and lipids causing reduced protein synthesis, steatosis and altered
calcium homeostasis(37). CCls-induced hepatotoxicity induces mitochondrial damage and DNA depletion

in addition to alkylation reactions and lipid peroxidation(37).

The CCl, model of liver injury uncovered the role of TLR2 in promoting CXCL2-dependent neutrophil
recruitment to the liver via hepatocyte stimulation with the DAMP S100A9(22). While this mechanism
did not alter CCls-induced acute liver injury, it did provide insight into hepatocyte-specific TLR-
dependent chemokine production which can be applied to other liver injury models with neutrophil-

mediated pathogenesis such as IR(22, 49).

Fas-mediated Liver Injury

This model of Fas signaling evaluates the impact of primary apoptosis followed by secondary necrosis on
the acute liver injury immune response(27). The monoclonal anti-Fas antibody clone Jo2 activates Fas
and induces apoptosis in both hepatocytes and LSECs(27, 70). Fas activation induces cleavage of the pro-
caspases 3, 8, and 9, as well as Bid-dependent cytochrome c release from mitochondria to induce
apoptosis(27). Apoptosis is induced less than 1 hour post-Jo2 administration, as observed by cell
morphology and no ALT release. However, the massive amount of cell death induced directly by Fas
activation deteriorates into secondary necrosis with high ALT and hemorrhage(71). Animal death occurs

within several hours of Jo2 injection and is due to hemorrhage caused by LSEC death rather than
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hepatotoxicity(71). The distinction between primary necrosis (APAP) and secondary necrosis is that in
secondary necrosis there is still high levels of caspase activation, and secondary necrosis can be
prevented with a pan-caspase inhibitor(70). The immune response to Fas-mediated liver injury is
characterized by CXCL1- and CXCL2-dependent neutrophil infiltration and activation, as well as non-
canonical IL1p and TNFa production(72, 73). Based on several extensive literature searches, the role of
TLR signaling in Fas-mediated liver injury has not been reported on — this may be due to the extremely

quick progression of liver failure and death after Jo2 treatment(71).

GalN/ET (D-galactosamine/endotoxin (LPS))

The GalN/ET model of acute sterile injury is used to study TNFo-mediated apoptotic signaling
mechanisms and inflammatory-mediated liver injury(27). Rodent livers are relatively resistant to LPS —
lethal doses generally cause death due to hypotensive shock and do not induce liver injury on their own.
However, co-administration of LPS and D-galactosamine (GalN) causes severe liver injury via a two-hit
mechanism. First, a high dose of LPS stimulates KC to produce TNFa and recruit and activate
neutrophils(74). GalN then depletes uridine triphosphate and inhibits mRNA synthesis in hepatocytes,
resulting in DNA fragmentation and TNFa-induced apoptosis(27). After mice are injected with LPS and
GalN, TNFa production by KC occurs after 60-90 minutes, neutrophils accumulate at 4 hours, hepatocyte
death occurs at 5-6 hours, and neutrophil aggravation of liver injury occurs from 6-8 hours post-
treatment(27, 74). Mouse death is caused by hypovolemic shock due to severe hemorrhage after
development of gaps in LSECs, not due to hepatotoxicity(75). Hepatocyte apoptosis, rather than CXC
chemokine production, is required for neutrophil extravasation into the parenchyma, where they exert
ROS-dependent cytotoxic effects(76, 77). While there is some argument for DAMP-mediated
aggravation of TNF-induced hepatocyte death, this is confounded by studies focusing on small molecule

interruption of TLR4-RAGE interactions(78, 79). TLR4 stimulation by LPS is required for liver injury in
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GalN/ET, and any pre-treatment that impacts TLR4 may be preventing the initial TNFa production

required to initiate hepatocyte death.

DT-induced Hepatocyte Death

To study the innate immune response to hepatotoxicity in a hepatocyte metabolism-independent
manner, we utilize the extremely specific interactions of Diphtheria Toxin (DT) and its receptor(80). DT
binds to human HB-EGF (hDTR) and induces irreversible ribosylation of eEF2a, which inhibits translation
and leads to cell death (Fig. 3)(81-83). DT cannot induce cell death in the mouse without expression of
the human DTR — this strategy has been used to deplete specific cell populations in mice for years(84-
86). To induce acute liver injury due to hepatocyte-specific death, our lab injects mice with a
hepatocyte-tropic AAV vector containing the human DTR sequence which leads to human DTR
expression in 10-20% of the hepatocytes(80). The immune response to AAV is generally mild and very
short-lived, however we wait a full 2 weeks before inducing hepatocyte-specific death by DT
administration to ensure any immune response to AAV has completely resolved(87). In this model, peak
liver injury, evaluated by serum ALT activity, occurs at 48 hours and is resolved by 96 hours post-DT
administration(80). Peak inflammatory gene expression begins at 24 hours post-DT and begins to
decrease by 72 hours(80). The DTR mouse model does not specifically emulate any one form of acute
sterile liver injury in humans, however it does allow us to specifically characterize mechanisms of
neighboring hepatocyte contributions to the innate immune response in the liver. Hepatocyte responses
from our model can then be compared to other models of acute liver injury, such as APAP, to discern

common mechanisms by which hepatocytes contribute to the innate immune response in the liver.

Thus far, we know that DT-induced liver injury, neutrophil recruitment, and hepatocyte chemokine gene

expression are mediated by both TRIF- and MyD88, while monocyte recruitment is exclusively TRIF-
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dependent(80). This suggests a crucial role for DAMP-TLR signaling, although previous work indicates
this signaling is independent of TLR3 or TLR4(80). TLR signaling promotes neutrophil-mediated
aggravation of liver injury in the APAP, IRI, and CCl, mouse models(15, 22, 44-47, 49, 51, 56-58). In
models of neutrophil-independent inflammatory liver injury (Con A and binge alcohol) TLR signaling is
more nuanced and can promote protection or inflammation(68, 88, 89). Unlike the other the liver injury
models discussed earlier, there is no centralized protocol for ethanol administration in the alcohol-
dependent liver injury mouse model and was therefore beyond the scope of this review. However, to
fully demonstrate the duality of TLR9 signaling in the liver in particular, we will discuss the chronic-then-
binge ethanol-induced liver injury model used by Hao, et al where mice received a liquid diet containing
ethanol for 8 weeks followed by one “binge” dose via oral gavage. TLR9 knockout mice exhibited
increased liver injury and hepatocyte death despite decreased neutrophil infiltration compared to WT
mice(88). Conversely, TLR9 activation in macrophages promotes neutrophil-dependent inflammation in
APAP and IRl models of liver injury(15, 45, 46, 49, 57). Neutrophil infiltration, while mediated by TLR
signaling, does not contribute to inflammatory liver injury in the DTR model(80). Taken together with
the dichotomy of TLR9 signaling during of other liver inflammation models makes it an attractive
candidate to study in the context of DT-induced liver injury. Therefore, the purpose of this thesis is to
define whether TLR9 is involved in DT-induced inflammatory liver injury and contribute to the greater

body of knowledge about innate immunology in the liver.
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Fig. 3 Diphtheria toxin induces cell death. DT binds human HB-EGF, inducing
endocytosis. A decrease in pH within the endolysosome releases DT from HB-
EGF and into the cytosol. The toxin then ribosylates eEF2, causing irreversible
protein synthesis inhibition which eventually results in cell death. Figure
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Chapter 2 — Methods

Mice and in vivo experiments

Male mice aged 8-12 weeks were used for all in vivo experiments. C57BI/6J (WT), TLR9-deficient
(TLR97"), and hepatocyte-specific Cre-recombinase (Alb-Cre) mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). TLR9-flox mice were generously gifted from Mark Shlomchik (University of
Pittsburgh, PA). Hepatocyte-specific TLR9 knockout (Hep®™?°) mice were generated by breeding Alb-cre
with TLR9-flox mice. “Wildtype” TLR9 mice were litter mates of Hep*™"° that possessed floxed TLR9 but
lacked Alb-Cre. All mouse experiments described in this study were performed under Institutional
Animal Care and Use Committee approval (University of Washington, protocol #4308-01). Mice were
housed in a specific pathogen-free environment, provided with ad libitum food and water, and

monitored daily.

To induce hepatocyte-specific death, mice were retro-orbitally injected with 5x10° viral genomes of
rAAV8.mCherry.T2A.hDTR (rAAV — recombinant adeno-associated vector; hDTR — human Diphtheria
toxin receptor, or HB-EGF), or 1X PBS. Two weeks were allowed for hDTR and mCherry expression, and
then 20 ng diphtheria toxin (DT, Sigma-Aldrich, St. Louis, MO) in 200 uL 1X PBS was injected intra-

peritoneally. Experiment end points were 16 and 48 hours post-DT administration.

Silymarin Treatment (Appendix 2)

The Silymarin compound was provided by Steve Polyak, University of Washington. The hepatocyte-
specific death model, as described above, was initiated in C57BI/6J male mice aged 8-12 weeks with
retro-orbital injection of rAAV.hDTR.mCherry vector or 1X sterile PBS. On the day of DT administration
two weeks later, mice were also given a 200ul oral gavage treatment of one of the following: 1) Vehicle

Only (0.5% w/v carboxymethyl cellulose (CMC) 0.0025% Tween20 in sterile water), 2) 100mg/kg
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Silymarin in vehicle, or 3) 300mg/kg Silymarin in vehicle. Oral gavage treatments were repeated 24
hours later. Blood was collected for ALT activity quantification and liver tissue was preserved in TRIzol

for RNA extraction 48 hours post-DT administration.

AAV Production

The replication-defective rAAV, rAAV8.pAlb.mCherry.hDTR, was produced with a two-plasmid calcium
phosphate transfection system. Human epithelial kidney 293 cells (clone H, ATCC, Manassas, VA) were
cultured in Growth Media (DMEM high glucose, +L-glutamine (Gibco/Thermo Fisher Scientific) + 1%
Penicillin and Streptomycin (Gibco) + 10% Cosmic Calf Serum (Hyclone Laboratories, Inc., Logan, UT)) at
37°C, 5% CO,, and transfected with pLIVE.pAlb.mCherry.T2A.hDTR and the helper plasmid pDG82/8 at a
ratio of 2.36 ug:10 ug. The following day, Growth Media was replaced with Post-Transfection Media
(DMEM high glucose, +L-glutamine (Gibco/Thermo Fisher Scientific) + 1% Penicillin, Streptomycin, and
Glutamine (Gibco)). After 72 hours, the cells were lysed by three freeze-thaw cycles, incubated with 10
U/uL DNAse, and cell debris was pelleted. The AAV-containing supernatant was purified by iodixonal
gradient (Optiprep, Sigma-Aldrich) and desalted using an Amicon Ultra-15 100K centrifugal filter device
(EMD Millipore, Bedford, MA) with 1X PBS. Purified AAV was stored in 5% glycerol at -80°C. Viral
genomes were quantified with the QuickTiter AAV Quantification Kit, according to the manufacturer’s
instructions (Cell Biolabs, San Diego, CA).

Detailed information about construction of the rAAV8.pAlb.mCherry.hDTR is available in Brempelis, et.

al(1).

Serum ALT activity
Blood collected from the portal vein was allowed to clot at 4°C overnight and then centrifuged at 6000

rpm for 10 minutes at room temperature. The serum supernatant was collected, and levels of ALT
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activity was quantified using the Alanine Aminotransferase-SL kit (Sekisui Diagnostics LLC, Lexington,

MA) according to manufacturer instruction.

