Innate Immune Consequences of Hepatocyte Injury

Katherine J. Brempelis

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2016

Reading Committee:
lan N. Crispe, Chair
Jessica Hamerman

Stephen Polyak

Program Authorized to Offer Degree:

Pathobiology



© 2016

Katherine J. Brempelis



University of Washington

Abstract

Innate Immune Consequences of Hepatocyte Injury

Katherine J. Brempelis

Chair of the supervisory committee:
Professor lan N. Crispe

Department of Pathology

Acute and chronic liver disease are estimated to have caused more than two
million deaths in 2013, accounting for 4% of total worldwide deaths. The etiologies of
acute and chronic liver injury are varied and include insult from pathogens, toxins, diet,
and mechanical stresses. A common feature of both infectious and non-infectious liver
injury is the death of hepatocytes, the dominant cell population in the liver. The innate
inflammatory response to hepatocyte death plays an important role in the outcome of
liver injury and can determine whether inflammation is resolved or progresses to chronic
disease. This dissertation outlines research to identify innate immune signaling
pathways involved in the response to hepatocyte death. To this end, we have developed
a mouse model of hepatocyte-specific death to induce acute liver injury by expressing
the human diphtheria toxin receptor specifically in hepatocytes. Upon administration of
diphtheria toxin and induction of hepatocyte death, we found that the Toll/IL-1 receptor
domain-containing adapter protein inducing IFN-B (TRIF) was a central mediator in the

resulting inflammatory response and signaled by Toll-like receptor 4- and type |



interferon-independent mechanisms. Hepatocytes were the main responders to cell
death and up-regulated chemokine (Ccl2, Ccl5, Ccl7, Cxcll, Cxcl2, Cxcl10), cell
adhesion (Icaml, Vcaml), and inflammatory (Tnf, Ifnb1l) genes more than either liver
sinusoidal endothelial cells or Kupffer cells. We also employed a diet- and alcohol-
induced model of liver injury to study the effects of hepatocyte death in a chronic setting.
We found that increased liver steatosis, or fatty liver, correlated with increased amounts
of dietary carbohydrates, and specifically glucose. Furthermore, similar to our model of
acute liver injury, we found that hepatocytes were central responders to liver injury and
up-regulated the expression of chemokine (Ccl2, Ccl5, Cxcl10), cell adhesion (Vcaml),
inflammatory (ll1a, I11b), and fibrosis (Mmp9, Mmp12, Pdgfra, Tgfb1l) genes more than
either liver sinusoidal endothelial cells or Kupffer cells. Finally, ethanol exposure
increased the recruitment of neutrophils to the liver but down-regulated expression of
Tgfbl and reduced the overall pathology.

The unifying theme we demonstrate in this thesis is the previously-
underappreciated central role that hepatocytes play in the response to non-infectious
liver injury. Hepatocytes are both the targets of insult and the primary mediators of the
innate immune response in models of acute and chronic inflammation, suggesting a

conserved mechanism in the response to liver injury.
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CHAPTER 1: INTRODUCTION

Overview

Liver disease is a serious concern in both developing and developed nations,
contributing to 4% of deaths worldwide [1]. Liver damage can be caused by pathogens,
toxins, diet, or mechanical stress and initiates an inflammatory response by innate
immune cells. The outcome of the initial innate immune response dictates whether
inflammation is acute and resolved or chronic with potential progression to fibrosis,
cirrhosis, and/or hepatocellular carcinoma. Inflammation is often complicated by the fact
that more than one cause, for example hepatitis C virus infection combined with chronic
alcohol consumption, contributes to the resulting pathology. The inflammatory responses
to liver damage in the presence and absence of pathogen utilize shared signaling
pathways. As a result, the contribution of specific factors to the inflammation can be
difficult to disentangle. In this dissertation, | use two models of liver injury, and
specifically of hepatocyte death, to understand the role non-infectious modes of injury
play in acute and chronic inflammatory responses in the liver. The remainder of this
introductory chapter will provide the context for the studies outlined in this dissertation.
Chapter 2 describes methods critical for the understanding and execution of Chapters 3
and 4. Chapter 3 describes an acute mouse model of liver injury induced by hepatocyte
death. Chapter 4 describes a diet- and ethanol-induced mouse model of chronic liver
injury. Finally, Chapter 5 provides a synthesis of the major findings in this dissertation,
and elaborates on one of the unexpected and interesting connecting themes that

emerged through the use of these distinct models of injury: the hepatocyte is a key

mediator of the immune response to liver injury.




The global burden of liver disease

Worldwide, viral hepatitis contributes heavily to the burden of liver pathologies.
Two-hundred and forty million people are chronically infected with hepatitis B virus
(HBV) and 130-150 million people with hepatitis C virus (HCV) [2, 3]. Fifty-five to
seventy-five percent of people infected with HCV will progress to chronic infection and of
those, 15-30% will develop cirrhosis within 20-30 years [3, 4]. Once cirrhosis is
established, the risk of developing hepatocellular carcinoma (HCC), the leading form of
liver cancer, is 5-7% per year [5]. While only 5% of adults with HBV infections develop
chronic infection, up to 90% of infants who vertically acquire HBV progress to chronic
disease [4]. Chronic HBV infection also predisposes people to develop fibrosis, cirrhosis,
and HCC, contributing to 30% of cirrhosis cases and 53% of HCC cases [6]. Overall,
HBV and HCV contribute to 57% of cirrhosis cases and 78% of HCC cases, respectively
[6].

While HBV and HCV are leading causes of liver disease in resource-poor
nations, drug- and diet-induced pathologies are the main contributing factors to liver
disease in developed nations. In Western nations, the main cause of acute liver failure
(ALF) is acetaminophen (APAP) overdose, accounting for nearly 50% of ALF cases [7].
Ischemia-reperfusion (IR) injury contributes to up to 10% of early organ failure following
liver transplant and can ultimately lead to increased risk of short-term and long-term
organ rejection [8]. Damage induced by diet results in non-alcoholic fatty liver disease
(NAFLD), the most common chronic liver disease in Western nations, which can
progress to non-alcoholic steatohepatitis (NASH). Damage induced by alcohol results in
alcoholic liver disease (ALD), which can progress to alcoholic steatohepatitis (ASH).
NAFLD and ALD are characterized by fatty liver, or steatosis, and with the development
of fibrosis and inflammation, can progress to NASH and ASH, respectively. Current
studies suggest that between 20-30% of the population of the United States and other
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Western nations is afflicted by fatty liver [9]. Chronic alcohol abuse is a global issue with
studies estimating the presence of 140 million alcoholics worldwide [10]. In the United
States alone, chronic alcohol consumption contributed to 13,050 deaths in 2006,

approximately 47% of all deaths attributable to chronic liver disease and cirrhosis [11].

Non-infectious modes of liver injury: Acute and chronic pathologies

The innate immune system has evolved to identify and respond to pathogens
through the recognition of conserved microbial motifs known as pathogen-associated
molecular patterns (PAMPS) [12]; however, innate immune-mediated inflammation also
occurs in the absence of pathogen, as with APAP-induced injury or IR injury during
organ transplant [13]. Termed sterile inflammation, this state is induced by the release of
host-derived products, called damage associated-molecular patterns (DAMPSs), during
tissue damage. DAMPs, which are normally sequestered inside cells, interact with the
pattern recognition receptors (PRRSs) of the innate immune system and initiate an
inflammatory response.

Liver injury is not monolithic, and there are several pathologies that straddle the
border between sterile inflammation and pathogen-induced inflammation. One such
example is ALD. In ALD, ethanol-induced damage results in the release of various
DAMPs; however, ethanol exposure also increases intestinal permeability and results in
increased leakage of lipopolysaccharide (LPS), a bacterial PAMP, from the commensal
intestinal flora into the blood supply to the liver. Once in the liver, LPS binds to and
activates liver resident macrophages, known as Kupffer cells (KCs), which then produce
inflammatory cytokines that promote hepatocyte damage [14-16].

While some forms of sterile liver injury may in fact respond solely to DAMPs

released from dying cells, many forms of “sterile” injury are complicated by a response to



PAMPs. The response to PAMPs from the normal gut flora as a component of “sterile”
inflammation is increasingly thought to play an important role in pathologies of the liver.
The unifying feature of both of true sterile inflammation and inflammation involving an

additional PAMP component is that they are non-infectious modes of liver injury.

Acute inflammation

Non-infectious liver injury can induce an acute immune response that either
resolves or results in death of the host, or a chronic immune response that produces
continual cycles of cell death and inflammation. In the liver, acute inflammation is
characterized by the production of cytokines—interleukin (IL)-6, IL-13, and tumor
necrosis factor (TNF)-a—and chemokines—chemokine (C-C motif) ligand (CCL) and C-
X-C motif chemokine (CXCL) family chemokines—in response to liver injury which is
largely composed of, but not limited to, hepatocyte death [17, 18]. KCs play a central
role in the induction and propagation of acute liver injury. Activation of KCs by dying
hepatocytes and their released DAMPs drives the production of mediators that can
directly induce hepatocyte death (TNF-a, Fas ligand, and reactive oxygen species
(ROS)) or indirectly induce hepatocyte death through the recruitment of neutrophils (IL-
1B, CXCL1, and CXCL2) [17, 19]. KCs also produce the anti-inflammatory cytokine IL-
10, which exerts indirect protective effects on hepatocytes [17]. The influx of neutrophils
and monocytes is a hallmark of acute liver injury, with various studies noting the
importance of infiltrating monocytes in the production of inflammatory chemokines, a role
which is often attributed solely to the hepatic KCs [17]. Classic examples of acute liver

inflammation are APAP hepatotoxicity and IR injury.



Chronic inflammation

In many cases, the acute inflammation described above is not resolved and a
state of chronic inflammation is established in the liver. For this reason, acute and
chronic inflammation can be considered on a spectrum and the events initiating a state
of chronic inflammation are the same as those just described for acute inflammation.
The difference between acute and chronic liver injury lies in failure of the immune
system to resolve the inflammation due to repeated insult and re-injury. With enough
time, chronic inflammation can progress to fibrosis, cirrhosis, and ultimately the
irreversible state of HCC.

Hepatic stellate cells (HSCs) are central mediators of the progression to fibrosis.
Dying cells and chemokines produced in the response to injury activate HSCs which
then secrete transforming growth factor beta (TGF-B). TGF-B induces the
transdifferentiation of HSCs into activated myofibroblasts, which promote deposition of
extracellular matrix and collagen, leading to fibrosis of the liver. During inflammatory
responses, KCs produce matrix metalloproteinases (MMPs) to degrade collagen and
extracellular matrix components that have been deposited, but myofibroblasts counteract
MMPs by producing tissue inhibitors of metalloproteinases (TIMPs) which degrade
MMPs [20]. This cycle of matrix deposition, production of TIMPs, and inhibition of MMPs
leads to scarring of the liver. The cycle is further perpetuated by TNF-a and IL-13,
inflammatory cytokines produced during the response to liver injury, which promote
myofibroblast survival [20]. Examples of chronic liver inflammation include the NAFLD
and ALD spectrums. In these and related indications, the interplay of cell types,
inflammatory signaling molecules, and molecular effectors underscore the complexity of

acute-to-chronic liver inflammation.



The central role of hepatocytes in non-infectious modes of liver injury

The liver is comprised mainly of parenchymal cells, called hepatocytes, and
several types of hon-parenchymal cells (NPCs): liver sinusoidal endothelial cells
(LSECs), the resident macrophage population called KCs, HSCs, liver dendritic cells
(DCs), and intrahepatic lymphocytes dominated by Natural Killer (NK) and NKT cell
populations. Hepatocytes, which make up ~90% of the total liver mass, comprise only
60-80% of the total cell number in the liver [21, 22]. The remainder is made up of the
NPC populations. LSECs account for ~50% of the NPCs and KCs for about 20%, with
the remainder made up by lymphocytes (~25%), hepatic DCs (<1%), and HSCs (<1%)
[21].

A defining feature of non-infectious liver injury is the death of hepatocytes. In
APAP-mediated toxicity, the main mechanism of injury is damage to the endothelial cell
microvasculature followed by extensive hepatocyte death in the centrilobular regions of
the liver [23]. Historically there has been controversy as to whether the mode of
hepatocyte death is predominantly apoptosis or necrosis, though increasing evidence
supports necrosis as the dominant mechanism [24-26]. Metabolic disorders such as
insulin resistance and obesity also ultimately result in hepatocyte damage, via an excess
of free fatty acids (FFA) which contribute to the development of steatosis and NAFLD
[27, 28]. Progression to NASH occurs with the development of persistent inflammation
and increased hepatocyte death, and in some cases leads to cirrhosis [28]. During ASH,
TNF-a released by activated KCs mediates the death of hepatocytes, mainly through
apoptotic mechanisms [29, 30]. Finally, in IR injury following liver transplant, hepatocyte
death is a central feature, though there is disagreement as to the extent and mode of
death [31-33]. In future chapters in this dissertation, | describe work to define pathways
of inflammation induced following hepatocyte death in a model of acute, sterile
inflammation and also in a model of chronic, non-infectious inflammation.
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Non-infectious modes of liver injury: The immune machinery

Indicators of injury: DAMPs and PAMPs

After barrier defenses such as skin and antimicrobial peptides, the next line of
defense against foreign microorganisms is the innate immune system. The innate
immune system recognizes conserved pathogen components called PAMPs. PAMPs
include: components of bacterial cell walls (such as LPS and peptidoglycan);
lipopeptides from bacteria, mycobacteria, and mycoplasma; flagellin; DNA from bacteria
and viruses, and single- and double-stranded viral RNA; viral envelope proteins; fungal
glycolipids and polysaccharides; and finally, a variety of parasitic components including
glycolipids [12]. In the liver, one of the most important PAMPSs in non-infectious injury is
LPS derived from the gut microbiome, with multiple studies demonstrating its importance
in inflammation in ALD and more recently, that it may also contribute to the inflammation
seen in NAFLD [34, 35].

The innate response against PAMPs allows the immune system to discriminate
self from non-self and respond quickly to potentially dangerous foreign material. In 1994,
to address short-comings of the “self versus non-self” model of immunity, Polly
Matzinger proposed the Danger model, the concept that the immune system responds to
danger signals, or DAMPs, released from damaged tissues [36, 37]. While there were no
described DAMPs at the time this model was first proposed, many have since been
identified, including: endogenous DNA and RNA, ATP, uric acid, high mobility group box
1 (HMGBL1), heat-shock proteins (HSPs), and extracellular matrix fragments [13, 27].
HMGBL1, a DNA chaperone released during necrotic and apoptotic cell death plays a role
in many types of non-infectious liver injury including IR injury and APAP-induced toxicity
following its release from dying hepatocytes [25, 38-40].

PAMPs and DAMPs serve as the ligand for PRRs, which are characterized into
five families: Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors
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(NLRs), C-type lectin receptors (CLRs), and absence in melanoma 2 (AIM2)-like
receptors (ALRs) [13]. RLRs, CLRs, NLRs and ALRs play an important role in the
ecosystem of liver injury; however, this dissertation will expand on the role of TLRs as

they directly relate to the studies described in this dissertation.

Sensors of injury: TLRs

Structurally, TLRs are characterized by an intracellular Toll/interleukin (IL)-1
receptor (TIR) signaling domain, a transmembrane region, and an extracellular leucine-
rich repeat (LRR) domain that interacts with ligand [41]. In humans, 10 TLRs have been
identified (TLRs 1-10), while in mice 12 TLRs have been identified (TLRs 1-13, excluding
TLR10) [21]. TLR1, TLR2, TLR4, TLR5, and TLR6 are expressed on the cellular
membrane where they interact with external PAMPs and extracellular DAMPs and TLR3,
TLR7, TLR8, and TLR9 are expressed within intracellular compartments on the
endosome-lysosome membrane, where they interact with nucleic acids, of host or
pathogen origin [41].

Binding of ligand to the TLR initiates a signaling cascade through one of two
primary adaptor proteins, namely Toll/IL-1 receptor domain-containing adapter protein
inducing IFN-B (TRIF) or myeloid differentiation primary response protein 88 (MyD88).
TLR3 and TLR4 are the only TLRs known to signal via TRIF while all of the TLRs, with
the exception of TLR3, signal through MyD88 [42, 43]. There are two additional
adaptors, Toll/interleukin (IL)-1 receptor (TIR) domain containing adaptor protein
(TIRAP), used by TLR2 and TLR4 to recruit MyD88 and TRIF-related adaptor molecule
(TRAM), used by TLRA4 to signal via TRIF [41, 44-46]. In general, the TRIF-dependent
pathway results in the translocation of interferon-regulatory factor (IRF)3 and IRF7 to the
nucleus and induces transcription of type | interferon (IFN); however, it also has a late-
phase response in which nuclear factor kB (NF-kB) is translocated to the nucleus and
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induces transcription of pro-inflammatory cytokines such as IL-1p, TNF, and IL-6. The
MyD88-dependent pathway generally results in NF-kB translocation to the nucleus and
the induction of pro-inflammatory cytokines; however, signaling through endosomal
TLRs also induces IRF3 and IRF7 translocation to the nucleus and induction of type |

IFN (Figure 1-1) [21, 41].
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Figure 1-1. Toll-like receptor signaling pathways.
Reprinted from International Journal of Inflammation, 2011, Yan Feng and Wei Chao,
“Toll-like Receptors and Myocardial Inflammation”, 1-21, Copyright (2011). [12, 47]




The liver is a complex environment where TLR signaling can occur
simultaneously by multiple cell populations. Mouse hepatocytes, LSECs, KCs, and
HSCs express mRNA for TLRs 1-9, though expression of mMRNA does not equate to
functional use of the receptor [48-50]. Hepatocytes respond to TLR2, TLR3, and TLR4
ligands in vitro, producing IFN-f3 in response to poly-IC stimulation of TLR3 and
activating NF-kB in response to stimulation of TLR2 and TLR4, but show limited or no
responses by the other TLRs [44, 51, 52]. A comprehensive study of mouse LSECs and
KCs showed that KCs produce either IL-6 or TNF-a in response to stimulation of TLRs 1-
9 and additionally, IFN-( following stimulation of TLR3 and TLR4 [49]. LSECs produce
TNF-a in response to stimulation of TLRs 1, 2, 4, 6, 8, and 9; IL-6 following stimulation of
TLR3 and TLR4; and IFN-B in response to TLR3 [49]. Additionally, the response of KCs
to TLRA4 ligation, largely by LPS, results in the production of TNF-q, IL-1p, IL-6, IL-12, IL-
18, as well as IL-10 [44]. Activated HSCs also respond to TLR ligation, modulating
expression of IL-6, intercellular adhesion molecule (ICAM)-1, vascular cell adhesion
molecule (VCAM)-1, TGF-f, and CCL2 following stimulation of TLR2, TLR3, TLR4,
TLR7, and TLR9 [53]. The TLR pathways in LSECs, KCs, and HSCs that lead to the
induction of TNF-qa, IFN-B, and IL-6 highlight the importance of these cytokines as
central mediators of liver pathology.

In addition to the liver-resident LSECs, KCs, and HSCs, the liver also contains a
sizeable population of intrahepatic lymphocytes, which are dominated by NK and NKT
cells, and liver DCs. NK cells express mRNA for TLRs 1-4 and 6-9 and respond to TLR
stimuli in combination with IL-12 to produce IFN-y, CCL3, CCL4, and CCL5 [54]. Finally,
hepatic conventional DCs (cDCs) and plasmacytoid DCs (pDCs) from mice express
TLRs 2, 4, 7, and 9 while cDCs also express TLR3 [21]. TLR7 and TLR9 in pDCs are
largely responsible for the production of IFN-a; however, stimulation of TLR7, TLRS8, and
TLR9 also produces the inflammatory cytokines, TNF-a, IL-6, and IL-12 [55, 56]. cDCs,
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on the other hand, respond to ligation of TLRs 2, 3, 4, 7, 8, and 9 by production of TNF-a
and IL-6 and additionally produce IL-12 in response to TLR7, TLR8, and TLR9 ligation
[56]. Mouse NK cells and liver DCs are important in driving adaptive immune responses,
though in comparison to LSECs, KCs, and HSCs, their roles in non-infectious liver injury
are less understood [57, 58]. The aggregate of parenchymal, NPC, and other
professional immune cells expressing suites of TLR molecules suggests a milieu that is
primed to respond to insult; however, the mediators and mechanisms of those
responses—for example to non-infectious modes of liver injury—are areas of active

research.

Non-infectious modes of liver injury: TLR-driven inflammation in acute and
chronic injury

In both acute and chronic pathologies, binding of DAMPs and PAMPs to TLRs is
a central mechanism whereby inflammation is initiated, resolved, and/or propagated. In
the liver, TLR2, TLR4, and TLR9 are the critical TLRs involved in signaling initiated by
currently identified DAMPs. HMGB1, HSPs, and extracellular matrix components bind to
both TLR2 and TLR4, whereas cellular DNA binds to TLR9 [13]. In terms of PAMPs in
non-infectious liver injury, LPS interacting with and signaling via TLR4 is the best-
characterized partnership. As case studies for the role of TLRs in mediating liver injury,
what follows is a more detailed expansion on four of the most important types of non-
infectious liver injury: acetaminophen hepatotoxicity, ischemia-reperfusion injury, non-

alcoholic steatohepatitis, and finally, alcoholic steatohepatitis.

Acetaminophen hepatotoxicity

Inflammation following APAP overdose is dominated by extensive damage to the
sinusoids followed by hepatocyte death and release of multiple DAMPs including
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HMGB1, HSP-70, hyaluronic acid, and DNA [25, 59]. The recruitment of myeloid cell
populations to the liver is also a key feature and may act to both resolve and perpetuate
inflammation. Ly6C(hi) monocytes are recruited by CCL2 and are largely involved in
tissue repair [60, 61]. The role of neutrophils is controversial. Mice deficient for CD18,
the B-chain of the av: integrin critical for neutrophil attachment to ICAM-1, showed no
difference in APAP-induced liver injury compared wild type mice [62]. In contrast,
another study showed that while TLR9-deficient mice were protected from liver injury,
transferring wild type neutrophils into TLR9-deficient mice reversed this protection [63].
Furthermore, this study showed that neutrophils up-regulated TLR9 in response to
APAP-induced injury and activated NF-kB pathways in response to stimulation with liver
DNA in vitro [63].

