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Summary

The Fragile X mental retardation (FMR) syndrome is a frequently inherited intellectual
disability caused by decreased or absent expression of the FMR protein (FMRP). Lack of
FMRP is associated with impaired neuronal development and cognitive dysfunction but its role
outside the central nervous system is insufficiently studied. Here, we identify a role of FMRP

in liver disease. Fmrl™!

mice exhibited increased liver damage during virus-mediated hepatitis
following infection with the lymphocytic choriomeningitis virus (LCMV). Exposure to Tumor
necrosis factor (TNF) resulted in severe liver damage due to increased hepatocyte cell death.
Consistently, we found increased caspase-8 and caspase-3 activation following TNF
stimulation. Furthermore, we demonstrate FMRP to be critically important for regulating key
molecules in TNF receptor 1 (TNFR1)-dependent apoptosis and necroptosis including
Cylindromatosis (CYLD), short isoform of FLICE-like inhibitory protein (c-FLIPs) and JUN
N-terminal kinase (JNK), which contribute to prolonged receptor-interacting serine/threonine-
protein kinase 1 (RIPK1) expression. Accordingly, the RIPK1 inhibitor Necrostatin-1s could

reduce liver cell death and alleviate liver damage in Fmrl™!

mice following TNF exposure.
Consistently, FMRP-deficient mice developed increased pathology during experimentally
induced acute cholestasis following bile duct ligation, which coincided with increased hepatic
expression of RIPK1, RIPK3 and phosphorylation of mixed lineage kinase domain-like protein
(MLKL). In conclusion, we show that FMRP plays a central role in the inhibition of TNF-
mediated cell death during infection and liver disease.

The liver has an extraordinary capacity to regenerate through activation of key molecular
pathways. However, central regulators controlling liver regeneration remain insufficiently
studied. Here, we show that B cell-deficient animals failed to induce sufficient liver
regeneration after partial hepatectomy (PHx). Consistently, adoptive transfer of B cells could
rescue defective liver regeneration. B cell-mediated lymphotoxin beta production promoted
recovery from PHx. Absence of B cells coincided with loss of splenic CD169 positive (CD169+)
macrophages. Moreover, depletion of CD169" macrophages resulted in defective liver
regeneration and decreased survival, which was associated with reduced hepatocyte
proliferation. Mechanistically, CD169" macrophages contributed to liver regeneration by
inducing hepatic interleukin-6 (IL-6) production and signal transducer and activator of

transcription 3 activation. Accordingly, treatment of CD169+ cell-depleted animals with IL-

6/IL-6 receptor rescued liver regeneration and severe pathology following PHx. In conclusion,
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we identified CD169+ cells to be a central trigger for liver regeneration, by inducing key

signaling pathways important for liver regeneration.
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Liver

1. Introduction
1.1 General Introduction of Liver

1.1.1 Anatomy of liver

Liver is one of the biggest organs in human body, measuring about 2% to 3% of average
body weight and located in the upper right part of the abdomen, below the diaphragm (1).
Human liver is a dark reddish-brown and wedge-shaped organ, increasing in size from left to
right (2). Liver is organized to the form of lobules divided into portal areas in the periphery and
the central veins in the center of each lobule.

Hepatic artery, portal vein and common hepatic duct are connected to liver. Blood from
hepatic artery and portal vein is the main blood supply to the liver (3). Described by
morphologic anatomy and by functional anatomy, human liver has two lobes, which can be
divided into 8 segments and each segment having its own arterial supply and venous and biliary
drainage (4).

Mice and rats are used as an animal model to study human pathologies and diseases,
which plays an integral part of medical research. Several murine models are used to study acute
and chronic liver disease such as models of inflammatory liver disease related hepatitis,
hepatectomy and alcohol, bile duct ligation and high-fat diet on hepatic fibrosis, as well as

hepatocellular carcinoma and metastasis.

1.1.2 Function of liver

The liver plays a critical role on many physiological processes including production of
metabolites, synthesizing proteins and producing biochemicals for digestion. The liver is
responsible for the metabolism of carbohydrate, proteins, amino acids and lipids, as well as
removing waste products from the blood. Additionally, the liver is an accessory digestive organ
by producing bile containing cholesterol and bile acids. Bile is stored in the gallbladder and
then is transported into the small intestine to complete digestion by the emulsification of fats
(3).

The hepatic portal vein supplies 75%-80% of blood entering the liver, by collecting the
blood drained from spleen, stomach, intestine, gallbladder and pancreas (5, 6). The substrates
provided by these organs are used for synthesis, metabolism and transformation by the liver

cell (hepatocytes) (7). Hepatocytes make up the largest mass of the liver with approximately
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Liver

two thirds of the liver. Most of the rest structure is made up of Kupffer cells, stellate cells,
endothelial cells, bile ductular cells, blood vessels and supportive structure (8). Since the liver
is the metabolic factory of the body, hepatocytes show multiple and distinct polarities to cope
with the diverse functions. The basolateral side is lined with microvilli and helps in pinocytosis.
This activity can be active or passive uptake of nutrients such as proteins. The cannicular

membranes are formed on the apical surface of the cells and secrete the bile components (7).

1.1.3 Liver diseases

There are many liver diseases, which leads to more than 2 million deaths every year.
Viral infection, especially Hepatitis B and C, excessive alcohol uptake and obesity are the most
prevalent risk factors for chronic liver diseases worldwide (9). Normally, liver disease
progression consists of several stages including inflammation, acute liver damage, hepatic
fibrosis and cirrhosis, in some cases result in development of hepatocellular carcinoma (HCC)
(10). Increased serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) caused by hepatocyte death are the most widely used parameters to check and monitor
liver damage.

Additionally, it has been shown that hepatocellular death is present in almost all types
of human liver diseases (11). Iredale et al., showed that increased hepatocyte cell death
contributes to fibrogenesis and it can be resuced by inducing death in the fibrogenic cells i.e.
hepatic stellate cells. This is an important mechanism for reducing liver fibrosis (12). During
viral infection, T cells as well as natural killer cells contribute to viral clearance by killing
infected hepatocytes in patients. However, CD8" T cells and natural killer cells contribute to
hepatocyte apoptosis after Hepatitis B virus (HBV) or Hepatitis C virus (HCV) infection in
humans (11, 13, 14). Phosphorylated mixed lineage kinase domain-like protein (MLKL) a
potential marker for necroptosis is highly increased in liver tissue of patients induced by drug-
induced liver injury which is one of the major causes of acute mediated liver disease (15). Since
it has been proven that both apoptosis and necrosis are present during alcohol liver disease, this

finding also has clinical relevance for human patients (16-18).
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Fragile X Syndrome

1.2 Fragile X mental retardation

1.2.1 Fragile X syndrome

Fragile X syndrome (FXS) is one of the most common inherited causes of
intellectual disability and autism. Clinical phenotypes of FXS include impaired cognition,
anxiety, hyperactivity, social phobia, and repetitive behaviors (19). This syndrome was first
descried by Martin and Bell in 1943 by investigating certain familial cases of mental
deficiency showing X chromosome linked inherited pattern (20). In 1969, Lubs et al.,
identified a fragile site on the X chromosome (21, 22). It was until 1991 that Verkerk et al.,
discovered Fragile X mental retardation 1 (FMR1) gene containing CGG triplet repeats on
this fragile site, which contribute to FXS (23).

In the same year, Pieretti et al., reported that hypermethylation of CGG lead to
silencing of the FMR1 gene, which is the reason for FMR-1 mRNA to be absent in the
majority of male fragile X patients (24). It is a well-established fact that Fragile X syndrome
is caused by lack of fragile mental retardation protein (FMRP) expression encoding by the
FMR1 gene (25). Normal populations have 5 to 54 of CGG repeats. In fragile X syndrome
patients, there are more than 200 CGGs, termed full mutation. CGGs repeats ranging from
55 to 200 are termed permutation (25).

Most of people with premutation have a normal intellectual ability, but have other
medical, psychiatric and neurological problems related to Fragile X associated
Tremor/Ataxia Syndrome (FXTAS) and fragile X-associated primary ovarian insufficiency
(FXPOI) (26, 27). 1t has been found both in men and women and tend to be more severe in

men and the frequency occurs in about 1 in 4,000 males and 1 in 8,000 females (28).

1.2.2 Function of FMRP in neuronal development and treatment

FMRP is a RNA-binding protein, which associates with polysomes and thought to
regulate mRNA translation or localization, which are involved in synapsis development,
neural plasticity and brain development (29, 30).

To study FXS, several animal models have been developed including drosophila,
zebrafish, mouse and rat model systems (19). Fmrl knockout (KO) mice also named

Fmr1™" mice are a widely used model to study FXS. These mice were first generated in
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1994 as a tool to study the abnormal behaviors and explore the mechanisms involved in
FXS (31). It was shown that FMRP plays essential role in neuron development (29,30).

Absence of FMRP in adult neuronal progenitor cells result in decreased
neurogenesis both in vivo (mouse model) and in vitro (cell culture) (32). However, the exact
role of FMRP in regulation of neurogenesis is still unclear. In the recent studies it was
reported that immature neurons from FmrI™" mice displayed reduced dendritic
development. Mechanistically they found reduced expression of Huntingtin (Htt), which
can induce neurodegeneration in the FmrI™" mice as a result of impaired mitochondrial
function and increased oxidative stress (33, 34).

Recently many research groups have focused on studying the etiology and therapies
for Fragile X syndrome. Nutlin-3, an inhibitor of mouse double minute 2 homolog (MDM2)
and p53 interaction has been identified to rescue neurogenic and cognitive deficits in
Fmr1™" mice. FMRP can stimulate the mGIluR5 receptors which might contribute to the
cognitive deficits and abnormal behaviors (35). Serval groups have evaluated the function
of mGIuRS receptor antagonist (AFQ056) in Fmri™" mice. They found that AFQ056
rescues various aspects of the fragile X phenotype in the mice model (36-39). This led to
further investigations of AFQO056 effects on human patients, whether it would improve the
behavior of FXS patients. Unfortunately, it did not elicit the anticipated therapeutic benefits
(40).

1.2.3 Function of FMRP during infection

Over the years the function of FMRP outside of neuron development has been
limited to few infections in drosophila and mice studies. FmrI™" drosophila are highly
susceptible to two pathogens: Streptococcus pneumoniae or Serratia marcescens induced
pathology. This phenomenon showed that FMRP plays role in innate immune cell
phagocytosis (41). Furthermore, FMRP is also involved in regulating virus infection. Since
the influenza A virus’s ribonucleoprotein (RNP) is responsible for the transcription and
replication of viral RNA in the nucleus, FMRP can interplay with viral RNP and stimulates
viral RNP assembly, leading to this virus replication in the host (42). On the contrary,
FMRP represses Zika virus infection by inhibiting early synthesis of viral proteins (43).

[16]
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1.2.4 Function of FMRP in regulating DNA damage response

FMRP is predominantly located in the cytoplasm where it regulates translation of
proteins important for neuron development. Only 4% of FMRP is present in the nucleus
(44). After analyzing the transcriptome of FXS patients, several DNA damage/repair
pathway transcripts have been found (45). In line with this, Alpatov et al., found that FMRP
facilitates the DNA damage response by regulating H2A.X phosphorylation, breast cancer
type 1 susceptibility protein (BRCA1), ataxia telangiectasia and Rad3-related protein (ATR)
recruitment. Loss of Fmrl reduces the DNA repair response and genomic stability, as well
as increases the cell death after aphidicolin (replication stress inducer) treatment (46). This
was further confirmed by the interaction between FMRP and poly (ADP-ribose)
polymerase (PARP) which is an important part of DNA repair and maintaining genomic
stability (47).