Liver perfusion and hepatocyte separation

Prior to liver perfusion, mice were anesthetized with Avertin, blood was collected from the portal vein
for ALT analysis, liver samples were placed in TRIzol for RNA extraction, and liver samples were placed in
10% neutral-buffered formalin for histology. Perfusion Buffer (1X HBSS + 5mM Hepes (pH 7.25) + 0.5mM
EDTA (pH 8.0)) followed by approximately 8 mL of 1 mg/mL Collagenase Buffer (1X HBSS (with phenol
red) + 5mM Hepes (pH 7.25) + 0.5mM CaCl, + 1 mg/mL Collagenase IV) was pumped through the liver.
The perfused liver was removed from the mouse, and the gall bladder was removed prior to gently
mashing in Processing Buffer (1X PBS + 4% heat-inactivated FBS (Corning, Corning, NY)) to form a single
cell suspension. Hepatocytes were separated from non-parenchymal cells by low-density centrifugation
(500 x g, 3 minutes, 4°C), followed by two washes with Processing Buffer, before transferring 50 pL of
the hepatocyte pellet into TRIzol and storing at -80°C. The non-parenchymal cells contained in the
supernatant after the first low-density centrifugation were further isolated on a 40% iodixanol layer and
resuspended in Flow Buffer (1X PBS + 2% FBS + 1mM EDTA) for staining. For a more detailed liver

perfusion protocol, see Mohar, et. al(2).

Flow cytometry and cell sorting

Isolated non-parenchymal cells were stained with the following mouse antibodies at 1:300 dilutions:
BV605-CD11b (Clone M1/70, BD Biosciences, Franklin Lakes, NJ), PE-Tie2 (Clone TEK4, BioLegend, San
Diego, CA), Pacific Blue-CD45.2 (Clone 104, BioLegend), APC-Cy7-Ly6G (Clone IA8, BioLegend), and PE-

Cy7-F4/80 (clone BMS8, BioLegend)). Cells were also stained with LIVE/DEAD Fixable Far Red Cell Stain Kit
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(1:1000, Molecular Probes/Thermo Fisher Scientific, Waltham, MA). Kupffer cells were isolated by
fluorescence-activated cell sorting with a BD Aria Il (BD Biosciences) and stored in TRIzol at -80°C.
Hepal-6 cells were stained with the mouse antibodies BV605-Fas (1:50, Clone SA367H8, BioLegend) and
APC-FasL (1:50, Clone MFL3, BioLegend), or LIVE/DEAD Fixable Far Red Cell Stain Kit (1:100, Molecular
Probes), then fixed with BD Cytofix/Cytoperm™ (BD Biosciences) prior to data collection with a BD LSR Il
(BD Biosciences). All cell population analysis was performed with FlowJo software (Flowlo, LLC, Ashland,

OR).

Quantitative RT-PCR gene expression analysis

Liver tissue, hepatocytes, and Kupffer cells were store in TRIzol at -80°C until processing. Liver tissue was
then homogenized, and hepatocyte samples were sheared by passage through a 27G1/2 needle 3-5
times. RNA was extracted using Direct-zol RNA Miniprep Kit (Zymo Research Corporation, Irvine, CA).
Complementary DNA was generated using the QuantiTect Reverse Transcription Kit (Qiagen, Hilden,
Germany), preamplified with the TagMan assays of interest (Supporting Table 1) (Applied
Biosciences/Thermo Fisher Scientific) and MyFiMix 2X (Meridian Bioscience, previously Bioline,
Cincinnati, OH), then diluted 1:5 for analysis. Microfluidic quantitative RT-PCR was performed on a
BioMark HD microfluidics system (Fluidigm, South San Francisco, CA). The Fluidigm Gene Expression
software was used to calculate Ct thresholds and Excel used to calculate relative expression levels using
the 2°2® method. Relative Transcript Abundance was calculated relative to the average abundance of
Hprt and Gapdh in Microsoft Excel (Microsoft, Redmond, WA). TagMan Assay information is listed in

Table 1 (Chapter 3) and Table 2 (Appendix 2).
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Histology
Liver lobes were fixed in 10% neutral-buffered formalin prior to storage in 1X PBS. Fixed tissue was
paraffin-embedded, sectioned, stained with hematoxylin and eosin, and images were scanned by the

University of Washington Histology Imaging Core.

Hepal-6 cells and in vitro experiments

The mouse hepatocyte-derived cell line, Hepal-6, was purchased from ATCC (Lot #70031235) and
cultured in media containing DMEM (high glucose +L-glutamine (Gibco/Thermo Fisher Scientific)) + 1%
Penicillin and Streptomycin (Gibco) + 10% FBS (heat inactivated, Corning) and incubated at 37°C and 5%

CO,. Cells were split 2-3 times per week to maintain fitness.

24-well plates were seeded with 300,000 Hepal-6 cells per well to achieve 100% confluence at the start
of each experiment. The following day, cells were treated with either 10 uM of the TLR9 inhibitor ODN
2088 (Invivogen, San Diego, CA) or 10 uM of the 2088 Negative Control ODN (Invivogen). Experiment
endpoints were at 24, 48, and 72 hours post-treatment, where the cells were removed from the plates
with trypsin + EDTA (Gibco) before staining (see the Flow Cytometry and Cell Sorting methods for

further details).

Statistical Analysis

Graphs represent data from single experiments or aggregate data from 2-3 independent experiments as
noted in the figure legends. For all gene expression data, samples were eliminated from the analysis if
they did not pass a multi-step quality control check: RNA quality, raw Ct values present, and raw Ct

consistency between 3 technical replicates.
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For ALT, neutrophil, and myeloid cell data, statistical comparisons were between WT and TLR9”" mice
within the control, 16 hour, and 48 hour post-DT groups. For the hepatocyte-specific TLR9 deletion pilot
experiment, statistical comparison of ALT was between HepTLR9+/+ and HepATLR9 48 hours post-DT.
Significance was determined by multiple unpaired t-tests with Welch correction and corrected for false
discovery rate within multiple comparisons using the two-stage step-up Benjamini, Krieger, and Yekutieli
method. For data comparing gene expression between control, 16 hour, and 48 hour post-DT in WT and
TLR9” purified hepatocytes, significance was determined between six groups (WT control vs WT 16 hour
post-DT; WT control vs 48 hour post-DT; WT 16 hour post-DT vs WT 48 hour post-DT; TLR9” control vs
TLR97- 16 hour post-DT; TLR9” control vs TLR9”" 48 hour post-DT; and TLR97* 16 hour post-DT vs TLR9”"
48 hour post-DT) multiple unpaired t-tests with Welch correction were performed followed by
correction for false discovery rate within multiple comparisons using the two-stage step-up Benjamini,

Krieger, and Yekutieli method.

For data comparing gene expression between uninjured WT and TLR9” liver tissue, hepatocytes, and
Kupffer cells, multiple unpaired t-tests with Welch correction were performed followed by correction for
false discovery rate within multiple comparisons using the two-stage step-up Benjamini, Krieger, and
Yekutieli method. For these data, all statistical testing was performed within each sample type and then
displayed as Relative Transcript Abundance from total liver, hepatocytes, and Kupffer cells for each gene

in graph form.

For Hepal-6 data, comparisons were made between ODN 2088 and Negative Control ODN at each time,
multiple unpaired t-tests with Welch correction were performed followed by correction for false
discovery rate within multiple comparisons using the two-stage step-up Benjamini, Krieger, and Yekutieli

method. Significant p-values are represented by asterisks at the following levels: * p < 0.05, ** p < 0.01,
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*** p <0.001, and ns (not significant) p > 0.05. In general, if a test was non-significant, it is not
represented by ns in the figures. All statistical analysis was performed in GraphPad Prism 6 (La Jolla, CA)

or Microsoft Excel (Microsoft, Redmond, WA).
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Table 1 — Chapter 3 TagMan Assays

Gene Assay ID Species
Aim2 MmO01295719_m1 | Mouse
Pycard MmO00445747 g1 | Mouse
(Asc) -

Atf2 MmO01276552_m1 | Mouse
Bak1 MmO00432045 _m1 | Mouse
Bax MmO00432051_m1 | Mouse
Bcl2 MmO00477631_m1 | Mouse
Bid MmO00432073_m1 | Mouse
Caspase 1 MmO00438023_m1 | Mouse
Caspase 3 MmO01195085_m1 | Mouse
Caspase 7 MmO00432322_m1 | Mouse
Caspase 8 MmO01255716_m1 | Mouse
?EZJ; ,19(1]58 17) | Mm01297328 m1 | Mouse
Ccl2 MmO00441242_m1 | Mouse
Ccl5 MmO01302427_m1 | Mouse
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Table 1 (continued)

Gene Assay ID Species
Ccl7 MmO00443113_m1 | Mouse
Cxcl1 Mm04207460_m1 | Mouse
Cxcl2 Mm00436450_m1 | Mouse
Cxcl10 Mm00445235 m1 | Mouse
’(\Zflfllf MmO01278702_gH | Mouse
,(\Zf/lejl MmO00442479_m1 | Mouse
Fas Mm01204974_m1 | Mouse
Fos MmO00487425_m1 | Mouse
/(-LBD;%F Hs00181813 m1l Mouse
Il1alpha MmO00439620_m1 | Mouse
Il1beta MmO00434228 m1l | Mouse
1118 MmO00434226_m1 | Mouse
Jak2 Mm01208489 _m1 | Mouse
Prkaal Mm01296700_m1 | Mouse
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Table 1 (continued)

Gene Assay ID Species
Ripk1 MmO00436354_m1 | Mouse
Ripk3 MmO00444947_m1 | Mouse
Stat3 MmO01219775_m1 | Mouse
(T;’,{ J’;:’;a MmO00441883_g1 | Mouse
(T;’,{ J’;f’; b Mm00441889_ m1 | Mouse
Unc93b1 MmO00457643_m1 | Mouse
Gapdh Mm99999915 g1l Mouse
Hprt MmO03024075_m1 | Mouse
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Table 2 — Appendix 2 TagMan Assays

Gene Assay ID Species
Atg5 MmO01187303_m1 | Mouse
Atg7 MmO00512209_m1 | Mouse
Argl MmO00475988 _m1 | Mouse
Bcl2 MmO00477631_m1 | Mouse
Bid MmO00432073_m1 | Mouse
Caspase 1 MmO00438023_m1 | Mouse
Scaf11 Mm01297328_m1 | Mouse
(Caspase 11) -

Ccl2 Mm00441242_m1 | Mouse
Ccl3 Mm00441259 g1 Mouse
Ccl5 MmO01302427_m1 | Mouse
Ccl7 MmO00443113_m1 | Mouse
Ccl8 Mm01297183_m1 | Mouse
Ccl25 MmO0043644 m1l Mouse
Cxcl1 MmO04207460_m1 | Mouse

53




Table 2 (continued)

Gene Assay ID Species
Cxcl2 Mm00436450_m1 | Mouse
Cxcl9 MmO00434946_m1 | Mouse
Cxcl10 Mm00445235 m1 | Mouse
lcam1 MmO00516023_m1 | Mouse
Ifnal Mm03030145_ gH Mouse
Ifnb1 MmO00439552_s1 Mouse
Il1beta MmO00434228 m1l | Mouse
16 Mm00446190_m1 | Mouse
1110 Mm01288386_m1 | Mouse
1118 MmO00434226_m1 | Mouse
Irf3 MmO00516784_m1 | Mouse
Irf7 MmO00516793 gl Mouse
Isg15 MmO017052338 s1 | Mouse
Mx1 MmO00487796_m1 | Mouse
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Table 2 (continued)

Gene Assay ID Species
Nfkb1 MmO00476361_m1 | Mouse
Rsad2 Mm00491265 m1 | Mouse
Socs2 MmO00850544 g1 Mouse
Tgfb3 MmO00436960_m1 | Mouse
Tir2 Mm01213946 gl Mouse
Tir3 Mm01207404_m1 | Mouse
Tir4 MmO00445273_m1 | Mouse
Tir7 Mm04933178 gl Mouse
Tir9 Mm00446193_m1 | Mouse
Tlr11 MmO01701924 s1 Mouse
Tnfa MmO00443258 _m1 | Mouse
Veam1 MmO01320970_m1 | Mouse
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Chapter 3 — Regulation of innate liver injury by TLR9 in hepatocytes

Introduction

Pattern recognition receptors (PRRs) recognize conserved molecular patterns in proteins, lipids, and
nucleic acids and are essential for activating the innate immune response to both pathogens and
damage within the host. Canonical PRR signaling induces pro-inflammatory cytokines and chemokines to
recruit and activate circulating and resident innate immune cells. The liver is constantly exposed to
microbe-associated molecular patterns (MAMPs) as nutrients and gut microbe components are
transferred from the intestine via the portal vein(1-3). These harmless MAMPs are continuously binding
to their respective PRRs, yet the liver is not in a constant pro-inflammatory state(1, 4-6). Conversely, the
liver is a sentinel for gut-acquired pathogens and is able to mount a rapid and robust innate response to
pathogen-associated molecular patterns (PAMPs) during an infection(3). PRRs in the liver must therefore
strike a delicate balance between preventing pro-inflammatory signaling due to constant MAMP-PRR
interactions but still effectively activating canonical signaling in the presence of PAMPs. This balance
enables both rapid initiation and rapid resolution of liver inflammation caused by both pathogenic and

non-pathogenic insults.