A role for TLR9 in APAP-induced injury is also supported by studies from Imaeda
et al. in which DNA released from apoptotic hepatocytes signaled via TLR9 located on
LSECs to potentiate inflammation [64]. Furthermore, they showed that the binding of
DNA to TLR9 up-regulated the levels of pro-IL-1B and pro-IL-18 transcript, the first signal
required for the secretion of these cytokines following NLRP3 inflammasome activation
[64]. They went on to show that mice deficient for components of the NLRP3
inflammasome are protected from liver injury [64]. The role of IL-1B and the NLRP3
inflammasome, however, is controversial. Jaeschke and colleagues presented two
studies that showed no role for either IL-1B or the NLRP3 inflammasome in APAP-
induced liver injury [65, 66].

TLR4 also contributes to inflammation due to APAP hepatotoxicity [67, 68]. A
TLRA4 inhibitor reduced KC activation, circulating monocytes and neutrophils, and
necrosis in the liver [68]. The role of TLR4 signaling is further supported by studies using
gadolinium-chloride and clodronate-depletion of KCs which suggest that TLR4 signaling
occurs by the activation of KCs and production of mRNA for IL-6, TNF-a, and IL-1( [69].
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The importance of TLR4 suggests that LPS could aggravate the inflammation produced
following APAP overdose. While a 2010 study showed the amelioration of APAP-
induced hepatotoxicity by blockade of LPS, a recent study used germ-free mice to show
that the presence or lack of gut microbiota did not reduce hepatocyte necrosis, leaving
the contribution of non-pathogenic bacteria undetermined [70, 71].

Studies of APAP hepatotoxicity reveal that monocyte and neutrophil infiltrate is a
key component of inflammation following hepatocyte death. Importantly, APAP-mediated
mouse injury models also highlight the pivotal role played by CCL2 and the inflammatory
cytokines, IL-6, TNF-a, and IL1-B, in response to hepatocyte death. Though TLR4-
mediated pathways are critical for the inflammatory response, the contribution of MyD88-

dependent and TRIF-dependent signaling pathways remains unclear.

Ischemia-reperfusion injury

Another type of non-infectious injury characterized by hepatocyte death is IR
injury. Ischemia, or a lack of blood flow to the organ, is the first stage of IR-induced liver
injury. The lack of blood flow results in metabolic stress on cells and the release of
DAMPs including HMGB1, DNA, ATP, and urate [32]. Reperfusion, the second stage,
reintroduces blood, and therefore oxygen, to the tissue and results in hepatocyte
necrosis due to signaling by DAMPs and the generation of ROS by KCs, LSECs, and
hepatocytes [32, 72]. Hepatocyte death is also caused by neutrophils, which are
recruited by chemokines and adhesion molecules, particularly ICAM-1 on LSECs,
induced downstream of TNF-a production [32, 73].

As with APAP hepatotoxicity, TLR4 and TLR9 are major players in the
inflammatory response to IR injury. Inhibition of TLR9 signaling resulted in reduction in
liver damage, as well as a reduction in ROS, IL-6, and TNF-a [73]. In vitro results
suggest that DNA from necrotic hepatocytes served as the DAMP binding to TLR9 [73].
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Histones also propagate IR injury through TLR9 and MyD88 signaling [74]. Along with
DNA and histones, HMGBL1 has been identified as an important DAMP in IR injury. One
hour after the start of reperfusion, HMGBL1 levels were increased and remained elevated
through 24 hours [39]. Furthermore, blockade of HMGB1 binding resulted in the
reduction of Tnf and 116 mMRNA [39]. The same group further demonstrated that anti-
HMGBL1 antibody did not prevent IR-induced injury in TLR4-defective mice, but did
prevent damage in wild type mice [39].

In addition to HMGB1-directed induction of TLR4-dependent pathways in IR-
induced inflammation, the downstream TLR4-dependent signaling cascade has also
been elucidated. Zhai, et al. identified this pathway to occur via an IRF3-dependent,
MyD88-independent route [72]. In a mouse transplant model, mice receiving livers from
TLRA4-deficient donors were protected against IR injury compared to mice receiving wild
type livers and showed a reduction in neutrophils, CXCL10, ICAM-1, TNF-a, IL-1j3, IL-2,
and IFN-y concomitantly with increased IL-4 and IL-10 expression [8]. Corroborating
results were obtained in the transplant of Type | IFN receptor (IFNAR)-deficient livers to
wild type recipients [75].

As with APAP-mediated injury, IR-mediated injury induces inflammation through
both TLR4 and TLR9. The role of downstream signaling is complicated, with studies
implicating both MyD88-dependent and MyD88-independent pathways. The involvement
of IRF3 and IFNAR in the inflammatory response suggests that the TRIF-dependent
pathway is utilized during IR-induced inflammation. Though not shown in the liver, a
study using a mouse model of ischemia-reperfusion in the brain did; however, show that

HMGBL1 signals via TLR4-dependent, TRIF-independent route to mediate injury; [76].
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Non-alcoholic liver disease and non-alcoholic steatohepatitis

APAP- and IR-driven liver inflammation are both acute responses with
inflammation either resolving or resulting in death and organ rejection, respectively.
There are also chronic modes of non-infectious liver injury, such as the NAFLD and ALD
spectrums. NAFLD is characterized by steatosis, or the accumulation of more than 5%
fat in hepatocytes, in the absence of other causes, such as chronic alcohol consumption
[77, 78]. Most patients with NAFLD have simple steatosis; however, 10-30% of those
with NAFLD actually have the more-advanced NASH, or inflammation and hepatocyte
death on top of fatty liver [79]. Originally, the “two-hit hypothesis” was used to explain
why only a small percentage of patients progress from simple steatosis to NASH [80]. In
this model, a “first hit” (hepatic steatosis linked to the risk factors obesity, insulin
resistance, or metabolic syndrome) sensitizes the liver, and in particular hepatocytes, to
damage by a “second hit”. The “second hit” can be any of a number of stressors
including oxidative stress, pro-inflammatory cytokines, or endogenous LPS [35, 80, 81].
More recently, a “multiple hit” hypothesis has been proposed which posits that many
“hits"—such as genetic factors, obesity and other metabolic disorders, the intestinal
microbiota, and diet—acting in concert are necessary for the development of NASH [77,
82].

Much research is being done to determine how diet, alcohol, and the host
microbiota contribute to the progression to NASH. Studies using the methionine-choline-
deficient (MCD) diet, a common mouse model of NASH, showed that signaling via TLR4
and TLR9, but not TLR2, contributed to the pathogenesis of NASH [83, 84]. Supporting
these findings, Li et al. reported that the infusion of free fatty acids (a “hit”) resulted in
TLR4- and MyD88-dependent signaling in hepatocytes [85]. The subsequent release of
HMGB1 from damaged hepatocytes activated TLR4 in the hepatocytes themselves,
resulting in increased IL-6 and TNF-a production [85]. Gut-derived LPS has also been
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implicated in in the pathogenesis of NASH. In particular, leptin-deficient (ob/ob) obese
mice were more sensitive to low doses of LPS than wild type mice and studies using
probiotics in ob/ob mice suggest that altering the gut microbiota affects inflammation in
NASH [34, 35]. Though pathways to inflammation have been identified, much remains to
be elucidated regarding the contribution of additional PRRs and their adaptors in the

pathogenesis of NAFLD.

Alcoholic liver disease and alcoholic steatohepatitis

Like NAFLD, alcoholic liver disease is characterized by initial steatosis of the
liver. Also like NAFLD/NASH, development of inflammation precipitates the transition to
ASH. The same “two-hit” model for the development of steatosis into steatohepatitis has
been proposed for ALD as well as an additional, though similar, “sensitization and prime”
theory which posits that ethanol exposure sensitizes the liver, increasing its susceptibility
to subsequent risk factors [86]. The “sensitization and prime” theory fits well with the
observation that the major pathology in ALD is due to increased gut permeability and
translocation of bacteria and bacterial products into the liver via the portal vein, which
sensitizes KCs to LPS. The resulting constant stimulation of TLR4 on KCs induces the
production of the inflammatory cytokines TNF-a, IL1-B, IL-12, and IL-18, the recruitment
of neutrophils, and finally, hepatocyte injury [87]. Supporting this role of liver injury, mice
deficient for TLR4 and CD14, components required for the recognition of LPS, are
protected from injury resulting from chronic ethanol exposure [16, 88].

An extensive body of literature has detailed the TRIF-dependent pathway
involved in ALD/ASH pathogenesis. In 2001, Uesugi et al. reported that while mice
lacking a functional TLR4 had increased LPS in the portal vein when compared to wild
type mice, they were protected from alcohol-induced injury and show decreased levels
of Tnf transcript [16]. Subsequently, a key study found that the TLR4-driven pathway
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was MyD88-independent [89] and an additional study demonstrated that TRIF-deficient
mice were protected from ethanol-induced liver injury [90]. The latter study also showed
that TNF-a production by macrophages was induced by signaling through TRIF and
IRF3 [90]. Additional studies have implicated a role for IRF3 in the signaling cascade
inducing hepatocyte apoptosis following ethanol-induced endoplasmic reticulum stress
[91].

Alcohol-mediated liver injury does not solely rely on signaling through TLR4.
Recently, TLR2 and TLR9 were demonstrated to signal via the MyD88-dependent
pathway to control the influx of neutrophils into the liver in a model of chronic-binge
ethanol-feeding [92]. Additionally, Roh et al. showed that hepatocytes and HSCs, and
not KCs, were responsible for the production of CXCL1 that recruited neutrophils to the
liver [92]. Finally, crosstalk between TLRs has been demonstrated to play a protective
role in ethanol-mediated injury via TLR3-dependent induction of IL-10 in KCs and HSCs,
which resulted in a reduction of infiltrating monocytes and levels of Tnf, Ccl2, and 116
transcript [93].

While NASH and ASH are separate forms of liver injury, they share many
commonalities; the foremost being fatty liver. NASH and ASH also share the use of
TLR4 as an important mediator of the chronic inflammation seen in these diseases. The
TLR4 signaling pathway and the role of LPS in the induction of inflammation has been
well-characterized for ASH; however, the role for LPS-initiated TLR4 signaling in NASH
is less defined. Additionally, TRIF is central to the response in ASH, while reports
indicate that MyD88-dependent responses are central to NASH. Additional research into
these areas is needed to clarify the similarities and differences between these

pathologies.
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Dissertation Aims

The unifying theme throughout the introduction has been the innate immune
response to liver injury. TLR4 and TLR9, in particular, are identified as major
contributors to the inflammation caused by liver injury. In some cases, this inflammation
is MyD88-dependent, while in other cases, it is TRIF-dependent, though much remains
to be elucidated on this topic. To expand on innate immune mechanisms in liver injury,
this dissertation will describe the use of two models—diphtheria toxin-mediated killing of
hepatocytes and diet- and ethanol-induced liver injury—to define immunological
pathways downstream of hepatocyte injury. Chapter 2 describes the materials and
methods used in Chapters 3 and 4. Chapter 3 describes the role of the TRIF pathway in
the response to hepatocyte death. Chapter 4 describes the effect of high-glucose diets in
conjunction with alcohol on immunity within the liver. Finally, Chapter 5 of this
dissertation presents a synthesis of the earlier chapters, focusing on the important role
hepatocytes play in the preceding models, while weaving the results into the greater

landscape of liver immunology.
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CHAPTER 2: MATERIALS AND METHODS
This chapter presents a section on methods used in both Chapters 3 and 4 (Shared
Methods), a section for methods specific to Chapter 3, and a section for methods

specific to Chapter 4.

Shared Methods

Liver perfusion

Livers were perfused as described in the publication presented in the Appendix,
with only slight modifications, which will be noted here. Briefly, mice were anesthetized
with Avertin, the portal vein cut, up to 500 L of blood collected for serum analysis of
ALT and protein, and ~2/3 of the right posterior lobe cut off, with a piece for RNA put into
TRIzol and a piece for histology put into either 4% paraformaldehyde in 1X PBS or 10%
neutral-buffered formalin and fixed for approximately 24 hours. Perfusion solution
followed by approximately 8 mL of 0.8 mg/mL collagenase solution was pumped through
the liver, the liver cut out, and gently mashed in Wash Buffer (1X PBS + 4% FBS; heat-
inactivated, Gibco and Corning) to form a single cell suspension. The hepatocyte pellet
was washed two times with Wash Buffer and 50 pL taken into TRIzol for RNA analysis.
The non-parenchymal cells contained in the supernatant were isolated on a 20%
iodixonal layer and resuspended in Flow Buffer (1X PBS + 2% FBS + 1 mM EDTA) for

staining.

Flow cytometry and cell sorting

Non-parenchymal cells were stained with a panel of antibodies designed for
isolating specific cell populations found within the liver: liver sinusoidal endothelial cells
(LSECs), Kupffer cells (KCs), hepatic stellate cells (HSCs), neutrophils, and Ly6C(+) and
Ly6C(-) monocytes. The specific antibody panels and dilutions used in Chapters 3 and 4
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are presented in the section-specific methods, below. Cells were isolated by
fluorescence-activated cell sorting on a BD Aria Ill (BD Biosciences). Analysis of cell

populations was performed using FlowJo software, version 9.8.5 (Tree Star Inc.).

Cell purity

Cell purity was determined by the enrichment of cell-specific genes by
guantitative real-time PCR as described in the publication presented in the Appendix,
with the exception that gene expression was normalized to Hprt. Total liver, hepatocyte,
LSEC, and KC populations in the Chapter 3 and 4 studies were evaluated by this

method (Chapter 3, Figure 2-1; Chapter 4, Figure 2-2).

Measurement of liver enzymes

Levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
were quantified from serum. Blood collected from the portal vein was allowed to clot at
room temperature for a minimum of 30 min, centrifuged at 6000 rpm for 10 min, and the
supernatant collected. When necessary, the supernatant was clarified for an additional 4
min at 6000 rpm. ALT levels were quantified using the Alanine Aminotransferase-SL Kit
and AST levels were quantified using the Aspartate Aminotransferase (AST/SGOT)-SL

Kit (Sekisui Diagnostics LLC).
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Figure 2-1. Enrichment of cell-specific genes in total liver, hepatocyte, LSEC, and
KC populations for Chapter 3. Genes specific for hepatocytes, LSECs, KCs, and
HSCs were measured in total liver, hepatocyte, LSEC, and KC RNA samples by gRT-
PCR and expressed relative to Hprt. (A) Data combined from the two C57BL/6J time
course experiments. All time points combined into one group per population. Each data
point represents an individual mouse (n = 40, total liver, hepatocytes, LSEC; n = 39,
KC), bars represent the median. (B) Data combined from 2 of 3 of the experiments
performed in C57BL/6J and TRIF mice. All four treatment groups combined into one
group per population, each data point represents an individual mouse (n =

32, total liver, hepatocytes, and LSECs; KCs, n = 31), bars represent the median.
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Figure 2-2. Enrichment of cell-specific genes in total liver, hepatocyte, LSEC, KC,
and HSC populations for Chapter 4. Genes specific for hepatocytes, LSECs, KCs, and
HSCs were measured in total liver, hepatocyte, LSEC, KC, and HSC RNA samples by
gRT-PCR and expressed relative to Hprt. Data are for the Round 3, Week 8 samples. All
four treatment groups combined into one group per population, data are from one
experiment. Each data point represents an individual mouse. Median value is

represented by a bar.

Quantitative real-time PCR (gRT-PCR) expression analysis

Liver tissue, hepatocytes, LSECs, KCs, and HSCs were stored in TRIzol at -80°C

until processing. Liver samples were homogenized and hepatocyte samples were

sheared by passage through a 27G1/2 needle 3-5 times. All samples were treated with

proteinase K (Qiagen) for 20 min at 56°C. RNA was isolated using the Direct-zol RNA
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Miniprep Kit (Zymo Research Corporation) for Chapter 3 studies and chloroform for
Chapter 4 studies. Complementary DNA was generated using the QuantiTect Reverse
Transcription Kit (Qiagen), preamplified using BIO-X-ACT Short Mix (Bioline USA Inc.)
and the TagMan assays of interest (Applied Biosciences), and diluted 1:5 for analysis.
Microfluidic qRT-PCR was performed on a BioMark HD microfluidics system (Fluidigm).
The Fluidigm Gene Expression software was used to calculate Ct thresholds and
Microsoft Excel used to calculate relative expression levels and fold change values using
the 22t and 244t methods, respectively. Relative expression was calculated relative to
Gapdh or Hprt. Fold change was calculated as the ratio between individual mice
compared to the median of the control group mice. For Chapter 3, except in the time
course experiment where raw Ct values from two experiments were combined and
analyzed together, fold change values were calculated per experiment and graphed in
sum. qRT-PCR was also performed on a MJ Research DNA Engine Opticon 2 (BioRad
Laboratories). The Opticon Monitor software, version 2 (BioRad Laboratories) was used
to calculate Ct thresholds and Microsoft Excel used to calculate relative expression

levels using the 24 method.

Histology

Liver pieces were fixed in either 4% paraformaldehyde in 1X PBS or 10%
neutral-buffered formalin for approximately 24 hours (up to 72 hours for Chapter 4
studies) and then stored in 1X PBS. Samples were either paraffin-embedded, sectioned,
and stained with hematoxylin and eosin; or OCT-embedded, cyro-sectioned, and stained
with DAPI. All images were taken on a Nikon Eclipse Ti-E inverted microscope with a
Nikon Digital Sight DS-Ril camera using NIS-Elements, version 4.50, Advanced
Research software (Nikon), at room temperature. Both the 10X objective (0.30 NA) for a
total 200X magnification and the 20X objective (0.45 NA) for a total of 200X

24



magnification were used. Fluorescent image acquisition was conducted with consistent
exposures per channel to facilitate cross-image conformity. Fluorescent images are the
merge of 3 channels: FITC for hepatocyte auto-fluorescence false-colored green, PETR
for mCherry fluorescence false-colored red, and UV for DAPI nuclear staining false-
colored blue. Image processing was performed in NIS-Elements, version 4.3 software
(Nikon). All embedding, sectioning, and staining was performed by the University of

Washington Histology Imaging Core.

Materials and Methods for Chapter 3

To induce hepatocyte death, we used recombinant adeno-associated virus
(rAAV) vectors as a tool for delivering the sequence encoding the human diphtheria toxin
receptor (hDTR) to hepatocytes. These vectors utilize the AAV serotype-8 capsid
proteins to preferentially target to the liver and use both the mouse alpha-fetoprotein
enhancer and albumin promoter (pAlb) for hepatocyte-specific expression of transgenes.
We allowed two weeks for stable expression of transgenes after intravenous injection of
AAV into mice and then injected mice intraperitoneally with diphtheria toxin (DT) to
induce sterile inflammation in the liver via hepatocyte death.

Originally, we used rAAV8.pAlb.OVA.hDTR (OVA = ovalbumin) to induce sterile
inflammation in the liver. It was through the use of this vector that we refined many
methods related to these studies, including: rAAV quantification, intravenous injection of
rAAV into mice, intraperitoneal injection of DT, and antibody panels for flow cytometry
and cell sorting. A limited amount of this data is presented as supporting data for
Chapter 3, in which we used the optimized methods developed using the

rAAV8.pAlb.OVA.hDTR vector in concert with the rAAV8.pAlb.mCherry.hDTR vector.

25



Plasmids for rAAV vectors

We constructed two replication-defective rAAV8 vectors, rAAV8.pAlb.OVA.hDTR
and rAAV8.pAlb.mCherry.hDTR. The transgene-encoding plasmid, either
pAAV.pAlb.OVA.T2A.hDTR or pAAV.pAlb.mCherry. T2A.hDTR, was constructed by
inserting either DNA encoding mCherry (no stop) or DNA encoding OVA (no stop) into
the Sall and BamHI sites, a T2A peptide linker sequence (provided by Mike Certo,
University of Washington) into the BamHI and Sacll sites, and DNA encoding the hDTR
(provided by Richard Palmiter, University of Washington) into the Sacll and Xhol sites of
the pAAV.pAlb base plasmid. The pAAV.pAlb base plasmid was constructed by inserting
AAV serotype-2 inverted terminal repeats (ITRs) into the Bglll and Ndel restriction sites
of the pLIVE plasmid (Mirus Bio), which has a multiple cloning site under the control of
the minimal mouse albumin promoter.

The pDG2/8 helper plasmid, used in combination with both of the transgene-
encoding plasmids during transfection, contains AVV serotype-2 replication components
and AAV serotype-8 capsid protein (pDG base plasmid provided by Dr. Jurgen
Kleinschmidt, Deutsches Krebsforschungszentrum Stiftung des offentlichen Rechts and
serotype-8 capsid DNA provided by Dr. James Wilson, University of Pennsylvania). All
construction of the pDG2/8 helper plasmid and construction of the pAAV.pAlb base

plasmid with ITRs was performed by Dr. Isaac Mohar (University of Washington).

rAAV production and purification

rAAVs were produced using a two-plasmid calcium phosphate transfection
system in HEK 293 cells. HEK 293s were grown in DMEM (high glucose, + L-glutamine;
Gibco) + 10% CCS (Hyclone) + 1% Penicillin/Streptomycin (Gibco), transfected with 10
Hg pDG2/8 plasmid to either 2.36 ug pAAV.pAlb.mCherry. T2A.hDTR or 2.56 ug
pPAAV.pAlb.OVA.T2A.hDTR , and grown at 37°C, 5-7.5% CO,. Media was replaced the
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following day with DMEM (high glucose, + L-glutamine) + 1%
Penicillin/Streptomycin/Glutamine (Gibco). After 72 hours, the HEK 293s were lysed by 3
freeze-thaw cycles, incubated with 10 U/uL DNAse, pelleted, the supernatant purified by
an iodixonal gradient (Optiprep; Sigma-Aldrich), and desalted using an Amicon Ultra-15
100K centrifugal filter device (EMD Millipore) with 1X PBS. The AAV was stored in 5%

glycerol at -80°C.