In human patients, telomere shortening, a well-known marker for genomic
instability, has been found. These markers play an important role in the DNA repair (48).
Similarly, in the absence of FMR1, increased DNA damage and apoptosis was observed in
the spermatocytes of Fmr1™" mice (49). Pro-survival function of FMRP was further shown
by Jeon et al., in inhibiting apoptotic cell death with the presence of FMRP (50).

Above all, FMRP serves as genomic protector to induce DNA damage repair and
promote the cell survival. In FXS patients and FMRP-deficient mice, it has been shown that
there are disorders in the testes and ovaries outside of brain (51, 52). The role of FMRP
apart from these organs is poorly studied. Hence, it is imperative to investigate if FMRP is

involved in the pathologies of other organs.
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1.3 Tumor necrosis factor (TNF)

1.3.1 Discovery

The discovery of TNF can be tracked back to the late 19" century. Spontaneous tumor
remission from some patients were reported by F. Fehleisen from Germany and William B.
Coley from the United States. Those patients suffered from simultaneous bacterial infection. In
1893, William B. Coley successfully treated patients with killed bacteria, a mixture of
Streptococcus pyogenes and Serratia marcescens, defined as Coley's toxins (53). Based on this,
a number of microbial products have been tested in the laboratory for their antitumor effects.
Murray, Shear and colleagues identified the principle component of the toxin, which led to the
hemorrhagic necrosis of the tumors caused by Gram-negative bacteria. Later this component
was termed as endotoxin or lipopolysaccharide (LPS) (53).

This endotoxin could not kill the cultured tumor cells directly, prompting researchers to
find the direct cause of tumor hemorrhagic necrosis (54). Until 1975 it remained a mystery and
poorly defined mechanism of the tumor necrosis. Finally, E. A. Careswell and colleagues
reported that Bacillus Calmette-Guerin (BCG)-infected mice treated with endotoxin/LPS
derived from Escherichia coli produce a substance and can be detected in the serum, defined at
tumor necrosis factor (TNF) which causes tumors necrosis (55).

It was also shown that the TNF-positive serum could induce necrosis of the sarcoma
Meth A and other transplanted tumors (55). TNF is cytotoxic to some of transformed cell lines
in culture for example L cells (NCTC Clone 929, 1.929 cells) and Meth A Sarcoma cell, but not
toxic for other cell cultures, e.g. mouse embryonic fibroblast cultures (55-58). Furthermore, the
role of macrophages as the main source of TNF production also has been characterized in vivo
(murine model) and in vitro (cell culture) against tumors (55, 57, 59). Aggarwal and colleagues
isolated 2 cytotoxic factors: TNF from macrophages and lymphotoxin from lymphocytes both
of them shared 50% homology so it was named as TNF alpha (TNF) and TNF beta
(Lymphotoxin) (56, 60).

Until now, based on the sequence of TNF, 19 members of the TNF superfamily and 29
their interacting receptors have been found (60). The roles of TNF superfamily interacting along
with receptors have been identified in various aspects including inflammation, proliferation,

apoptosis, necroptosis, metastasis, angiogenesis and morphogenesis within the last decades.
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1.3.2 Structure of TNF and TNF receptors (TNFRs)

TNFRs have an extracellular domain which binds to ligands and an intracellular domain
which regulates the biological signaling (61, 62). Regarding the biological activities, most of
the receptors act as activating receptors and induce nuclear factor kB (NF-kB) and mitogen-
activated protein kinase (MAPK) pathways. Only 8 out of 29 are death receptors work which
have a cytoplasmic death domain in the intracellular region that can induce cell death (63-65).
Well known death receptors are TNFR1 and Fas. Among the TNF superfamily and TNFRs,
TNF and its two receptors TNFR1 and TNFR 2 are very well receptors. TNFRs form
homotrimers upon binding towards TNF (66, 67).

TNF is expressed as transmembrane protein and can be cleaved to be soluble form by
the metalloproteinase TNF-converting enzyme (TACE or ADAMI17) (68-70). Inactive
rhomboid protein 2 (IRHOM2) interacts with TACE and promotes the maturation of TACE,
leading to trafficking of TACE from endoplasmic reticulum to cell membrane to cleave TNF
(71, 72). sSTNF and membrane bound TNF can both bind to either TNFR1 or TNFR2 to regulate
its biological activities. However, Grell et al., found that inflammatory responses of mTNF is

mainly regulated by TNFR2 (73).

1.3.3 TNF-TNFRI1 regulates NF-kB signaling

TNFRI1 can activate the NF-kB and MAPK pathway, as well as the cell death pathway.
The death domain of TNFR1 can recruit the adaptor TNFR1-associated death domain protein
(TRADD). In turn TRADD can recruit receptor-interacting serine/threonine-protein kinase 1
(RIPK1) and ubiquitin E3 ligases, TNFR-associated factor 2 (TRAF2) or TRAFS, cellular
inhibitor of apoptosis protein 1 (cIAP1) or cIAP2 and the linear ubiquitin chain assembly
complex (LUBAC) to form TNFRI signaling complex I. RIPK1 can add Lys-63 (K63)
ubiquitinating Met1-linked linear ubiquitin chains with the help of ubiquitin E3 ligases in the
signaling complex 1 (74) (Graphical Figure 1).

Ubiquitinated RIPK1 recruits IkB kinases (IKKs) consisting of two catalytic subunits
IKKa and IKKP and the scaffolding subunit IKKy (also termed NF«kB-essential modulator
(NEMO)) as well as transforming growth factor (TGF)  -activated kinase 1 (TAK1), TAK-
binding protein 1 (TAB1) and TAB2 (74, 75). The complex of NEMO and IKKs regulate
phosphorylation of inhibitor of kB (IkBa) and subsequently IkBa is degraded by the proteasome,
and eventually nuclear factor-kB (NF-kB) is activated (Graphical Figure 1). TAKI can
phosphorylate and activate the MAPKs (JUN N-terminal kinase (JNK) and p38 (74, 75). Once
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NF-«B is released from IkBa and it subsequently translocates into the nucleus and promotes

the expression of pro-survival and pro-inflammatory genes transcripts (Graphical Figure 1).

Graphical Figure 1: Figure depicting TNF/TNFRI mediated NF-kB pathway. Adapted
from Yuan et al., (76)
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1.4 TNF-TNFRI regulated cell death pathway

1.4.1 Discovery of apoptosis and necroptosis

Apoptosis was first termed by Kerr et. al in 1972 to describe natural cell death (77).
Since then, apoptosis was considered as the mechanism of developmental and homeostatic cell
death through activation of a specific class of proteases and caspases for many years (78). It
was not until Laster et.al found TNF also induce the balloon-like plasma membrane and a lack
of nuclear disintegration of the cell, which was named necroptosis because it differs from
apoptosis in morphology (79). Numerous molecules have been identified to play role in
regulating apoptosis and necroptosis over the past two decades. Sydney Brenner, H Robert
Horvitz and John E. Sulston shared the 2002 Nobel Prize in medicine or physiology for their

discovery of genes involved in the regulation of apoptosis.

1.4.2 Apoptosis and necroptosis signaling

Several deubiquitinated-enzymes can regulate the ubiquitin status RIPK 1, for instance,
A20 and CYLD remove the ubiquitin chains from RIPK1 in the complex 1. The deubiquitylated
RIPK1 moves from the membrane to the cytoplasm, which leads to cytosolic TNFR1 complex
ITa and complex IIb to mediate cell death (Graphical Figure 2) (80-82). Complex Ila includes
deubiquitinated RIPK1, TRADD, FAS-associated death domain protein (FADD), and pro-
caspase 8 to mediate apoptosis (80-82).

FADD interacts with pro-caspase 8 and removes the caspase 8 pro-domains, leading to
release of an activated caspase 8. On one hand, activated caspase 8 cleaves pro-caspase 3 into
activated caspase 3, which subsequently actives poly (ADP-ribose) polymerase (PARP-1), on
the other hand, activated caspase 8 can cleave RIPK1 and RIPK3 as well, which ultimately
results in apoptosis (83-85). The long isoform of FLICE-like inhibitory protein (FLIPy) as cell
death inhibitor forms heterodimers with pro-caspase 8 to inhibit cell death and promote cell
survival (Graphical Figure 2) (80-82).

RIPK1 recruits RIPK3 to form complex IIb, named necrosome or ripoptosome to
regulate necroptosis (86). This complex relies on RIPK1 and RIPK3 kinase activities. RIPK3
phosphorylates MLKL at T357/S35 and promotes its oligomerization, leading to disruption of
the plasma membrane integrity (Graphical Figure 2) (15, 87).
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Graphical Figure 2: Figure depicting TNF/TNFRI mediated apoptosis and
necroptosis pathway. Adapted from Yuan et al., (76).
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1.4.3 Inhibitors of apoptosis and necroptosis

Apoptosis and necroptosis are well studied and serval molecules which inhibit those
pathways have been characterized. Based on this, small molecules/ compounds are produced
which bind to the active site of the enzymes. z-VAD-fluoromethylketone (z-VAD-FMK) is a
pan caspases inhibitor to inhibit reversibly or irreversibly their catalytic site. It is a widely used
chemical for apoptosis research (88). Smac mimetics is antagonist of cIAPs to induce RIPK1-
dependent apoptosis via mimicking of Smac/Diablo protein to induce cIAPs ubiquitination and
degradation (89, 90). Necrostatin-1 (Nec-1), a RIPK1 inhibitor, is widely used in blocking
RIPKI kinase-dependent regulated cell death including apoptosis and necroptosis not only in
cell lines but also used in vivo such as mice as well. Moreover, 7-Cl-O-Nec-1 (Necl-s) an

analog of Nec-1 is more specific and highly stable in vivo (mice model) (91-93).
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1.5 Virus infection and Immune response

1.5.1 Lymphocytic choriomeningitis virus (LCMYV)

LCMV is one of the most widely used model systems to study viral persistence, viral
pathogenesis and immune response to viral infections. LCMV belongs to the arenavirus family
of single stranded RNA viruses. The LCMV genome consists of a large (L) segment and a
small (S) segment, which are negative-sense single-stranded RNA segments (94, 95). The S
segment codes three major structural proteins: the nucleoprotein (NP) and two mature virion
glycoproteins (GP-1, GP-2) (96). GP1 and GP2 are on the virion surface, GP-1 is peripheral
membrane protein and GP-2 is transmembrane protein. Tetramers of GP-1 and GP-2 make up
the spikes on the virion envelope.

It has been shown that GP-1 regulates host receptor recognition and GP-2 regulates
virus and host membrane fusion (95, 97, 98). Cao et al., identified a-dystroglycan (a-DG) as
the receptor for LCMV on host cells (99). The L segment encodes the RNA polymerase and
the small polypeptide Z with a RING finger motif (100, 101). The NP enclose viral RNA
(VRNA) to form the nucleocapsid as the template for the viral RNA polymerase to regulate
transcription and replication (101).

LCMV is able to infect a wide range of hosts including humans and can cause persistent
or acute infections. Until now several strains have been isolated from infected organisms (102).
The LCMV mouse model has been widely used to study mechanisms of viral persistence and

concepts of virus-induced immunity and immunopathology.