Hepatocyte death is a major cause of non-pathogenic, or sterile, liver inflammation. Hepatocytes can
also play an active role in the innate immune response during liver injury(2, 7-9). Dying cells can
stimulate the innate immune response in different ways depending on the mechanism of cell death,
including the release of damage-associated molecular patterns (DAMPs), and the transcription of pro-
inflammatory genes(9, 10). DAMPs, which have a variety of functions in healthy cells, are thought to be

recognized by the same PRRs as MAMPs and PAMPs because they are concealed from the steady-state
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microenvironment and are only released when cells are damaged or dying(9). Cell death of 10-20% of
the hepatocytes is sufficient to initiate acute, self-limiting inflammation and tissue injury(7). This
indicates that hepatocytes may have dual roles in the liver immune response: 1) the release of DAMPs
and inflammatory stimuli from dying hepatocytes, and 2) PRR signaling in neighboring hepatocytes

triggered by dying hepatocytes.

One of the main functions of hepatocytes is to produce many of the immune components found in the
circulation that are essential for defense against bacterial and viral infections, such as complement and
transferrin(2). During sterile liver injury, hepatocytes produce chemokines such as CCL2 and CXCL1 to
initiate monocyte and neutrophil infiltration and activation(2, 7, 11). We have also previously described
hepatocyte transcription of cytokine-encoding genes (/ll6, Ifnal, Ifnb1, ll1beta, 1118, and //10) and
chemokine-encoding genes (Ccl2, Ccl3, Ccl5, Cxcl1, Cxcl2, and Cxcl10) in response to acute liver injury(7).
Despite these reports, the hepatocyte immune response to cell death within the liver remains largely
uncharacterized. Hepatocytes play a large role in dead cell removal; DAMP-PRR interactions could

therefore heavily influence the hepatocyte immune response during sterile liver injury (7, 12, 13).

DAMP recognition by PRRs, such as Toll-like receptors, produces inflammatory signals to recruit and
activate both tissue-resident and circulating immune cells similarly to PAMP-PRR interactions(9, 14-16).
For example, TLR9 is an intracellular PRR that is activated by unmethylated CpG DNA in the endo-
lysosome(17-19). While unmethylated CpG sites are rare in vertebrate DNA, mitochondrial DNA is
hypomethylated in comparison and can be recognized by TLR9 when released from dying cells(17, 19).
TLR9 signaling promotes Tyl inflammation, especially CXCL1-mediated recruitment of neutrophils and

inflammasome activation(20, 21). Despite the inflammatory responses activated by canonical TLR9

58



signaling, TLR9 exhibits protective effects in certain situations, such as: protecting cardiomyocytes and
neurons from stress(22, 23); preventing lung damage due to allergy(24); and regulating disease
pathogenesis in systemic lupus erythematosus(25). In the context of the liver, TLR9 drives injury due to a
high-fat diet(26-28) and acetaminophen (N-acetyl-para-aminophenol, or APAP) overdose(29), but
protective in a mouse model of chronic alcohol exposure(30). These studies suggest that the role of TLR9
signaling in the liver differs depending on the type of insult and may even be cell-type specific. In this
study, we examined whether TLR9 signaling was injurious or protective in the liver during inflammation

caused by hepatocyte death.

Results

To determine the impact of TLR9 deletion during sterile, self-limiting hepatitis caused by moderate
hepatocyte-specific death, C57BI/6 (WT) and TLR9”" mice were transduced with hepatocyte-specific
rAAV.hDTR.mCherry (or vehicle) to induce DTR expression in 10-20% of the hepatocytes. After two
weeks, mice were injected with DT and sacrificed either 16 hours or 48 hours later. Liver injury was then
assessed in these mice via serum ALT activity and liver lobes were fixed for H&E histology. TLR9 deletion
resulted in significantly increased serum ALT activity compared to WT mice 48 hours post-DT (Fig. 5A). In
WT mice there were pockets of dead hepatocytes surrounded by large areas of normal hepatocytes, as
we have observed previously (Fig. 5B)(7). In TLR9”" mice however, there was massive hepatocyte death,
evidence of hemorrhage, and very few remaining healthy hepatocytes by 48 hours post-DT (Fig. 5B).
Additionally, TLR9”" livers exhibited increased steatosis, hepatocyte ballooning, and hepatocyte injury 48
hours post-DT (Fig. 6A and B). There was no difference in DTR expression levels between WT and TLR9”"

livers to account for the increased liver injury observed in TLR9”" mice (Fig. 7). Taken together, these
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data indicate that TLR9 deletion results in more liver injury 48 hours following hepatocyte-specific killing

with DT.
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Fig 5. TLR9+ mice experience greater liver injury in the DTR model. WT and TLR9_/_ mice were
injected (r.o.) with 5 x 10° viral genomes of rAAV.mCherry.hDTR or PBS (control mice). After two
weeks, mice were injected (i.p.) with 20ng DT and were sacrificed 16 hours or 48 hours later. A)
Blood was extracted from the portal vein and ALT activity was assessed in the serum. N = 3-6 per
group. Significance was determined with unpaired Welch t-test, ** = p < 0.01. B) Next Page Sections
from fixed liver lobes were stained with H&E from control (No Injury) and 48 hours post-DT (48hr
Injury) groups in WT and TLR9_/_ mice. Representative images were chosen from one mouse per

group.

61



ur

48hr In

62



A) B)
100 - % __100- @ Wr
" 8 @ TLRY*
S _ 804 o 804
3’0 —
0.2 (©) o
R ®» 60- -0 2 60
X S *
T 3 40- © o S 40
£ 2 °
=7 204 ® 20- (-
£ @
50 & @
01 © 01990

Fig 6. Steatosis and hepatocyte injury are increased in TLR9” livers 48 hours post-DT. WT

and TLR9_/_ mice were injected (r.o0.) with 5 x 109 viral genomes of rAAV.mCherry.hDTR.
After two weeks, mice were injected (i.p.) with 20ng DT and sacrificed 48 hours later.
Sections from fixed liver lobes from WT (n = 3) and TLR9_/_ (n = 4) mice were stained with
H&E and A) hepatocyte injury and B) steatosis was scored blind. Significance was

determined with unpaired, Welch t-test, * = p < 0.05.
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Fig 7. AAV transduction in the liver is not affected by TLR9 deletion. WT (n = 4) and TLR9_/_ (n=3)

mice were injected (r.o0.) with 5 x 109 viral genomes of rAAV.mCherry.hDTR. Mice were sacrificed
after two weeks, and RNA was extracted from whole liver tissue. Human HB-EGF (DTR) gene
expression was calculated relative to Hprt and Gapdh. Significance was determined by unpaired,

Welch t-test, NS = not significant.
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The increased steatosis and hepatocyte ballooning observed in TLR9” livers at 48 hours post-DT
indicates that lack of TLR9 increases hepatocyte injury (Fig. 5B and Fig. 6). We hypothesized that
hepatocyte-specific TLR9 signaling prevents the increased hepatocyte injury observed in TLR9”" livers 48
hours post-DT. To test this, we generated mice with TLR9 deleted exclusively in hepatocytes (Hep*T™#°)
and compared liver injury to littermates expressing WT levels of TLR9 (Hep™"**/*) in a pilot experiment.
Serum ALT activity quantified 48 hours post-DT administration showed a clear biological trend for

ATLR mice, however it was not statistically significant due to low n (Fig. 8A, p =

increased injury in Hep
0.057). In a second pilot experiment, we tested whether TLR9 inhibition would increase hepatocyte
death in vitro. Hepal-6 hepatoma cells were treated with either ODN 2088 to inhibit TLR9, or a control
ODN (ODN 2088 Negative Control), for 72 hours and then assessed for cell permeability as the indicator
of cells death. TLR9 inhibition with ODN 2088 significantly increased permeabilized cells compared to
Hepal-6 cells treated with the control ODN (Fig. 8B). This suggested that the trend for increased liver

ATLR9

injury observed in Hep mice could be because TLR9 inhibition increased hepatocyte sensitivity to

death.
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Fig 8. TLR9 deletion from hepatocytes trends towards increased liver injury and TLR9 inhibition
. o ere +/+ TLR9+/+ +/+
increases susceptibility to cell death. A) TLR9-flox * (Hep ) and TLR9-flox * :: Alb-Cre+

(HepATLRQ) mice were injected (r.o.) with 5 x 10° viral genomes of rAAV.mCherry.hDTR or PBS (control
mice). After two weeks, mice were injected (i.p.) with 20ng DT. ALT activity from portal vein blood

was quantified 48 hours post-DT. Data is from a pilot study withn=4 (HepTLR9+/+) andn=3

ATLR9

(Hep ). B) 24-well plates were seeded with Hepal-6 cells and then treated with 10uM TLR9
inhibitor (ODN 2088) or negative control (ODN 2088 negative control) the next day. Cells were
trypsonized and incubated with a cell permeability dye 72 hours post-treatment and analyzed by
flow cytometry. Cell death was determined by identifying dye-positive populations. Cells that
stained positive for the permeability dye are considered dead or dying. Data is from a pilot study
with n = 3 for both conditions. Significance for both experiments was determined by unpaired Welch

t-test. Non-significant = not indicated, * = p <0.05, ** = p<0.01, *** = p < 0.001.