Mice
rAAV8.0VA.hDTR Preliminary Experiments

Experiments generally used male mice, although female mice were used on
occasion, aged approximately 8-20 weeks at the time of rAAV injection. C57BL/6J and
C57BL/6NJ mice were purchased from the Jackson Laboratory. TRIFand TLR4"
breeders were gifts from Dr. Alan Aderem (University of Washington/Center for
Infectious Disease Research) and bred in-house at the Center for Infectious Disease
Research and the University of Washington. IFNAR1 (gifts from Dr. Alan Aderem and
Dr. Michael Gale, Jr., University of Washington) and TLR3" (gift from Dr. Michael Gale,
Jr.) mice were bred in-house at the University of Washington. MyD88 mice were a gift
from Dr. David Sherman (University of Washington/Center for Infectious Disease
Research) and RIPK3” mice were a gift from Dr. Andrew Oberst (University of
Washington). All mouse experiments described in this study were performed under
Institutional Animal Care and Use Committee approval (Center for Infectious Disease
Research, protocol NC-01 and University of Washington, protocol 4308-01). They were
housed in a specific pathogen-free environment, provided with ad libitum food and water,

and monitored daily.
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rAAV8.mCherry.hDTR Chapter 3 Experiments

Experiments used male mice, aged 8-12 weeks. C57BL/6J, C57BL/6NJ, TLR3,
TLR4", and MyD88™ mice were purchased from the Jackson Laboratory. IFNAR1” and
TRIF" breeders were a gift from Dr. Alan Aderem (University of Washington/Center for
Infectious Disease Research) and used to breed experimental mice in-house at the
University of Washington. All mouse experiments described in this study were performed
under Institutional Animal Care and Use Committee approval (University of Washington,
protocol #4308-01). They were housed in a specific pathogen-free environment,

provided with ad libitum food and water, and monitored daily.

Quantification of rAAV

rAAV8.0VA.hDTR Preliminary Experiments

Vector was quantified by gRT-PCR. Initially, OVA-specific primers and a
previously-quantified rAAV were used. Over time, we found that this led to inaccurate
vector titers due to drift in the quantification. To correct this issue, we made multiple
aliquots of a standard curve using pAAV.pLIVE.OVA.T2A.hDTR plasmid (clone c4-12A)
and diluted it in 10 uM Tris, pH 8.5, to dilutions of 10? through 108 plasmid copies/ul.
Aliquots were stored at -20°C for future use. Quantification was performed using

albumin-specific primers.

rAAV8.mCherry.nDTR Chapter 3 Experiments

Quantification was done using the QuickTiter AAV Quantitation Kit (Cell Biolabs).
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Model of hepatocyte-specific death

rAAV8.0VA.hDTR Preliminary Experiments

Male mice aged 8-20 weeks were intravenously injected via the tail vein with
2.5x10° DNAse-resistant genomes (DRGs) rAAV8.0OVA.T2A.hDTR. After allowing two
weeks for vector expression, mice were injected intraperitoneally with 20 ng DT (Sigma-
Aldrich) in 200 uL 1X PBS or with 200 uL 1X PBS alone. Mice were anesthetized with
Avertin for liver perfusion at approximately 6, 12, 24, 28, 72, and 96 hours post-DT

injection.

rAAV8.mCherry.nDTR Chapter 3 Experiments

Male mice aged 8-12 weeks were intravenously injected via retro-orbital injection
with 5x10° DRGs rAAV8.mCherry. T2A.hDTR. After allowing two weeks for vector
expression, mice were injected intraperitoneally with either 20 ng DT (Sigma-Aldrich) in
200 pL 1X PBS or with 200 pL 1X PBS alone. Mice were anesthetized with Avertin for

liver perfusion at approximately 6, 12, 24, 28, 72, and 96 hours post-DT injection.

Measurement of protein

Levels of CCL-2 (MCP-1), IL-1B, IL-6, CXCL1, IL-10, and TNF-a were quantified
using the Mouse MCP-1 Ultra-Sensitive Kit and a Custom Mouse Cytokine V-PLEX Kit,
according to the manufacturer’s instructions (Meso Scale Diagnostics, LLC). Analysis
was performed using the Discovery Workbench 3.0 software (Meso Scale Diagnhostics,

LLC).

Western blot analysis

50 pL of hepatocyte pellet was suspended in 500 pL RIPA Buffer (Thermo Fisher
Scientific) supplemented with 120 pL Halt Protease Cocktail and 120 pL EDTA (Thermo
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Fisher Scientific). Quantification of protein was performed using the BioRad DC Protein
Assay (BioRad Laboratories). 1 ug/1 pL loading samples were prepared in 4X Laemmli
Sample Buffer (BioRad Laboratories), boiled for 10 min, and 20 g of total protein run on
a 12% SDS-PAGE gel. Gels were transferred to PVDF membranes for 1 hour at 100
volts. Blocking was performed for 1 hour at room temperature in 0.1% PBS-Tween 20
(PBST) with 10% milk. Incubation with anti-hHB-EGF primary antibody (R&D Systems,
AF-259-NA, 1:50 final dilution) was performed overnight at 4°C in 0.1% PBST with 10%
milk. Incubation with donkey anti-goat HRP secondary antibody (Santa Cruz
Biotechnology, SC-2020, 1:5000 final dilution) was performed for 2 hours at room
temperature in 0.1% PBST. All washing used 0.1% PBST. Blots were developed using

the Western Lighting Plus-ECL Reagent (PerkinElmer) and exposed to film for 1 minute.

Statistical analysis

Graphs present aggregate data from 2-3 independent experiments, exact
numbers and repetitions are noted in figure legends. For all experiments except the
C57BL/6J time course, mice in the + DT groups that expressed hDTR levels comparable
to those in the + PBS groups at the 48 hour collection point—indicating failure of DT to
reach the liver—were eliminated from the analysis (Figure 2-1).

Due to the range of responses seen in mice, data cannot be assumed to be
normal, therefore, nonparametric statistical analyses were performed. For time course
data, significance was determined by a Kruskal-Wallis test, followed by pairwise
comparisons to the control group using Dunn’s post-test. For data comparing wild type
(WT) and knock-out (KO), control (+ PBS) and treated (+ DT) groups, initial p-values
were calculated using a pairwise Mann-Whitney test for four comparisons (WT + PBS
versus WT + DT, KO + PBS versus KO + DT, WT + PBS versus KO + PBS, and WT +
DT versus KO + DT) and then adjusted p-values calculated using the Holm-Bonferroni
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method to correct for multiple comparisons. Correlation plots were evaluated by
Goodness of Fit and the R? value and significance level provided on the graph. All other
data were analyzed using pairwise Mann-Whitney tests. Significant p-values are
represented by asterisks at the following levels: *, P < 0.05; **, P < 0.01; ***, P < 0.001;
and **** P < 0.0001; while ns = not significant (P > 0.05). In general, if a test was non-
significant it was not represented on figures. All statistical analysis was performed in

either GraphPad Prism 6 or Microsoft Excel.
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Figure 2-3. Expression of hDTR as a criteria to eliminate mice from the analyses
for Chapter 3. Two weeks following rAAV injection, mice received PBS or DT and were
sacrificed 48 hours later. The expression of hDTR relative to Hprt was measured for all
mice across 10 independent experiments to assess if vector had been successfully
eliminated in + DT groups. If the level of hDTR vector expression in the + DT group was
comparable to that in the + PBS group, that mouse was eliminated from the analysis on
the basis that vector had not been reduced by DT treatment and therefore, hepatocyte
death not induced (represented by red symbols). Some mice also had lower expression
of hDTR (represented by green symbols), however, these mice were not eliminated from
the study as the relevance of this could not be objectively determined.
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Materials and Methods for Chapter 4

As three independent experiments were performed with slightly altered methods,
they are referred to as Round 1 (5 weeks), Round 2 (12 weeks), and Round 3 (8 weeks)
throughout the description of materials and methods. When no distinction is made, the

method was the same for all three experiments.

=
o
0]

Experiments used male C57BL/6J mice, at least 10 weeks of age, purchased
from the Jackson Laboratory. All mouse experiments described in this study were
performed under Institutional Animal Care and Use Committee approval (University of
Washington, protocol 4308-02). For Round 1, mice were housed individually; for Round
2, mice were housed in pairs; and for Round 3, mice were housed in trios. Mice were
housed in a specific pathogen-free environment and provided food and water as

described below.

Description of diets

Mice received standard vivarium chow (LabDiet) or one of four liquid Lieber-
DeCarli diets (Bio-Serv). The composition of the diets is described in Table 2-1. Based
on the amount of dietary fat in the diets, we refer to the Lieber-DeCarli ‘82 control and
ethanol diets as “mid-fat” and to the Low Fat, Lieber-DeCarli ‘83, ‘89 control and ethanol
diets as “low-fat”. Amounts of ethanol are measured as percent volume/volume (v/v) or
as percent ethanol-derived calories. For Round 1 and the first 2 weeks of Round 2, we
used 6.7% v/v ethanol, equivalent to 35.5% ethanol-derived calories. This percentage
was reduced to 5.0% v/v ethanol, equivalent to 27.6% ethanol-derived calories, for the

remaining 10 weeks of Round 2 and for all of Round 3.
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Caloric Profile (%)

Diet Name CatNo Protein Fat Carb. Ethanol
Chow PicoLab Rodent Diet 20 EXT IRR, 5053 0007688 24.5 13.1 62.4 0
Mid-Fat Control Lieber-DeCarli '82 (Control) F12595P 15.1 359 49 0
Mid-Fat Ethanol Lieber-DeCarli'82, Ethanol F12585P 15.1 35.9 13.5/21.4 35.5/27.6
Low-Fat Control Low Fat, Lieber-DeCarli '83, '89 (Control) F1340SP 15 12.5 72.5 0
Low-Fat Ethanol Low Fat, Lieher-DeCarli '83, '89, Fthanol F13415P 15 12.5 44.9 27.6

Table 2-1. Caloric profile for diets used in Chapter 4 experiments.

Preparation of diets

Diets were prepared under sterile conditions in a biosafety cabinet each day
before feeding. Control and ethanol dry mix was weighed out into autoclaved 500 mL or
1 L glass bottles. Water provided by the vivarium was added to the mixtures and 200
proof ethanol (Decon Laboratories) was added to the ethanol diet. Diets were shook

vigorously until resuspended.

Administration of diets

Mice for Rounds 1, 2, and 3 received the diets as outlined in Table 2-2. Standard
vivarium chow was provided ad libitum for Round 3. When water was provided, it was
provided ad libitum. Mice receiving liquid diets were fed every morning at approximately
the same time throughout the length of the experiment. Liquid diets were provided in

specialized feeding tubes (Bio-Serv, Product #9019).

Collection Ethanol percentage

Time (weeks) {vol/vol) Group 1 Group 2 Group 3 Group 4 Water
Round 1 5 6.7%, decreased to 5.0% E"'ﬂ'ﬂttglt ';’l'ﬁaggf N/A N/A No
Round 2 4,8,12 5.0% g?ﬁfgf ';'ﬁarﬁ?; N/A N/A Yes
S Ghmae e o

Table 2-2. Experimental design for Chapter 4 experiments.
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We used an acclimation period during which the mice initially received liquid
diets, vivarium chow, and water. The chow and water were taken away during the
acclimation period, before the start of the study. The acclimation period for Round 1 was
4 days and for Round 2 was 7 days and all mice were fed the control liquid diet.
Following the acclimation period, control group mice continued to receive the control diet
and ethanol group mice were switched to the ethanol diet with 6.7% v/v ethanol. Due to
unexpected mouse mortality, we decreased the ethanol percentage to 5.0% v/v after 10
days of feeding the ethanol diet in Round 2. In the acclimation period for Round 3, mice
received their respective control or ethanol liquid diets with the calories from ethanol
replaced by maltose dextrin (Bio-Serv) in the ethanol diet. After two days, ethanol was
added to the ethanol liquid diet and increased using the following scheme: 1.0% v/v for 1
day, 2.0% v/v for 2 days, and 4.0% v/v for 2 days. Following the acclimation week, the
ethanol diet group received 5.0% v/v ethanol for the remainder of the study.

For the acclimation period, mice initially received the liquid diets ad libitum, but
were transitioned to paired feeding during the week. Paired feeding continued for the
remainder of the experiment. We paired a control liquid diet cage with an ethanol liquid
diet cage. On the first day of paired feeding, both cages received liquid diet ad libitum.
We measured the combined weight of the feeder tube and the diet before placing it in
the cage. The following morning, we weighed the feeder tube from the ethanol liquid diet
cage and calculated the amount of liquid diet consumed, in grams, the previous day. We
then added this amount of liquid control diet to the matched control cage for
consumption that day. This pattern continued until the end of the studies. For Round 3
feeding, both the mid-fat and low-fat control liquid diet groups received the same amount

(grams) as the low-fat ethanol liquid diet group ate on the previous day.
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Measurement of mouse weight

Mice were weighed every day by placement into a plastic beaker on scale.

Statistical methods

Nonparametric statistical analyses were performed. Pairwise comparisons were
made using the Mann-Whitney test. All other data was assessed for significance by a
Kruskal-Wallis test, followed by pairwise comparisons to the control group using Dunn’s
post-test. Significant p-values are represented by asterisks at the following levels: *, P <
0.05; **, P = 0.01; ***, P < 0.001; and ****, P < 0.0001; while ns = not significant (P >
0.05). In general, if a test was non-significant it was not represented on figures. All

statistical analysis was performed in GraphPad Prism 6.
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CHAPTER 3: HEPATOCYTE-SPECIFIC DEATH AS A MODEL OF ACUTE, STERILE

LIVER INJURY

Abstract

In addition to conserved motifs displayed by pathogens, the innate immune
system also responds to tissue damage in the absence of pathogens, termed sterile
injury. Several key pathways that drive the sterile inflammatory response in the liver
have been described; however, it is unclear how the type of cells injured or the
mechanism of injury activate these pathways. Here, we use a model of selective
hepatocyte death to investigate sterile liver injury. In this model, the TIR-domain-
containing adapter-inducing interferon-B (TRIF) was a central mediator of the resulting
intrahepatic inflammatory response that was independent of both upstream Toll-like
receptor 4 (TLR4) signaling and downstream Type | interferon (IFN) signaling. TRIF was
required for the induction of IL-10, IL-6, and IL-1f cytokines. Conversely, TRIF was not
required for the induction of CCL2 or CXCL1 protein, nor was it required for the up-
regulation of chemokine (Ccl2, Ccl7, Cxcl1, Cxcl2, and Cxcl10) and cell adhesion (Icam1l
and Vcaml) genes involved in myeloid-cell recruitment. Furthermore, we found that
hepatocytes themselves were the main responders to hepatocyte death, increasing
transcription of genes involved in myeloid-cell recruitment more than either liver
sinusoidal endothelial cells or Kupffer cells. In summary, our studies define a TRIF-
dependent, TLR4- and Type | IFN-independent pathway of sterile liver injury in which

hepatocytes are both the targets of damage and the principal responding cell type.
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Introduction

Tissue damage generally induces a robust sterile inflammatory response
comprised of increased production of inflammatory mediators and recruitment of
neutrophils and monocytes to the site of injury [13]. When the sterile inflammatory
response is short-lived, the tissue recovers; however, the response may also produce
persistent inflammation, which in the liver, can lead to fibrosis, cirrhosis, and
hepatocellular carcinoma (HCC) [94, 95]. Drug-induced damage (acetaminophen
(APAP) hepatotoxicity), alcoholic liver steatohepatitis (ASH), diet-induced damage (non-
alcoholic steatohepatitis (NASH)), and mechanically-induced damage (ischemia-
reperfusion injury), all promote cell death within the liver.

Damage-associated molecular patterns (DAMPS) released from dying cells signal
through the same pattern recognition receptors (PRRs) that recognize pathogen-
associated molecular patterns to initiate the inflammatory response [13]. While there are
multiple families of PRRs that bind DAMPs, Toll-like receptors (TLRs) are an important
class of PRR in the sensing of sterile liver injury. Multiple mouse models of sterile
inflammation have shown a central role for signaling through TLRs and their downstream
effectors Toll/IL-1 receptor domain-containing adapter protein inducing IFN-B (TRIF) and
myeloid differentiation primary-response protein 88 (MyD88).

Models of sterile inflammation in the liver have provided key insights about the
inflammatory pathways involved in the response to liver damage. There exists, however,
a knowledge gap concerning the sterile inflammatory response to the death of each
specific cell type. Models of toxic liver injury result in complexity that is challenging to
analyze. For example, in APAP-mediated toxicity, injury to liver sinusoidal endothelial
cells (LSECs) and disruption of the microvasculature precedes necrosis of hepatocytes,
occurring as early as 30 min after drug administration [96-98]. In the mouse model of
concanavalin A (Con A)-induced hepatitis, LSECs are eliminated early in the pathology
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by CD4+ T cells, destroying the lining and exposing hepatocytes to activated T cells [99].
Additionally, the Con A model of hepatitis relies on components of the adaptive immune
system, activated T cells, to induce hepatic damage, further complicating efforts to study
the response of the innate immune system [100, 101]. Models of ischemia-reperfusion
injury produce no clearer results as the death of both LSECs and hepatocytes occurs
[102].

Inflammation in response to cell death is critically important in the liver not only in
situations of drug-, diet-, and mechanically-induced damage, but also in the context of
infection, where inflammation is complicated by responses to host cell death and
pathogen. Separating the different pathways of inflammation—those against pathogen
versus those against host cell death—may prove essential to address inflammatory liver
disease. In particular, the response to hepatocyte death is critical to understand as it is a
central component of both damage induced by infectious and non-infectious insults.

We have, therefore, developed a mouse model of sterile liver inflammation
initiated by hepatocyte-specific death. We find that TRIF, independent of TLR4 and type
I IFN, plays a key role in the initiation of sterile inflammation, of which hepatocytes
themselves are major regulators. Furthermore, we identify separate arms of the

response distinguished by their requirement for TRIF-pathway signaling.

Results

Model of hepatocyte-specific death

To identify pathways of sterile inflammation in the liver we developed a mouse
model of hepatocyte-specific death. We designed a recombinant adeno-associated virus
(rAAV) vector encoding the fluorescent reporter protein mCherry and the human

diphtheria toxin receptor (hDTR, also known as the heparin-binding EGF-like growth
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factor, or HB-EGF), rAAV8.pAlb.mCherry.nDTR (Figure 3-1A). This vector utilizes the
AAV serotype-8 capsid proteins to preferentially target to the liver (Figure 3-1B) and the
mouse alpha-fetoprotein enhancer (AFPE) in combination with the albumin promoter
(AlIbP) for hepatocyte-specific expression of transgenes (Figure 3-1C). Mice received
5x10° DNase-resistant genomes (DRGs) of vector by retro-orbital injection. After
allowing two weeks for vector expression to stabilize within the mouse, we induced
hepatocyte death by injection of diphtheria toxin (DT). Liver damage, measured by
alanine aminotransferase (ALT) levels, peaked at 48 hours (Figure 3-1D). Preliminary
data using the rAAV8.pAIb.OVA.hDTR vector produced the same result (Figure 3-2A).

Histological examination showed rounded eosinophilic cells with condensed or
fragmented nuclei by 24 hours, indicative of cell death (Figure 3-1E). By 48 hours, a
cellular infiltrate was present as well as extensive hepatocyte necrosis indicated by
widespread eosinophilia and both condensed and dissolving nuclei (Figure 3-1E).
Hepatocytes undergoing mitosis, indicative of tissue repair, began to appear by 48 hours
(arrow, Figure 3-1E). By 72 hours, the infiltrate had increased and there were increased
numbers of mitotic hepatocytes, indicating further tissue repair, though there still
remained evidence of dying hepatocytes (Figure 3-1E).