1.5.2 Immune response

All the vertebrates are threatened by pathogenic microorganisms. Pathogens can be
eliminated with the help of immune system. There are two major branches of the immune
system: the innate immune system and the adaptive immune system. Innate immune system is

the first barrier of host defense against pathogens.

1.5.2.1 Innate immunity

The innate immune system as first line of defense is responsible for rapid defense
against invading pathogens and assist to promote an adaptive immune response. During
pathogen invasion, they release components known as pathogen-associated molecular patterns

(PAMPs) (103). PAMPs are recognized by germline-encoded pattern-recognition receptors
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(PRRs) which are expressed on innate immune cells such as dendritic cells (DCs), macrophages
and neutrophils. There are several PRRs, including Toll-like receptors (TLRs), RIG-I-like
receptors (RLRs), NOD-like receptors (NLRs) and DNA receptors (cytosolic sensors for DNA)
(104, 105).

Sensing of PAMPs by PRRs rapidly activate host immune responses by inducing
complex signals including various inflammatory cytokines, chemokines and type I interferons.
Those responses also initiate the development of pathogen-specific, long-lasting adaptive

immunity through B and T lymphocytes (103, 106).

1.5.2.1.1 Dendritic cells (DCs)

DCs as antigen presenting cells (APCs) are crucial to both innate and adaptive immune
systems. In 1973 Steinman et al., discovered a novel type of cells from adherent cell
populations derived from mouse peripheral lymphoid organs, termed dendritic cell (107). Later
on, they identified the role of DCs in controlling immunity and was awarded Nobel prize in
2011 (108).

Over the years, DCs are well studied of their role in antigen uptake, antigen presentation
and activation or tolerance of the immune system (109, 110). DCs can be divided into two
groups conventional dendritic cell (cDC) and plasmacytoid dendritic cell (pDC) regarding their
capacity of antigen presentation and Type I interferon (IFN-I) production (109, 111). DCs
express Toll-like receptors (TLR) to specifically recognize the different pathogens such as
virus and bacteria and promote pro-inflammatory cytokine and IFN-I production, as well as
enhanced antigen presentation to naive T cells through major histocompatibility complex
(MHC)—peptide complexes on their surface (109, 112, 113).

After viral infection, cDCs induce pro-inflammatory cytokines and IFNs-1 through
TLR3-dependent and retinoic acid-inducible gene I (RIG-I)-dependent pathways. In pDCs,
TLR7 and TLRY recognize viral ssSRNA and DNA, respectively and upregulate the expression
of IFN genes in a MyD88 dependent manner (109). It has been reported that pDCs produce
higher amount of IFN-I (114, 115).

To study the role in DCs in vivo (mice model), CD11c-diphtheria toxin receptor
(CDI11¢-DTR) mice was generated in which CD11¢” DCs can be depleted by diphtheria toxin
(DT) treatment. By using these mice, Jung et al., found DCs to promote the priming of CD8+

T cells, suggesting a critical role of DCs for the adaptive immune defense (116).
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1.5.2.1.2 Macrophages

Macrophages play a key role in innate immune defense by recognizing and eliminating
pathogens. Macrophages can also remove the damaged or dead cells and cellular debris from
the body. In addition, as APCs, macrophages have the ability to present antigens to T cells
(117-119).

Macrophages rapidly ingest pathogens which can be trapped in the phagosome. The
phagosome fuses with lysosomes to form a phagolysosome where the pathogen is broken down
by enzymes and toxic peroxides. While macrophages are professional phagocytes (120, 121),
DCs have limited ability for lysosomal degradation of phagocytosed material (122, 123).

Based on their function, macrophages can be broadly divided into two groups: M1
macrophages (classically activated macrophages) and M2 macrophages (alternatively activated
macrophages) (124). In general, M1 macrophages secrete pro-inflammatory cytokines, clear
pathogens and phagocytosis. PAMPs, DAMPs, and inflammatory cytokines such as TNF-a
and IFN-y activate M1 macrophages, which destroy pathogens and secrete high levels of pro-
inflammatory cytokines (125, 126). In contrast, M2 macrophages have anti-inflammatory
functions. Anti-inflammatory cytokines such as interleukin-10 (IL-10), IL-4, and IL-13
activate M2 macrophages (127).

1.5.2.1.3 Red pulp and Marginal zone macrophages

In the spleen red pulp macrophages, marginal zone macrophages and metallophilic
marginal macrophages can be found. All those macrophages express different surface markers
and show specialized functions (128).

Red pulp macrophages in mice can be characterized by expression of
F4/80M"CD68"CD11b"°Y" (129) and play role in removing senescent red blood cells (130).
According to the expression of different surface markers, marginal zone macrophages can be
further divided into marginal zone and metallophilic macrophages. Marginal zone
macrophages express the C-type lectin SIGN-related 1 (131) and macrophage receptor with
collagenous structure (MARCO) and marginal metallophilic zone macrophages express the
sialic acid-binding Ig-like lectin-1 (CD169). Both capture microbes and viruses from blood
circulation (132).

Recent studies shed light on understanding of the precise roles of different macrophages.
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1.5.2.1.4 CD169+ macrophages

In 1980s, Kraal et al., firstly detected a specific macrophage population localized at the
marginal metallophilic zone of the spleen by using the monoclonal (MOMA-1) antibody. This
antibody binds to the surface molecule CD169 (133). CD169" macrophages can be found on
the subcapsular sinus of the lymph node as well, functionally which enables them to defence
against pathogens and foreign antigens (133).

To study the role of CD169" macrophages, Miyake et al., firstly generated the CD169-
diphtheria toxin receptor (DTR) mice, which show depletion of CD169" macrophages with DT
treatment (134). By using these mice, they found that CD169" macrophages have the capacity
to capture and clear apoptotic cells (134). Several studies also show the role of these cells in
bacterial and viral infections. CD169" macrophages not only rapidly capture Listeria
monocytogenes but also transport the bacteria to the T cell zones. Their absence resulted in
bacterial growth and spread, which ultimately lead to death of the infected animals (135).

Honke et al., found that CD169" macrophages in spleen tissue enforce early viral
replication to promote innate immune recognition and antigen presentation in a Uspl8-
dependent manner after VSV infection (136). Furthermore, BAFFR and TNFR1 were shown
to be also crucial for maintenance of active CD169" macrophages after VSV infection (137,
138). It was found that B-cell-derived lymphotoxin alpha (Lta) and lymphotoxin beta (LtB)
promote the development and maintenance of CD169" macrophages in spleen and lymph node
tissue (139). Hence, mice lacking B cells show fewer CD169" macrophages in the naive stage
and limited immune activation after viral infection, including the defective production of IFN-
I after vesicular stomatitis virus (VSV) infections (137, 138, 140). Junt et al., also showed that
CD169" macrophages in the subcapsular sinus rapidly capture viral particles to promote B cell
mediated immunity (141). All these studies highlighted the importance of CDI169"
macrophages in preventing bacterial and viral infections.

Since, most of the past studies have focused on the role of CD169" macrophages in the
subcapsular sinus of the lymph node and the marginal zone of the spleen during ininfection, a
role of CD169" macrophages out of these findings is less clear, prompting us to explore the

novel functions of this cell population.
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1.5.2.2 Adaptive immune response

The adaptive immune responses specialize in eliminating pathogens with two core
competencies, specificity and immunological memory. Adaptive immune cells recognize a
great variety of different specific antigens. Lymphocytes including T and B cells expresses
diverse antigen receptors generated by somatic recombination to recognize specific pathogens
(142). It is well known that in jawed vertebrates, B cell receptors (BCR)/immunoglobulin (Ig)
and T cell receptors (TCR) repertoire diversity is generated by variable (V)-diversity(D)—
joining(J) rearrangement (VDJ rearrangement) with the help of the recombination-activating

gene (RAG) (143-146).

1.5.2.2.1 B cells

a) Development of B cells

In general, mammalian development of B cells initiates from hematopoietic precursor
cells in primary lymphoid tissue such as bone marrow, following migration it matures in
secondary lymphoid tissue such as lymph nodes and spleen where they can be activated. In
the bone marrow during development the stages of hematopoietic precursor cells, progenitor-
B cell, precursor-B cell and immature B cell depends on RAG1 rearrangement of VDJ genes
segment. RAG initiates the rearrangement of D and J gene segments to form the heavy chain
(H-chain) which first can form pre-BCRs, followed by V and J gene segment rearrangement of
the light chain (L-chain) with the help of RAG (143-146).

L-chains pair with H chain form a complete immunoglobulin B cell receptor expressed
on the cell surface, termed as immature B (147). Expression of IgM on the surface changes the
expression pattern of many genes in immature B cells and promotes these cells to egress from
the bone morrow and migrate to the spleen, where B cells interact with antigens and mature

into Follicular B cells (FoB), Marginal zone B cells (MZB) and B1 cells (148, 149).

b) Mediators during B cell development and differentiation

Many factors contribute to the development of B cells, including IL-7 and chemokine
CXC ligand 12 (CXCL12) produced by bone marrow stromal cells, which interact with pre-B
cells and regulate the early stage of B development (150). Schneider et al., identified that B-
cell activator of the TNF-a family (BAFF) promotes B cell proliferation and controls B cell
function (151). Thompson et al., further found that BAFF receptor (BAFFR) specifically binds
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to BAFF and regulates B cell survival (152). During the differentiation, B cell lymphoma 6
(BCL-6) is highly expressed in germinal center (GC) B cells and promotes proliferation of GC
B cells (153).

Furthermore, transcript factor interferon regulatory factor (IRF)-4 also has been found
in regulating GC formation and playing role in immunoglobulin class switching (154). It was
shown that lymphotoxin is expressed by B cells (155). Lymphotoxin deficient mice display
abnormal development of peripheral lymphoid organs with impaired presence of lymph nodes
and Peyer's patches, and impaired spleen architecture with disorganized B and T cells, and

without germinal centers (156-158).

¢) Activation of B cells

One of the main function of B cells are production of antibodies, which are produced by
terminally differentiated B cell plasmablasts and plasma cells. MZB and B1 cells respond to T
cell-independent antigens, while FoB cells additionally respond to T cell-dependent antigens
(148, 149). Upon antigen activation, FoB cells divide and differentiate into short-lived
plasmablasts that secrete antibodies and also may undergo immunoglobulin class switching,
Activated B cells with the help of specialized T follicular helper cells enter a lymphoid follicle
and form a germinal center (GC) where B cells undergo proliferation, immunoglobulin class
switching, and affinity maturation trigged by somatic hypermutation (149).

Ultimately GCs generate long-live plasma cells, which can secrete high amounts of
antibodies and form memory cells (149, 159, 160). Naive mature B cells express IgM and IgD,
after activation by antigens. Following class switch B cells can produce IgG, IgA or IgE

antibodies (161).

1.5.2.2.2 T cells

T cells develop from hematopoietic precursor cells from the bone marrow and migrate
through the bloodstream to the thymus where they are matured (162). In the thymus, at least 3
main types of T cells are developed: CD4" af T cells, CD8" off and yd T cells and including
subsets of lineages, such as regulatory T cells and natural killer (NK) T cells (163). During the
development, T cell receptors undergo V(D)J recombination as well. Through selection, only
T cells showing low-affinity to self major histocompatibility complex (MHC) survive (164).
MHC complexes bind to antigens and display them on the antigen-presenting cell surface for

recognition by T-cells (165).
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T cells play a central role in controlling virus infections. In addition to bind to MHC-
peptide complex, co-stimulatory molecules can promote T cell activation. For example,
CD80/CD86 expressed on DCs can bind to CD28 on CD8" T cells. Eventually, recognition of
the MHC-I peptide complex by the virus specific-TCR and CD28 signaling will result in the
activation of CD8" T cells (166-168).