66



To determine if the increased injury in the absence of TLR9 also increased recruitment of innate immune
cells into the liver, we perfused the livers of WT and TLR97" mice 16 hours or 48 hours post-DT and
guantified infiltrating myeloid and neutrophil populations. There was no difference in either myeloid
(Fig. 9A) or neutrophil (Fig. 9B) infiltration between WT and TLR9”* mice. Previous work showed that
hepatocytes were the major producers of chemokines during the first 48 hours of DT-induced liver
injury(7). We hypothesized that, in addition to sensitizing hepatocytes to death, TLR9 deletion would
also perturb hepatocyte chemokine production and influence innate immune cell infiltration into the
liver. We therefore assessed the gene expression of Ccl2 (Fig. 9C), Ccl5 (Fig. 9D), Ccl7 (Fig. 9E), Cxcl1 (Fig.
9F), Cxcl2 (Fig. 9G), and Cxcl10 (Fig. 9H) in hepatocytes isolated from WT and TLR9" livers perfused at 16
hours or 48 hours post-DT. We observed only one difference between WT and TLR9” hepatocyte
chemokine gene expression — Cxcl10 expression was increased in TLR9”- hepatocytes 16 hours post-DT
~1.5 fold, but that difference disappeared by 48 hours post-DT (Fig. 9H). These results did not support
our hypothesis and instead indicate that recruitment and infiltration of innate immune cells into the

liver during DT-induced injury is independent of TLR9 signaling.
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Fig9 TLR9-/- mice have similar myeloid cell infiltration, neutrophil infiltration, and chemokine gene

expression as WT mice. WT and TLR9-/- mice were injected (r.o0.) with 5 x 109 viral genomes of
rAAV.mCherry.hDTR or PBS (control mice). After two weeks, mice were injected (i.p.) with 20ng DT and
were sacrificed 16 hours or 48 hours later. Non-parenchymal cells were isolated from perfused livers
and assessed via flow cytometry for A) myeloid cell (CD11b+F4/80-CD45+Tie2-) and B) neutrophil
(Ly6G+CD11b-F4/80-CD45+Tie2-) populations (n = 3-5 per group). RNA was extracted from purified
hepatocytes and gene expression of C) Ccl2, D) Ccl5, E) Ccl7, F) Cxcl1, G) Cxcl2, and H) Cxcl10 relative to
Hprt and Gapdh was assessed for each group. The data is representative of two experiments (n = 3-5
per group in each experiment). Significance was determined by unpaired Welch t-test. Non-significant

= not indicated, * = p <0.05, ** = p < 0.01, *** = p < 0.001.
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During liver injury, JAK/STAT and MAPK signaling is induced in hepatocytes and is required for
regeneration after inflammation is resolved(31-34). We hypothesized that the TLR9-dependent
increased liver injury is in part be due to dysregulation of one or multiple JAK/STAT and MAPK signaling
pathways in hepatocytes. To test this, we quantified Erk1 (aka Mapk3), Erk2 (aka Mapk1), and Stat3
gene expression in purified hepatocytes from WT and TLR9”" mice at 16 hours and 48 hours post-DT
administration. We found that TLR9”" hepatocytes had decreased Erk1 gene expression at 16 hours post-
DT administration, whereas WT hepatocytes did not decrease Erk1 expression until 48 hours post-DT
administration (Fig. 10A). Additionally, there was a small but significant increase of Erk1 gene expression
in TLR9”- hepatocytes compared to WT hepatocytes in control mice (Fig. 10A). Conversely, Erk2 and
Stat3 gene expression did not differ between WT and TLR9” hepatocytes during DT-induced liver injury,
with the exception of a small but significant increase of Erk2 in TLR9”- hepatocytes 16 hours post-DT
administration (Fig. 10B and C). While there were no significant differences in Erk2 or Stat3 gene
expression between WT and TLR9”- hepatocytes, a decrease in Erk1 gene expression suggests that TLR9

deletion may impact hepatocyte regeneration during the resolution phase.
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Fig 10 TLR9” and WT hepatocytes exhibit similar changes in Erk1, Erk2, and Stat3 gene expression

during DT-induced liver injury. WT and TLR9_/_ mice were injected (r.o.) with 5 x 109 viral genomes of
rAAV.mCherry.hDTR or PBS (control mice). After two weeks, mice were injected (i.p.) with 20ng DT
and were sacrificed 16 hours or 48 hours later. RNA was extracted from purified hepatocytes and
gene expression of A) Erk1 (Mapk3), B) Erk2 (Mapk1), and C) Stat3 relative to Hprt and Gapdh was
assessed for each group. The data is representative of two experiments (n = 3-5 per group in each

experiment). Significance determined by unpaired Welch t-test for the following comparisons:
Control vs 16hr Injury, Control vs 48hr Injury, 16hr Injury vs 48hr Injury in WT or TLR9_/_ mice; WT vs

TLR9” in the Control, 16hr Injury, or 48hr Injury conditions. * = p <0.05, ** = p < 0.01, *** = p < 0.001.
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A non-canonical TLR9 pathway that protects cardiomyocytes and neurons from pro-inflammatory
damage was described by Shintani, et al(22, 23). While pro-inflammatory TLR9 signaling is activated in
endosomes and mediated by MyD88, non-canonical TLR9 signaling is activated in the ER and promotes
AMP-activated kinase (AMPK) inhibition of non-essential ATP-consuming metabolism to facilitate cell
survival during hypoxia(22). This alternative TLR9 signaling requires low levels of Unc93b1, a TLR9
chaperone that is required for transport from the ER to endosomes(22). Our previous work showed that
MyD88 deletion reduced liver injury ~50% compared to WT mice 48 hours post-DT administration(7),
which suggests that TLR9-dependent protection was still intact. We therefore hypothesized that WT
hepatocytes would utilize the alternative TLR9 signaling pathway to increase survival during DT-induced
liver injury. To test this, we first evaluated Prkaal and Unc93b1 gene expression in total liver,
hepatocytes, and KCs of uninjured WT and TLR9”- mice. We predicted that if the alternative TLR9
pathway was being utilized in hepatocytes, Unc93b1 gene expression would be decreased in WT
hepatocytes compared to expression in total liver and KCs. We observed Unc93b1 relative transcript
abundance in hepatocytes to be increased compared to total liver but decreased compared to KCs from
both WT and TLR9”" mice (Fig. 11A). Because hepatocyte-specific Unc93b1 relative transcript abundance
was between that of whole liver and KCs, it was unclear whether sufficient TLR9 would remain at the ER
in hepatocytes to activate the alternative signaling pathway. To determine if TLR9 was promoting AMPK
activation in WT hepatocytes in response to liver inflammation, we quantified Prkaal (aka AMPK) gene
expression at 16 hours and 48 hours post-DT administration. In both WT and TLR9”- hepatocytes
however, Prkaal gene expression did not increase at either timepoint of liver injury. In fact, Prkaal gene
expression was significantly decreased by 48 hours post-DT administration in both WT and TLR9”"
hepatocytes (Fig. 11B). These results suggest that the hepatoprotective effects of TLR9 in hepatocytes is

not due to the alternative signaling pathway.
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Fig 11 Liver injury does not induce the alternative TLR9 pathway in hepatocytes. (A) WT and TLR9
mouse livers were perfused and RNA was extracted from total liver (TL), purified hepatocytes (H), and

purified Kupffer cells (KC). Gene expression of Unc93b1 relative to Hprt and Gapdh was assessed for

each group. (B) WT and TLR9_/_ mice were injected (r.o0.) with 5 x 10° viral genomes of
rAAV.mCherry.hDTR or PBS (control mice). After two weeks, mice were injected (i.p.) with 20ng DT and
were sacrificed 16 hours or 48 hours later. RNA was extracted from purified hepatocytes and gene
expression of Prkaal relative to Hprt and Gapdh was assessed for each group. The data is
representative of two experiments (n = 3-5 per group in each experiment). Significance determined by

unpaired Welch t-test. * = p < 0.05, ** = p< 0.01, *** = p < 0.001.
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The increased in cell death of ODN 2088-treated Hepal-6 cells and swifter decrease in Erk1 gene
expression both suggest that TLR9 deletion reduces hepatocyte tolerance of stress during DT-induced
liver injury (Fig. 8B and Fig. 10A). One potential explanation is that deletion of TLR9 increases
hepatocyte sensitivity to cell death stimuli. This could prime the TLR9”* mouse liver for uncontrolled
secondary hepatocyte death in addition to DT-induced hepatocyte death. Thus, we hypothesized that in
uninjured livers, TLR9 deletion would lead to hepatocyte-specific changes in expression of genes
associated with programmed cell death. To determine if lack of TLR9 impacted cell-type specific gene
expression, RNA was extracted from healthy WT and TLR9”- male mice (8-10 weeks). Expression of
essential genes associated with necroptosis (Fig. 12), intrinsic apoptosis (Fig. 13), and inflammasome
activation and pyroptosis (Fig. 14) were then quantified in both WT and TLR9”" total liver, hepatocytes
and KCs. We assessed gene expression of Ripk3, Ripkl, Tnfrl, and Tnfr2 to determine the impact of TLR9
deletion on necroptosis. TLR9” hepatocytes, but not total liver or KCs, showed significantly decreased
Ripk3 gene expression compared to WT, suggesting hepatocyte-specific necroptosis inhibition in TLR9”"
mice (Fig. 12A). To determine the impact of TLR9 deletion on intrinsic, or mitochondrial-mediated,
apoptosis we assessed gene expression of pro-apoptotic Bak, Bid, and Bax, as well as pro-survival Bcl2
BH3-only proteins. We observed a hepatocyte-specific decrease in pro-apoptotic Bak gene expression in
the absence of TLR9 (Fig. 13A). There was also a decrease in pro-survival Bc/2 gene expression in TLR9”"
hepatocytes, however the difference was not statistically significant (Fig. 13B, p = 0.19). While a change
in more than one BH3-only protein level would be required to activate intrinsic apoptosis due to
functional redundancy, these data suggest that TLR9 deletion decreases the ability of hepatocytes to

induce mitochondrial-induced apoptosis.
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Fig 12 TLR9 deletion decreases hepatocyte-specific gene expression of necroptosis in the

uninjured liver. WT or TLR9_/_ mouse livers were perfused, and RNA was extracted from whole
liver tissue (TL), purified hepatocytes (H), and purified Kupffer cells (KC). mRNA gene
expression relative to Hprt and Gapdh was determined for genes involved in necroptosis: A)
Ripk3, B) Ripk1, C) Tnfrl, and D) Tnfr2. Data was pooled from 2 experiments (n = 3-5 mice per
group). Significance was determined with unpaired Welch t-test, * = p <0.05, ** = p < 0.01,

**% = p < 0.001.
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Fig 13 TLR9 deletion decreases hepatocyte-specific gene expression of intrinsic apoptosis in

the absence of liver injury. WT or TLR9_/_ mouse livers were perfused, and RNA was extracted
from whole liver tissue (TL), purified hepatocytes (H), and purified Kupffer cells (KC). mRNA
gene expression relative to Hprt and Gapdh was determined for genes involved in intrinsic
apoptosis: A) Bak, B) Bcl2, C) Bid, and D) Bax. Data was pooled from 2 experiments (n = 3-5
mice per group). Significance was determined with unpaired Welch t-test, * = p <0.05, ** =p

<0.01, *** = p < 0.001.
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In APAP, I/R, and NASH mouse models, TLR9 deletion was shown to ameliorate liver injury by inhibiting
inflammasome activation (27, 29, 35). While we have shown here that TLR9 deletion in DT-induced liver
inflammation exacerbates injury, we predicted that TLR9”" mice would also exhibit reduced expression
of genes associated with the inflammasome and pyroptosis in uninjured liver cell populations. To test
this hypothesis, we perfused WT and TLR9”" livers and isolated RNA from total liver, hepatocytes, and
KCs to assess the gene expression of Asc, Aim2, Caspase 1, Scafl1 (Caspase 11), Nfkb1, ll1beta, and 1/18.
TLR9” hepatocytes exhibited decreased expression of Asc, Caspase 1, and Nfkb1 compared to WT
hepatocytes (Fig 14A-C). Additionally, //1beta and Aim2 gene expression in TLR9”" hepatocytes were also
decreased compared to WT, albeit not statistically significant (Fig. 14D and E, p = 0.021 and p = 0.018
respectively). Unexpectedly, the only change in inflammasome gene expression in TLR97- KCs compared
to WT was an increase in //18 (Fig. 14G). The NASH and I/R studies showed that TLR9 deletion and
subsequent inflammasome inhibition specifically in myeloid cells was sufficient to reduce liver injury (27,
35). We had therefore expected decreased inflammasome gene expression in TLR9”- KCs isolated from
uninjured livers, however there could still be post-translational inflammasome inhibition that we did not
detect. These data taken together suggest that TLR9-dependent inflammasome and gene expression
occurs specifically in hepatocytes of the uninjured liver. Whether the inflammasome activation in

hepatocytes leads to pro-inflammatory signaling or pyroptosis is still unclear.
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Fig 14 TLR9 deletion decreases hepatocyte-specific inflammasome and pyroptosis gene expression in

the uninjured liver. WT or TLR9_/_ mouse livers were perfused, and RNA was extracted from whole liver
tissue (TL), purified hepatocytes (H), and purified Kupffer cells (KC). mRNA gene expression relative to
Hprt and Gapdh was determined for genes involved in the inflammasome and pyroptosis: A) Asc, B)
Caspase 1, C) Nfkb1, D) Il14, E) Aim2, F) Caspase 11, and G) //118. Data was pooled from 2 experiments (n
= 3-5 mice per group). When gene expression was below the limit of detection for the assay, it is
represented with a black circle. Significance was determined with unpaired Welch t-test, * = p <0.05, **