Immunofluorescence showed strong, diffuse mCherry expression limited to the
cytoplasm of hepatocytes in the control group (Figure 3-1F). By 24 hours and continuing
to 48 hours, the mCherry signal was consolidating into round vacuoles largely within the
cytoplasm of hepatocytes but also within cells in the sinusoids, indicative of
phagocytosis of dying cells by hepatocytes and other non-parenchymal cells (NPCs)
within the liver (Figure 3-1F). By 72 hours, large vacuoles of mCherry signal were less
concentrated in hepatocytes, with smaller puncta of mCherry signal appearing

throughout the cytoplasm of hepatocytes and within cells in the sinusoids (Figure 3-1F).
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Figure 3-1. Hepatocyte-specific expression of rAAV8.pAlb.mCherry.hDTR results
in peak liver damage 48 hours following diphtheria toxin injection. (A)
rAAV8.pAlb.mCherry.hDTR vector encoding the mouse AFPE and AlbP; mCherry and the
hDTR linked by a T2A linker sequence; and AAV serotype-2 5’ and 3’ ITRs. Two weeks
following rAAV injection, mice received either no injection, 1X PBS (control), or DT and
were sacrificed 6, 12, 24, 48, 72, or 96 hours later. hDTR mRNA levels, relative to (B)
Gapdh in organs and (C) Hprt in total liver and liver cell populations of C57BL/6NJ mice
that received 1X PBS, n=5, each data point represents an individual mouse. (D) ALT
levels from C57BL/6J mice that received no DT or DT. Each data point represents an
individual mouse, bars represent the median. (E) Paraffin-embedded sections stained for
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(Figure Legend 3-1, continued)

hematoxylin and eosin, 100X. Bar, 50 pum. Arrow, mitotic hepatocytes. (F) Cryo-
preserved sections with mCherry (top) or the merge of mCherry fluorescence (red),
hepatocyte autofluorescence (green), and DAPI to distinguish nuclei (blue) (bottom).
Bar, 50 um. (D-F) are combined from two experiments (n = 4, No DT group; n = 6, all
other time points). Representative images chosen from one mouse at each time point for
(E) and (F), based on median ALT levels. AFPE, alpha-fetoprotein enhancer; Alb®,
albumin promoter; hDTR, human diphtheria toxin receptor; ITR, inverted terminal
repeats; IGL, inguinal lymph nodes; Sm. Int., small intestine; and ND, non-detect.
Significance determined by a Kruskal-Wallis test followed by Dunn’s post-test of (C)
Liver, LSEC, and KC to hepatocytes and (D) of each time point to the No DT group. *
represents significance compared to No DT group; *, P < 0.05; **, P<0.01; ***, P <
0.001; non-significance represented by absence of bar or asterisk.
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Figure 3-2. Preliminary experiments using rAAV8.pAlb.OVA.hDTR support
findings from rAAV8.pAlb.mCherry.hDTR experiments. Two weeks following
rAAVS8.pAlb.OVA.NDTR injection C57BL/6J and TRIF” mice received no injection, 1X
PBs (control), or DT and were sacrificed 6, 12, 24, 48, 72, or 96 hours later. (A) Serum
ALT levels in (A) C57BL/6J mice and (B) in C57BL/6J and TRIF" at 48 hours. (A, B)
Data are combined from two individual experiments. Each data point represents an
individual mouse, bars represent the median. For (A) n = 4 for all time points except 24
hours where n = 6 and for (B) n = 8, B6 + PBS, TRIF" + DT;n=9, B6 + DT; n=7,
TRIF" + PBS. Significance determined by (A) a Kruskal-Wallis test followed by Dunn’s
post-test of each time point to the No DT group and (B) four pairwise Mann-Whitney
tests and the p-values adjusted for multiple comparisons using the Holm-Bonferroni
method as described in the methods. *, P < 0.05; **, P < 0.01; non-significance
represented by absence of bar.
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Neutrophils and monocytes are recruited to the liver following hepatocyte death

Sterile inflammation is characterized by a neutrophil and monocyte infiltrate [17,
18]. To identify which cells play a role in the inflammatory response to tissue injury linked
to hepatocyte death, we used flow cytometry to assess the populations present in the
liver in control mice and at 6, 12, 24, 48, 72, and 96 hours after injection of DT. Following
doublet exclusion and size gating (Figure 3-3), we gated for LSECs, Kupffer cells (KCs),
neutrophils, eosinophils, and a CD11b(+) Ly6G(-) F4/80(-) population we term
monocytes, further split into Ly6C(+) and Ly6C(-) populations, and further characterized
by their expression of CD11c and MHC-II (I-A/I-E) (Figure 3-4A, control; and 3-4B, 48
hours). Neutrophils began infiltrating the liver 12 hours following DT injection and peaked
between 24-48 hours while monocytes began infiltrating the liver by 24 hours and
peaked between 48-72 hours (Figure 3-4C). Within the monocyte population, the
proportion of Ly6C(+) monocytes began to increase by 24 hours while the proportion of
Ly6C(-) monocytes began to increase by 48 hours (Figure 3-4C). A complete
characterization of the infiltrating monocyte population confirms the dominance of
Ly6C(+) monocytes at earlier time points and dominance of Ly6C(-) monocytes at later
time points (Figure 3-5)

The presence of neutrophils and monocytes caused us to ask whether
chemokines and adhesion molecules involved in myeloid cell recruitment were induced
as a component of the inflammatory response against hepatocyte death. To examine
this, we looked at the expression of chemokine genes in total liver, hepatocytes, LSECs,
and KCs 6, 12, 24, 48, 72, and 96 hours following DT administration. Genes for
monocyte-recruiting chemokines (Ccl2, Ccl5, Ccl7, Cxcl10), neutrophil-recruiting
chemokines (Cxcl1, Cxcl2), and adhesion molecules (Icam1, Vcaml) were strongly
induced across all populations (Figure 3-6A). For Ccl7 expression in hepatocytes, levels
of transcript were not detectable in 3 of 4 control mice, making a fold-change calculation
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not possible; however, Ccl7 transcript levels were induced by 12 hours and increased by
24 hours (Figure 3-6B). Induction was greatest in the hepatocytes for almost all genes
measured and peaked at 24 hours (Figure 3-6B). Examination of the relative expression
levels between hepatocytes, LSECs, and KCs revealed that KCs generally expressed
the highest levels of transcript in control mice, with the notable exception that
hepatocytes expressed the most Cxcll (Figure 3-6B). Upon hepatocyte death, however,
the level of gene expression for Ccl2, Cxcl2, Cxcl10, and Icam1 increased in
hepatocytes so that it surpassed that of LSECs and KCs, further suggesting that

hepatocytes are the central responding cell (Figure 3-6B).
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Figure 3-3. Preliminary gating strategy. Preliminary gating strategy used for the
isolation of LSECs and KCs and the identification of HSCs, neutrophils, eosinophils, and
monocytes. Two weeks following rAAV injection, C57BL/6J mice received DT and were
sacrificed 6, 12, 24, 48, 72, or 96 hours later. Representative gating scheme to identify
and characterize cell populations within the liver of (A) control mice and (B) DT-treated
mice 48 hours after DT injection. (A, B) Data are representative of two combined
experiments (n = 4, No DT group; n = 6, 48 hours).
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monocytes. Two weeks following rAAV injection, C57BL/6J mice received DT and were
sacrificed 6, 12, 24, 48, 72, or 96 hours later. Representative gating scheme to identify
and characterize cell populations within the liver of (A) control mice and (B) DT-treated
mice 48 hours after DT injection. (C) Neutrophil, monocyte, Ly6C(+) monocyte, and
Ly6C(-) monocyte cell numbers per 10,000 liver non-parenchymal cells. (A-C) Data are
combined from two experiments, each data point represents an individual mouse (n = 4,
No DT group; n=6, all other time points), bars represent the median. (C) Significance
determined by a Kruskal-Wallis test followed by Dunn’s post-test of each time point to
the No DT group. * represents significance compared to No DT group; *, P < 0.05; **, P
<0.01; **, P = 0.001; non-significance represented by absence of asterisk.
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Figure 3-5. Ly6C(+) monocytes are the predominant monocyte population in the
liver at 24 hours but by 48 hours Ly6C(-) monocytes dominate. Two weeks following
rAAV injection, C57BL/6J mice received DT and were sacrificed 6, 12, 24, 48, 72, or 96
hours later. Figure shows representative flow plots at each time point for the KCs, total
monocytes, the proportion of Ly6C(+) versus Ly6C(-) monocytes, and the expression of
MHC-II (I-A/I-E) and CD11c on Ly6C(+) and Ly6C(-) monocytes. Representative flow
plots for monocyte infiltrate chosen based on median ALT value for the group. Data are
representative of two combined experiments (n =4, No DT group; n = 6 all other time
points).
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Figure 3-6. Hepatocyte death up-regulates genes associated with myeloid cell-
recruitment, predominantly in hepatocytes. Two weeks following rAAV injection,
C57BL/6J mice received DT and were sacrificed 6, 12, 24, 48, 72, or 96 hours later. (A)
Fold change gene expression in total liver, hepatocytes, LSECs, and KCs compared to
the No DT group median, Hprt used as reference gene. Data are median and range. (B)
MRNA expression relative to Hprt in total liver, hepatocytes, LSECs, and KCs. Median
values only represented. For Ccl7, non-detect values represented on graph are for
hepatocyte population only. (A, B) Data are combined from two experiments, each data
point represents an individual mouse (n = 4, No DT group; n = 6, all other time points for
all populations except n = 5, KC at 96 hours). ND, non-detect. (A) Significance
determined by a Kruskal-Wallis test followed by Dunn’s post-test of each time point to
the No DT group. * represents significance compared to No DT group; *, P < 0.05; **, P
<0.01; **, P <0.001; =** P < 0.0001; non-significance represented by absence of
asterisk.

Type | interferon expression is increased following hepatocyte death

In mouse models of inflammation, Ccl2 and Ccl7 production occurs downstream
of type I IFNs [103-106]. In turn, the type | IFNs, IFN-a and IFN-B, are primarily driven
by signaling through the TRIF pathway [107]. We hypothesized, then, that the
inflammation following hepatocyte death resulted in the production of TRIF-dependent
chemokines. To examine this, we measured the expression of Ifn-beta (Ifnb1), the main
downstream effector of TRIF, as well as cytokines driven by the MyD88-dependent
pathway: Tnf, ll1-alpha (ll1a), lI1-beta (lI1b), 1I-6 (116), and l112-beta (112b). Ifnbl
transcript, though not statistically significant due to non-detects, went from low or non-
detectable expression to approximately 100-fold greater expression levels by 24 hours,
when compared to the detectable transcript at 6 hours (Figure 3-7A). Tnf was up-
regulated by 24 hours and 1112b modestly up-regulated by 48 hours, but the remaining
MyD88-driven cytokines showed no significant up-regulation in total liver (Figure 3-7A).
Relative expression levels and induction of Ifnb1 were greater in hepatocytes compared

to either LSECs or KCs (Figure 3-7B).
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Figure 3-7. Hepatocyte death induces expression of the TRIF-pathway cytokine
IFN-B, predominantly in hepatocytes, and only minimally induces expression of
MyD88-pathway cytokines. Two weeks following rAAV injection, C57BL/6J mice
received DT and were sacrificed 6, 12, 24, 48, 72, or 96 hours later. mRNA expression
relative to Hprt in (A) total liver for Ifnbl, Tnf, 116, ll1a, ll1b, and l112b and in (B)
hepatocytes, LSECs, and KCs for Ifnb1l. Data are combined from two experiments, each
data point represents an individual mouse (n = 4, No DT; n = 6 for all other time points
for all populations except n = 5, KC at 96 hours), bars represent the median. ND, non-
detect. Significance (A) determined by a Kruskal-Wallis test followed by Dunn’s post-test
of each time point to the No DT group and (B) not determined due to the presence of

non-detects.

0.01; non-significance represented by absence of asterisk.

49

* represents significance compared to No DT group; *, P < 0.05; **, P <



TRIF plays a larger role than MyD88 in the inflammatory response to hepatocyte death

The preferential induction of Ifnb1 over MyD88-driven cytokines indicated that the
inflammation could be controlled by TRIF-dependent signaling. To address this, we
induced hepatocyte death in TRIF-deficient (TRIF) and MyD88-deficient (MyD88™)
mice and measured the response at 48 hours, the time point when ALT levels peaked in
the time course. Both TRIF” and MyD88”- mice showed significantly reduced elevation
in ALT and neutrophil infiltrate compared to wild type mice; however, only TRIF” mice
showed a significant reduction in the influx of monocytes (Figure 3-8). While we found
that the influx of neutrophils required MyD88, MyD88~- mice were only partially protected
from liver damage, suggesting that neutrophils do not play a role in liver damage.
Overall, the magnitude of the effects on the ALT and monocyte levels was more
dramatic in the case of TRIF mice. Data using the rAAV8.pAlb.OVA.hDTR vector

produced the same result in TRIF mice (Figure 3-2B).
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Figure 3-8. TRIF" mice exhibit less inflammation than MyD88” mice following
hepatocyte death. Two weeks following rAAV injection, C57BL/6J, TRIF", and MyD88"
mice received 1X PBS (control) or DT and were sacrificed 48 hours later. Serum ALT
and neutrophil and monocyte cell numbers per 10,000 liver non-parenchymal cells were
measured. Data are combined for 3 individual TRIF"- experiments and 3 individual
MyD88"- experiments. Each data point represents an individual mouse (TRIF: n = 14,
B6 + PBS; n=15,B6 + DT; n=8, TRIF" + PBS; n = 13, TRIF" + DT and MyD88™: n =
14, B6 + PBS, B6 + DT, MyD88™ + PBS; n = 10, MyD88"- + DT), bars represent the
median. Significance determined by four pairwise Mann-Whitney tests and the p-values
adjusted for multiple comparisons using the Holm-Bonferroni method as described in the
methods. *, P < 0.05; **, P < 0.01; ***, P < 0.001; non-significance represented by
absence of bar.
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TRIFE is not required for increased expression of myeloid cell-recruiting chemokines or

cell-adhesion molecules, nor for increased production of CCL2 and CXCL1 protein

Since TRIF mice exhibited reduced monocyte and neutrophil infiltrate, we next
asked if the up-regulation of monocyte- and neutrophil-recruiting genes was also
impaired in TRIF- mice. At 48 hours following injection of DT, TRIF” mice showed less
induction of Ccl2, Ccl5, Ccl7, Cxcll, Cxcl2, Cxcll10, Icam1, and Vcaml transcripts in total
liver when compared to wild type mice (Figure 3-9A). Due to the presence of non-detects
in hepatocytes and LSECs, Ccl7 transcript levels were evaluated based on relative
expression, rather than fold change. Hepatocytes produced Ccl7 in all wild type mice but
only a portion of the TRIF” mice, while expression of Ccl7 in LSECs was lower in TRIF"
mice when compared to wild type mice (Figure 3-9C). Examination of serum for CCL2
and CXCL1 protein revealed that both chemokines were significantly reduced in TRIF"
mice compared to wild type mice (Figure 3-9E). Direct comparison of Ifnbl was
complicated by a number of non-detects; however, hepatocytes from TRIF- mice
produced more non-detects and the expression in LSECs from TRIF’ mice was
marginally lower, when compared to hepatocytes from wild type mice (Figure 3-9D).

While TRIF-deficiency resulted in reduced liver injury and inflammation as
measured by ALT levels, cellular infiltrate, mMRNA levels, and protein levels, TRIF-
deficiency did not abolish the production of these mediators entirely. Specifically, the
upper range of ALT, mRNA, and protein levels in TRIF mice treated with DT
overlapped with the range in wild type mice treated with DT. We hypothesized that Ccl2,
Ccl5, Ccl7, Cxcl1, Cxcl2, Cxcl10, Icam1, and Vcam1l mRNA levels and CCL2 and
CXCL2 protein levels would increase with increasing liver injury in the TRIF- mice. To
test this hypothesis, we correlated cellular infiltrate, total liver mMRNA, and protein levels
with serum ALT levels in DT-treated TRIF and wild type mice. In all cases except for
Ccl5 in wild type mice, mRNA level and protein level was significantly correlated with
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ALT and often the correlation was stronger in TRIF” than in wild type mice (Figures 3-9B
and 3-9F). Monocyte infiltrate correlated with increasing ALT, however, neutrophil
infiltrate was not significantly correlated with increasing ALT levels (Figure 3-9G). The
lack of neutrophil correlation with ALT level could be a result of measuring at 48 hours
rather than an earlier time point, as we found neutrophils to begin infiltrating the liver

earlier than monocytes (Figure 3-4).
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Figure 3-9. TRIF is dispensable for increased expression of myeloid cell-recruiting
chemokines and cell-adhesion molecules, as well as increased production of
CCL2 and CXCL1 protein. Two weeks following rAAV injection, C57BL/6J and TRIF”
mice received PBS or DT and were sacrificed 48 hours later. (A) Fold change gene
expression in total liver, hepatocytes, LSECs, and KCs, + PBS group and + DT group
compared to the + PBS group median, Hprt used as reference gene. (B) Correlation of
serum ALT levels and gene expression fold change levels for B6 + DT (black) and TRIF
"+ DT (red) groups. mRNA expression relative to Hprt for (C) Ccl7 in hepatocytes and
LSECs and (D) Ifnbl in total liver and hepatocytes. (E) Serum protein levels for CCL2
and CXCL1. (F) Correlation of serum ALT levels and serum chemokine levels for B6 +
DT (black) and TRIF + DT (red) groups. (G) Correlation of serum ALT levels and
monocyte and neutrophil infiltrate for B6 + DT (black) and TRIF”- + DT (red). (A-G) Data
are combined for 2-3 experiments. Each data point represents an individual mouse, bars
represent the median. For (A-D, G) total liver and hepatocytes: n = 14, B6 + PBS; n = 15
B6 + DT; n=8, TRIF" + PBS; n = 13 TRIF" + DT; for LSECs; n = 10, B6 + PBS; n =9,
B6 + DT; n=5, TRIF" + PBS; n =8, TRIF" + DT; and, for KCs: n = 10, B6 + PBS; n = 8,
B6 + DT; n=5, TRIF" + PBS; n =8, TRIF" + DT. For (E, F) serum: n = 10, B6 + PBS; n
=9,B6 + DT; n=38, TRIF" + PBS; n =13, TRIF" + DT. ND = non-detect. (A) Ccl2 has
one non-detect value in each + PBS group not noted on the graph. Significance
determined by (A) an individual Mann-Whitney test per population, (B, F, G) Goodness
of Fit, with R? and p-value reported on the graph, and (C-E) by four pairwise Mann-
Whitney tests and the p-values adjusted for multiple comparisons using the Holm-
Bonferroni method as described in the methods. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
**** P < 0.0001; non-significance represented by absence of bar.
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TRIFE is required for increased production of IL-1f3, IL-10, and IL-6

The inflammatory cytokines TNF-a, IL-1f3, and IL-6 and the anti-inflammatory
cytokine IL-10, are commonly produced in response to acute liver injury [17]. We
evaluated the levels of these cytokines in serum from wild type mice and TRIF” mice 48
hours following DT injection. The production of IL-10, IL-6, IL-13, and TNF-a was
reduced in TRIF"- mice compared to wild type mice 48 hours following DT injection
(Figure 3-10A). Correlation analysis of serum cytokine levels with serum ALT levels from
DT-treated mice demonstrated that levels of IL-10, IL-6, and IL-1f did not correlate with
increasing liver injury in TRIF”- mice, while TNF-a levels moderately correlated with
increasing liver injury in TRIF mice (Figure 3-10B). This suggests that the production of
IL-10, IL-6, and IL-1p following hepatocyte death requires TRIF, while TNF-a may result
from liver injury by a different mechanism.

To ask which cell type might be producing these cytokines, we examined the
relative expression of 1110, 116, II1b, and Tnf in wild type mice 6, 12, 24, 48, 72, and 96
hours following DT administration. At all time points, KCs expressed the highest level of
transcripts for all four cytokines, and furthermore, expressed levels ~100-fold higher than
hepatocytes and LSECs for 1110, 116, and 1l11b (Figure 3-11A). While KCs also expressed
the highest levels of Tnf, the effect was not as dramatic and the largest induction of Tnf
was seen in hepatocytes at 24 hours (Figure 3-11A). In KCs, 1110, 116, and ll1b transcript
either remained unchanged or increased slightly from 6-24 hours but began decreasing
by 48 hours and continued to decrease through 72 hours (Figure 3-11B). Tnf transcript
also increased through 24 hours, but didn’t begin decreasing until 72 hours (Figure 3-
11B). We hypothesized that the gene regulation seen at 48 hours in KCs for 1110, 116,
[11b, and Tnf would be reduced in TRIF- mice. We examined the fold-induction of these
cytokines in KCs 48 hours following DT injection in wild type and TRIF” mice. The down-
regulation 1110, 116, and 1l1b seen in wild type mice was absent in TRIF” mice (Figure 3-
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12). Additionally, at 48 hours the up-regulation of Tnf seen in wild type mice was
modestly reduced in TRIF- mice (Figure 3-12). This suggests that KCs are responsible
for the production of IL-10, IL-6, and IL-1(, but not TNF-a, and furthermore, that the
production of IL-10, IL-6, and IL-1( following hepatocyte death is dependent upon TRIF-

pathway signaling.
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Figure 3-10. The increased production of IL-10, IL-6, and IL-1B depends on TRIF.
Two weeks following rAAV injection, C57BL/6J and TRIF’- mice received PBS or DT and
were sacrificed 48 hours later. (A) Serum chemokine levels were measured. (B)
Correlation of serum ALT levels and gene expression fold change levels for B6 + DT
(black) and TRIF” + DT (red) groups. Data are combined for 2-3 individual
experiments. Each data point represents an individual mouse (n = 10, B6 + PBS; n =9,
B6 + DT; n =8, TRIF" + PBS; n = 13, TRIF" + DT), bars represent the median.
Significance determined by (A) four pairwise Mann-Whitney tests and the p-values
adjusted for multiple comparisons using the Holm-Bonferroni method as described in the
methods and (B) Goodness of Fit, with R? and p-value reported on the graph. *, P <
0.05; **, P < 0.01; **, P < 0. 001; ***, P < 0.0001; non-significance represented by
absence of bar.
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Figure 3-11. 1110, 116, ll1b, and Tnf are expressed most highly by Kupffer cells and
levels decrease 48-72 hours following diphtheria toxin injection. Two weeks
following rAAV injection, C57BL/6J mice received DT and were sacrificed 6, 12, 24, 48,
72, or 96 hours later. (A) MRNA expression relative to Hprt in total liver, hepatocytes,
LSECs, and KCs. Median values only represented. The number of non-detects are
represented by a green color scale below each graph. (B) Fold change gene expression
in KCs compared to the No DT group median. Data are median and range. (A, B) Data
are combined from two experiments (n = 4, No DT group; n=6, all other time points for all
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(Figure Legend 3-11, continued)
populations except n =5, KC at 96 hours). (B) Significance determined by a Kruskal-

Wallis test followed by Dunn’s post-test of each time point to the No DT group. Kruskal-
Walllis determined 116 and Il1b to be significant (***), however, the individual post-tests
were found to be non-significant. Tnf and 1110 were determined to be non-significant by

the Kruskal-Wallis test.
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Figure 3-12. TRIF is required for the down-regulation of 1110, 116, and ll1b in Kupffer
cells. Two weeks following rAAV injection, C57BL/6J and TRIF” mice received PBS or
DT and were sacrificed 48 hours later. Fold change gene expression in KCs: + PBS
group and + DT group compared to + PBS group median, Hprt used as reference gene.
Each data point represent an individual mouse (n =10, B6 + PBS; n =8, B6 + DT; n =5,
TRIF" + PBS; n =8, TRIF” + DT), bars represent the median. Significance determined
by four pairwise Mann-Whitney tests and the p-values adjusted for multiple comparisons
using the Holm-Bonferroni method as described in the methods. *, P < 0.05; ***, P <
0.001; ***, P < 0.0001; non-significance represented by absence of a bar.
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Type | IEN signaling does not mediate the inflammation that follows hepatocyte death

The literature indicates that signaling via TRIF activates interferon regulatory
factor 3 (IRF3) which drives expression of type | IFN, and particularly of IFN- [43, 108].
Our results indicated that Ifnb1 expression may be uncoupled from TRIF in this model of
inflammation. To test if type | IFNs played a role in the observed TRIF-driven
inflammation, we induced hepatocyte death in IFN (a and ) receptor 1 (IFNAR1)-
deficient (IFNAR1”) mice and looked at the response 48 hours after DT administration.
IFNAR1” mice responded to hepatocyte death with the same increases in ALT,
neutrophil infiltrate, and monocyte infiltrate as wild type mice (Figure 3-13), suggesting
that the production of type | IFN following hepatocyte death does not contribute to

propagating liver damage.