Cytotoxic CD8" T cells can kill virus-infected cells as well as cancer cells. Cytotoxic T
cells produce cytotoxic granules such as perforin and granzymes which trigger programmed
cell death of target cells (169, 170). Perforin promotes to form a pore in the target cell
membrane and triggers granzymes enter to the cells (169, 170). Granzyme B can induce the
activation of caspase-3 to regulate cell death, resulting in target cell destruction (169, 170).
Furthermore, cytotoxic T cells can express Fas ligand and TNF which can bind to their
receptors on the target cells and then promote cell death (171). Moskophidis et al., found that
LCMV strains such as docile persist after infection due to exhaustion of antiviral CD8"
cytotoxic T cells (172).

Using the LCMV model system, other two groups also found exhaustion of virus-
specific T cells during persistent LCMYV infection of mice (173, 174). Mechanistically, Barber
et al., identified programmed cell death-1 (PD-1) as one critical factor in regulating T cell
exhaustion. PD-1 is markedly upregulated by exhausted CD8" T cells after clone 13 infection.
Interestingly, blockage of PD-L1 could restore cytotoxic T cells (175). However, when
programmed death-ligand 1(PD-LI”") mice were infected with clone 13, they succumbed due
to damage caused by immunopathology (175). Blackburn et al., found Lymphocyte-activation
gene 3 (LAG-3) to regulate T cell exhaustion (176). In contrary, Kaech et al., identified that
CDS8" T cells which express high IL-7R would survive longer and become memory cells (177).
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1.6 Liver Cholestasis and fibrosis

1.6.1 Bile duct ligation (BDL)

Liver fibrosis is a global health problem. It can be caused by multiple etiologies. Upon
liver damage, complex interactions between inflammatory signals, neutrophils and
macrophages activates hepatic stellate cells to transdifferentiate to myofibroblasts, accumulate
extracellular matrix (ECM) and then form hepatic fibrosis and late stage cirrhosis (10, 178).

Bile acids emulsify absorbed fat, digest lipids in the small intestine and also facilitate
cholesterol breakdown (179). It has been shown that farnesoid X receptor (FXR) and Takeda
G protein receptor 5 (TGRS) work as a receptor of bile acid and can be activated by bile acids
to regulate bile acids synthesis and bile acid transporter expression (180, 181). Surgical ligation
of bile duct results in blockage of the biliary system followed by liver pathology with severe
cholestasis and inflammation leading to fibrosis in rodents (178). Bile duct ligation (BDL) is a
well-established model to study liver fibrosis.

Ligation of bile duct in murine models such as rat and mice to surgically mimic
obstructive cholestatic induced liver injury and liver fibrosis has been carried out in the
laboratory for decades (182). Following BDL, there are approximately 2 major events which
lead to fibrosis including initiation of acute liver injury phase (first 7 days) and the fibrotic
progression phase (7-20 days) (Graphical Figure 3). Acute hepatocyte injury and hepatocyte
proliferation occur in the initial days following BDL, which contributes to establishment of

liver fibrosis (178, 183).

1.6.2 Hepatocytes injury and Hepatocellular Proliferation

Following BDL, bile acids cannot be secreted in the intestine and accumulate in the
liver and serum which lead to hepatocytes death and liver injury. These biliary infarcts can be
detected 8 hours after surgery and increase in size and numbers around day 3 (183). Lysis of
hepatocytes releases intracellular enzymes into the serum including alanine aminotransferase
(ALT) and aspartate aminotransferase (AST), which are clinical markers for liver damage.
ALT and AST levels reach their peak levels at day 2 following surgery (183).

Another event which takes place following BDL is hepatocytes proliferation. Two
established hepatocytes proliferation markers are Ki67 and proliferating cell nuclear antigen
(PCNA) (184). Moreover, growth factors regulating hepatocyte proliferation, such as
hepatocyte growth factor (HGF) and TGF-a are secreted after BDL (185). It is known that the
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gene expression level of HGF rapidly increases and reaches peak levels at day 3 after BDL.

Transcripts of TGFa also rapidly increase and reach peak levels at day1 after BDL (183).

1.6.3 Inflammatory response

Inflammation is found during acute and chronic cholestatic liver injury. BDL leads to
high infiltration of immune cells into the area of biliary infarcts (area of hepatocyte death). It
has been shown that neutrophils are the predominantly infiltrating cell type around injured
hepatocytes in the first 3 days after BDL (183). Whereas no significant changes in numbers
and distribution of Kupffer cells were observed during early time after BDL, but increased
presence of Kupffer cells can be detected at 2 weeks following BDL (183). One group
identified that Kupffer cell engulfment of apoptotic bodies promotes inflammation and
fibrogenesis. They found decreased neutrophil infiltration, stellate cell activation, hepatocytes
death, bile infarcts and serum ALT levels following BDL after eliminating macrophages by
treating mice daily with gadolinium chloride (GdCl3, a Kupffer cell toxicant) (186). However,
on other study showed increased hepatocellular necrosis, serum ALT and bilirubin levels in
BDL mice upon intravenous treatment with multilamellar liposome-encapsulated
dichloromethylene diphosphonate (CILMDP-L), which can specifically deplete resident liver
macrophages in mice (187). These contradictory results suggest heterogeneity in macrophage
populations in the liver and their function.

Increasing numbers of T cells and a slight increase in B cells were detected on day 5
after BDL. T cells were detectable until 6 weeks after BDL, however B cells were not
detectable in the late time points after BDL (Graphical Figure 3) (183). Reduced liver fibrosis
in the absence of B cells was demonstrated by markedly reduced collagen expression in B cell—-

deficient as compared with wild-type mice after 6 weeks treatment of CCI4 (188).

1.6.4 Liver fibrosis development

BDL is a well-established model to induce fibrosis in the liver and rapidly upregulate
expression of fibrosis related genes: tissue inhibitor of metalloproteinases-1 (TIMP-1), type I
collagen and TGF-B1 (189, 190). It has been shown that expression of TIMP-1 has an initial
first peak at day 3 after BDL, reaches the second peak at day 7 (183). TGF-B1 and type I
collagen expression show the same pattern with TIMP-1 expression only at early time points

but reach the second peak at day 14 (183).
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aSMA is one of the markers of liver fibrosis. aSMA positive cells were first detectable
around biliary infarcts at day 3, subsequently found in portal tracts and around the resolving
biliary infarcts from day 5 after BDL. However, there are less aSMA-positive cells at 28 to 45
days following BDL (183). Other marker for activated hepatic stellate cells (HSC) is the
deposition of collagen, which can be observed until day 14, with no further increase. During
development of fibrosis, decreased expression levels of collagen, TIMP-1 and TGF-B1 are
consistent with the reduced number of aSMA -positive cells (183).

Furthermore, since establishment of fibrosis is regulated by multiple cells types,
multiple factors and signaling pathways contribute to HSC activation, proliferation, migration
and ECM deposition. It has been shown that damage-associated molecular patterns (DAMPs)
from damaged or injured hepatocytes, reactive oxygen species (ROS), acetaldehyde and lipid
peroxidation products following liver injury strongly initiate HSCs activation (191). Mediators
such as TNFa, platelet-derived growth factor (PDGF) produced by Kupffer cells, neutrophils,
platelets also induce HSC activation and proliferation. TNF and LPS promote proliferation and
survival of HSCs by activating NF-xB and down-regulating pro-apoptotic genes (191, 192).

To study the role of TNF and its receptor TNFR1 and TNFR2 in the BDL induced
fibrosis model, BDL was performed on wide type, TNFR1 knockout (KO) mice, TNFR2 KO
mice and TNFR-double KO (TNFR-DKO) mice. The extent of the liver damage was assessed
after BDL. The liver damage and fibrosis were decreased in TNFR1 KO mice and TNFR-DKO
compared to wild-type or TNFR2 KO mice after BDL, suggesting TNF-TNFR1 not TNFR2 is
critical for HSC activation and liver fibrosis (193). It is known that PDGF is a crucial driver
for HSCs proliferation and migration. PDGF binds to its receptor and stimulates multiple
signaling cascades including the expression of signal transducer and activator of transcription|
(STAT-1) through phosphatidylinositol 3-kinase (PI3K) signaling, NF-kB and extracellular
signal-regulated kinases (ERK)-MAPK pathway. Deleting B-PDGFR on hepatic stellate cells
showed decreased expression of aSMA and collagen al, decreased their proliferation upon

injury (194).
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Graphical Figure 3: Figure depicting dynamic changes following bile duct ligation in
mice. adapted from Georgiev et al., (183)
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1.7 Liver regeneration

1.7.1 Liver regeneration

It has been more than 80 years since Higgins and Anderson’s first report of the
procedure of 70% partial hepatectomy (PHx) in rats (195). Until now, PHx is a widely used
tool to explore the mechanisms during liver regeneration (195, 196). The remaining liver lobes
will grow through hepatocyte proliferation and reach its original liver mass within 10 days after
surgery. However, newly formed liver mass do not differentiate into liver lobes in its original
form (195, 197).

In naive conditions, most of the adult hepatocytes are quiescent. Once liver is damaged,
hepatocytes start proliferating under the influence of cell cycle genes and undergo cell division
(198). In experimental hepatology, removal of 70% liver mass is a well-studied technique for
hepatocyte proliferation and to mimic cell cycle regulation to toxin injury and infection.
Recovery of the original liver mass in mice can be divided into 3 phases. The initiation phase
is around the first 6 hours when hepatocytes prepare to start the cell cycle. The following phase
is characterized by DNA replication and cell proliferation. The last phase shows arrest of
hepatocyte proliferation after reaching the original liver mass. The classical proliferation
markers Ki67 and PCNA, indicate cell proliferation (195, 199).

Pro-inflammatory cytokines, growth factors and their related nuclear transcription
factors are involved in signaling pathways, which can drive cell cycle progression (200).
Cytokines include tumor necrosis factor (TNF), lymphotoxins (LTs) and IL-6. Growth factors
includes HGF, epidermal growth factor (EGF) and TGF. The nuclear transcription factors
include nuclear factor-kappa B (NF-«xB), signal transducer and activator of transcription 3
(STAT?3), extracellular signal-regulated kinases (Erk), c-Jun and c-Myc. However, liver cells
stops proliferating when the liver mass is reconstituted to the approximate size of the original
lobes (197).

Hepatocytes are the first cells to enter into DNA replication and cell cycle. It has been
reported that, approximately 60% of hepatocytes undergo one round of DNA synthesis, which
peaks at 24h for the rat and at around 36h for the mouse following PHx. However, the other
round of DNA synthesis and proliferation only happens in a small number of hepatocytes (201,
202).

To evaluate the importance of cell cycles related gene, it has been reported that Brahma-

related gene 1 (Brgl), which is involved in cell proliferation, promotes liver regeneration by
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regulating several cell cycle genes including cyclin B1 and CDK1 (203). Moreover, Forkhead
boxM 1b (Foxmlb) knock out mice showed reduced-DNA replication after PHXx.
Mechanistically, FoxM1b regulates cyclin Bl and promotes activation of Cdc25b to
dephosphorylate Cdc2 (204).