=p<0.01, *** =p<0.001.
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In TLR9”- hepatocytes from uninjured livers, we found decreased expression of genes associated with
necroptosis, intrinsic apoptosis, and pyroptosis (Figs. 12-14). However, in the case of one cell death
pathway, we found evidence for increased expression in hepatocytes lacking TLR9. Fas gene expression
was significantly increased specifically in TLR97" hepatocytes (Fig. 15A), and gene expression of Caspases
3, 7, and 8 was preserved (Fig. 15B-D). The maintenance in caspase gene expression and increase in Fas
gene expression indicates that Fas-mediated apoptosis is favored in hepatocytes in the absence of TLR9.
We next quantified Fas and FasL surface expression in mouse hepatoma Hepal-6 cells treated with
ODN2088 for 24, 48, and 72 hours. The Fas+ cell population was increased in Hepal-6 cells after 48 hour
and 72 hour treatments with the TLR9 inhibitor (Fig 16A). The Fas MFI was increased in ODN 2088-
treated cells at 48 and 72 hours, indicating that TLR9 inhibition also increases the amount of Fas
expressed on each Fas+ hepatoma cell (Fig. 16A). FasL expression showed an initial spike in expression
of 2 out of 3 replicates 24 hours post-TLR9 inhibition and was still elevated after 72 hours (Fig. 16B). In
addition, ~60% of the FasL+ Hepal-6 cells were also Fas+ in the 24 hour treatment group (Fig. 16C).
Taken together with the decreased gene expression of other programmed cell death components, our
data show that TLR9 deletion promotes the availability of the Fas-mediated apoptotic cell death

pathway specifically in hepatocytes.
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Fig 15 TLR9 deletion increases Fas gene expression and conserves apoptosis caspase

gene expression in purified hepatocytes from uninjured livers. WT or TLR9_/_ mouse
livers were perfused, and RNA was extracted from whole liver tissue (TL), purified
hepatocytes (H), and purified Kupffer cells (KC). mRNA gene expression relative to Hprt
and Gapdh was quantified for A) Fas, B) Caspase 3, C) Caspase 7, and D) Caspase 8. (A-

D) Data was pooled from 2 experiments (n = 3-5 mice per group). Significance between

WTand TLR9_/_ conditions for each cell population was determined by unpaired Welch

t-test, ** = p < 0.01.
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Fig 16 TLRI inhibition increases surface expression of Fas and FasL over time in Hepal-6 cells.
24-well plates were seeded with Hepal-6 cells and then treated with vehicle (1X PBS) or 10uM
TLR9Y inhibitor (ODN 2088) the next day. At 24, 48, and 72 hours post-treatment, control and
treated cells were trysponized, stained for Fas (A) or FasL (B), fixed, and analyzed by flow
cytometry. Fas (A) and FasL (B) expression was characterized by both percent positively stained
cells and fluorescence intensity within the positive cell populations for each condition. C) Next
Page Dot plots representative of each condition show the proportion of Hepal-6 cells that
express FasL only (Q1), both FasL and Fas (Q2), Fas only (Q3), or do not express either Fas or
FasL (Q4). (A-C) Data is from one pilot experiment (n = 3 per condition). Significance was

determined with unpaired Welch t-test, * = p <0.05, ** = p < 0.01, *** = p < 0.001.
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Discussion

Our data indicate that TLR9 is crucial for controlling liver injury following hepatocyte-specific killing with
DT (Fig. 5), and that hepatocyte-specific TLRI inhibition is sufficient to cause increased liver injury and
cell death (Fig. 8). The increased hepatocyte death and injury at 48 hours post-DT did not correlate with
increased inflammatory gene expression in the liver (Fig. 9). In fact, we observed suppression of
inflammasome gene expression in TLR9”" mice that was also described in a mouse model of APAP
toxicity (Fig. 14)(29). Following a lethal dose of acetaminophen, mice lacking TLR9 were unable to
activate the NLRP3 inflammasome and exhibited reduced liver injury which prolonged survival by several
days(29). Even though TLR9 deletion led to similar impacts on the inflammasome in both models of liver
injury, TLR9”" mice experienced opposite pathological outcomes. The dose of APAP used was still able to
cause liver failure in at least a portion of mice even when the inflammatory response is suppressed. On
the other hand, DT-induced liver injury is non-lethal even with TLR9-dependent enhanced

hepatotoxicity(29).

The opposing outcomes of TLR9 signaling in different sterile liver injury models could be influenced by
cell-type specific TLR9 responses or acute vs. chronic TLR9 stimulation. In this study, purified
hepatocytes from TLR9” untreated livers exhibited altered gene expression compared to WT
hepatocytes amongst components of different cell death mechanisms (Figs. 11-15). TLR9 deletion in KCs,
however, did not alter gene expression in these pathways when compared to WT KCs. This indicates that
within the liver, TLR9 specifically regulates programmed cell death gene expression in hepatocytes.
Previous work showed that liver injury was almost completely ablated in TRIF/- mice at 48 hours post-DT
administration, but only decreased by ~50% in MyD887- mice(7). MyD88 and TRIF are TIR-domain

adapters that bind to TLRs, where TRIF interacts with TLR3 and TLR4 and MyD88 interacts with all TLRs
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except for TLR3. It was therefore surprising that MyD887 only had a partial reduction in injury when the
majority of TLR signaling was inhibited. When we consider the data from this study however, it is
possible that loss of protective TLR9 signaling in hepatocytes promoted some of the liver injury in
MyD887 mice even though the response to other TLR-specific DAMPs was restricted. In the chronic liver
injury model NASH however, TLR9 promotes inflammation and tissue damage via IL-1f in
nonparenchymal cell populations such as KCs and hepatic stellate cells(26, 27). This indicates that
certain cell-type specific responses may predominate over others depending on acute versus chronic

TLR9 stimulation.

Even in the absence of injury, we found that TLR9 controls Fas expression in hepatocytes. Purified
hepatocytes from untreated TLR9”" mice had a 2.5-fold increase in Fas gene expression compared to WT
hepatocytes (Fig. 10B). TLR9 inhibition also induced increased surface Fas expression and cell death in
Hepal-6 cells over time (Fig 16). These results suggest that TLR9 prevents secondary hepatocyte death
during acute, sterile liver injury by regulating Fas expression in hepatocytes. This is not the first
observation of TLR9-dependent Fas regulation — TLR9 inhibition promotes sensitivity to Fas-mediated
apoptosis in both human cervical cancer cells and B cells(36, 37). While further functional studies are
required to determine if TLR9 deletion does increase Fas-dependent secondary hepatocyte death during
DT-induced injury, our findings have several implications. First, the addition of TLR9 inhibitors to
immunotherapies for hepatocellular carcinoma (HCC) may improve therapy efficacy by increasing
sensitivity to Fas-mediated T cell killing and preventing immune escape(38). Conversely, the
administration route for TLR9 inhibitors used to treat autoimmune diseases needs to be carefully
considered. TLR9 inactivation drastically improves disease pathogenesis in psoriasis and Sjogren’s
syndrome, and several recent clinical trials target TLR9 to treat these diseases via daily oral

medication(39). The oral administration route could result in active drug in the liver with the potential to
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inhibit TLR9 in a large portion of hepatocytes. While this may not cause a problem when in an uninjured
liver, even mild insults such as imbibing alcohol or acetaminophen may progress to severe liver injury if
hepatocytes are sensitized to Fas-mediated apoptosis. For medications that are meant to be taken long-

term therefore, emphasis should be placed on preventing TLR9 inhibition in hepatocytes.

In this study, we found a protective role for TLR9 during self-limiting sterile liver injury via hepatocyte-
specific regulation of Fas-mediated apoptosis. These results show how hepatocytes influence the innate
immune response to acute, moderate liver injury and create support for evaluating the immunological

role of hepatocyte-specific TLR9 signaling in other liver diseases.
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Chapter 4 — Discussion of the caveats, challenges, alternate approaches, and future directions

Differentiating between DT-killed and neighboring hepatocyte contributions to liver inflammation
Challenges and Caveats

Our primary analysis of hepatocyte-specific responses for this model is gene expression. DT inhibits
translation, not transcription — at earlier timepoints when DT-targeted hepatocytes are still alive, gene
expression analysis is capturing their response as well as the neighboring hepatocyte response. This can
confound our efforts to identify hepatocyte signaling pathways that contribute to the initial
inflammatory response to hepatocyte death. Fortunately, TLR9 deletion has profound impacts on
hepatocytes in uninjured livers, and this allowed us to use gene expression analysis to identify Fas-
mediated apoptosis as a potential mechanism for exacerbated DT-induced injury in TLR9”- mice.
However, determining the distinct roles that DT-targeted hepatocytes and neighboring hepatocytes
contribute to inflammation will require more than just gene expression analysis as we will need to

compare their responses shortly after liver injury is initiated.

Multiple attempts were made to culture C57BI/6J and TLR9” primary hepatocytes transduced with
rAAV.hDTR.mCherry in order to distinguish between DT-killed and neighboring hepatocytes, however
the hepatocytes did not survive past 36 hours post-perfusion in all cases. Additionally, even had ex vivo
cultures been successful in our hands, proteomic analysis of primary hepatocyte cultures over time
shows that they lose the ability to clarify surrounding cell debris via loss of Asialoglycoprotein receptor
protein 2 (ASGR-2) and several complement system proteins (CFH, C3, and C4-B)(1). We think that
hepatocyte clearance of cellular debris in the microenvironment is a crucial step in the hepatocyte
contribution to inflammation caused by DT-killed hepatocytes. It is that inhibition of this process in

primary hepatocyte cultures would yield inaccurate results.
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Alternate Approaches and Future Direction

While there are many caveats associated with using transformed cell lines to characterize mechanisms
identified in complex in vivo models of liver injury, there are also distinct advantages to in vitro
hepatoma cell line experiments. For our purposes, utilizing hepatoma cell lines will allow us to
distinguish between the responses of DT-targeted and neighboring cells more easily than in mice. While
primary mouse hepatocytes lose essential characteristic shortly after culturing, the hepatoma cell line
Hepal-6 retains some aspects of in vivo mouse hepatocytes. The Hepal-6 cell line originated from a
C57BI/6J mouse hepatocellular hepatoma, and maintains ASGR-2, CFH, and C3 expression in culture,
albeit to a lesser extent than primary hepatocytes(1). Going forward we would utilize this cell line to
screen for differences between DT-targeted and neighboring populations at the protein level to inform
the experimental design of the more complicated and time-consuming mouse model. This includes
probing the effects of increased Fas expression, inflammasome inhibition, and potential changes in

stress tolerance we observed in TLR9”" hepatocytes (Ch 3).