TLR4 does not mediate the inflammation that follows hepatocyte death

TRIF is the common signaling adapter for TLR3 and TLR4 [42]. To ask which
receptor was responsible for initiating the inflammation to hepatocyte death, we
examined the response to hepatocyte death in TLR4-deficient (TLR4") and TLR3-
deficient (TLR3"") mice at 48 hours following DT administration. ALT levels, neutrophil
infiltrate, and monocyte infiltrate were induced to comparable levels in wild type and
TLR4" mice (Figure 3-14). The TLR3" mice were not transduced to equal levels by the
rAAV8.pAlb.mCherry.hDTR vector and so while we obtained very low ALT in DT-treated,

vector-transduced TLR3” mice, the results could not be interpreted (Figure 3-15).
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Figure 3-13. Type | IFN does not contribute to the inflammation induced by
hepatocyte death. Two weeks following rAAV injection, C57BL/6J and IFNAR1” mice
received PBS or DT and were sacrificed 48 hours later. Serum ALT and neutrophil and
monocyte cell numbers per 10,000 liver non-parenchymal cells were measured. Data
are combined for 3 individual experiments. The B6 mice used in the third repetition of
this experiment were also used for the 3rd repetition of the MyD88”- experiments in
Figure 5, so the data appears twice (n = 4, B6 + PBS and B6 + DT). Each data point
represents an individual mouse (n = 14, B6 + PBS; n = 13, B6 + DT, IFNAR1" + PBS,
IFNAR1" + DT), bars represent the median. Significance determined by four pairwise
Mann-Whitney tests and the p-values adjusted for multiple comparisons using the Holm-
Bonferroni method as described in the methods. *, P < 0.05; ***, P < 0.001; non-
significance represented by absence of bar.
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Figure 3-14. TLR4 signaling is not required for the inflammation induced by
hepatocyte death. Two weeks following rAAV injection, C57BL/6J and TLR4™ mice
received PBS or DT and were sacrificed 48 hours later. Serum ALT and neutrophil and
monocyte cell numbers per 10,000 liver non-parenchymal cells were measured. Data
are combined for 2 individual experiments. Each data point represents an individual
mouse (n = 8 for all groups), bars represent the median. Significance determined by four
pairwise Mann-Whitney tests and the p-values adjusted for multiple comparisons using
the Holm-Bonferroni method as described in the methods. *, P < 0.05; **, P < 0.01; ***, P
< 0.001; non-significance represented by absence of bar.
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Figure 3-15. Reduced transduction of TLR3” hepatocytes by rAAV. Two weeks
following rAAV injection, C57BL/6J and TLR4™, or C57BL6/NJ and TLR3” mice received
PBS or DT and were sacrificed 48 hours later. (A) Serum ALT for C57BL/6NJ and
TLR3” mice was measured. (B) Expression of hDTR relative to Hprt in hepatocytes from
+ PBS groups. (C) Levels of hDTR protein in B6/NJ, TLR3", B/6J, and TLR4" mice. No
AAV lanes represents B/6J mice that had not received vector, the same mice used for
both blots. (A-C) Data are combined for 2 individual TLR3” and 2 individual TLR4™"
experiments. Each data point represents an individual mouse (for TLR3” experiments: n
=10, B6/NJ + PBS, B6/NJ + DT, TLR3” + PBS; n =9, TLR3” + DT and for TLR4"
experiments: n = 8, B/6J + PBS, TLR4" + PBS), bars represent the median. Significance
determined by (A) four pairwise Mann-Whitney tests and the p-values adjusted for
multiple comparisons using the Holm-Bonferroni method as described in the methods
and (B) by a single pairwise Mann-Whitney test. **, P < 0.01; ****, P < 0.0001; non-
significance represented by absence of bar.
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Discussion

Hepatocyte death is a key component of both pathogen- and sterile-induced
pathologies, and contributes to the development of chronic liver disease. The
inflammatory circuits that respond to host death and pathogen insult overlap extensively
and models of sterile inflammation help to isolate the signaling pathways involved by
removing the responses to pathogen. Though there are many mouse models of sterile
liver injury, there is a lack of models to identify pathways unique to the response initiated
by DAMPs released from dying hepatocytes.

We have developed a mouse model of hepatocyte-specific death using a rAAV8
vector to target the hDTR construct to hepatocytes for expression. rAAV8 vectors,
containing AAV2 serotype DNA and AAVS8 serotype capsid proteins, are optimized for
delivery of transgenes to hepatocytes. Unlike rAAV2 vectors which achieve transduction
of only ~10% of hepatocytes even at high doses, rAAV8 is more efficient at transducing
hepatocytes and can transduce up to 100% of hepatocytes [109, 110]. Examination of
the expression pattern of hDTR mRNA confirmed that our rAAV8 vector provided liver-
and hepatocyte-specific expression. In stark contrast to adenoviral vectors, the immune
response to single-stranded AAV vectors is transient and mild, resolving within 6 hours
following AAV injection [111]. The response is driven by TLR9- and MyD88-dependent
signaling and results in a short-term increase of infiltrating neutrophils and CD11b(+)
cells and an increase in mMRNA for Tnf, Ccl2, Ccl4, Ccl5, Cxcl2, and Cxcl10 [111]. To
assure that the initial immune response to AAV was no longer present and that
transgene expression was stable, we allowed for 2 weeks between AAV injection and
injection of DT.

Hepatocyte death, induced by injection of DT, resulted in maximal liver damage
48 hours following DT injection and was accompanied by an increase in neutrophil and
monocyte numbers in the liver. This response was largely dependent on TRIF and, to a
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lesser extent, also dependent on MyD88. Perhaps the most-studied liver injury driven by
TRIF-dependent signaling is chronic alcohol abuse, where increased translocation of
endotoxin from gut microbiota into the liver via the portal vein results in signaling via
TLR4 in a MyD88-independent, TRIF-dependent manner [14-16, 89, 90]. The role for
TRIF signaling in acute liver injury is less clear. In APAP-induced injury, TLR4 and TLR9
have been identified as key receptors involved in the recruitment of infiltrating
monocytes and neutrophils and the production of IL-6, TNF-a, and IL-13; however, the
downstream signaling pathways need to be elucidated [64, 67-69]. The similarities in the
inflammation profile between our model and the APAP model suggest that TRIF
signaling could be important for the induction of inflammation in APAP hepatotoxicity.
Lastly, in a model of ischemia-reperfusion injury, TLR4” mice were protected from injury,
producing less Cxcl10, Icam1, Tnf, ll1b, and Ifng [8]. Furthermore, a study by Zhai et al.
showed that the DAMP high mobility group box 1 (HMGB1) signaled via a MyD88-
independent, IRF3-dependent route to propagate inflammation in ischemia-reperfusion
injury [72]. Both of these studies suggest that TRIF may be the adaptor mediating the
inflammatory responses. It should be noted that signaling via TRIF generally results in
production of type | IFNs [43, 108]. In sterile inflammation resulting from ischemia-
reperfusion injury, IFNAR1-deficient mice were protected from liver damage and
produced less transcript for Tnf, II1b, 116, Ccl2, Cxcl10, and Icam1l, as well as had fewer
infiltrating neutrophils and macrophages [75]. While we observed the induction of Ifnb1,
liver damage in an IFNAR1” mouse was not significantly different that seen in wild type
mice, eliminating a role for type | IFN signaling in the pathology to hepatocyte-specific
death.

Interestingly, while the aforementioned models are heavily dependent upon
signaling through TLR4, we find that the TRIF-dependent response to hepatocyte death
is independent of TLR4. In the absence of upstream signaling through TLR4, TRIF
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signaling is initiated via TLR3. The role of TLR3 in sterile liver injury remains relatively
unknown, though it has been found to contribute to liver damage in models of APAP
hepatotoxicity and Con A-induced hepatitis [112, 113]. As we observed ~30-fold less
transduction of hepatocytes by rAAV8.pAlb.mCherry.hDTR in TLR3” mice when
compared to their wild type C57BL/6NJ controls, we could not evaluate the role of TLR3
signaling in this model. A study by Jayandharan et al. demonstrated that the alternative
nuclear factor kB (NF-kB) pathway was necessary for expression of AAV transgene
[114]. It is therefore possible that the lack of functional TLR3 in TLR3” mice either
directly affects the alternative NF-kB pathway, or affects the ability of AAV to use the
alternative NF-kB for transgene expression. The TLR4-independent inflammation
produced following hepatocyte death suggests that TLR3 is the receptor that is
responding to cell death. This is an attractive option and supported by in vitro studies
using dendritic cells which show that mMRNA from necrotic cells signals via a TLR3- and
TRIF-dependent pathway [115].

The role hepatocytes play in sterile liver inflammation, and particularly in the
response to hepatocyte death, is relatively unknown. Though there is limited data
available concerning the role of hepatocytes as drivers of an inflammatory response, in
vitro studies have produced some provocative results. Primary mouse hepatocytes
secrete IL-6 in response to free fatty acids (FFAs) and IL-17 [116], and IL-6 and TNF-a
in response to FFAs alone [85]. In mouse models of chronic liver injury induced by
carbon tetrachloride (CCls), CCL20 was detected in hepatocytes by
immunohistochemistry [117] and secreted by murine primary hepatocytes in culture in
response to CCls [118]. Additionally, hepatocytes isolated from ethanol-treated mice
expressed more Cxcll than those from the control mice [92]. In our model of hepatocyte-
specific death, the up-regulation of Ccl2, Ccl5, Ccl7, Cxcll, Cxcl2, Cxcl10, Icam1,
Vcaml, Ifnbl, and Tnf transcripts was greater in hepatocytes than in either LSECs or
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KCs, highlighting hepatocytes as key players in the sterile inflammatory response to
hepatocyte death.

A number of studies have shown that cells undergoing apoptosis, necrosis, or
necroptosis maintain the capacity to up-regulate transcription and protein production
[119-123]. IL-6 has been found to be secreted by necrotic cells [121]; IL-6, CCL2, and
CXCL1 secreted by apoptotic cells [122]; and most recently, necroptotic cells showed
increased transcription of many genes, including Cxcl1, Cxcl10, Ccl2, Ccl7, and 116 [123].
Given the transcript repertoire we detected in our studies it is possible that dying
hepatocytes are producing chemokines in our model. Alternatively, or in parallel, live
hepatocytes sensing and responding to death may also be responsible for the up-
regulation of these transcripts. This latter possibility is supported by our observation that
many of these transcripts are also up-regulated in KCs and LSECs 6 hours following DT
injection, indicating the induction of an innate immune response in neighboring cells.
Additionally, in preliminary studies we found that RIPK3” mice, which are incapable of
necroptotic death, were not protected from liver injury (data not shown). Finally, sensing
and response by live hepatocytes is also supported by in vitro findings in which primary
mouse hepatocytes, independent of death, increased expression for a number of
inflammatory proteins including: Cxcl1, Cxcl2, Cxcl10, Ccl2, Ccl7, Ccl20, lcaml1, Vcaml,
II1b, and 1110 in response to bile acids [124]. The results of our in vivo study of
hepatocyte death combined with this in vitro study provide compelling evidence for a
common inflammatory pathway induced in hepatocytes in response to insult, in these
cases, DAMPs released from other dying hepatocytes or bile acids.

Interestingly, while we found that TRIF regulates inflammation overall, we still
observed inflammation in a subset of TRIF- mice. This provides insights as to what arm
of the inflammation is directly influenced by TRIF and what arm is indirectly influenced
by TRIF. Up-regulation of Ccl2, Ccl7, Cxcl1, Cxcl2, Cxcl10, Icaml1, and Vcaml in total
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liver and CCL2 and CXCLL1 in serum directly correlated with increasing liver injury in
TRIF mice, and therefore, did not require TRIF-mediated signaling. In contrast, IL-6, IL-
10, and IL-1PB levels in the serum were not correlated with liver injury in TRIF- mice as
they were in wild type mice, and therefore, their induction following hepatocyte death
required TRIF-mediated signaling. Furthermore, consistent with the literature on acute
liver injury, our data suggest that KCs may be the main producers of IL-6, IL-10, and IL-
1B as these genes are not down-regulated at 48 hours in TRIF- mice. We speculate that
the arm of the inflammatory response not dependent upon TRIF—the up-regulation of
chemokines and cell adhesion molecules—signals through a TLR4-, TRIF-, and Type |
IFN-independent pathway, potentially driven by a MyD88-dependent pathway. In
addition, we speculate that the arm of the inflammatory response dependent on TRIF—
the production of IL-6, IL-10, and IL-1p—amplifies the effects of hepatocyte death and
results in increased inflammation. Therefore, in mice lacking TRIF, less amplification of
the inflammatory response occurs, resulting in reduced or absent liver injury.

In summary, we have identified TRIF as a central mediator in the response to
hepatocyte-specific death. Hepatocytes themselves produce the most robust response
to hepatocyte death through the up-regulation of genes for myeloid cell-recruiting
factors. In serum as a whole, we see an increase in IL-6, IL-1B, and IL-10, which is
absent in TRIF mice, indicating a direct role for TRIF in the production of these
inflammatory cytokines. Conversely, TRIF is not required for the increased expression of
chemokine and cell adhesion genes and proteins associated with the myeloid cell-
recruiting response. Finally, we find the TRIF-driven response to hepatocyte death to be

independent of TLR4 and Type | IFN.
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CHAPTER 4: DIET- AND ALCOHOL-INDUCED DAMAGE AS A MODEL OF

CHRONIC LIVER INJURY

Abstract

Steatosis, or fatty liver, the dominant indication in the nonalcoholic fatty liver
disease and alcoholic liver disease spectrums is a serious health concern in developed
nations, affecting up to 30% of adults in the United States and other Western nations.
Untreated, steatosis can progress to steatohepatitis characterized by inflammation and
hepatocyte death. Ultimately, a subset of persons with steatohepatitis progress to
cirrhosis and eventually hepatocellular carcinoma. Steatosis in mice is most commonly
induced by methionine/choline-deficient or high-fat diets, though studies are emerging
which show an important role for high-fructose diets in the induction of steatosis and
steatohepatitis. Research suggests that moderate alcohol consumption may exert
protective effects in non-alcoholic fatty liver disease. Using low-fat and mid-fat Lieber-
DeCarli diets in mice, we showed that increasing liver inflammation, monocyte infiltrate,
and histological damage correlated with increasing amounts of dietary carbohydrate,
specifically glucose and longer chain carbohydrates composed of glucose, rather than
increasing amounts of dietary fat. In contrast to the classically-dominant role of Kupffer
cells, our studies found that hepatocytes up-regulated more myeloid cell-recruiting (Ccl2,
Ccl5, Cxcl9, Cxcl10), cell adhesion (Vcam1l), and fibrosis (Mmp9, Mmp12, Pdgfra, and
Tgfbl) genes than either liver sinusoidal endothelial cells or Kupffer cells after 8 weeks
on either the mid-fat or low-fat diet. Lastly, we showed that ethanol may play conflicting
roles by reducing overall pathology and expression of Tgfbl in hepatocytes, but by

increasing neutrophilic infiltrate.
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Introduction

The spectrum of fatty liver (steatosis) diseases includes both the diet- and
alcohol-induced liver injuries, non-alcoholic fatty liver disease (NAFLD) and alcoholic
liver disease (ALD). Only a portion (10-30%) of those with simple steatosis progress to
the more severe forms of disease, non-alcoholic steatohepatitis (NASH) and alcoholic
steatohepatitis (ASH), respectively, characterized by inflammation and hepatocyte
death; however, the mechanisms driving this selective progression of pathology are
obscure. Attempts to define the factors involved in progression have resulted in the
proposition of both the “two hit” and “multiple hit” hypotheses [80, 82]. These models
share the common theme that no one event is sufficient for the progression from
steatosis to steatohepatitis, though they differ in the necessity for two, or more than two
rounds of insult. Accordingly, the “two hit” model proposes that a “first hit” sensitizes the
liver to a “second hit” that drives more severe pathologies, while the “multiple hit”
hypotheses proposes that various “hits” work in parallel to promote pathogenesis.

The development of NAFLD is linked to obesity and insulin resistance, and
particularly a disruption in the metabolism of lipids [125]. Steatosis develops when the
fatty acid balance is disrupted in the liver and more fatty acids are imported or
synthesized by hepatocytes than are exported or catabolized [125, 126]. Diets high in fat
and carbohydrates, and particularly fructose, are correlated with an increased risk for
developing NAFLD [127]. In recent years, the effects of high fructose on the induction of
fatty liver have garnered attention as a model for the Western diet which is high in
carbohydrates and high in fat. Two pivotal studies showed that consumption of soft
drinks, which contain high amounts of fructose and glucose, correlated with the
development of NAFLD in the absence of risk factors such as the metabolic syndrome

[128, 129].
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In attempts to define what dietary factors contribute to the development of fatty
liver, multiple rodent models of diet-induced steatosis have been developed. The most
commonly used diet, the methionine choline-deficient (MCD) diet, contains 40% sucrose
and 10-20% fat, but lacks methionine and choline so that $-oxidation is inhibited,
resulting in fatty acid accumulation within hepatocytes [125, 130]. While the MCD diet
causes the most severe liver pathology compared to other mouse models of NAFLD, its
drawback is that is does not reproduce the human conditions of NASH [130]. High-fat
diets (composed of anywhere from 60% to greater than 85% fat), on the other hand, do
replicate the human conditions of NASH, including weight gain, increased fat, and
development of insulin resistance [131]. The limitation of high-fat models is that they
produce variable results dependent on the mouse strain, length of study, type of fat, and
amount of fat in the diet [125]. Finally, high-fructose models, designed to mimic the high-
fat, high-fructose nature of the “Western diet”, are still being developed and range from
10% fructose in drinking water up to 70% fructose in solid diets [132-137].

Alcohol consumption presents an additional complication in the spectrum of fatty
liver disease. Whether alcohol consumption has a protective role for the development
and progression of NAFLD/NASH is still under debate. Recent studies indicate that
moderate alcohol consumption is associated with both lower prevalence of and lower
disease severity of NAFLD [138-141]. In contrast, consumption of alcohol was found to
increase the risk of disease progression for those patients with established NAFLD [142,
143]. Thus, as with other multi-factorial disease indications, context and timing are likely
critical for our understanding of the contribution of alcohol to fatty liver disease, and
controlled mouse models to address these questions are a high priority.

We set out to first establish a model of chronic alcohol exposure using the
Lieber-DeCarli mid-fat control and ethanol (6.7% v/v) diets. After observing early and
unexpected mouse mortality, we reduced the alcohol percentage to 5.0% vi/v.
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Surprisingly, ethanol concentrations of 5.0% v/v resulted in less liver damage and
immune activation in the ethanol group when compared to the control group. We
hypothesized that the high amount of fat in the diet (35.9% calories from fat versus the
13.2% of vivarium chow) was responsible for the increased damage in the control group
and might be obscuring any effects of ethanol.

To address this hypothesis, we tested different diets that varied in fat,
carbohydrate, and ethanol content: vivarium chow, Lieber-DeCarli mid-fat control diet,
Lieber-DeCarli low-fat control diet, and the Lieber-DeCarli low-fat ethanol diet.
Histological examination showed increased amounts of fat, lobular inflammation, and
hepatocyte ballooning in the mice fed the mid-fat and low-fat control diets compared to
the mice fed the chow diet. In addition, mice fed the low-fat diet had increased pathology
compared to the mice fed the mid-fat diet. Mice fed both the low-fat and mid-fat control
diets showed extensive gene up-regulation in the hepatocytes, and relatively less so in
liver sinusoidal endothelial cells (LSECs) and Kupffer cells (KCs). When compared to the
low-fat control diet, the low-fat ethanol diet caused neutrophil infiltration and increased
expression of Ccl2 and Cxcll1 but down-regulation of Tgfbl in hepatocytes. Additionally,
mice fed the low-fat ethanol diet showed less liver injury by histological analysis than
those mice fed the low-fat control diet.

In the spectrum of human disease and in animal models of steatosis and
steatohepatitis a consistent observation is that an imbalance in caloric load leads to liver
damage. We demonstrate that the increased amount of carbohydrates in a low-fat diet
compared to a mid-fat diet increases liver damage. Additionally, we conclude that while
ethanol mediates the recruitment of neutrophils, it may also act to suppress fibrosis in
hepatocytes through the down-regulation of Tgfbl. While the exact causal role of the
caloric distribution between carbohydrates versus fat remains unclear, these studies give
clues to mechanisms of liver pathologies, including the previously-underappreciated role

73



of the hepatocyte as active drivers of inflammation in non-alcoholic and alcoholic fatty

liver diseases.

Results

6.7% vol/vol ethanol resulted in early, unexpected mouse mortality

To establish a model of chronic ethanol exposure in mice, we used the Lieber-
DeCarli mid-fat control and ethanol diets. Mice were individually caged and pair-fed and
received all of their caloric intake from the mid-fat control or ethanol diet. Unexpected
mouse mortality beginning 2 weeks into feeding of the diets forced termination of the
experiment after only 37 days (Figure 4-1A). Only 4 of 12 ethanol-fed mice survived until
the collection date. Another two ethanol-fed mice (mice #113 and #129) had to be
removed from the study on day 33; however, we obtained blood for serum analysis and
had a necropsy performed by the University of Washington, Department of Comparative
Medicine, Vet Services.