1.7.2 Cytokines and growth factors during liver regeneration

1.7.2.1 IL-6

Interleukin-6 (IL-6) is an important cytokine during liver regeneration. The IL-6
pathway includes classic and trans-signaling. For the classic pathway, IL-6 directly binds to
the membrane-bound IL-6R to induce dimerization with glycoprotein (gp130), which results
in activation the downstream signaling cascade (Janus kinase (JAK)-STAT3, MAPK and
phosphoinositide 3 (PI3) kinase). For trans-signaling, IL-6 binds to soluble IL-6 receptor and
forms a complex to bind cell membrane bound gp130 (205). Notably, neither IL-6 nor IL-6R
can bind to gp130 directly. Only IL-6/IL-6R form a complex can bind to gp130. Hyper-IL-6 is
a fusion protein of IL-6 and soluble IL-6 receptor, which can act as an activator of gp130. In
addition, to block trans-signal, soluble gp130 which is a fusion protein of the extracellular
fragment of gp130 and a Fc fragment of human IgG1 antibody (sgp130Fc) can be used (205,
200).

Expression of IL-6 together with TNF is highly upregulated at early time after PHx. In
addition, TNF can further induce IL-6 expression via TNFR1 pathway. Consequently, impaired
liver regeneration of TNFR1 deficient mice can be rescued by a single injection of IL-6 (202).
IL-6 knockout mice showed impaired liver regeneration and increased liver necrosis following
PHx (207). Furthermore, IL-6 trans-signaling and not the classic signal was identified for
contributing to liver regeneration after PHx (208). Since STAT3 is one key regulator in the IL-
6 signaling pathway, mice lacking this gene specifically in the hepatocytes, showed reduced

DNA synthesis and hepatocytes proliferation (Graphical Figure 4) (209).

1.7.2.2 TNF

TNF expressions increase after 30-120 mins. Consistently, following PHx, inhibition
of NF-xB activation leads to increased liver injury and decreased hepatocyte proliferation
(Graphical figure 4) (202, 210). One of the inducers to promote of TNF production is gut-
derived lipopolysaccharide (LPS), which is recognized by Toll-like receptor 4 (211, 212).
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Activation of the complement component, a C5a receptor can also induce TNF and IL-6
production following PHx. After C5a blockage, NF-kB gene expression was impaired.
Furthermore, an increase in the liver damage and mortality was observed in the C5a knockout
mice (213). Moreover, TNF and IL-6 expression were lower and resulted in decreased liver
regeneration in the intracellular adhesion molecule 1 (ICAM-1) deficient mice after PHx (214).

After administration of TNF neutralizing antibodies to block TNF signaling before PHx,
IL-6 expression was downregulated and hepatocyte proliferation was reduced (215).
Consistently, less DNA synthesis and delayed hepatocyte proliferation was found in TNFR1
deficient mice after PHx. Mechanistically, reduced activation of NF-«B and STAT3 was
observed which then lead to reduced IL-6 production. Giving IL-6 to TNFR1 knockout mice
could rescue the deficiency in hepatocyte proliferation by restoring STAT3 activation but not
NF-kB activation, which suggesting that TNF could be a prime factor to initiate cascade events
for the following DNA synthesis and cell mitosis (216). However, there is no defect in TNFR2
knock out mice following PHx (217).

1.7.2.3 Lymphotoxins

Lymphotoxin-a (LT-a) and LT- are members of the TNF superfamily. Both of them
can be produced by activated B cells, T cells and natural killer T cells (218, 219). Functionally,
lymphotoxins are crucial for the development of peripheral lymphoid organs (156, 220). They
also play a critical role during liver regeneration (221, 222). LT-a can activate TNFRI1
signaling. Consequently, TNF and LT-o double knock out mice display reduced liver
regeneration, which is consistent with TNFR1 deficient mice (222). LT-f deficient mice show
increased liver damage, impaired DNA synthesis and increased mortality (223). T cells can
produce lymphotoxins to promote liver regeneration, which is shown by T cell-specific deletion
of LT-B mice (223).

Since both LT-o and LT-B can both active LT-fR, LT-BR deficient mice showed
increased liver damage and reduced liver regeneration following 70% PHx (221, 224). The
importance of LT-BR for liver regeneration was strengthened after observations that anti- LT-
BR agonistic antibody treatment alleviated the defects of liver regeneration in T cell deficient
mice after PHx (223).

LT-BR shares the same downstream signaling pathway with TNFR1 after PHx

(Graphical Figure 4). Hence, LT-BR deficient mice showed severe disease after treatment with
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Etanercept (224). These studies suggested a cooperative role of LT-BR and TNFR1 during

liver regeneration.

1.7.2.4 Growth factors

Hepatocyte growth factor (HGF) is a prominent hepatocyte mitogen, which can bind
and activate receptor the c-Met (225). Several studies have shown that HGF is involved in liver
regeneration. For instance, concentration of HGF increased 10-20 fold in the serum after PHx
(226). Following PHx, there are 2 phases according to the expression of HGF. In the first 3
hours active HGF is consumed and then new HGF can be synthesized from 3 to 48 hours (227).
Infusion of HGF into mice leads to hepatocytes proliferation and increased liver mass, which
is independent of IL-6 (228). Administration of HGF in the hepatocyte culture medium causes
increased DNA synthesis and cell proliferation. c-Met can be activated after PHx and depletion
of HGF in rats by using RNA interference causes moderate suppression of hepatocytes
proliferation (229).

However, depletion of c-Met in rats by using RNA interference leads to complete cell
cycle arrest at 24 hours after PHx (230). c-Met deficiency in albumin-cre expressing cells in
mice showed increased mortality after PHx with severe liver necrosis and jaundice (231).
Considering these studies, HGF and its receptor c-Met regulate hepatocytes proliferation and

play a critical role in liver regeneration.

1.7.2.5 Transforming growth factor

There are three types of Transforming growth factor (TGF-B). TGF-B1, TGF-B2 and
TGF-B3 bind and activate their receptor. TGF-f acts also as growth inhibitor of epithelial cells
and hepatocytes. To evaluate the role of TGF-3 during liver regeneration, hepatocyte specific
deletion of TGF-B type II receptor in mice was used and these mice displayed increased

hepatocyte proliferation and liver weight / body weight ratio (232).

1.7.2.6 Other growth factors

There are several other growth factors which play a role during liver regeneration, such
as, EGFs, fibroblast growth factors (FGFs) and vascular endothelial growth factors (VEGFs).

Studies have shown that growth factors from these families promote liver regeneration after
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PHXx either in mice or rats. For example, EGF overexpression transgenic mice displayed highly
increased hepatocyte proliferation and accelerated liver regeneration (233). The FGF family
has 22 members which binds to four receptors (FGFR1-4). Fgf15 transgenic mice displayed
increased hepatocyte proliferation through activation of the NF-kB pathway, mitogen-activated
protein kinase pathway and STAT3 following PHx (234). Mice lacking FGFR1 and FGFR2 in
hepatocytes show increased mortality after PHx (20603121). FGF2 deficient mice showed
reduced liver regeneration until day 4. However, the overall liver regeneration was not affected,
which might be compensated by elevated expression of VEGFs which can interact with their
receptors to regulate vasculogenesis, angiogenesis and lymphangiogenesis (235). Lack of
VEGFs and its receptors also caused impaired liver regeneration (235).

Taken together, cytokines and growth factors promote liver regeneration.

Graphical Figure 4: Figure depicting molecules regulate liver regeneration. Adapted
from Ohkohchi et al., (236)
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ABSTRACT

Objective The Fragile X mental retardation (FMR)
syndrome is a frequently inherited intellectual disability
caused by decreased or absent expression of the

FMR protein (FMRP). Lack of FMRP is associated with
neuronal degradation and cognitive dysfunction but its
role outside the central nervous system is insufficiently
studied. Here, we identify a role of FMRP in liver disease.
Design Mice lacking Fmr1 gene expression were used
to study the role of FMRP during tumour necrosis factor
(TNF)-induced liver damage in disease model systems.
Liver damage and mechanistic studies were performed
using real-time PCR, Western Blot, staining of tissue
sections and clinical chemistry.

Results Fmr1™" mice exhibited increased liver damage
during virus-mediated hepatitis following infection with
the lymphocytic chariomeningitis virus. Exposure to

TNF resulted in severe liver damage due to increased
hepatocyte cell death. Consistently, we found increased
caspase-8 and caspase-3 activation following TNF
stimulation. Furthermore, we demonstrate FMRP to be
critically important for regulating key molecules in TNF
receptor 1 (TNFR1)-dependent apoptosis and necroptosis
including CYLD, ¢-FLIP, and JNK, which contribute to
prolonged RIPK1 expression. Accordingly, the RIPK1
inhibitor Necrostatin-1s could reduce liver cell death and
alleviate liver damage in Fmr ™" mice following TNF
exposure. Consistently, FMRP-deficient mice developed
increased pathology during acute cholestasis following
bile duct ligation, which coincided with increased hepatic
expression of RIPK1, RIPK3 and phosphorylation of
MLKL.

Conclusions We show that FMRP plays a central role in
the inhibition of TNF-mediated cell death during infection
and liver disease.

INTRODUCTION

Liver damage can be triggered by hepatic infections,
immune activation and intoxication.' Prolonged
tissue damage can result in fibrosis, cirrhosis and
liver failure, which affects more than one million
casualties worldwide.! Tumour necrosis factor o

Significance of this study

What is already known on this subject?

» Viral infection, septic shock and cholestasis can
trigger liver damage.

» Tumour necrosis factor (TNF) pathway is well
studied in promoting liver damage and fibrosis.

What are the new findings?

» Fragile X mental retardation protein (FMRP) is
critical for preventing TNF-induced cell death.

» FMRP negatively regulates RIPK1 to prevent
cell death.

» FMRP-deficient mice developed severe
pathology during acute cholestasis, septic shock
and virally induced hepatitis.

» The RIPK1 inhibitor Necrostatin-1s could
alleviate disease in the absence of FMRP.

How might it impact on clinical practice in the
foreseeable future?
» Patients exhibiting sequence alterations in
the Fmr1 gene may exhibit increased liver cell
death in severe hepatotoxic situations.