Previous work found that TRIF and MyD88 are required for the liver to mount an inflammatory response
to DT-killed hepatocytes, yet the current data indicates that TLR3 and TLR4 are not required to initiate
acute liver inflammation, and TLR9 restricts liver injury (Ch. 3)(2). To really understand how neighboring
hepatocytes and nonparenchymal cells are initiating inflammation in response to hepatocyte death, we
need to characterize the potential DAMPs that are released from DT-targeted hepatocytes. This is
another way that in vitro experiments with hepatoma cell lines will prove useful. We have already
optimized DT killing in the human hepatoma cell line Huh7 and could probe for specific DAMPs released
into the supernatant. Then we can determine whether any of these DAMPs stimulate TLR2, TLRS5, or
TLR7 signaling in neighboring hepatocytes and/or nonparenchymal cell populations and. However, if

none of these TLRs are responsible for initiating TRIF- and MyD88-dependent responses, we will need to
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examine other potential mechanisms by which TRIF and MyD88 are mediating liver inflammation and

injury.

The hepatoprotective mechanism of TLR9 signaling

Challenges and Caveats

While we were able to run a pilot experiment in mice that had hepatocyte-specific TLR9 deletion, the
time involved in generating these mice was a multi-year process and thus precluded them from being
utilized to their intended extent in this project. Additionally, the global impact on gene expression in
uninjured TLR9”" hepatocytes, particularly in genes associated with the inflammasome, generated
multiple hypotheses for potential hepatoprotective mechanisms that masked significance of the

moderate increase in Fas gene expression.

Once we did form the hypothesis that TLR9 deletion increased hepatocyte susceptibility to Fas-mediated
cell death, we aimed to test this mechanism in mice and cell culture. We had planned a pilot experiment
to treat WT and TLR9” mice with a sub-lethal dose of Jo2 and determine whether TLR9” livers exhibited
greater injury. Unfortunately, project time constraints clashed with the time required for IACUC protocol
approval and this experiment was not performed. In vitro attempts to determine whether hepatocyte-
specific increased Fas gene expression in TLR97" mice was the cause of increased in vivo liver injury gave
mixed results. In hepatocytes, Fas predominantly localizes at the Golgi complex with low levels on the
plasma membrane. However different stimuli, such as bile acid or increased FasL, can induce transport
of Fas to the cell surface(3). TLR9 inhibitor treatment, but not control ODN, led to increased Fas and FasL
surface expression in Hepal-6 cells. This suggests that TLR9 inhibition is one such stimuli that induces

transport of Fas to the cell surface in hepatocytes.
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Despite the increase in Fas surface expression, attempts to induce Fas-mediated apoptosis using either
Jo2 or FasL with cross-linking antibodies were unsuccessful. This may be due to cell line resistance to
apoptosis from Fas activation alone(4). Strategies employed by other groups to induce Fas-mediated
apoptosis in hepatoma cell lines include the addition of gene or protein synthesis inhibitors or co-
cultures with cells overexpressing FasL(4). Both options produce additional variables that may prevent
accurate interpretation of TLR9-depenedent Fas regulation. In a pilot experiment, we showed that
treating Hepal-6 cells with the TLR9 inhibitor ODN 2088 for 72 hours increased spontaneous cell death
compared to cells treated with the ODN 2088 negative control. Our marker of cell death in this
experiment was a permeability dye rather than quantification of apoptosis caspase activation. This
meant that we could not definitively show TLR9 inhibition caused Fas-mediated apoptosis, although the
increased Fas and FasL surface expression in ODN 2088-treated Hepal-6 cells does strongly suggest this

is the mechanism (Ch. 3).

Alternate Approaches and Future Directions

While the challenges with specifically activating extrinsic apoptosis in cell lines discussed above still
apply, our observation that TLR9 inhibition results in increased cell death does provide a few options to
probe the relationship between TLR9 and Fas in Hepal-6 cells. The first option would be to determine if
TLR9 inhibition induces Caspase 3 and/or Caspase 8 cleavage, as this would be indicative of the
apoptotic pathway being activated even if the cells themselves have not yet died. An alternative strategy
would be to determine if the addition of a pan-caspase inhibitor reverses cell death induced by TLR9-

inhibition.

It will also be important to proceed with the previously planned Jo2 mouse experiment described earlier

in this section. We would expect sub-lethal or even sub-clinical doses of Jo2 will result in significantly
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increased liver injury in TLR9”" mice. If this hypothesis is supported, we would then proceed to reverse

ATLR9

the increased hepatocyte death in TLR9”" or Hep mice during DT-induced liver injury with either a

Fas inhibitor or pan-caspase inhibitor.

Discussion and Future Directions

In several mouse models discussed in Chapter 1, TLR9 promotes neutrophil-mediated immune
aggravation of the initial hepatotoxic insult (Table 3) (5-10). Neutrophils do not contribute to liver injury
in the DTR model and may be why TLR9 signaling exerts protective effects during the inflammatory
response to hepatocyte death(2). The different mechanisms of acute liver injury between these models
could also dictate whether TLR9 promotes hepatocyte survival or aggravates leukocyte inflammatory
immune responses (Table 3). Hepatotoxicity is ROS-mediated in APAP and IRl liver injury, whereas DT-
induced hepatotoxicity is due to protein synthesis inhibition(4, 8, 11-13). APAP treatment often results
in liver failure and animal death while DT-induced liver injury is self-limited. APAP induces ~30%
hepatocyte necrosis in C57Bl/6J mice, and DT-induced liver injury induces 10-20% hepatocyte death in
mice with a C57BI/6J background(2, 14). Taken together with different hepatotoxicity mechanisms for
each model, this suggests that the outcome of hepatotoxic liver injury in mice is heavily influenced by
different types of hepatocyte death. Each mechanism of cell death releases a different milieu of DAMPs
into the liver which would then influence the innate immune inflammatory response due to different

combinations of DAMP-PRR interactions.
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Table 3 — The Alternate Roles of TLR9 in Liver Injury Animal Models

Acetaminophen Ischemia Reperfusion ConA Chronic + Binge DTR
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L X . Hepatocyte
Model Liver injury from Autoimmune Alcohol-induced s
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inflammation
Hepatocytes ass s,
DAMP
Source LSECs
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hypovolemic shock reperfusion stage hypovolemic shock posz—DT
Direct Damage: Direct Damage: Direct Damage: Direct Damage: Direct Damage:
NAPQI-induced protein Ischemia depletes ATP, | LSEC membrane acetaldehyde-induced | DT-induced protein
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Iniu mitochondria and induce ROS production detachment damage DNA and Immune Damage:
M ecrjla%sm necrosis Immune Damage: Immune Damage: cause ER stress Mediated by TRIF
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cells cells secretion and TLR4
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DAMPs released by simultaneous necrosis and apoptosis may alter the inflammatory response such that
live failure is prevented in TLR9”" mice for several ROS-mediated hepatotoxicity models. In particular,
the protective effects of TLR9 deletion in APAP-induced liver injury would be due, in part, to a change in
the DAMP-induced innate immune response with the addition of Fas-mediated hepatocyte death. |
would test this hypothesis in two ways. First, | would compare APAP-induced liver injury in TLR9” mice
with and without the addition of a Caspase 3 inhibitor. Caspase inhibitors do not impact hepatotoxicity
in the APAP model, and the use of a Caspase 3-specific inhibitor should not interfere with inflammasome
activation. If my hypothesis is supported, | would expect that APAP-induced liver injury in TLR9”" mice
treated with the Caspase 3 inhibitor would be restored to WT (C57BI/6J) pathology. Another approach
would be to simultaneously treat WT mice with APAP and Jo2, which would result in decreased liver

injury if my hypothesis were supported.

Clinically, the inflammatory response in patients presenting with APAP-induced liver injury would likely
be too far progressed to benefit from apoptosis-derived DAMPs induced by TLR9 inhibitor treatment.
However, not all causes of acute liver injury and failure in humans are due to ROS-mediated
hepatotoxicity. It is critical to understand how each cell death mechanism influences liver pathology
because these differences may determine whether a patient is able to resolve acute liver injury or
progresses to acute liver failure. To that end, we need to determine whether the level of hepatocyte
death in TLR9” mice during DT-induced injury surpasses the regeneration threshold of the mouse liver.
We will need to monitor DT-induced liver pathology in TLR9”- mice over time until injury is resolved. It is
also possible that the exacerbated hepatotoxicity is irreversible in TLR97" mice and leads to liver failure

due to hypovolemic shock and hemorrhage like the Fas mouse model of liver injury(4).
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The data presented in this thesis suggests that TLR9 promotes hepatocyte survival during DT-induced
liver injury by suppressing Fas-mediated apoptosis. TLR9 signaling is predominantly considered to
exclusively promote a pro-inflammatory response during sterile or pathogenic tissue damage(5, 15-19).
Recent studies have described protective functions of TLR9, including promoting cell survival and
regulating Fas expression(20-23). In non-immune cells, TLR9 pro-survival effects have previously been
described in terminally differentiated cell populations, prompting the hypothesis that TLR9 protects
against stressors only in cells that cannot regenerate(21). However, the hepatocyte-specific TLR9
function described in this thesis expands the reach of cell types protected by TLR9 signaling to include

non-immune cells that frequently regenerate.
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Appendix 1 — TLR9 deletion and chemokine gene expression in the liver

Introduction

A hallmark of acute liver inflammation is infiltration of neutrophils and monocytes into the liver early in
the injury response(1-4). Hepatocytes, KC, LSECs, and other liver cell populations recruit leukocytes to
the site of liver injury via chemokine secretion that forms a concentration gradient. Chemokine gene
expression is increased upon pro-inflammatory stimuli such as cytokine production induced by DAMP-
PRR interactions. In DT-induced liver injury, gene expression of the chemokines Ccl2, Ccl5, Ccl7, Cxcl1,
Cxcl2, and Cxcl10 increase significantly after DT administration(1). Of these, the C-C chemokines recruit
monocytes, and the C-X-C chemokines recruit neutrophils. While monocyte and neutrophil infiltration
during DT-induced liver injury does not contribute to pro-inflammatory liver damage, leukocyte
infiltration does play a crucial role in other models of acute sterile liver injury(5-8). Therefore, part of
our evaluation of the effects of TLR9 deletion on DT-induced liver injury included comparing chemokine

gene expression in total liver, KC, and hepatocytes.

Results and Discussion

We quantified gene expression of the C-C chemokines Ccl2, Ccl5, Ccl7, and C-X-C chemokines Cxcl1,
Cxcl2, and Cxcl10 at 16 hours and 48 hours post-DT administration for total liver, KC, and hepatocytes.
Ccl2 gene expression in WT total liver increased at 48 hours compared to both the control and 16 hour
post-DT conditions, however there was no change in Ccl2 gene expression in TLR9”" livers at either 16
hours or 48 hours post-DT (Fig. 17A). Additionally, Cc/2 gene expression was increased in TLR9”" total
liver controls compared to WT controls (biological trend), but this effect was not exhibited by either
TLR97 KC or hepatocyte controls (Fig. 17B and C). This suggests that in the absence of TLR9, another cell

population is responsible for the increased Cc/2 gene expression we observed in the liver. Despite the
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apparent absence of a Cc/2 gradient induced in response to liver injury in the whole liver, myeloid
infiltration was not impaired in TLR9”" mice at either 16 hours or 48 hours post-DT (Fig. 9). Purified TLR9"
/- hepatocytes did increase Ccl2 gene expression at both times post-DT, however (Fig. 17C). This suggests

that hepatocyte Cc/2 gene expression dictates myeloid cell infiltration during DT-induced liver injury.