At day 37, the 4 surviving ethanol-fed mice, along with the 4 pair-fed control
mice, were anesthetized and livers perfused. Serum alanine aminotransferase (ALT)
was moderately elevated in ethanol-fed mice over the control-fed mice (Figure 4-1B).
Additionally, the serum ALT levels in the two mice collected at day 33 were elevated
compared to 3 of 4 of the ethanol-fed mice collected at day 37 (Figure 4-1B). Mice #113
and #129 were diagnosed by Vet Services with generalized hepatic lipidosis in zones 2
and 3, moderate to severe in Mouse #113 and severe in #Mouse 129 (Figure 4-1C). Of
the mice collected at day 37, the mice receiving the ethanol diet had more neutrophils
than those receiving the control diet, and additionally, trended towards increased
Ly6C(+) monocytes while the Ly6C(-) monocyte population was not altered (Figure 4-

1D).
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Figure 4-1. A 6.7% vol/vol ethanol diet caused early mouse mortality. Mice were fed
the mid-fat control or mid-fat ethanol Lieber-DeCarli diets. (A) Survival curve (control
diet, black; ethanol diet, red) shows ethanol mice began dying by day 12. For the
ethanol-fed group, starting n = 12 and final n = 4. For the control-fed group, n = 12. Mice
that survived to day 37 were collected and analyzed for: (B) serum ALT levels and (D)
neutrophil, total monocyte, Ly6C(+) monocyte, and Ly6C(-) monocyte cell numbers per
10,000 total liver cells. (C) Hematoxylin and eosin-stained sections for Mice #113 and
#129, euthanized at day 32. (B, D) Data from one experiment. Each data point
represents an individual mouse (final n = 4 for control- and ethanol-fed groups).
Significance determined by a pairwise Mann-Whitney test. *, P < 0.05; non-significance
represented by the absence of a bar.
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5.0% vol/vol ethanol prevented unexpected mouse mortality

Following the mortality seen during our first attempt to establish a mouse model
of chronic alcohol exposure, we modified certain conditions with the aim of reducing
mouse mortality. These modifications were: adjusting the vivarium temperature set-point
to 74°C [personal correspondence with Dr. Bin Gao], providing water in addition to the
liquid diets, and group-housing mice in cages of 5. The mid-fat control and ethanol diets
were not modified; however, we added a build-up period to the final concentration of
ethanol, as follows: we began with 2.23% v/v ethanol for 2 days, followed by 4.46% v/v
for 2 days, and then 6.7% v/v. Eleven days after the start of the 6.7% v/v ethanol diet, 2
mice had to be euthanized and 1 mouse was found dead. We were able to collect blood
from the 2 euthanized ethanol group mice (mice #1848 and #1853) as well as from 2
control group mice (#1864 and #1865). An exhaustive search of the literature suggested
that other groups had experienced similar mouse mortality at 6.7% v/v ethanol and thus,
we reduced the ethanol concentration 5.0% v/v. This successfully prevented any

additional mouse mortalities.

Ethanol-fed mice had lower measures of liver damage than control-fed mice at 8 weeks

Analysis of serum for the liver enzymes ALT and aspartate aminotransferase
(AST) paradoxically showed that ALT and AST levels were significantly higher in control-
fed mice than in ethanol-fed mice at 8 weeks (Figure 4-2A). Furthermore, this elevation
in AST persisted to 12 weeks (Figure 4-2A). While neutrophils trended towards
increased numbers in control-fed mice compared to ethanol-fed mice at 4 and 8 weeks
(p=0.0571), by 12 weeks there was no difference in neutrophil numbers between the
two groups (Figure 4-2B). At 12 weeks, however, the Ly6C(+) monocyte population

trended towards increased numbers in control-fed mice (p= 0.0571) and the Ly6C(-)
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monocyte population was significantly increased in the control-fed mice compared to the

ethanol-fed mice (Figure 4-2B).
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Figure 4-2. Ethanol-fed mice had lower levels of ALT, AST, and monocytes than
control-fed mice. Mice were fed the mid-fat control or mid-fat ethanol Lieber-DeCarli
diets. Collections occurred at 1.5 weeks (two ethanol group mice removed from study
and their controls), 4, 8, and 12 weeks. (A) Serum ALT and AST levels. (B) Neutrophil,
total monocyte, Ly6C(+) monocyte, and Ly6C(-) monocyte cell numbers per 10,000 total
liver cells. Data from one experiment. Each data point represents an individual mouse (n
= 4 per group). Significance determined by a pairwise Mann-Whitney test at each time
point. *, P < 0.05; non-significance represented by the absence of a bar.

Low-fat diets increased ALT and AST serum levels in mice

The increased levels of ALT and AST as well as the trend towards more infiltrate
in control-fed mice compared to ethanol-fed mice, prompted us to examine the levels of
dietary fat in both diets compared to regular vivarium chow. In the vivarium chow diet,
13.1% of the calories came from fat, while in both the mid-fat control and ethanol diets,
35.9% of the calories came from fat (Table 2-1). This led us to hypothesize that higher
levels of dietary fat in the Lieber-DeCarli diets were causing increased inflammation, and

therefore, obscuring any additional effects of ethanol.
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To test this hypothesis, we designed an experiment to compare mid-fat and low-
fat Lieber-DeCarli control diets to standard vivarium chow. Additionally, we included a
low-fat Lieber-DeCarli ethanol diet to assess if ethanol had any affects over the control
diet when the amount of fat was lower. Mice were fed one of four diets: standard
vivarium chow (13.1% calories from fat), mid-fat control Lieber-DeCarli diet (35.9%
calories from fat), low-fat control Lieber-DeCarli diet (12.5% calories from fat), or low-fat
ethanol Lieber-DeCarli diet (12.5% calories from fat) (Table 4-1). At 8 weeks, ALT levels
in the low-fat control group were significantly higher than those in mid-fat control group,
though the presence of an outlier in the chow group made all comparisons to the chow
group not significant (Figure 4-3A). By 6 weeks, AST levels were significantly higher in
the low-fat control group compared to the chow group and by 8 weeks, AST levels were
significantly higher in both the low-fat control and ethanol groups when compared to the
chow group (Figure 4-3B). While the levels of ALT trended upwards in the low-fat
ethanol group, there was no significant difference in ALT at 8 weeks when compared to
either the chow group or the low-fat control group (Figure 4-3A). Lastly, there was no
difference in AST levels between the low-fat control and ethanol groups at 8 weeks
Figure 4-3B). In sum, the results indicated that low-fat diets cause more liver damage

than chow or mid-fat diets.
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Chow Mid-Fat Low-Fat Low-Fat
Control Control Ethanol
Caloric Profile (kcal/L)
Protein 247 151 150 150
Fat 132 359 125 125
Carbohydrate 621 490 725 449*
Ethanol 0 0 0 276
Carbohydrates (g/L)
0.42

Monosaccharides (glucose) {0.19 glucose, 0.23 183 30.1 14.5

fructose)

1.34 (lactose)

Disaccharides 2 e

Polysaccharides

(long chain glucose polymers) 339 (starch)

18.0 (maltose)
3.5 (sucrose)

84.1

25.8 (maltose)
3.5 (sucrose)

111.0

14.3 (maltose)
3.5 (sucrose)

61.8

+203g/L
maltose
dextrin

*79 kcal/L from maltose dextrin

Table 4-1. Caloric profile and carbohydrate composition for diets.
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Figure 4-3. Low-fat control and ethanol diets induced more damage in mice than
mid-fat control and chow diets. Mice were fed standard chow or the mid-fat control,
low-fat control, or low-fat ethanol Lieber-DeCarli diets. Collections occurred at 4, 6, and
8 weeks. (A) Serum ALT levels. (B) Serum AST levels. Data from one experiment. Each
data point represents an individual mouse (n = 6, all groups except: n =5, mid-fat control
at 4 weeks, low-fat ethanol at 6 and 8 weeks). At each time point, significance
determined by a Kruskal-Wallis test followed by Dunn’s post-test for each Lieber-DeCarli
diet compared to the chow diet and for the low-fat ethanol diet compared to the low-fat
control diet. *, P < 0.05; non-significance represented by the absence of a bar.

Low-fat diets increased monocyte and neutrophil infiltrate in mice

We next assessed the myeloid cell populations in the liver at 4 and 8 weeks. At 4
weeks, there were no significant differences in the monocyte and neutrophil populations
in the liver (Figure 4-4). By 8 weeks, the proportion of total monocytes was significantly
increased in the low-fat control and ethanol groups when compared to the chow group,
as a result of increased Ly6C(+) monocytes (Figure 4-4). While not significant, the levels
of monocytes trended towards an increase in the mid-fat control group compared to the
chow group. There was no significant difference in the levels of monocytes between the

low-fat control and ethanol group. In contrast, the low-fat ethanol group had significantly
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more neutrophils at 8 weeks when compared to the low-fat control group (Figure 4-4).
These results indicate that monocyte infiltrate occurs as a result of the Lieber-DeCarli
diets, with the effect of ethanol undetermined, and that neutrophil infiltrate is a direct

result of ethanol.
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Figure 4-4. Low-fat diets induce greater monocyte and neutrophil infiltrate than
mid-fat control and chow diets. Mice were fed standard chow or the mid-fat control,
low-fat control, or low-fat ethanol Lieber-DeCarli diets. Data shown for 4 and 8 week
collections. Neutrophil, total monocyte, Ly6C(+) monocyte, and Ly6C(-) monocyte cell
numbers per 10,000 total liver cells. Data from one experiment. Each data point
represents an individual mouse (n = 6, all groups except: n = 5, mid-fat control at 4
weeks, low-fat control at 8 weeks, low-fat ethanol at 8 weeks). At each time point,
significance determined by a Kruskal-Wallis test followed by Dunn’s post-test for each
Lieber-DeCarli diet compared to the chow diet and for the low-fat ethanol diet compared
to the low-fat control diet. *, P < 0.05; **, P < 0.01; non-significance represented by the
absence of a bar.

81



Low-fat diets caused increased pathology in the liver

The necropsied mice from our first attempt to establish a model of chronic
ethanol exposure showed extensive fatty livers. Additionally, fatty liver, or steatosis, is
the main symptom of both NAFLD and ALD. So, liver pieces from mice fed chow, mid-fat
control, low-fat control, and low-fat ethanol diets for 8 weeks was fixed in
paraformaldehyde, paraffin-embedded, and stained with hematoxylin and eosin. The
sections were blind-scored for fat, lobular inflammation, and hepatocyte ballooning and
the scores tallied to provide the overall NAFLD activity score (NAS) (Table 4-2).
Compared to the chow diet, all three Lieber-DeCarli diets had increased NAS scores.
The low-fat control group had the highest median NAS score of 5.5, followed by the low-
fat ethanol group (median NAS score of 4), and finally by the mid-fat control group
(median NAS score of 2). The major contributing factor to the score was fat. Intriguingly,
the low-fat control group scored highest for fat (median score of 3), followed by the low-
fat ethanol group (median score of 2), and finally followed by the mid-fat control group
(median score of 1.5). Compared to the low-fat control group, the low-fat ethanol group
scored slightly lower for fat and slightly higher for hepatocyte ballooning, but both groups
had equivalent scores for lobular inflammation. Finally, when observed, mice receiving a
Lieber-DeCarli liquid diet had Zone 1 steatosis (located in the portal tracts) with mixed

microvesicular and macrovesicular fat deposits (Figure 4-5).
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Mouse

Chow 4
5
3

Median

Mid-Fat
Control
5

6

Median

Low-
Fat 4
Control
5
6

Median

Low- 3
Fat
Ethanol 4

5

Median

ALT

18.4

14.6

16.0

18.0

425

20.0

18.2

11.5

236

11.8

139

8.0

14.4

12.8

525

421

26.8

40.2

113.0

18.8

41.2

230

96.8

45.0

64.2

1.6

45.0

Fat

1.5

1

2

Lobular
Inflammation

1

1

1

2

Ballooning

0

0

NAS

5.5

2

4

Location of
steatosis

Zone 1

Zone 1

Zone 1

Zone 1

Zone 1

Zone 1

Zone 1
Zone 1

Zone 1

Fat Droplet Type

Mixed large and small
Predominantly large

Mixed large and small

Mixed large and small

Predominantly large
Mixed large and small
Mixed large and small
Mixed large and small
Predominantly large

Predominantly large

Mixed large and small
Predominantly large
Mixed large and small
Predominantly large

Predominantly large

Table 4-2. Histological scores for hematoxylin and eosin stained sections, 8
weeks. NAS = NAFLD Activity Score.
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Chow Control Control Ethanol

Figure 4-5. Hematoxylin and eosin-stained liver sections, 8 weeks. Mice were fed
standard chow or the mid-fat control, low-fat control, or low-fat ethanol Lieber-DeCarli
diets. Data from one experiment. Each image represents one mouse (n = 6, all groups
except n = 5 for low-fat ethanol). Histology shown for 8 week collection. Sections were
stained with hematoxylin and eosin. Magnification, 100X.
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Mid-fat and low-fat diets caused up-regulation of inflammatory genes in hepatocytes

In NAFLD and ALD, KCs and hepatic stellate cells (HSCs) are the main
mediators of inflammation and fibrosis. KCs produce TNF-a, IL-1[3, and IL-6 as well a
matrix metalloproteinases (MMPs) that degrade extracellular matrix components, while
HSCs produce collagens and tissue inhibitors of metalloproteinases (TIMPs), the latter
of which inhibit MMPs [144, 145]. We next asked if we saw the same activation of KCs
and HSCs in our model of diet- and ethanol-induced damage. We selected a panel of
genes covering antigen presentation, the inflammasome, recruitment of myeloid cells,
general inflammation, oxidative stress, and fibrosis to measure by gRT-PCR. Due to
many non-detect values that made the data difficult to analyze, the data from HSCs was
excluded; however, we were able to compare the gene expression between total liver,
hepatocytes, LSECs, and KCs.

To understand global gene expression profiles, we compared the median gene
expression levels of the mid-fat and low-fat groups against the chow group. When
compared to the chow group, Ccl2, Ccl7, Lcn2, Nos2, Mmp12, and Timp1l in total liver
from mice fed the mid-fat and low-fat diets were up-regulated (Figure 4-6). The low-fat
control group also up-regulated additional genes for myeloid cell recruitment and fibrosis
(Figure 4-6). The majority of gene regulation in mice fed the mid-fat and low-fat control
diets occurred in hepatocytes rather than in either LSECs or KCs (Figure 4-6). In
general, this up-regulation was modest (mostly 2-5 fold), however, a select number of
genes (Cd80, Ccl2, Ccl5, Vcaml, TIr9, and Mmp12) were induced to higher levels,
particularly in the low-fat control group (Figure 4-6).

To better understand the global fold-change patterns seen in hepatocytes, we
selected genes associated with myeloid cell recruitment, inflammation, and fibrosis to
analyze for relative mRNA expression in chow, mid-fat control, and low-fat control
groups. Many genes in the mid-fat and low-fat control groups trended towards up-
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regulation, but few relationships were found to be significant. Ccl2 was the only
transcript significantly up-regulated by both the mid-fat and low-fat groups compared to
the chow group (Figure 4-7). ll1a, ll1b, Pdgfra, and Mmp9 were significantly up-regulated
in the mid-fat control group compared to the chow group; while Ccl5, Cxcl10, Vcaml,
Mmp12, and Tgfbl were significantly up-regulated in the low-fat control group compared
to the chow group (Figure 4-7). No significant differences existed between the mid-fat
and low-fat control groups (Figure 4-7). We conclude that the mid-fat and low-fat control
diets induce expression of both inflammatory and fibrosis genes, potentially leading to

the increased liver damage we observed.

Ethanol down-requlated chemokine and fibrosis gene expression in hepatocytes

To assess the effects of ethanol on global gene expression profiles, we
compared median gene expression levels of the low-fat ethanol group against the low-fat
control group. The low-fat ethanol group up-regulated expression of Ccl2, Cxcl1, Il1b,
Lcn2, TIr7, Tnf, Nos2, and Mmp9 in total liver compared to the low-fat control group
(Figure 4-8). Much of the regulation occurred in hepatocytes. Ethanol also induced
down-regulation of genes in hepatocytes, predominantly antigen presentation and
fibrosis genes, between 2-5 fold (Figure 4-8).

We were interested to follow-up on the global fold-change expression patterns of
chemokines and fibrosis genes observed in hepatocytes. We evaluated the relative gene
expression levels (Figure 4-9). While we observed overall trends of down-regulation in
the low-fat ethanol group, only Tgfb1l was significantly down-regulated compared to the
low-fat control group (Figure 4-9C). The analysis of individual mice highlights the overlap
seen between the two low-fat groups, as was evident in the histology, though suggests

that ethanol exposure may be suppressing fibrosis genes.
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regulation of genes related to inflammation, oxidative stress, and fibrosis,
predominantly in hepatocytes. Mice were fed standard chow or the mid-fat control,
low-fat control, or low-fat ethanol Lieber-DeCarli diets. Data shown for 8 week collection.
Fold change gene expression in total liver, hepatocytes, LSECs, and KCs of the median
of the mid-fat control, low-fat control, and low-fat ethanol groups compared to the
median of the chow group. Hprt used as the reference gene. Data from one experiment

(n =6, all groups except: n =5, low-fat control for LSECs, low-fat ethanol for total liver,
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(Figure 4-6 legend, continued)
represented in this analysis. Fold change represented by blue to red scale, 1 = no
change, red = induction, blue = reduction, and black = non-detect.
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Figure 4-7. Mid-fat and low-fat Lieber-DeCarli diets cause up-regulation of
inflammatory and fibrosis genes in hepatocytes. Mice were fed standard chow or the
mid-fat control or low-fat control Lieber-DeCarli diets. Data shown for 8 week collection.
MRNA expression in hepatocytes relative to Hprt. Data from one experiment (n = 6, all
groups). Significance determined by a Kruskal-Wallis test followed by Dunn’s post-test
for each Lieber-DeCarli diet compared to the chow diet. *, P < 0.05; **, P < 0.01; non-
significance represented by the absence of a bar.
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Figure 4-8. Ethanol suppresses gene expression in hepatocytes to a greater extent
than in LSECs or KCs. Mice were fed low-fat control or low-fat ethanol Lieber-DeCarli
diets. Data shown for 8 week collection. Fold change gene expression in total liver,
hepatocytes, LSECs, and low-fat control group. Hprt used as the reference gene. Data
from one experiment (n = 6, low-fat control for total liver, hepatocytes; n = 5, low-fat
control LSECs, low-fat ethanol total liver, hepatocytes, LSECs, and KCs; n = 4, low-fat
control KCs. Non-detects not represented in this analysis. Fold change represented by
blue to red scale, 1 = no change, red = induction, blue = reduction, and black = non-
detect.
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Figure 4-9. Ethanol suppresses Tgfb1 expression in hepatocytes. Mice were fed

low-fat control or low-fat ethanol Lieber-DeCarli diets. Data shown for 8 week collection.
MRNA expression in hepatocytes relative to Hprt. Data from one experiment (n = 6, low-
fat control; n = 4, low-fat ethanol). Significance determined by a pairwise Mann-Whitney

test. *, P < 0.05; non-significance represented by the absence of a bar.
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Discussion

We set out to develop a mouse model of chronic ethanol exposure and
discovered that Lieber-DeCarli control diets induced significant liver pathology
themselves. Initial attempts to feed mice a chronic ethanol diet resulted in early mouse
mortality. Three other studies have also reported mouse mortality with ethanol
percentages over 29.2% of total calories and resolved the issue by gradually increasing
the ethanol concentration in the diet as well as reducing the final ethanol percentage
[146-148]. Reducing the percentage of ethanol from 6.7% v/v to 5.0% v/v (35.5% to
27.6% ethanol-derived calories) prevented mortality for the remainder of our studies.

Our studies found that hepatocytes, rather than either LSECs or KCs, were the
most active cell population in the liver in regards to the regulation of a suite of
inflammatory genes. While it is acknowledged that hepatocytes can produce TNF-a and
IL-6 in response to injury [85, 116] and CCL2 and CXCL1 in response to alcohol-induced
injury [92, 149, 150], relatively little else is known about the role hepatocytes play in the
immune response to tissue injury. The responses of KCs and HSCs, on the other hand,
have been well-characterized, particularly in ALD [151, 152]. HSCs are recognized as
mediators of fibrosis through collagen deposition and production of TIMPs. Due to the
presence of many non-detects in the gene expression data, we could not assess the role
of HSCs in our model, but we observed that hepatocytes from mice in the mid-fat and
low-fat control groups up-regulated expression of Mmp9, Mmp12, Pdgfra, and Tgfbl—
genes linked to fibrosis. Ethanol had a suppressive effect on fibrosis genes overall and
specifically caused the down-regulation of Tgfbl. This indicates that hepatocytes may
play a more active role in the fibrotic response than previously recognized. Intriguingly,
mice in the ethanol-fed group had increased numbers of neutrophils in the liver. This
may indicate that ethanol is acting both to enhance inflammation through the recruitment
of neutrophils but to suppress liver damage by suppressing the fibrotic response, as
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supported by decreased Tgfbl expression in hepatocytes and the slightly reduced
histological scores of mice fed the low-fat ethanol diet compared to the low-fat control
diet. Preliminary histological data (not shown) indicated that fibrosis was not induced in
mice fed any of the diets; however, the down-regulation of fibrosis-associated genes
may indicate the mice were on the path to developing fibrosis.

Our preliminary studies indicated that the control Lieber-DeCarli diet induced
greater liver damage than the ethanol diet. We hypothesized that the higher percentage
of fat in the control diet was the driving factor behind the increased measures of liver
injury. To test this, we evaluated the Lieber-DeCarli low-fat control diet against the mid-
fat control diet. We found that the low-fat control diet induced more pathology than the
mid-fat control diet. High-fat diets have been used in mice to induce hepatic steatosis
with varying degrees of success. The original high-fat diet developed by Lieber et al.,
contained 71% calories from fat and induced steatosis in Sprague-Dawley rats after 3
weeks [153]. Interestingly, the “standard Lieber-DeCarli” diet used in their study (35%
calories from fat) is the original version of our self-termed “mid-fat” control diet. As we
observed, Lieber et al. also observed mild steatosis in the liver of rats fed the
standard/mid-fat diet [153]. Unlike our observation that lower dietary fat correlated with
increased liver damage, Lieber et al. observed significantly more steatosis and
measures of NASH in the livers of mice fed the high-fat diet compared to the those fed
the standard/mid-fat diet [153].