(TNF) is a central cytokine during liver damage.'?
Consistently, injection of TNF can cause severe liver
damage and septic shock, when applied in combina-
tion with D-Gal, which is dependent on TNFR1.?
Notably, TNF has been shown to promote liver
damage and fibrosis in a variety of animal models
including acute cholestasis and toxic liver damage.**
Mechanistically, TNF binds to TNFR1, which can
mediate cell activation via NF-xB, and apoptosis
via caspase activation.® On TNF binding, TNFR1
forms a complex with TRADD and RIPK1 with
latter being the central molecular switch guided by
its ubiquitination status.® Non-ubiquitinated RIPK1
dissociates from the cell membrane to form cyto-
solic complexes termed Ila, IIb or Ilc that promote
cell death rather than NF-xB activation.® Hence,
either the lack of cIAPs that can ubiquitinate RIPK1
or the deubiquitination enzyme cylindromatosis
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(CYLD) results in reduced Ké3-linked polyubiquitin chains
conserving non-ubiquitinated RIPK1 and promoting cell
death.””” Non-ubiquitinated RIPK1 can recruit RIPK3, which is
an elementary switch from apoptosis to necroptosis.'*'* Necro-
ptosis depends on the kinase activity of RIPK3, which can be
alleviated by caspase-mediated cleavage of the kinase domain.™
Accordingly, inhibition of caspase activity by c-FLIP, cannot
inactivate RIPK3 and promotes necroptosis."* *

During viral infections of the liver, viral-specific cytotoxic
CDS8™ T cells target infected hepatocytes to limit viral replication
and induce tissue damage rather than direct cytolytic effects of
the virus. Consistently, the murine, poorly cytolytic, lymphocytic
choriomeningitis virus (LCMV) model system induces a CD8"
T-cell-mediated hepatitis, which is associated with increased liver
cell enzymes in the blood stream.'® Hence, depletion of CD8*
T cells results in absent tissue damage during LCMYV infection,
although high viral load can be detected in the liver."® CD8*
T-cell-mediated cytokine production such as secretion of TNF
triggers liver damage following viral hepatitis.'” Consistently,
viral-specific CD8" T-cells induce liver cell death coinciding
with activation of caspase-3 (Casp3).'*

The leading cause for inherited intellectual disability is the
Fragile X mental retardation (FMR) syndrome, caused by CGG
repeats in the locus Xg27.3."” *” Insertion at the folate-sensitive
fragile site causes genetic instability of the Fmr1 gene, leading to
reduced or absent expression of the FMR protein (FMRP),*! 2
Fmrl knockout (KO) mice exhibit learning deficits and deregu-
lation of presynaptic and postsynaptic proteins.” Additionally,
Frnr1™" mice exhibit macroorchidism and increased ovarian
weight.” ** FMRP is an RNA-binding protein known to regu-
late translation of over 40 proteins in the central nervous system
(CNS). Additionally, FMRP was shown to bind over 6000 tran-
scripts.”* 2 Interestingly, increased expression of Farl mRNA
levels and FMRP correlates with prognostic indicators denoting
aggressive breast and lung cancers.”” However, despite its ubig-
uitous expression, the physiological role of FMRP outside the
CNS remains poorly understood.

Expression of FMRP in secondary lymphoid organs raised
the question whether it affects anti-viral immunity. We there-
fore infected Fimr 1™ mice with LCMV and monitored increased
CD8™ T-cell-mediated liver damage. No gross immune defects
in the anti-LCMV defence pointed to an increased sensi-
tivity of targeted liver cells. Consistently, we found increased
liver damage following exposure of Fur1™" mice to D-galac-
tosamine (D-Gal)/TNF along with increased presence of cell
death markers. Mechanistically, increased expression of RIPK1
resulted in activation of apoptosis and necroptosis pathways.
Consistently, treatment with the RIPK1 inhibitor Necrostatin-1s
(Nec-1s) could reduce liver cell death and liver damage. During
acute cholestasis following bile duct ligation (BDL) in mice, we
observed increased presence of RIPK1, RIPK3 and phosphoryla-
tion of MLKL with severe RIPK1-dependent pathology.

MATERIALS AND METHODS

Animals

All experiments were performed under the authorisation of
LANUYV in accordance with German law for animal protection.
Fmr1 KO (Fmr1™") mice were purchased from Jackson Labora-
tories (USA) and maintained under specific pathogen-free condi-
tions. Frr1™" mice were on a C57Bl/6 background (F8-F10)
and compared with control C57Bl/6 mice. Key experiments
were performed with littermate controls. For BDL, laparotomy
was performed predominantly on male mice at 10-14 weeks of

age, animals were anaesthetised by isoflurane and placed on a
heating pad. Animals were shaved and the skin was disinfected
with 70% ethanol and povidone-iodine. A midline incision in the
upper abdomen was made and the common bile duct and the bile
bladder were identified, isolated and ligated with three surgical
knots using silk. Abdomen and peritoneum were closed with a
running silk suture. Sham treatment was performed similarly but
without ligation of the bile duct and bile bladder. Animals were
monitored during recovery and treated with carprofen (0.05 mg/
kg) after surgical intervention. Mice exhibiting severe disease
symptoms where sacrificed and considered as dead. For blood
and tissue collection, mice were anaesthetised, bled and serum
was collected by retro orbital vein puncture. The organs were
stored at —80°C for histology, RNA and protein extraction. For
injections, age-matched and sex-matched control and Fimr1™"
mice were intraperitoneally injected with 10 mg D-Gal (Sigma,
dissolved in phosphate-buffered saline (PBS) at a concentration
of 100 mg/mL) and 15 min later intravenously injected with the
indicated doses of rTNFa (R&D Systems, dissolved in PBS at
a concentration of 100pug/mL). For R-7-Cl-O-Nec-1 (Nec-1s)
treatment experiments, mice were intraperitoneally injected
with 10 mg D-Gal (Sigma) and 6 pg/g Nec-1s (Abcam, dissolved
in dimethyl sulfoxide (DMSQO) at a concentration of 20mg/
mL) or vehicle (DMSQ, Sigma), then 15 min later intravenously
injected with 100 ng/mouse rTNFo. (R&D Systems). Mice were
intraperitoneally injected with FS-7-associated surface antigen
(Fas) (clone Jo2, 0.5 mg/mL, BD Pharmingen). Mice were intra-
peritoneally injected with 100pg/mouse Etanercept (Pfizer,
dissolved at a concentration of 10 mg/mL in PBS) 1day before
LCMV infection, then three times/week during LCMYV infection.

Virus

LCMV strain WE. (WE) was originally obtained from F.
Lahmann-Grube (Heinrich Pette Institute). Virus was inoculated
via intravenous tail vein injection. Virus titres were measured
with a plaque-forming assay as previously described.'®

Primary hepatocytes isolation

Primary hepatocytes were isolated from C57BL/6] control and
Fmr1™ mice using a collagenase perfusion technique. Briefly,
livers were perfused with Hanks’ balanced salt solution (HBSS)
buffer with 1% glucose and 2.5 mM ethylene glycol-bis(B-am-
inoethyl ether)-N,N,N",N'-tetraacetic acid (EGTA) for 4min.
Then, liver tissue was perfused with 0.03 mg/mL collagenase for
6-8min in HBSS buffer with 1% glucose and 5§ mM Cacl2. The
isolated primary hepatocytes were cultured in William medium.

Histology

Histological analysis of snap-frozen tissue was performed as
previously described.'® Snap-frozen tissue sections were stained
with anti-alpha smooth muscle actin (@SMA; abcam), anti-
F4/80, Ly6G (eBioscience), anti-active Casp3 (BD Biosciences),
anti-proliferating cell nuclear antigen (PCNA; Cell Signaling).
Casp3 activity was performed with a fluorescence assay according
to the manufacturer’s instructions (Cell Signaling). Terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
staining was performed on liver sections according to the manu-
facturer’s instructions (Roche). Fluorescence images were taken
with an Axio Observer fluorescence microscope (Zeiss). Quan-
tification of fluorescence staining was analysed by Image], with
either measurement of the mean fluorescent intensity (MFI) or
the numbers of positive signals.

2
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Flow cytometry

Different immune populations were identified from single cell
solutions harvested from organ as indicated. Experiments were
performed on BD LSRFortessa and analysed using FlowJo soft-
ware. For tetramer staining, singly suspended cells were incu-
bated with tetramer-glycoprotein (gp)33 and nucleoprotein
(np)396 for 15 min, or incubated with tetramer-gp61 for 30 min
at 37°C. After incubation, surface anti-CD8 (eBioscience) or
anti-CD4 (eBioscience) antibodies were added for 30min at
4°C. For intracellular cytokine staining, single suspended cells
were stimulated with LCMV-specific peptide gp33, and gp61
for 1hour after which Brefeldin A (eBiocience) was added for
another 5 hours and incubated at 37°C, followed by permeabi-
lisation and addition of anti-interferon gamma (IFNY) or anti-
TNFo antibodies (eBioscience).

Bile acids analysis

Bile acids and their glycine and taurine derivatives were anal-
ysed by ultra performance liquid chromatography - tandem
mass spectrometer (UPLC-MS/MS). The system consists of an
Acquity UPLC-I Class (Waters) coupled to a Waters Xevo-TQS
tandem mass spectrometer equipped with an electrospray ioniza-
tion source in the negative ion mode. Data were collected in the
multiple reaction monitoring mode.

Casp3 activity assay
Casp3 activity assay kit (Cell Signaling, #5723) was used on
liver tissue lysates by following the manufacturer’s instructions.

Quantitative real-time PCR

RNA was isolated using Trizol (Invitrogen; 15596018) and real-
time PCR analyses were performed according to the manufacturer’s
instructions (Applied Biosystems). For analysis, expression levels
were normalised to GADPH (ACt). Gene expression values were
then calculated based on the AACt method, using the mean naive
mice as a control to which all other samples were compared. Relative
quantities (RQ) were determined using the equation: RQ=2A-AACt.

Immunoblotting

Liver tissue was lysed in PBS containing 1% Triton X-100 lysis
buffer, protease inhibitors cocktail and PhosSTOP (Roche). Equal
amounts of the total protein were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a nitrocellulose membrane, after blocking probed with
specific primary and secondary antibodies. The blots were devel-
oped using enhanced chemiluminescence (ECL) western blotting
substrates (Thermo Fisher) or Li-COR. The following antibodies
from Abcam were used: ASK1, FMRE PARP Phospho-MLKL.
The following antibodies from Santa Cruz were used: FLIP, and
cylindromatosis. The following antibodies from Cell Signaling
were used: cleaved-caspase-8 (Casp8), Casp3, IkBa, c-IAP1, XIAP,
SMAC, FMRE, Phospho-ASK1, MKK4, Phospho-MKK4, SAPK/
JNK, Phospho-SAPK/INK, Phospho-c-Jun, Phospho-Erk1/2,
RIPK1, PCNA, RIPK3 and MLKL.

Immunoprecipitation

To monitor phosphorylation and ubiquitination of RIPKI,
we used TNF-Flag treatment.”® Liver tissue was homogenised
in buffer containing 25mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid-Potassium hydroxide pH7.5, 0.2%
NP-40, 120mM NaCl, 0.27M sucrose, 1mM EDTA, 1mM
EGTA, 50mM NaF, 10mM B-glycerophosphate, 5 mM sodium
pyrophosphate, 2mM Na3VO4, cOmpleteTM Protease

Inhibitor Cocktail, 2mM phenylmethylsulfonyl fluoride and
10mM N-Ethylmaleimide. Samples were either incubated with
anti-FLAG M2 magnetics beads (Sigma) for 4 hours or RIPK1
antibody (Cell Signaling) overnight followed by 2 hours incu-
bation with magnetics beads (Bio-rad) at 4°C. The beads were
washed and proteins were eluted in 70°C with sample buffer
and the eluted proteins were fractionated by SDS-PAGE gels.
Proteins were detected by immunoblotting as described above.

Bioinformatic analyses

Target genes of FMRP were selected on the basis of enrichment
in Rip-chip data published previously.** The biological classifica-
tion of associated genes in terms of their biological processes was
obtained by Gene Ontology (GO) analysis using the Protein Anal-
ysis through Evolutionary Relationships (PANTHER) classification
system (PANTHER V.9.0; http://www.pantherdb.org).? 3¢

Statistical analyses

Data are expressed as mean=SEM. Statistically significant
differences were determined with a Student’s t-test, a one-way
analysis of variance (ANOVA), two-way ANOVA and Log-rank
(Mantel-Cox). All the quantifications were analysed by Image].