On the other hand, Ccl5 gene expression was increased in TLR97- hepatocyte controls compared to WT
hepatocytes (Fig. 17F). The difference in Ccl5 gene expression between TLR97" and WT hepatocytes
remained significant until 48 hours post-DT. We were unable to determine whether Cc/5 gene
expression was also increased in TLR9” total liver controls compared to WT because the gene
expression in the TLR9”- samples splits into two groups of relative transcript abundance (Fig. 17D). While
the data represented in these graphs are pooled from two experiments, each grouping of Ccl/5 relative
transcript abundance in the TLR9”" total liver control condition includes samples from both experiments.
CCLS5 recruits several different immune cell populations including monocytes, however the absence of a
gradient induced by liver injury in TLR9”- hepatocytes did not prevent monocyte recruitment to the liver

(Fig. 17F and Fig 9).

Similar to Ccl2 gene expression, Ccl7 was increased in the TLR9”" total liver controls compared to WT,
although this was a biological trend and not statistically significant (Fig. 17G). TLR9 deletion in
hepatocytes did not increase Ccl7 expression in controls compared to WT, and both WT and TLR9”-
hepatocytes induced Ccl7 gene expression in response to liver injury at both 16 hours and 48 hours post-
DT (Fig. 171). Surprisingly, TLR9 deletion completely altered Ccl7 gene expression in KCs. WT KCs
decrease Ccl7 gene expression almost 100-fold by 48 hours post-DT, whereas TLR9”" KCs increase Ccl7

gene expression 16 hours post-DT and maintain this increase 48 hours post-DT (Fig. 17H).
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Fig 17. Cell population-specific C-C chemokine gene expression with and without TLR9 at 16

hours and 48 hours post-DT. WT and TLR9_/_ mice were injected (r.o0.) with 5 x 109 viral genomes of
rAAV.mCherry.hDTR or PBS (control mice). After two weeks, mice were injected (i.p.) with 20ng DT
and were sacrificed 16 hours or 48 hours later. RNA was extracted from whole liver, purified
hepatocytes, and purified Kupffer cells and gene expression of A-C) Ccl2, D-F) Ccl5, G-1) Ccl7
relative to Hprt and Gapdh was assessed for each group. The data is pooled from two experiments
(n=3-5 per group in each experiment). Significance determined by unpaired Welch t-test for the

following comparisons: Control vs 16hr Injury, Control vs 48hr Injury, 16hr Injury vs 48hr Injury in

WT or TLR9” mice (gray statistics); WT vs TLR9” in the Control, 16hr Injury, or 48hr Injury
conditions (red statistics). * = p <0.05, ** = p < 0.01, *** = p < 0.001. Note: Hepatocyte C-C
chemokine gene expression at 16hr and 48hr post-DT was first discussed in Chapter 3 Fi. 3. These
graphs are also displayed here for ease of interpreting data only and are not being presented as

new data.
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Cxcl1 and Cxcl2 gene expression was increased in TLR9”" livers compared to WT, either 16 hours post-DT
or in the control groups (Fig. 18A and 18D, respectively). In WT livers DT-induced liver injury promoted
an increase in Cxcl1 and Cxcl2 gene expression by 48 hours post-DT compared to the control condition,
however neither of these genes increased following DT administration in TLR9”" livers (Fig. 18A and D).
TLR9 deletion in hepatocytes did not prevent increased Cxcl1 and Cxcl2 gene expression in response to
DT-induced liver injury (Fig. 18C). WT KC decreased Cxcl2 gene expression by 48 hours post-DT, however
TLR9 deletion in KC results in increased Cxcl2 gene expression 48 hours post-DT (Fig. 18E, biological

trend only).

TLR9 deletion resulted in increased Cxc/10 gene expression by both total liver and hepatocytes 16 hours
post DT compared to WT (Fig. 18G and 1). While Cxc/10 gene expression in TLR9” hepatocyte controls
did not differ, it is unclear whether the same is true for total liver due to the wide range in gene
expression in the TLR9” control group (Fig. 18G and 1). WT KCs showed increased Cxcl10 gene
expression 16 hours post-DT that returned to basal levels by 48 hours, however KC lacking TLR9 retained

elevated Cxcl10 gene expression at 48 hours post-DT (Fig. 18H).

TLR9 deletion did not decrease myeloid or neutrophil infiltration into the liver during DT-induced liver
injury even though livers lacking TLR9 did not increase gene expression of Ccl2, Ccl7, Cxcl1, or Cxcl2
compared to controls (Fig. 6 and Figs. 17A, 17G, 18A, and 18G). Conversely, TLR9 deletion did not
prevent hepatocytes from increasing gene expression of Ccl2, Ccl7, Cxcl1, and Cxcl2 following DT
administration. (Figs. 17C, 171, 18C, and 18I). This suggests that hepatocytes dictate myeloid cell and
neutrophil recruitment during DT-induced liver injury. Basal levels of Ccl2, Ccl7, Cxcl1, and Cxcl2 gene
expression were increased compared to WT in TLR9”total liver but not hepatocytes or KC (Figs. 17 and

18). This suggests TLR9 deletion is increasing chemokine expression in other liver cell populations in the
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absence of injury, such as LSECs. And finally, hepatocytes are the most abundant cell in the liver, yet the
chemokine gene expression changes in total liver tissue did not mimic the hepatocyte response to liver
injury even in WT mice. These results caution against exclusively assessing total liver gene expression to

fully describe the impact of TLR9 deletion during an inflammatory response.
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Fig 18. Cell population-specific C-X-C chemokine gene expression with and without TLR9 at 16 hours

and 48 hours post-DT. WT and TLR9_/_ mice were injected (r.o.) with 5 x 109 viral genomes of
rAAV.mCherry.hDTR or PBS (control mice). After two weeks, mice were injected (i.p.) with 20ng DT and
were sacrificed 16 hours or 48 hours later. RNA was extracted from whole liver, purified hepatocytes,
and purified Kupffer cells and gene expression of A) Cxcl1, B) Cxcl2, C) Cxcl10 relative to Hprt and
Gapdh was assessed for each group. The data is representative of two experiments (n = 3-5 per group

in each experiment). Significance determined by unpaired Welch t-test for the following comparisons:
Control vs 16hr Injury, Control vs 48hr Injury, 16hr Injury vs 48hr Injury in WT or TLR9_/- mice (gray

statistics); WT vs TLR9_/_ in the Control, 16hr Injury, or 48hr Injury conditions (red statistics). NS = not
significant, * = p <0.05, ** = p < 0.01, *** = p < 0.001. Note: Hepatocyte C-X-C chemokine gene
expression was first discussed in Chapter 3 Fi. 3. These graphs are also displayed here for ease of

interpreting data and are not being presented as new data.
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Appendix 2 — The effects of Silymarin treatment on DT-induced liver injury and inflammation

Introduction

Silymarin is an extract from Silybum marianum, commonly known as milk thistle, and is one of the oldest
plants used to treat various liver diseases ranging from acute Amanita mushroom poisoning to
cirrhosis(1-3). The active component of silymarin is the flavonolignan silybin, which exerts a wide range
of anti-inflammatory, anti-oxidant, and cell regeneration effects in the liver(2, 4, 5). Pre-treatment with
Silymarin protects against APAP-mediated liver injury in mice, without preventing NAPQI metabolism,
due to both its ROS scavenging ability and inhibition of JNK phosphorylation(5). Additionally, Silymarin
inhibits pro-inflammatory cytokine and chemokine production in the human hepatoma cell line Huh7(4).
We therefore hypothesized that Silymarin would ameliorate injury and inflammation in our model of DT-

induced liver injury.

Results and Discussion

To determine if Silymarin treatment would decrease injury or inflammation following hepatocyte-
specific death, we tested two different doses of oral Silymarin treatment in our DT-induced liver injury
model. C57BI/6J mice were injected with rAAV.mCherry.hDTR two weeks prior to initiation of liver injury
with DT. Mice received two oral gavage treatments of either vehicle, 100mg/kg Silymarin, or 300mg/kg
Silymarin on the same day as DT injection and 24 hours post-DT. There was no difference in liver injury
Serum ALT activity was quantified 48 hours post-DT and showed no difference in liver injury with either
dose of Silymarin (Fig. 19A). However, serum ALT activity was decreased in the control mice (1X PBS +
DT) treated with 300mg/kg Silymarin (Fig. 19B). We find that control mice who receive DT without the
DTR vector experience mild, non-DTR-specific liver injury with ALT activity usually between 100-300 1U/L

(empirical observation). The mechanism of DTR-independent mild liver injury induced by DT is unknown
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but could be due to either hepatotoxic effects from ASGR2-mediated endocytosis, or DT recognition by a
PRR resulting in mild inflammation. These results show that the highest dose of Silymarin reduces minor
DTR-independent liver injury caused by DT, but not the greater injury due to DTR-dependent hepatocyte

death.

We also quantified whole liver gene expression from mice treated with vehicle only, 100mg/kg
Silymarin, and 300mg/kg Silymarin injured mice and no injury vehicle-treated mice. Due to experiment
size and initial goals of the experiment, we did not assess gene expression in control mice receiving
either dose of Silymarin treatment. Silymarin treatment moderately reduced Ccl25, Cxcl1, and Cxcl2
chemokine gene expression in the liver (Fig. 20F, G, and H). Decreased Cxcl1 and Cxcl2 gene expression
may impair neutrophil recruitment to the liver, suggesting that Silymarin treatment would be more

effective at reducing injury in neutrophil-dependent acute liver injury models.

In addition to Cxcl1 and Cxcl2 gene expression, 100mg/kg Silymarin treatment also reduced TIr11 gene
expression (Fig. 22F). Mice treated with the 300mg/kg dose exhibited decreased Caspase 1 (Fig. 21B),
I11b (Fig. 21D), Socs2 (Fig. 21B), and Vcam1 (Fig. 27B) gene expression, and increased Atg7 gene
expression (Fig. 24B). Both doses of Silymarin decreased Irf3 gene expression (Fig. 23F). Silymarin
treatment did not impact gene expression of pro-apoptotic Bid or pro-survival Bcl2, in contrast to a
previous finding where treatment promoted BH3-mediated apoptosis (Fig. 25)(6).When these effects on
gene expression are taken together, the overall impact of Silymarin treatment is anti-inflammatory
(Table 4). However, the decrease in these inflammatory genes did not reduce serum ALT levels in either
treatment group. There are two potential reasons for this. First, the genes that are targeted by Silymarin

treatment may not be involved in the inflammatory response during DT-induced liver injury. Our other
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work with the DT-induced liver injury model indicate that neutrophils and inflammasome activation do

not play a crucial role in promoting inflammation or injury (Fig. 9)(7).