A possible explanation for this discrepancy could be due to the carbohydrate
content of the low-fat and mid-fat control diets. In humans, excess carbohydrates can
cause weight gain and hepatic steatosis in a relatively short time frame [127]. The
composition of the diets (Table 4-1) shows that carbohydrates make up the calories not
filled by fat, so that our diets could also aptly be named high-carbohydrate (low-fat) and
mid-carbohydrate (mid-fat). The overall percentage of carbohydrates did not correlate
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with the levels of damage we observed; however, analysis of the carbohydrate
composition provided a compelling insight: increasing levels of monosaccharides,
disaccharides, and polysaccharides correlated with increasing liver injury. The
predominant simple sugar in the Lieber-DeCarli control diets is glucose: the
monosaccharide category is composed of glucose, the disaccharide category is
composed mainly of maltose, which in turn breaks down into two glucose molecules, and
finally, the polysaccharide category is composed of long chain glucose polymers
[personal correspondence with Jaime Lecker at Bio-Serv]. Thus, increasing pathology is
associated with increasing amounts of glucose in the diets. Finally, we note that while
the low-fat ethanol diet appears to have less monosaccharide and disaccharide than the
mid-fat control and low-fat control groups, it is not directly comparable as an additional
20.3 gm/L of carbohydrate was provided as maltose dextrin, therefore affecting the true
percentage of carbohydrate components.

Intriguingly, research suggests that while fructose can induce NAFLD/NASH,
glucose does not. A study in C57BL/6J mice in which the effects of 30% glucose and
30% fructose in drinking water were assessed demonstrated that while the glucose-fed
group gained weight, the fat localized to the abdomen and not the liver [137]. The
fructose-fed group, however, developed hepatic steatosis and had increased expression
of TNF-a [137]. Furthermore, fructose has been demonstrated to induce NAFLD/NASH
through various mechanisms including its metabolism stimulating de novo lipogenesis
and accumulation of intrahepatic lipid and production of reactive oxygen species (ROS)
[127]. A direct comparison of the liquid low-fat control group used in our studies needs to
be made with a comparable diet comprised mainly of fructose to explore the effects of
glucose versus fructose; however, based on the results described here, we report a
tractable model for the induction of fatty liver in mice through the excess intake of
glucose. This model is appealing both as a counterpoint to traditional methods for
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triggering metabolic disease and for informing our understanding of how excess glucose

contributes to metabolic disorders.
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS

Overview

The studies described in this dissertation used two models of non-infectious liver
injury, one acute and one chronic, to elucidate pathways involved in the innate immune
response to non-infectious liver injury, and more specifically to hepatocyte death.
Chapter 3 described the development of a model of acute sterile inflammation induced
by selective killing of hepatocytes. We found that the adaptor Toll/IL-1 receptor domain-
containing adapter protein inducing IFN- (TRIF) was a central mediator in the
inflammatory response initiated against dying hepatocytes. Furthermore, we found that
much of the inflammatory response, composed largely of the up-regulation of
recruitment factors for, and the recruitment of, monocytes and neutrophils, was directed
by hepatocytes themselves. To understand the role of hepatocyte death in a chronic
setting, Chapter 4 detailed the use of a model of diet- and alcohol-induced liver injury to
examine how dietary fat and carbohydrate content, with or without chronic alcohol
exposure, provoke innate immune responses in the liver. We found that increasing liver
injury correlated with increasing carbohydrate in the diet. Furthermore, as with the acute
model of liver damage, we found that hepatocytes were the cell-type most active in
responding both to diet-induced inflammation and the additional insult of ethanol,
through the up-regulation of myeloid cell-recruiting chemokines (diet and ethanol) and
the down-regulation of genes involved in fibrosis (ethanol). These studies broadly
advance our understanding of how innate inflammatory pathways in the liver identify and

respond to hepatocyte death, and particularly highlight the central role of hepatocytes in

promoting inflammatory responses to non-infectious liver injury.
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Discussion

Despite improvements in transplant technology, new vaccines and therapeutics
for infections, and increased awareness through public health programs aimed to reduce
drug and alcohol use, liver disease remains a global burden. The previously-
undervalued role of hepatocytes in liver disease is two-pronged. Specifically, injury and
death of hepatocytes is the defining feature of many liver diseases, and is the central
reason for the resulting pathology; however, hepatocytes are also potent responders to
cell death themselves and actively contribute to inflammation through the production of
inflammatory mediators tuned to the nature of the insult. As discussed in Chapter 3, in
the context of non-infectious injury the active role of hepatocytes in the recognition of
tissue damage and the initiation of a response is an understudied area.

The role of hepatocytes as initiators of an immune response has been described
in cases of pathogen infection. While there is not an expansive amount of literature on
how the response of hepatocytes to infection shapes the overall immune response, it
provides some insight into the type of signaling that can occur within hepatocytes
following insult. For example, in hepatitis C virus (HCV) infection, both the Toll-like
receptor (TLR) and RIG-I-like receptor (RLR) pathways are involved in the recognition of
HCV within infected hepatocytes. Viral RNA is recognized by TLR3 within endosomes
and by RIG-I and MDA-5 in the cytoplasm and both signaling pathways synergize to
promote type | interferon (IFN) production [154, 155]. Interferon regulatory factor (IRF)3
is a critical downstream component in both of these pathways, with TLR3 signaling via
TRIF and RIG-I signaling via MAVS (also known as IPS-1 and CARDIF) to activate
IRF3, which then induces type | IFN [154, 155].

The role of hepatocytes as active responders and initiators of an immune
response in the case of non-infectious injury is only just gaining traction. As such, the
current dogma broadly relegates hepatocytes to “the producers of DAMPSs” rather than

96



the producers of a productive inflammatory response, a role attributed mainly to Kupffer
cells [151, 156, 157]. Our studies show that hepatocytes contribute significantly to the
inflammatory response to tissue injury. In response to liver injury induced by our acute
and chronic models, we observed hepatocyte up-regulation of multiple chemokines, cell
adhesion molecules, and other inflammatory cytokines. One additional study
corroborates this phenomenon that we have described [124]. Following in vitro
stimulation by bile acids, a type of injury hypothesized to be involved in obstructive liver
cholestasis, mouse primary hepatocytes up-regulated expression of a number of
inflammatory genes including Ccl2, Ccl3, Ccl5, Ccl7, Ccl20, Cxcl1, Cxcl2, Cxcl10,
Icam1, Vcaml, Il1b, and 1110 [124]. It is intriguing to note the shared response between
this model and our acute and chronic (diet- and alcohol-induced) models of liver injury.
The induction of Ccl2, Ccl5, Cxcl10, and Vcaml in hepatocytes is conserved across all
three models. There is additional overlap between subsets of the models, including Ccl7,
Cxcl1, Cxcl2, and Icam1 between the bile acids model and our acute model, and the
induction of Il1b in the bile acids model and our diet- and alcohol-induced models of
chronic injury. The synthesis of these models suggests that hepatocytes produce a
conserved set of genes in response to a variety of stresses, and that rather than passive
victims of pathogen-mediated and non-infectious injury these cells should be considered
as first-responding mediators of the corresponding immune response.

This view of hepatocytes as responders to tissue injury, and particularly to
hepatocyte injury, beg the questions: what are they responding to and by what
mechanism? Hepatocyte death is documented to release many DAMPs that trigger
immune responses driven by TLR-signaling in Kupffer cells (KCs) and hepatic stellate
cells (HSCs) [156, 158]. High mobility group box 1 (HMGBL1), cellular DNA, and ATP are
examples of DAMPs that have been identified in various modes of liver injury [27]. Our
observation that inflammation following diphtheria toxin (DT)-induced hepatocyte death

97



is driven by the TRIF adaptor protein suggests that one of two upstream TLRs, TLR3 or
TLRA4, are involved in the recognition of DAMPs and the initiation of the immune
signaling cascade. Our studies ruled out TLR4 as the putative sensor; however, our
results were inconclusive on the role of TLR3 due to significantly lower expression of
hDTR transcript and protein in TLR3” mice. TLR3 has been found to contribute to
inflammation in models of liver and intestinal inflammation [112, 113, 159, 160]. If TLR3
is in fact the pattern recognition receptor that is sensing hepatocyte injury, the likely
DAMP is RNA released by the dying cells. An alternative explanation to our TLR4-
independent, TRIF-driven response is the existence of a yet-undescribed receptor that
also signals through TRIF. This has been proposed by Jeyaseelan et al. as a potential
explanation for the TRIF-dependent, TLR3-independent, and partially TLR4-dependent,
neutrophil-recruitment observed in the lung in during pneumonia induced by Escherichia
coli [161]. If an unknown, alternate receptor is in fact signaling through TRIF, the DAMP
that binds that receptor is also unknown. Lastly, we observed that myeloid differentiation
primary response protein 88 (MyD88)-deficient mice were only partially protected from
inflammation following hepatocyte death, suggesting that DAMP recognition and
signaling could be occurring through a TLR4-independent but MyD88-dependent route.
Studies in acetaminophen- and IR-induced liver injury suggest that HMGB1 and DNA
can signal via TLR4 and TLR9 receptors to initiate a response. It is possible, then, that
hepatocytes are responding to DNA in a TLR9-dependent manner. Additional studies in
TLR9-deficient mice would be the first step to follow-up on this route of investigation.
Diet- and alcohol-induced chronic liver injury also results in the release of
DAMPs from hepatocytes. In addition, another potential DAMP in these diseases is the
free fatty acids (FFAs) produced in excess during metabolic dysregulation. FFAs have
been suggested as a potential DAMP for TLR4 in adipocytes and macrophages, with
many studies exhibiting FFA-induced signaling through TLR4 [162-165]. In contrast, two
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studies posited that FFAs did not directly stimulate TLR4 [166, 167]. FFAs, however,
have been reported to stimulate the release of HMGB1 from hepatocytes and then to
induce production of IL-6 and TNF-a by these cells [85]. An additional source of
inflammation in alcohol-induced liver injury is bacterial-derived endotoxin, a PAMP that
induces inflammation through TLR4 signaling in alcoholic liver disease (ALD). The role
that LPS may play in non-alcoholic fatty liver disease (NAFLD), however, is less clear.
Intestinal bacteria have been suggested to contribute to inflammation in NAFLD by
increasing production of ethanol and by LPS-driven production of cytokines [35]. A study
using a fructose-induced model of NAFLD found that TLR4-mutant mice had reduced
steatosis and markers of inflammation compared to wild type mice, though they had
equivalent levels of portal endotoxin, suggesting a role for LPS activation of TLR4 in
driving NAFLD pathology [133]. In contrast, epidemiological data show that endotoxin
levels are elevated in patients with NAFLD; however, a recent study found that the
elevated levels were not associated with fibrosis or non-alcoholic steatohepatitis (NASH)
[168, 169]. It remains to be determined for our model of diet (glucose)-induced liver
injury if endotoxin from the gut microbiota plays a role in the pathology of the disease.
Use of this model in TLR4-deficient mice would help elucidate this outstanding question,
both for glucose-induced liver injury and for diet-induced liver injury in general.

In our model of diet-induced liver injury, we found that increasing amounts of
carbohydrate, and particularly glucose, was associated with increased amounts of
steatosis, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and the
up-regulation of inflammatory genes. Intriguingly, the literature indicates that mice fed
glucose develop only limited steatosis, with fructose determined to be the sugar
molecule more important for the induction of fatty liver [137, 170]. Therefore, we may be
inducing hepatic steatosis and liver inflammation through a previously undefined
mechanism of chronic exposure to high levels of glucose. While we have no direct
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evidence for the involvement of particular DAMPs in our model, clues from the gene
expression in the mid-fat control, low-fat control, and low-fat ethanol group mice
compared to the chow diet may provide a starting point to help determine the direction of
future studies. We see induction of Tnf in the low-fat (high-carbohydrate) control and
ethanol groups. This could be indicative of signaling through TLR4 as TNF-a is generally
produced downstream of TLR4 activation in KCs in models of ALD/alcoholic
steatohepatitis (ASH). We also see variable induction of Tir4, Tlr7, and TIr9 across all
the diet groups, potentially indicating activation of those TLRs. Interestingly, TIr4 is only
up-regulated in the mid-fat and low-fat control groups and while TIr7 and TIr9 are up-
regulated in all three groups, TIr7 is additionally up-regulated in the low-fat ethanol
group, potentially suggesting a role for TLR7 signaling in the innate response to the
effects of ethanol.

Finally, a related question is where does the hepatocyte come in contact with the
inflammation-inducing DAMP? Our acute model of liver injury sheds some light on this
guestion. Twenty-four hours following DT-induced death of hepatocyte, we observed the
accumulation of round vacuoles of mCherry within the cytoplasm of hepatocytes. This
likely indicates phagocytosis by live hepatocytes of dying hepatocytes and aligns well
with the hepatocyte-dominated production of chemokines and adhesion molecules we
observe following DT-induced hepatocyte death. This possibility is supported by studies
demonstrating that healthy hepatocytes can phagocytose apoptotic hepatocytes via the
asialoglycoprotein receptor (ASGPR) [171, 172]. Therefore, we speculate that the tissue-
derived DAMP is signaling from within an endosomal compartment in the hepatocyte. Of
the TLRs that signal from endosomal compartments—TLR3, TLR4, TLR7, TLRS8, and
TLR9—TLR3 aligns best with our TLR4-independent, TRIF-dependent inflammation;
however, signaling via TLR7, TLR8, or TLR9 could account for the partial role we
observed for MyD88 in the propagation of inflammation following hepatocyte death.
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Interestingly, and in support of a model where the hepatocyte is a consistent early
mediator of immune activation, in our studies of diet- and alcohol-induced liver injury, we
saw the up-regulation of TIr4, TlIr7, and TIr9 transcripts, but not of TIr3, Irf3, or Irf7
potentially indicating a role for sensing by TLR4, TLR7, or TLR9 within endosomes as
well, though TLR4 also signals from the cell membrane.

We speculate that dying hepatocytes are phagocytosed by neighboring
hepatocytes and that the DAMPs released by dying hepatocytes bind to intracellular
PRRs. In turn, this initiates signaling through the TRIF pathway and induces production
of inflammatory mediators and recruitment of myeloid cells. In our acute model of injury,
resolution of inflammation is apparent by the appearance of mitotic hepatocytes at 48
hours and increased numbers at 72 hours, indicating a tissue-repair response. The
transition from an early Ly6C(+) monocyte population to the later Ly6C(-) monocyte
population suggests that the monocytes may participate in tissue repair, as has been
extensively reviewed [17]. The importance of a tissue repair response driven by TRIF
has implications for pathogen infection. Both TLR3 and TLR4, involved in the recognition
of viruses and bacteria, respectively signal through TRIF to drive an immune response. If
the response and ultimately, resolution, to hepatocyte death is also signaled through
TRIF, one can imagine the potentially multiplying effects of hepatocyte death and
pathogen signaling through the same pathways. For example, the NS3/4A protein
produced by HCV inhibits type | IFN production by cleavage of both TRIF and MAVS
[154]. If TRIF signaling is inhibited and hepatocytes die, monocytes involved in resolving
inflammation may not be recruited. This could result in the perpetual cycles of
inflammation and cell death seen in chronic viral hepatitis infections which can ultimately

lead to fibrosis, cirrhosis, and hepatocellular carcinoma.
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Conclusion

Acute and chronic liver diseases are global concerns that continue to grow. It is
imperative that we gain a more complete understanding of the innate mechanisms and
immune pathways involved in liver injury. The studies detailed in this dissertation
advance our understanding of the inflammation that occurs following hepatocyte death
and identify hepatocytes as key players in the response. These studies inform future
research into areas of possible hepatocyte-targeted interventions or therapies for acute

and chronic liver disease.
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APPENDIX: ISOLATION OF NON-PARENCHYMAL CELLS FROM THE MOUSE
LIVER

The Appendix presents the protocol for mouse liver perfusion, isolation of non-
parenchymal cells, and assessment of cell purity. The in-text citations, references, figure
and table numbers, and section headings have been updated to fit into this dissertation,
but otherwise the following text and figures have not been modified from a chapter
appearing in Malaria Vaccines [Malaria Vaccines: Methods and Protocols, Methods in
Molecular Biology, Isolation of Non-parenchymal Cells from the Mouse Liver, vol. 1325,

2015, pp 3-17, Mohar, 1., Brempelis K.J., Murray, S.A, Ebrahimkhani, M.R., and Crispe,

I.N., (© Springer Science+Business Media New York 2015)], reprinted with permission of

Springer. (DOI: 10.1007/978-1-4939-2815-6_1)

Summary

Hepatocytes comprise the majority of liver mass and cell number. However, in
order to understand liver biology, the non-parenchymal cells (NPCs) must be
considered. Herein, a relatively rapid and efficient method for isolating liver NPCs from
a mouse is described. Using this method, liver sinusoidal endothelial cells, Kupffer cells,
natural killer (NK) and NK-T cells, dendritic cells, CD4+ and CD8+ T cells, and quiescent
hepatic stellate cells can be purified. This protocol permits the collection of peripheral
blood, intact liver tissue, and hepatocytes, in addition to NPCs. In situ perfusion via the
portal vein leads to efficient liver digestion. NPCs are enriched from the resulting single-
cell suspension by differential and gradient centrifugation. The NPCs can by analyzed
or sorted into highly-enriched populations using flow cytometry. The isolated cells are

suitable for flow cytometry, protein, and mRNA analyses as well as primary culture.
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hepatic stellate cells

Introduction

The principle cell types in a healthy liver are hepatocytes, liver sinusoidal
endothelial cells (LSEC), Kupffer cells, and hepatic stellate cells (HSC) [173-175]. Fewer
in number are bile duct cells, venous and arterial endothelial cell, hepatic progenitor
cells, and dendritic cells. Furthermore, the number and proportion of leukocytes can
increase tremendously in an infected or damaged liver [176, 177]. As a result,
granulocytes, monocytes, natural killer (NK) and NK-T cells, dendritic cells, CD4+ and
CD8+ lymphocytes, and B cells are important determinants of the liver biology. Thus,
the dissected dynamics of each cell type can provide powerful information to understand
the pathology and immunology of the tissue. This information, in combination with
serological, histological and tissue-level observations, allows for a comprehensive
assessment of each experimental mouse, thus reducing the number of experimental
mice while increasing the likelihood of discovery.

The purpose of this protocol is to provide a detailed description of materials and
methods by which liver cell populations can be isolated from the mouse liver and
studied, while also permitting the collection of blood and intact liver tissue. The liver
dissociation protocol is derived from the method published by Seglen [178] for isolating
rat liver cells. Dr. Seglen provides an extensive description of the theory behind rat liver
dissociation that extends to the mouse. We have evolved the method of Seglen to allow
rapid, yet effective, isolation of mouse liver cells, permitting the dissociation of up to five
livers per hour by two skilled technicians--one conducting perfusions and dissections,

the other processing cell suspensions.
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The basic protocol relies upon in situ perfusion of the liver via the portal vein.
Peripheral blood and cells are flushed from the liver in a Ca?*-free buffer, prior to
perfusion with the collagenase digestion solution. Following liver digestion, the liver is
removed and mechanically dissociated. Hepatocytes are separated by low-speed
centrifugation, and then non-parenchymal cells (NPCs) are enriched by gradient
separation. The enriched NPCs allow for relatively efficient cell type-specific analysis
and/or further purification by flow cytometry [179]. For purification, magnetic bead-based
methods can be applied and in certain circumstances are preferred [180], however, cell
sorting allows for multi-way separation from each preparation.

Although liver NPCs are the focus of this protocol, hepatocytes are readily
purified and cultured with good success. In addition, it is not yet clear if this protocol is
able to isolate the population of sessile Kupffer cells, which are radio-resistant and
appear somewhat distinct in function from their non-sessile counterparts [174]. This
caveat in mind, this protocol establishes a reproducible method to isolate and enable the
study of many cell types from the mouse liver. Indeed, a parallel understanding of cell-
specific responses associated with tissue immune and pathological responses offers

promise of new insights into treatment and prevention of infection and disease.

Materials

All solutions and consumables should be purchased as ‘tissue culture tested’
from a trusted commercial source in order to assure minimal contamination with
endotoxin and sterility. All surgical instruments should be thoroughly washed, rinsed
and autoclaved for sterility, especially if primary culture is the end goal. As with any
protocol involving animals, institutional guidelines for handling, anesthesia and waste

disposal should be followed.
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2.1. Anesthesia

1. Anesthesia approved for terminal procedures such as Avertin; 1.25% (w/v) 2,2,2-
tribromomethanol, 2.5% (v/v) 2-methyl-2-butanol, sterile water. Filter sterilize
then store at 4°C protected from light (see Note 1).

2. 28G %2 inch needle, suitable for intraperitoneal injections

3. 1-cc syringe

2.2. Perfusion / Liver Dissociation Hardware Components

1. Peristaltic pump; such as Gilson Minipuls3 with medium flow-rate pump head
2. Pump tubing and connectors; such as F1825113 and F1179951
3. Tubing extension with slip-tip end; such as Hospira 1265528

4. Catheter; 24G, 1V, such as BD 381412 (see Note 2)

5. Scissors, straight fine-tipped dissection

6. Forceps, 2 blunt tip

7. 50-ml conical tubes

8. 15-ml conical tubes

9. 5-cm sterile petri dish (optional)

10. 10-cm sterile petri dish

11. Stainless steel mesh ‘tea strainer’

12. 10-cc syringe

13. 100-um filter

14. 70-um filter (optional)

15. Gauze pads, large-size

16. Surgical tape, such as 3M transpore

17. Disposable absorbent underpads

18. 37°C water bath with 50-ml conical rack
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2.3. Perfusion / Liver Dissociation Solution Components

1. Hank’s Balance Salt Solution (HBSS); no Ca?*, no Mg?*, no phenol red
2. HBSS with phenol red

3. Phosphate buffered saline (PBS), pH 7.4

4. Distilled water, TC-grade

5. PBS, 10X

6. HEPES; 1M (Stock)

7. EDTA, 0.5M (Stock)

8. CacCl,; 0.5M (Stock)

9. Fetal bovine serum (FBS)

10. Collagenase; Clostridium histolyticum, Sigma-Aldrich C5138 (see Note 3)
11. Optiprep; 60% iodixanol solution in water

12. Tissue fixative; 4% formaldehyde in PBS

13. 70% ethanol

These solutions can be prepared in advance and stored at 4°C.
1. Perfusion Buffer, 5 — 10 ml per mouse; HBSS, 5 mM HEPES, 0.5 mM EDTA
2. Wash Buffer, 50 ml per mouse; PBS, 4% FBS, 0.5 mM EDTA

3. PBS Flow Buffer (PFB), 20 ml per mouse; PBS, 1 mM EDTA, 2% FBS

These solutions should be prepared on the day of isolation.
1. Collagenase solution, 5 — 10 ml per mouse; HBSS (w/ phenol red), 5 mM
HEPES, 0.5 mM CacCl;, 0.5 mg/mL collagenase
2. 40% iodixanol in PBS, 2.5 mL per mouse; 1.67 mL Optiprep + 0.25 mL 10X PBS

+ 0.58 mL TC-grade water
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2.4. Cell Analysis and Purification Components

1. Flow cytometer; such as BD Biosciences, LSRII or Aria
2. Flow cytometry tubes (see Note 4)

3. Antibodies for sorting cell type and/or analysis (Table 1) (see Note 5)

Methods

3.1. Prepare for perfusion(s)

1. Warm perfusion and collagenase solutions to 37°C for approximately 15 min
prior to beginning the perfusion.

2. Prepare tubing for perfusion (see Note 6).

3. Prepare perfusion area with absorbent pad, dissection tools, gauze, 10-cm petri
dish, tea strainer, and 10-cc syringe (Figure 1).