RESULTS

Absence of FMRP results in increased CD8" T-cell-mediated
liver damage during viral hepatitis

FMRP expression in spleen, liver and lymph node tissue prompted
us to investigate whether Fimrl also plays a critical role during
viral infection (online supplementary figure 1). On infection of
control and Frmr1™" mice with LCMV-WE, we observed higher
activity of the enzyme alanine aminotransferase (ALT) along
with increased bilirubin concentrations in the serum of Faar1™"
mice (figure 1A, B). Liver tissue harvested from Frmr1™" animals
exhibited increased presence of highly nucleated cells when
compared with liver tissue from control animals (figure 1C).
Furthermore, we observed increased expression of aSMA, an
indicator of fibrosis, in the liver tissue of Frer1™" mice compared
with control animals (figure 1D). During infection with LCMYV,
infected hepatocytes are targeted by viral-specific CD8* T cells,
and this is followed by cell death of infected cells.'® '® Liver
sections of Fmr1™! mice exhibited increased DNA fragmen-
tation indicating cell death, following infection (figure 1E).
Notably, the infiltration of macrophages or granulocytes into
liver tissue following infection appeared similar between Frar 1™
and control mice (online supplementary figure 2A). Due to the
increased liver damage in Fmr1™" mice, we wondered whether
anti-viral CD8" T-cell immunity was increased in the absence
of FMRE As expected, increased liver damage in Faur1™" mice
was dependent on cytotoxic T-cell immunity as depletion of
CD8™ T cells blunted liver damage in both control and Frr1™"
mice (figure 2A). However, we did not observe a difference
in the numbers of circulating viral-specific CD8* or CD4" T
cells (figure 2B). Furthermore, the surface expression of inter-
leukin 7 receptor which is associated with T-cell survival and
programmed cell death-1 along with other surface molecules
associated with T-cell exhaustion,’’ was similar on anti-viral T
cells, suggesting that anti-viral T-cell immunity was unaffected
by FMRP (online supplementary figure 2B). Consistently, the
proportion of effector, effector memory and central memory
T cells was similar between control and Fmr1™" mice (online
supplementary figure 2C). IFNyand TNF production in CD8* T
cells following re-stimulation with LCMV-specific epitopes was
not dependent on the presence of FMRP in spleen or liver tissue,
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Figure 1 FMRP alleviates virally induced hepatitis LCMV infection. (A-E) Mice were infected with 2x10° pfu of LCMV-WE. (A) ALT activity was

measured in serum of control and Fmr1™" (Fmr1 KO) mice at the indicated time points (n=5-7). (B) Bilirubin was measured in the serum of control
and Fmr1™" mice infected with LCMV-WE at the indicated time points (n=4). (C) Haematoxylin and eosin staining was performed on liver sections of
control and Fmr1™" mice at day 12 post-infection (n=4, scale bar=50 um). Representative sections are shown. Right panel indicates quantification.
(D) Liver tissue sections harvested from control and Fmr1™ mice were stained for aSMA at day 12 post-infection (n=4, scale bar=100pm).
Representative sections are shown. Right panel indicates quantification. (E) Sections from liver tissue harvested from control and Fmr1™" mice at day
12 post-infection were stained for TUNEL (n=4, scale bar=100 pm). Representative sections are shown. Right panel indicates quantification. *p<0.05,
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LCMV, lymphocytic choriomeningitis virus; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labelling.

which was consistent with similar frequencies of LCM V-specific
CD8* T cells in both groups (figure 2C,D, online supplementary
figure 2D, E). These data indicate that cytotoxic T-cell immu-
nity was not affected by lack of FMRP. In further support of
this, CD4" T-cell frequencies were similar in spleen and liver
tissue between control and Frzr1™" animals (online supplemen-
tary figure 2F). Hence, we concluded that FMRP is dispensable
for induction of viral-specific immunity against LCMV and
wondered whether FMRP might influence LCMV replication.
However, we observed no significant difference in viral titres
in organs harvested from control and Fmr1™" mice following
infection (figure 2E). The presence of LCMV nucleoprotein
(NP) was similar between liver tissue of control and Fmr1™"
mice (figure 2F). Since T cells secrete TNF during LCMYV infec-
tion, and TNF can contribute to aggravated LCMV-induced
liver damage,'” we speculated that blockage of TNF signalling
might reduce severe liver damage in absence of FMRP Consis-
tently, when we applied TNFR2-Fc fusion protein (Etanercept)
as TNF inhibitor, we found reduced presence of liver enzymes
including ALT, aspartate aminotransferase (AST) and lactate

dehydrogenase (LDH) in the sera of infected Fmerl™" mice

when compared with untreated Fmr1™" animals (figure 2G).
Taken together, these data indicate that FMRP is important for
reducing liver damage during viral infection but does not affect
the induction of anti-viral immunity in this setting.

TNF-mediated liver damage can be alleviated by FMRP

TNF can induce liver damage via TNFR1 signalling when
injected in combination with D-Gal.? Following injection of TNF
and D-Gal into C57BI/6 mice, we observed increased expression
levels of Fimrl in liver tissue (figure 3A). Consistently, protein
expression of FMRP was increased in liver tissue following
TNF/D-Gal treatment (figure 3B). We therefore hypothesised
that FMRP might be upregulated as a protection mechanism
against TNF-mediated damage. When challenged with D-Gal/
TNF, the survival of Fmr1™" mice was reduced compared with
control mice (figure 3C), while exposure to D-Gal alone did not
cause severe pathology (online supplementary figure 3A). ALT
and AST activities in the serum of Fmr1™" mice were increased
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Figure 2

Increased liver damage in absence of FMRP is triggered by CD8"* T cells and TNF. (A) CD8" T cells were depleted in control and Fmr1™"

(Fmr1 KO) mice. ALT activity and total bilirubin concentration were measured after infection at the indicated time points (n=4). (B) Anti-viral T-cell

response was measured in blood samples using T-cell-specific tetramers of gp33, np396 and gp61 in control and Fmr1™" mice at indicated time points
after infection (n=5-10). (C) Spleen and (D) liver tissue were harvested from control and Fmr1™ mice at day 12 post-infection. Single cell suspensions
were stimulated with gp33 and np396 peptides followed by staining with anti-IFNy and anti-TNFo. antibodies in CD8™ T cells (n=12). (E) LCMV titres
were measured in different organs from control and Fmr1™" mice at day 12 post-infection (n=12). (F) Liver tissue sections harvested from control

and Fmr1™" mice were stained for LCMV-NP (clone VL4) (n=3-6, scale bar=50 pm). Representative sections are shown. (G) Control and Fmr1™" mice
were treated with Etanercept. ALT, AST and LDH activities were measured after infection as indicated (n=3-4). *p<0.05, **p<0.01, ***p<0.001. ALT,
alanine aminotransferase; AST, aspartate aminotransferase; FMRP, Fragile X mental retardation protein; gp33, glycoprotein 33; IFN, interferon; KO,
knockout; LCMV, lymphocytic choriomeningitis virus; LDH, lactate dehydrogenase; NC, negtive control; np396,nucleoprotein 396; TNF, tumour necrosis

factor.

when compared with control mice (figure 3D). The livers of
Frr ™" mice appeared macroscopically enlarged and dark red
when compared with control liver tissue (figure 3E). Moreover,
histological analysis showed the disruption of hepatic organisa-
tion and reduced presence of nuclei in liver tissue from Frzr1™"
mice when compared with control mice (figure 3F).** We did not
observe a difference in the infiltration of macrophages or gran-
ulocytes (online supplementary figure 3B). Next, we wondered
whether FMRP inhibits liver damage induced by other recep-
tors than that for TNF such as the well-studied death receptor
CD95.% When we exposed control and Frerl™" mice to an
anti-CD95 activating antibody, there was no difference between
survival or ALT/AST activity in the sera between the two groups
(figure 3G, H). Taken together, while we determined that FMRP

is important in reducing TNF-mediated liver damage and incur-
ring protection from lethal septic shock, it remained unclear
whether these effects could affect cell death.

Absence of FMRP results in increased TNF-mediated cell
death

A higher degree of DNA fragmentation was observed in liver
tissue harvested from Frar1™" mice when compared with control
animals after D-Gal/TNF stimulation (figure 4A). DNA damage
can be repaired by the enzyme Poly(ADP—ribose)-Polymerase
1 (PARP).* PARP is cleaved during cell death to prevent DNA
repair.®® We observed increased PARP cleavage in protein lysates
harvested from liver tissue of Fnar1™" animals when compared

Zhuang Y, et a/. Gut 2019;0:1-13. doi:10.1136/gutjnl-2019-318215
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Figure 3 Lack of FMRP triggers increased susceptibility towards TNF-induced septic shock. (A) Fmr1 gene expression was quantified in liver tissue
of C57BI/6 mice 3 hours post D-Gal (10 mg/mouse) and rTNF (100 ng/mouse) injection (n=4-5). (B) Liver lysates were probed for FMRP at 3 hours
post D-Gal/rTNF injection. Bottom panels indicate quantification. (C—F) Control and Fmr1™" (Fmr1 KO) mice were treated with D-Gal (10 mg/mouse)
and rTNF (100 ng/mouse). (C) Survival of control and Fmr1™" mice was monitored (n=14). (D) ALT (n=15) and AST (n=6) activities were measured in
serum samples of control and Fmr1™" mice 5 hours post-injection. (E) Morphology of whole liver tissue from control and Fmr?™" mice was assessed

5 hours after treatment. (F) Haematoxylin and eosin staining of liver tissue sections from control and Fmr1™" mice 5 hours after treatment (n=3, scale
bar=50 ym). Representative sections are shown. (G) Control and Fmr!™" mice were treated with 0.28 pg/g (left panel, n=3) and 0.56 pg/g (right panel,
n=6-7) Fas antibody and survival was monitored. (H) ALT (n=9) and AST(n=3) activities were measured in serum samples of control and Fmr1™ mice
3 hours post-Fas antibody treatment (0.56 pg/g). *p<0.05, **p<0.01, ***p<0.001. ALT, alanine aminotransferase; AST, aspartate aminotransferase;
FMRP, Fragile X mental retardation protein; KO, knockout; TNF, tumour necrosis factor.

with controls (figure 4B, online supplementary figure 4A). PARP
cleavage is mediated by Casp3, a common effector caspase shared
by the intrinsically and extrinsically induced cell death pathways.®
As expected, we observed increased cleavage and activity of Casp3
in liver tissue of Fmr1™" mice when compared with control animals
(figure 4B-D). Effector caspases are activated by initiator caspases
such as Casp8 during TNFR1-mediated cell death.® We observed
increased Casp8 cleavage in D-Gal/TNF stimulated Frer 1™ mice
in comparison to control animals (figure 4E, F). These in vivo
effects were corroborated in vitro as we also found more cleaved
PARP and Casp8 in primary hepatocytes harvested from Frmr™
mice than in hepatocytes from control mice stimulated with cyclo-
hexamide and TNF (figure 4G).