Alternatively, the moderate impact on gene expression after Silymarin treatment may instead be due to
the poor solubility of the oral treatment in solution (empirical observation). Oral Silymarin also has poor
bioavailability due to low absorption of only 20-50% in the intestines, and a relatively quick half-life of
up to 8 hours prior to excretion via bile and urine(2). In human studies, oral consumption of either
Silymarin (clinical trials) or milk thistle supplements (over the counter) has been shown to have little to
no effect on liver inflammation(1, 2, 8). Effective treatment of HCV and acute liver failure caused by
mushroom poisoning has been achieved using an intravenous formulation of Silymarin, called Legalon®
SIL(8, 9). It is therefore important to test the effect of the intravenous Silymarin formulation on DT-
induced liver injury. This experiment would either confirm that the drug’s targets do not largely
contribute to liver injury and inflammation caused by non-ROS-dependent hepatocyte death or provide
evidence that oral formulations of Silymarin do not effectively reach the liver. Regardless of whether
Legalon® SIL ameliorates DT-induced liver injury, the anti-inflammatory changes in gene expression do
agree with some of the effects observed in in vitro experiments and provide support for further study of

the role Silymarin can play in liver diseases(4).
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Fig 19. Silymarin treatment does not reduce DT-dependent liver injury. Mice were injected (r.o.)

with 5 x 109 viral genomes of rAAV.mCherry.hDTR or 1X PBS. After two weeks, mice were injected
(i.p.) with 20ng DT and received either vehicle, 100mg/kg Silymarin, or 300mg/kg Silymarin via oral
gavage. Mice received a second treatment with vehicle, 100mg/kg Silymarin, or 300mg/kg Silymarin
via oral gavage 24 hours later. Mice were sacrificed 48 hours post-DT, and blood was harvested to
quantify serum ALT activity. A) Serum ALT activity for 48 hour injury in mice treated with vehicle only,
100mg/kg Silymarin, or 300mg/kg Silymarin, with vehicle no injury control for reference. Data is
pooled from 2 experiments with n =5 per group. B) Serum ALT activity for no injury control mice
treated with vehicle, 100mg/kg Silymarin, or 300mg/kg Silymarin. Data is pooled from 2 experiments

with n =5 per group. Significance was determined with unpaired, Welch t-test, * = p < 0.05
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Fig 20. Silymarin treatment does reduce chemokine gene expression 48 hours post-DT

treatment. Mice were injected (r.o0.) with 5 x 109 viral genomes of rAAV.mCherry.hDTR or 1X
PBS. After two weeks, mice were injected (i.p.) with 20ng DT and received either vehicle,
100mg/kg Silymarin, or 300mg/kg Silymarin via oral gavage. Mice received a second treatment
with vehicle, 100mg/kg Silymarin, or 300mg/kg Silymarin via oral gavage 24 hours later. Mice
were sacrificed 48 hours post-DT, and liver tissue was harvested for RNA extraction. Gene
expression for A) Ccl2, B) CclI3, C) Ccl5, D) Ccl7, E) Ccl8, F) Ccl25, G) Cxcl1, H) Cxcl2, I) Cxcl9, and J)
Cxcl10 relative to Gapdh and Hprt was quantified for all groups. Data is pooled from 2
experiments with n = 5 per group. Significance was determined with unpaired, Welch t-test. * =
p <0.05; ** = p <0.01; *** = p < 0.001. Statistics represented in gray compared each 48 hour
injury group to the No Injury Vehicle group. Statistics represented in blue compared each 48

hour Injury Silymarin treatment to the 48 hour Injury Vehicle group.
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Fig 21. Silymarin treatment does reduce inflammasome gene expression 48 hours post-DT treatment.

Mice were injected (r.0.) with 5 x 109 viral genomes of rAAV.mCherry.hDTR or 1X PBS. After two weeks,
mice were injected (i.p.) with 20ng DT and received either vehicle, 100mg/kg Silymarin, or 300mg/kg
Silymarin via oral gavage. Mice received a second treatment with vehicle, 100mg/kg Silymarin, or
300mg/kg Silymarin via oral gavage 24 hours later. Mice were sacrificed 48 hours post-DT, and liver
tissue was harvested for RNA extraction. Gene expression for A) Nirp3, B) Caspase 1, C) Caspase 11, D)
Ill1beta, E) 1118, and F) Nfkb1 relative to Gapdh and Hprt was quantified for all groups. Data is pooled
from 2 experiments with n =5 per group. Significance was determined with unpaired, Welch t-test. * =p
<0.05; ** = p < 0.01; *** = p < 0.001. Statistics represented in gray compared each 48 hour injury group
to the No Injury Vehicle group. Statistics represented in blue compared each 48 hour Injury Silymarin

treatment to the 48 hour Injury Vehicle group.
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Fig 22. Silymarin treatment reduces TIr11 gene expression 48 hours post-DT treatment. Mice were

injected (r.o.) with 5 x 109 viral genomes of rAAV.mCherry.hDTR or 1X PBS. After two weeks, mice
were injected (i.p.) with 20ng DT and received either vehicle, 100mg/kg Silymarin, or 300mg/kg
Silymarin via oral gavage. Mice received a second treatment with vehicle, 100mg/kg Silymarin, or
300mg/kg Silymarin via oral gavage 24 hours later. Mice were sacrificed 48 hours post-DT, and liver
tissue was harvested for RNA extraction. Gene expression for A) Tir2, B) Tir3, C) Tir4, D) Tir7, E) TiIr9,
and F) Tir11 relative to Gapdh and Hprt was quantified for all groups. Data is pooled from 2
experiments with n = 5 per group. Significance was determined with unpaired, Welch t-test. * = p <
0.05; ** = p < 0.01; *** = p < 0.001. Statistics represented in gray compared each 48 hour injury
group to the No Injury Vehicle group. Statistics represented in blue compared each 48 hour Injury
Silymarin treatment to the 48 hour Injury Vehicle group. Black circles represent gene expression

below the limit of detection.
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Fig 23. Silymarin treatment reduces Irf3 gene expression 48 hours post-DT treatment. Mice were

injected (r.o.) with 5 x 109 viral genomes of rAAV.mCherry.hDTR or 1X PBS. After two weeks, mice were
injected (i.p.) with 20ng DT and received either vehicle, 100mg/kg Silymarin, or 300mg/kg Silymarin via
oral gavage. Mice received a second treatment with vehicle, 100mg/kg Silymarin, or 300mg/kg
Silymarin via oral gavage 24 hours later. Mice were sacrificed 48 hours post-DT, and liver tissue was
harvested for RNA extraction. Gene expression for A) TIr2, B) Tir3, C) Tir4, D) Tir7, E) TIr9, and F) Tir11
relative to Gapdh and Hprt was quantified for all groups. Data is pooled from 2 experiments withn=5
per group. Significance was determined with unpaired, Welch t-test. * = p < 0.05; ** =p < 0.01; *** =p
< 0.001. Statistics represented in gray compared each 48 hour injury group to the No Injury Vehicle
group. Statistics represented in blue compared each 48 hour Injury Silymarin treatment to the 48 hour

Injury Vehicle group.

118



No Injury Vehicle
48hr Injury Vehicle
48hr Injury 100mg/kg Silymarin

@ 0@eo

48hr Injury 300mg/kg Silymarin

0.1+

0.1- !%§

0.01

0.01

Relative Transcript Abundance
Relative Transcript Abundance

Atg7

Fig 24. Silymarin treatment increases Atg7 gene expression 48 hours post-DT treatment. Mice were

injected (r.o.) with 5 x 109 viral genomes of rAAV.mCherry.hDTR or 1X PBS. After two weeks, mice were
injected (i.p.) with 20ng DT and received either vehicle, 100mg/kg Silymarin, or 300mg/kg Silymarin via
oral gavage. Mice received a second treatment with vehicle, 100mg/kg Silymarin, or 300mg/kg
Silymarin via oral gavage 24 hours later. Mice were sacrificed 48 hours post-DT, and liver tissue was
harvested for RNA extraction. Gene expression for A) Atg5 and B) Atg7 relative to Gapdh and Hprt was
qguantified for all groups. Data is pooled from 2 experiments with n = 5 per group. Significance was
determined with unpaired, Welch t-test. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. Statistics
represented in gray compared each 48 hour injury group to the No Injury Vehicle group. Statistics

represented in blue compared each 48 hour Injury Silymarin treatment to the 48 hour Injury Vehicle

group.
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Fig 25. Silymarin treatment does not decrease BH3 gene expression 48 hours post-DT

treatment. Mice were injected (r.o0.) with 5 x 109 viral genomes of rAAV.mCherry.hDTR or 1X
PBS. After two weeks, mice were injected (i.p.) with 20ng DT and received either vehicle,
100mg/kg Silymarin, or 300mg/kg Silymarin via oral gavage. Mice received a second treatment
with vehicle, 100mg/kg Silymarin, or 300mg/kg Silymarin via oral gavage 24 hours later. Mice
were sacrificed 48 hours post-DT, and liver tissue was harvested for RNA extraction. Gene
expression for A) Bid and B) Bc/2 relative to Gapdh and Hprt was quantified for all groups. Data
is pooled from 2 experiments with n =5 per group. Significance was determined with unpaired,
Welch t-test. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. Statistics represented in gray compared

each 48 hour injury group to the No Injury Vehicle group.
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Fig 26. Silymarin treatment decreases Socs2 gene expression 48 hours post-DT treatment. Mice

were injected (r.o0.) with 5 x 109 viral genomes of rAAV.mCherry.hDTR or 1X PBS. After two weeks,
mice were injected (i.p.) with 20ng DT and received either vehicle, 100mg/kg Silymarin, or 300mg/kg
Silymarin via oral gavage. Mice received a second treatment with vehicle, 100mg/kg Silymarin, or
300mg/kg Silymarin via oral gavage 24 hours later. Mice were sacrificed 48 hours post-DT, and liver
tissue was harvested for RNA extraction. Gene expression for A) Arg and B) Socs2, C) 1110, D) Tgfb3
relative to Gapdh and Hprt was quantified for all groups. Data is pooled from 2 experiments with n =
5 per group. Significance was determined with unpaired, Welch t-test. * = p < 0.05; ** = p < 0.01; ***
= p < 0.001. Statistics represented in gray compared each 48 hour injury group to the No Injury
Vehicle group. Statistics represented in blue compared each 48 hour Injury Silymarin treatment to

the 48 hour Injury Vehicle group.
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Fig 27. Silymarin treatment decreases Vcam1 gene expression 48 hours post-DT treatment. Mice

were injected (r.o0.) with 5 x 109 viral genomes of rAAV.mCherry.hDTR or 1X PBS. After two weeks,
mice were injected (i.p.) with 20ng DT and received either vehicle, 100mg/kg Silymarin, or 300mg/kg
Silymarin via oral gavage. Mice received a second treatment with vehicle, 100mg/kg Silymarin, or
300mg/kg Silymarin via oral gavage 24 hours later. Mice were sacrificed 48 hours post-DT, and liver
tissue was harvested for RNA extraction. Gene expression for A) 1l6 and B) Tnfa, C) Icam1, D) Vcam1
relative to Gapdh and Hprt was quantified for all groups. Data is pooled from 2 experiments withn=5
per group. Significance was determined with unpaired, Welch t-test. * = p < 0.05; ** = p < 0.01; *** =
p < 0.001. Statistics represented in gray compared each 48 hour injury group to the No Injury Vehicle
group. Statistics represented in blue compared each 48 hour Injury Silymarin treatment to the 48

hour Injury Vehicle group.
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Table 4 — Gene expression significantly altered by Silymarin treatment

. Af il i
Gene Function Immune Response Impact ter Silymarin
Treatment
Autophagosome Anti-inflammatory, delivers cargo
Atg7 I d
9 assembly(10) to lysosomes for digestion(11) nerease
Cel25 Chemokine, binds to Lymphgcyte(lZ) and myeloid(13) Decreased
CCR9 trafficking
xcll Chemokine, binds to NEL.JtI’O‘phI| trafficking and Decreased
CXCR2 activation
Cxcl2 Chemokine, binds to NEL.JtI’O‘phI| trafficking and Decreased
CXCR2 activation
Caspase 1 Cleavgs pro—l!.—lB and Inflamma.some activation, Decreased
IL-18 into active forms pyroptosis
Prostaglandin synthesis,
Cytokine, binds IL-1RI proinflammatory cytokine
I11b D d
and IL-1RlI production, and neutrophil, T cell, ecrease
and B cell activation
Socs2 STAT inhibitor Negative r'egula.tlon of cytokine Decreased
receptor signaling
Transcription factor Type | IFN Response, especially in
Irf3 specific for IFNa, IFNJ3, P P » €SP y Decreased
macrophages
and ISGs
End | PRR
rgcoosr?i:(: ’ Induces IL-12 and IFNy
Tir11 g' production, promotes NK and CTL Decreased
flagellin(14) and o . .
. activation, DC migration to LN(15)
profilin
Endothelial surface lM ridlszisfeih?l)onno(c)ftes
Vcam1 expression, binds VLA- v p y ’ Y . Decreased
. . eosinophils, and basophils to
4 integrin .
vascular endothelium
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