4. Fill perfusion line with perfusion solution.

3.2. Anesthetize mouse

1. Inject mouse with appropriate amount of anesthesia.
2. Once adequate level anesthesia is obtained, proceed to section 3.3 (see Note 7).

3.3. Surgical preparation

1. Place mouse belly-up on large gauze pad.

2. Secure mouse by footpads using surgical tape in an X orientation (Figure 2A).

3. Disinfect and wet mouse fur using 70% ethanol. Wipe off excess.

4. Open skin to expose the peritoneal membrane (Figure 2B).

5. Open peritoneal membrane (Figure 2C), gently move intestines and stomach to
the right and very gently ‘stick’ the liver to the diaphragm. This should expose
the portal vein and descending vena cava (see Note 8) (Figure 2D).

6. Use sharp scissors to nick the portal vein; blood will flow (see Note 9).

3.4. Blood and tissue collection (optional)
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Collect 0.2 — 0.5 ml of blood as it pools near the portal vein. Transfer to proper
collection tube.
Locate and remove ~ 2/3 of the right posterior liver lobe (Figure 2D, 2E).

Transfer to 4% formaldehyde for fixation or further divide for other assessments.

3.5. In situ liver dissociation

10.

11.

12.

13.

Turn on pump to flow of ~ 2 ml/min.

Drip perfusion buffer onto the cut portal vein.

Use gauze sponge to draw perfusion solution to the left.

Identify the opening in the vein (see Note 10).

Gently catheterize the vein; the liver should blanch (see Note 11) (Figure 2F).
Cut the descending vena cava; blood and buffer should visibly flow from the vena
cava.

Relax your hand (see Note 12).

Perfuse liver with 5 — 10 ml of perfusion buffer. Most perfusion tubing set-ups
hold about 5 ml of solution, thus once the descending vena cava is cut, proceed
to step 9.

Stop pump.

Switch line to collagenase, using the left hand.

Resume pump flow (see Note 13).

Swell the liver using forceps to occlude buffer flow from the vena cava, every 45
— 60 sec for 5 — 10 sec. If part of the right posterior lobe was removed, use the
forceps to occlude flow into this lobe (see Note 14).

Perfuse liver with 5 — 10 ml of collagenase buffer. After 3-4 minutes, the liver
should soften and the left lobe will begin to fall over the portal vein. When this

happens, use forceps to lift up the lobe to periodically check that the catheter is
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properly positioned. After 5 minutes, the internal structure of the liver cracks.
This indicates a good digestion, and is most evident in the right anterior lobe.

14. Stop the pump.

15. Remove catheter from vein.

16. Reverse pump to return unused collagenase solution to the 50-ml conical tube.

17. Switch line back to perfusion solution and refill the line in preparation for the next
mouse.

3.6. Single cell suspension

1. Using wide-tipped forceps, grasp the liver just to the left of the gall bladder along
the falciform ligament (Figure 2G).

2. Use scissors to separate the liver from the diaphragm and all other points of
connection. Care should be taken to avoid cutting the gastrointestinal tract.

3. Transfer the digested liver into the tea strainer within a 10-cm petri dish.

4. Remove the gall bladder (see Note 15).

5. Add 30 mL of cold wash buffer to the dish.

6. Use the rubber plunger of 10-cc syringe to gently massage the liver through the
tea strainer, shake the strainer to disperse the cells. The liver should easily
disperse with only the capsule and ligament remaining in the strainer.

7. Use 10-cc syringe (or 10-ml pipet) to gently disperse any clumps.

8. Filter (100 um) the cell suspension into a 50-mL conical tube.

9. Store onice or at 4°C for no longer than 15 minutes before proceeding to section
3.8.

3.7. Isolate splenocytes (optional, see Note 16).

1. Locate and remove spleen.
2. Place spleen into 5-ml petri dish filled with 10 ml of PFB.
3. Place the spleen on the rough surface of a glass slide.
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4. Use the rough surface of a second glass slide to dissociate the spleen by gentle
pressure applied in a circular motion. Continue this gentle mashing until the
tissue is clearly dispersed.

5. Scrape the cells into the buffer using the edge of the slide.

6. Disperse the cells by pipetting.

7. Filter (70 um) into 50-ml conical tube.

8. Store on ice until the NPC isolation reaches step 3.10.7, then process as NPC.

3.8. Crude Liver Cell Fractionation

1. Centrifuge the cell suspension at 50 x g for 3 min at room temperature. At this
speed and duration, hepatocytes and debris will pellet while most NPCs will
remain in suspension.

2. Transfer the supernatant, which contains the hepatocyte-depleted NPCs, to a
new 50-ml conical tube.

3.9. Hepatocyte enrichment (optional)

1. Wash the hepatocyte pellet in 40 mL of wash buffer.

2. Pellet at 50 x g for 3 minutes.

3. Resuspend in 10 mL of media.

4. The resulting hepatocytes can be further enriched by magnetic bead depletion of
contaminating cells and/or plated on collagen-coated tissue culture dishes. For
the mouse, anti-CD45 and anti-CD146 microbeads will deplete most immune
cells and endothelial cells, respectively.

3.10. Non-parenchymal cell enrichment

1. Pellet the NPC suspension at 500 x g for 5-7 minutes at 4°C.

2. Gently resuspend in 2.5 ml of PFB.

3. Mix cell suspension with 2.5 ml of 30 - 40% iodixanol solution in 15-ml conical. A
final concentration of 20% iodixanol will enrich for most if not all intact NPCs.
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4. Gently overlay with 2 ml of PFB.

5. Centrifuge at 1500 x g for 25 minutes at room temperature. If available, turn the
brake OFF on the centrifuge to minimize disturbance to the cell interface.

6. During the centrifugation add 10 ml of cold PFB to a 15 ml conical tube.

7. After centrifugation a well-defined interface of cells should be visible. Carefully
transfer this cell layer from the iodixanol gradient to the 10 ml of PFB in order to
wash away excess iodixanol.

8. Centrifuge at 500 x g for 5 min at 4°C.

9. Resuspend the enriched NPC pellet in 0.5 ml of cold PFB or appropriate buffer
for desired applications.

3.11. Staining NPCs for flow cytometry

1. Prepare the necessary number of flow cytometry tubes.

2. Add anti-CD16/anti-CD36 (Fc receptor blocking) antibody to each sample to a
final concentration of 1:250 (see Note 17).

3. Incubate for 5 min at room temperature.

4. Add antibody cocktail (see Table 1).

5. Vortex briefly and gently.

6. Incubate for 20 min at 4°C.

7. Wash the cells by adding 1 ml of PFB to each sample.

8. Centrifuge at 500 x g for 5 min at 4°C.

9. Aspirate supernatant.

10. Resuspend cell pellet in 0.5 ml of PFB.

11. In order to minimize clogs during cell sorting, filter the cell suspension.

3.12. Identifying and sorting liver NPC by flow cytometry.

Liver NPCs have yet to become absolute in their defining characteristics. However,
many distinct cell populations can be sorted from a mouse liver. Those identified here
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represent a cross-section of major cell types, including endothelial cells, macrophage,
guiescent hepatic stellate cells, lymphocytes, and natural killer cells. If a population of
cells appears diffuse in characteristics, separation by an additional dimension may
reveal multiple cell populations. The successful isolation of pure and viable cells is as
much art as science and will be aided by the direction and advice of a skilled flow
cytometrist with an appreciation for the complexity of sorting from dissociated tissue.
The gating strategy depicted in Figure 3 is one approach to sorting liver NPCs.

3.13. Quality control analysis of enriched liver cell populations.

Quality control analysis of enriched and sorted liver cell populations can be
conducted by in vitro culture of the cells to confirm morphology and/or function [179]. In
addition, enriched cells can be analyzed for expression of genes known to be relatively
specific to cell types. The basic protocol and representative results are presented
below.

The described liver cell isolation method was used to purify liver LSECs, Kupffer
cells (KCs), gHSCs, and hepatocytes from 5 nine-week-old C57BL/6J male mice
purchased from The Jackson Laboratory (Bar Harbor, ME). Briefly, hepatocytes were
processed through Step 3.9 and enriched using anti-CD45 and anti-CD146 microbeads.
Liver NPCs were processed through Step 3.10 and then stained for cell sorting on a BD
Aria lll, as touched upon in Step 3.12. The antibodies used to discriminate cell
populations during sorting were as follows: Live/Dead Violet (Pacific Blue), CD11b
(BV605), IA/IE (FITC), Tie2 (PE), Ly6C (PerCP-Cy5.5), F4/80 (APC), and Ly6G (APC-
Cy7). There were minimal differences in the concentration of antibodies used in sorting
(see Note 18) and while the gating strategy was similar to that shown in Figure 3, it was
not identical (see Note 19).

Post-sort analyses of sorted LSECs, KCs, and qHSCs show average cell purities
of 93.02%, 93.82%, and 87.02% respectively (averaged value of n=5). To further assess
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the purity of these cell populations, RNA was isolated using TRIzol (Invitrogen) and then
cDNA was synthesized (QIAGEN QuantiTect) and quantified using microfluidic PCR
(Fluidigm Corp, South San Francisco CA, USA) with cell-type-specific TagMan® assays
(Invitrogen) (Figure 4). The gRT-PCR analysis shows that isolated hepatocytes, LSECs,
KCs, and gHSCs are enriched for their cell-type-specific genes. Genes commonly
associated with each cell type—Alb for hepatocytes, Tek (Tie2) for LSECs, Emrl (F4/80)
for KCs, and Pdgfrb for gHSCs—are enriched in the expected populations (see Note

20).

Notes

1. Avertin becomes toxic when exposed to light. Although concentrated stock
solutions can be prepared, preparation of smaller volumes of working solution
minimizes the likelihood of accumulating toxic byproducts.

2. Some researchers use the needle to catheterize, others simply use a 24G
needle. We prefer to use the Vialon™ catheter alone and reuse it on multiple
mice.

3. Collagenase is available in many fractions and sources. We have found that
collagenase from Clostridium histolyticum, Type 1V, from Sigma-Aldrich
dissociates the liver efficiently and maintains expected cell function.

4. Standard polystyrene tubes are suitable for most applications. However, prior to
sorting samples, it is important to filter (40 um) each sample in order to reduce
the likelihood of clumps and clogs. Use sterile tubes when necessary.

5. The choice of antibodies and fluorophores is highly dependent upon the cell(s) of
interest. Those listed in Table 1 allow for separation of relatively pure
populations of LSEC, Kupffer cells, CD8+ T cells, CD4+ T cell, infiltrating myeloid

cells, and quiescent HSC. During inflammation or pathology, the morpohology

114



and cell surface molecules of most cells change, resulting in heterogeneity.
Thus, additional antibodies may be necessary to achieve homogenous cell
populations.

Prepare a perfusion tubing set using two IV extensions, two adaptors, and one
length of silicon peristaltic pump tubing. Cut and discard the male end from one
extension set and the female from the other; remove the slide clamps from both
and discard. Connect the cut ends of the extension tubes to the pump tubing
using the connectors (Figure 1A). Connect the catheter to the male end (Figure
1B). Perfusion tubing may be reused for many months with proper cleaning and
storage. Flush the tubing with 5 ml of 70% ethanol followed by 15 ml of sterile
distilled water. Allow the tubing to run dry then store in a plastic zip-lock bag,
protected from light. Tubing will become brittle with prolonged exposure to
ethanol. Upon re-use, flush the tubing with ethanol then distilled water, run dry,
then fill with perfusion buffer.

Toe-pinch reflex is a standard method for assessing depth of anesthesia in mice.
The mouse should not flinch. If flinching occurs, allow more time or administer
additional Avertin.

Exercise care when moving the liver in order to avoid hemorrhage. Once the
portal vein is exposed, place forceps in order to hold back other tissue. Excess
fat (or pancreas) may partially hide the portal vein. This is more likely in older
(>8 months of age) male mice.

It will be more difficult to catheterize the vein if it is cut clean through. A ‘nick’ in
the vein will allow an entry point for a catheter without a needle, while preserving

structural support.

115



10. Blood will generally flow from the right — the opening towards the intestines. As
perfusion buffer washes the blood away, the nick in the portal vein should be
clear. Gently catheterize the vein towards the liver.

11. Do not cut the descending vena cava until the portal vein is catheterized. The
liver should blanch as soon as the vein is catheterized, if it doesn’t the vein is not
catheterized, so try again. The most likely ‘miss’ occurs in the smooth muscle
layer surrounding the vein. This layer will puff up. If this occurs, remove the
catheter and try for the vein opening again. The catheter is visible within the
vein.

12. It is important to maintain a steady hand or else the catheter will slip, tear or
puncture (if pushed too far toward the liver) the vein. Mindful relaxation of the
right hand will minimize shaking and fatigue, which is especially important for
multiple mouse experiments. If with time and practice, shaking persists and is
the cause of failed perfusions, consider the method of Seglen and secure the
catheter with a noose. Alternatively, with practice, the catheter can be fully
released from grip, once the mouse has expired.

13. When switching the line from perfusion buffer to collagenase, air bubbles are
occasionally introduced. A small bubble (< 3 mm) in the line is not an issue.
Larger bubbles may occlude the perfusion of regions of the liver, but not always.
If a very large bubble (> 2 cm) is seen in the line, it is best to remove the catheter
just before the bubble reaches the catheter, run the bubble out, then catheterize
the vein again. With practice, this is easily done. When in doubt, let the bubble
run its course.

14. The liver should swell. The left lobe, in particular, should clearly swell and fall
over the portal vein. If the liver does not swell, inspect the catheter in the portal
vein. Diseased livers (i.e. fibrotic) do not digest or swell very well.
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15.

16.

17.

18.

19.

The gall bladder contains bile acid salts, digestive enzymes, and fat-soluble
compounds destine for excretion in the feces. Ideally, the gall bladder is
removed intact. However, we have not observed a difference in NPC phenotype
due to gall bladder rupture. If working with an assistant, pass the digested liver
to the assistant to complete the processing, then continue with section 3.7 or
begin another mouse.

Although optional, removal and isolation of cells from the spleen is useful for
preparing compensations for flow cytometry and providing additional (and
validating) immunological information. The cell surface staining of lymphocytes
isolated from the liver often shows a bias towards mixed activation and
polarization states. By contrasting the immunophenotype of cells in the liver to
those of the spleen, one is better able to assure: 1) an intact and ‘proper’ immune
system, 2) proper staining protocol, and 3) proper gating strategy in flow
cytometry.

A concentration of 1:250 Fc block is generally adequate to identify populations of
liver NPCs with proper compensation. Increasing the concentration of Fc block
will reduce the amount of non-specific antibody binding, and has the potential to
further resolve cell populations. LSEC and KC are abundant liver NPC and show
affinity for most flow cytometry antibodies.

Anti-CD16/anti-CD36 (Fc receptor blocking) was used at a final concentration of
1:50 to increase the resolution between cell populations. The Live/Dead Violet
stain was used at a final concentration of 1:1000. All other antibodies were used
at a final concentration of 1:200.

Cells were sorted in the manner illustrated in Figure 3, with modification. In brief,
following size gating on the FSC-A vs. SSC-A plot, Live/Dead was used to
exclude dead cells. Cells staining CD11b™/"Tie2"© CD11b vs. Tie2 plot were
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20.

further gated on CD11b vs. Ly6G to gate out the Ly6G" neutrophils then
selecting Kupffer cells by CD11b vs. F4/80. Of note, since the size gate from the
FSC-A vs. SSC-A plot is mostly sufficient to separate qHSC from LSEC and KC,
this panel uses the Pacific Blue channel to sort gHSC as the highly auto-
fluorescent population and to define dead cells as the Pacific Blue positive
population. The gHSC are generally more Pacific Blue “positive” than dead cells.
The low-level expression of LSEC- and KC-specific genes in the gHSC
population is likely due to a small contaminating fraction of dead LSECs and
KCs, and resulting from the use of the Pacific Blue channel for both gHSC auto-
fluorescence and the Live/Dead-violet stain. We suspect this issue to be solved if
a different channel for Live/Dead discrimination is used. Auto-fluorescence from
debris, however, renders many other channels frustratingly non-specific for
absolute exclusion of dead cells. As a result, exclusion of dead cells should be

considered on a case-by-case basis.
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Figure A-1. Suggested workspace set-up. Position the water bath and pump to allow
the perfusion tubing to reach the bottom of the 50-ml conical tubes. The water bath
should be to the left, in order to allow switching of the perfusion line while holding the
catheter with the right hand. Place absorbent pad on the work surface; this pad will both
absorb perfusion solutions and act as the foundation to adhere the mouse. Place large
gauze pad in the center of the work area; this small pad will absorb most of the perfusion
solutions as well as blood and should be changed after every other if not every mouse.
Place tea strainer in a 10-cm petri dish. Place the lid of the dish to the left of the smaller
gauze pad. Place one pair of sharp scissors and forceps above the gauze. Place the
other scissors and forceps to the right of the gauze. Position the surgical tape, small
gauze pads, and 70% ethanol within easy reach. Inset A illustrates the connection
between extension tubing and silicon peristaltic pump tubing. Inset B illustrates the
catheter connected to the male end of the extension tubing.
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Portal vein.
Snip here.

\ena cava.\‘

4 Snip here. J

Figure A-2. General perfusion anatomy and procedure.A) Adhere anesthetized
mouse overtop of the gauze in an X-configuration. B) Make a crosswise incision through
the mouse skin to reveal the peritoneum. C) Being careful to avoid cutting internal
organs, make a crosswise incision through the peritoneum. D) Move the gastrointestinal
organs to the left, revealing the portal vein. Place forceps to hold tissue off of the vein.
E) Snip the portal vein (collect blood if desired), then remove a portion of the intact right
posterior lobe. Catheterize the portal vein, then immediately cut the descending vena
cava. F) The liver will blanch once the portal vein is catheterized, and will fully perfuse
once the vena cava is cut. Avoid pushing the catheter too far into the vein. The tip of
the catheter should be easily observed within the vein. G) Once digested, remove the
liver by the falciform ligament, along the top of the medial lobe. The gall bladder is a
good landmark for identifying the ligament.
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Figure A-3. NPC sort strategy.Representative NPC sorting strategy from a C57BL/6J
mouse 68 h following injection of 50,000 P. yoelii sporozoites. Labeled gates are sorted
populations. Exclude doublets by FSC-H vs. FSC-W and SSC-H vs. SSC-W, but if
guiescent hepatic stellate (QHSC) are desired, be sure to include the SSC-H events.
From a standard FSC-A vs. SSC-A scatter plot, separate lymphocyte-sized cells from
cells with high granularity (SSC) and larger size (FSC). Hepatic stellate cells contain
highly refractive retinol droplets and are auto-fluorescent when excited with 405nm and
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(Figure A-3 legend, continued)

emitting at 450nm. Lymphocytes can be separated into many populations. Here, CD8+
T cells are collected against CD8a vs. CD4. CD4+ T cells and NK(T) cells are collected
against NK1.1 vs. CD4. A significant population of NK-T cells are CD4+ in the mouse.
The best identifier of NK-T cells is CD1d (stained by tetramer, not conducted here).
NK(T) cells induce CD11b expression when activated. From the larger cells, LSEC,
Kupffer cells (KC), and infiltrating myeloid cells (including monocytes and granulocytes)
can be collected. LSEC are selected against CD11b vs. Tie2. From the CD11b™/M
Tie2"° cells, KC and general myeloid cells can be distinguished by CD11b vs. F4/80
staining. Here we see that KC are MHC class-Il high and GR-1 (Ly6G/Ly6C)
intermediate. The myeloid infiltrate contains GR1" and GR1i™ population with varying
degree of MHC-II staining. Lastly, gHSC show very high SSC and auto-fluorescence
(Ex 405nm / Em 450nm) and often show auto-fluorescence in many channels. Since
many of these characteristics are that of dead cells or debris, the best validation of
sorted gHSC is direct observation under a light microscope. In all cases, heterogeneity
may exist in these populations, and further selection or validation of purity may be
needed.
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Figure A-4. Quality control by qRT-PCR of hepatocytes and sorted liver NPCs. The
relative expression of genes in enriched liver cell types illustrates the efficacy of the
method. Gene expression is normalized to the average of three house-keeping genes:
Gapdh, Actb, and Hprt. Each bar is the mean (+SD) of n=5 mice. H=Hepatocyte,
L=LSEC, K= Kupffer cell, and S=Hepatic stellate cell. Graphed using Prism6 (GraphPad
Software, San Diego CA, USA).
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Epitope Fluorophore Clone Dilution
CD8a Pacific Blue 53-6-7 1:250
CD4 PerCP-Cy5.5 RM4-5 1:250
CD11b FITC M1/70 1:200
NK1.1 Per-Cy7 PK136 1:200
Tie2 PE TEK4 1:250
F4/80 APC BM8 1:200
GR1 APC-Cy7 RB6-8C5 1:200
N/A Live/Dead Violet N/A 1:1000

Table A-1. Antibodies for FACS-based purification of some of the major liver NPC
and leukocytes. The antibodies listed here will allow for selection or analysis of some of
the most numerous liver NPC as well as some leukocytes.
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