TNFRI1 activation can result in both Casp8-mediated apop-
tosis and NF-kB activation. NF-kB is retained in the cytosol by
binding to an inhibitor of kB o (IxBor). Accordingly, proteasomal
degradation of IxBo results into release of NF-xB, which can
translocate to the nucleus to induce transcription of pro-inflam-
matory cytokines.® Degradation of TkBo, was observed in both
FMRP-deficient and control mice following stimulation with

TNEF (figure 4H). Consistently, we monitored similar transloca-
tion of the NF-kB subunit p65 into the nucleus in liver tissue
from Fmr1™" and control mice over time (online supplemen-
tary figure 4B). Moreover, expression levels of genes typically
induced by NF-xB were similar in liver tissue from control
or Fmr1™" mice (figure 41). Notably, at later time points, we
observed a slightly but significantly increased expression of 1/2,
Cel2, Cxcl10 and Cxel12 in Frmr1™" liver tissue when compared
with controls (online supplementary figure 4C). These data indi-
cate that in the absence of FMRP while TNF-mediated cell death
is highly increased, TNF-mediated NF-xB activation is only
marginally affected.

Inhibition of RIPK1 reduces TNF induced cell death in absence
of FMRP

Next, we investigated the molecular mechanism by which FMRP
inhibits cell death. A previous study identified over 6000 tran-
scripts that can potentially bind to FMRP through the binding
consensus sequences ACU (G or U) or (A or U) GGAH By GO
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Figure 4 Fmri™" mice exhibit increased TNF-mediated cell death. (A) TUNEL staining of liver tissue sections from control and Fmr1™" (Fmr1 KO)
mice 5 hours post D-Gal (10 mg/mouse) and rTNF (100 ng/mouse) treatment. Right panel indicates quantification (n=5, one representative picture

is shown, scale bar=100pm). (B) Liver tissue homogenates from control and Fmr1™" mice were assessed for expression of cleaved-PARP and

Casp3 (one representative immunoblot of n=3 is shown). Bottom panel indicates quantification for cleaved-Casp3. (C) Casp3 activity in liver tissue
homogenates was performed in control and Fmr1™" mice 5 hours post D-Gal/rTNF treatment (n="5). (D-E) Sections of liver tissue from control and
Fmr1™" mice were stained for active Casp3 (D) and cleaved-Casp8 (E) 5 hours post D-Gal/ITNF treatment (n=>5, scale bar=100pm). Representative
sections are shown. (F) Liver tissue homagenates harvested from Control and Fmr?™" mice were analysed for expression of cleaved-Casp8 at the
indicated time points (one representative set of n=3 immunoblots is shown). Bottom panel indicates quantification. (G) Primary hepatocytes were
isolated from naive control and Fmr1™" mice and treated with cyclohexamide (10 pg/mL) and rTNF {40 ng/mL) for 8 hours. Cell lysates were analysed
for the presence of cleaved-Casp8 and PARP (one representative immunoblot of n=4 is shown). Right panels indicate quantification. (H) Liver tissue
homagenates from control and Fmr1™" mice were assessed for expression of iKBet (one representative immunoblot of n=3 is shown). (1) Expression
levels of genes as indicated were quantified in control and Fmr?™" mice at indicated time points after D-Gal/rTNF treatment (n=3-4). *p<0.05,
**p<0.01, ***p<0.001. Casp3, caspase-3; Casp8, caspase-8; lkBo; inhibitor of kB o; KO, knockout; PARP, poly(ADP—ribose)-polymerase 1; TNF;
tumour necrosis factor; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labelling.

Imdl

analysis using the PANTHER classification system, about 6% in Fmr1™" mice compared with control animals following stim-

of these genes clustered in the ‘response to stimulus’ category
(online supplementary figure 5A). Functional categories identi-
fied targets encoding for genes involved in cell death and the
TNEF signalling pathway (online supplementary figure 5B), with
multiple binding consensus sites in genes involved in cell death
(figure 5A). We found increased RNA expression levels of Casp8

ulation with TNF, but not in other genes encoding for proteins
critical for cell death, which were measured (figure 5B). At the
protein level, we found protein expression of cIAP1, cIAP2,
XIAP, SMAC and A20 to be comparable between both groups
after TNF/D-Gal challenge (online supplementary figure 6A-E).
As FMRP-binding sites were observed in genes involved in the
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Figure 5 Expression of RIPK1 is increased during TNF-induced liver damage
genes derived from the publically available FMR1 PAR-CLIP data® were analys
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ndicated in liver tissue 3 hours post-treatment (n=4-5). (C—G) Control

mice were treated with TNF and D-Gal and liver tissue was harvested at the indicated time points. Liver lysates were assessed for

expression of JNK and phosphorylated JNK (C), phosphorylated c-Jun and p-ERK (D), FLIP_and FLIP_ (E), CYLD (F), RIPK1 (G). One representative
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representative of n=4 is shown. (I) Control and Fmr1™ mice were treated wit

1" mice were treated with Flag-mTNFo

and RIPK1, p-RIPK1 and TNFR1 were analysed by immunoblotting. One
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points. Liver lysates were assessed for expression of p-MLKL and MLKL. One representative set of immunoblots of n=3 is shown. Right panel shows
quantification as indicated. *p<0.05, **p<0.01, ***p<0.001. CYLD, cylindromatosis; FMRP, Fragile X mental retardation protein; TNF, tumour necrosis

factor.

MAPK signalling pathway, we next evaluated the effects of
FMRP deficiency on this pathway following TNF stimulation
(figure 5A). We observed increased expression and phosphory-
lation of ASK1, along with increased phosphorylation of MKK4
following stimulation with TNF (online supplementary figure
6F, G). Moreover, sustained JNK activation has been shown
to be associated with increased TNF-dependent cell death and
hepatitis.**** Consistently, we observed increased phosphoryla-
tion of JNK, and the transcription factor Jun after TNF exposure
in absence of FMRP when compared with controls (figure 5C,
D, online supplementary figure 6H), while activation of ERK
was unaffected (figure 5D, online supplementary figure 6I).
Activated JNK was previously shown to induce turnover of
c-FLIP which inhibits TNF-mediated apoptosis.’”” However,

LONG?

we did not see a significant difference in ¢-FLIP (figure SE,
online supplementary figure 6]).

In turn, the deubiquitinase CYLD promotes TNF-induced
JNK activation and might contribute to increased phosphor-
ylation of JNK and Jun.** CYLD also inhibits tumour cell
proliferation and Cyld”™ mice suffer from increased tumour
susceptibility.*’ ** Consistent with enhanced JNK phosphory-
lation, increased protein expression of CYLD was observed in
untreated and TNF stimulated liver tissue of Fmr1™" mice when
compared with controls (figure 5F). Furthermore, CYLD catal-
yses deubiquitination of RIPK1, which consequently dissociates
from the TNFR1 complex and is released into the cytosol in
order to form a complex with fas-associated protein with death
domain (FADD) and Casp8 to promote cell death.®” RIPK1

LONG
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protein expression was increased in the absence of FMRP
following exposure to TNF when compared with controls
(figure 5G). Increased RIPK1 expression correlates with a
higher susceptibility to cell death.® In addition, FLIP, is upreg-
ulated in FRMP-deficient cells (figure SE). FLIP is also known
to promote formation of the riptoptosome and accordingly
necroptotic cell death."* ** In contrast to FLIP , which forms a
catalytic active heterodimer with Casp8 that cleaves and inac-
tivates RIPK1, the heterodimer between Casp8 and FLIP, does
not cleave RIPK1. This leads to FLIP-dependent stabilisation of
RIPK1 and RIPK1-mediated necroptosis induction.'* ' Hence,
we speculated that increased presence of RIP1K resulted in
enhanced susceptibility towards TNF-mediated apoptosis and
necroptosis in the absence of FMRP Consistently, we observed
increased phosphorylation and reduced ubiquitination of RIPK1
following immunoprecipitation of TNF-Flag from liver tissue
of Fmri™" mice compared with control mice after treatment
(figure SH). During necroptosis, the pseudokinase MLKL is
phosphorylated.* Accordingly, p-MLKL levels were increased in
liver tissue harvested from Fmr1™" mice compared with control
mice (figure 51). Taken together, these data indicate that absence
of FMRP results in increased apoptosis and necroptosis path-
ways following TNF/D-Gal treatment.

RIPK1 can be inhibited by Necrostatin-1, and, with higher
affinity by 7-Cl-O-Nec-1 (Nec-1s), which is also suitable for
animal models.* Following treatment of Fmr1™" mice with
Nec-1s, we observed reduced phosphorylation of RIPK1
(figure 6A). Accordingly, application of Nec-1s resulted in
reduction of p-MLKL in liver tissue of Far1™" mice (figure 6B).
Moreover, reduced presence of active Casp3 was detected in liver
tissue of Nec-1s treated Frmr1™" mice compared with untreated
Fmr1™" mice (figure 6C). Consequently, TUNEL staining in liver
tissue sections from Nec-1s treated Frr1™" mice was reduced
when compared with Frr1™" mice (figure 6D). Consistently,
when we administered Nec-1s during D-Gal/TNF injections, we
observed reduction of liver enzyme activity including ALT, AST
and LDH in the sera of treated Frer1™" mice when compared
with untreated animals (figure 6E). These findings were also
obtained using the inhibitor Nec-1 (online supplementary figure
6K). Taken together, the RIPK1 inhibitor Nec-1s can reduce the
presence of proteins indicating apoptosis and necroptosis and
consequently reduce liver damage following TNF/D-Gal treat-
ment in Fmr1™" mice.

Expression of FMRP alleviates liver damage and disease
during BDL

Next, we wondered whether FMRP modulated liver cell death
during another disease model such as acute cholestasis following
BDL, a model system for liver fibrosis. TNF has been shown to
contribute towards liver fibrosis following BDL.* As expected, we
found increased expression levels of Tifa in mice following BDL
(figure 7A). Consistently, we also identified increased expression of
FMRP in liver tissue from BDL-operated animals, when compared
with tissue from Sham-operated mice (figure 7B). Notably, we
did not find a difference in circulating conjugated bile acids in
control or Frmr 1™ mice following BDL (figure 7C). However, we
identified increased levels of unconjugated bile acids 4 days after
BDL (figure 7D). Furthermore, we found increased activity of
liver enzymes in the blood stream in FMRP-deficient mice when
compared with control mice, suggesting increased liver damage
(figure 7E). Histological analyses showed increased disruption of
the hepatic organisation in liver tissue harvested from Frr1™"
mice compared with control mice following BDL (figure 7F).

Notably, we did not find a major difference in granulocyte infil-
tration or expression of pro-inflammatory cytokines in this setting
(online supplementary figure 7A-C). However, following BDL,
FMRP-deficient mice showed decreased survival compared with
control animals (figure 7G).

Next, we wondered by which mechanism FMRP-deficient mice
exhibited high susceptibility towards acute cholestasis. We did
not observe any significant differences in the expression levels
of Colal, Cola3 and Acta2 between control and Frer1™" mice
(online supplementary figure 8A). Consistently, we did not find
any difference in hepatic aSMA expression between Fmr1™" and
control mice at these early time points (online supplementary
figure 8B). Notably, we found a transient increase in TUNEL" cells
in absence of FMRP (figure 8A). Furthermore, histological anal-
yses of the proliferation marker Ki67 showed reduced expression
in liver tissue harvested from Frr1"™" mice when compared with
control animals (figure 8B). Consistently, RNA expression levels
of Ki67 were reduced in FMRP-deficient mice (figure 8C). These
findings were further supported by the reduced expression of
PCNA, which is associated with hepatocyte proliferation following
liver damage (figure 8D). Notably, we did not observe increased
presence of cleaved Casp3 or cleaved Casp8 in Fmr1™" mice
following BDL (online supplementary figure 8C, D). In contrast,
LCMYV infection resulted in increased presence of cleaved Casp3
in liver tissue of Frnr1™" mice compared with control mice (online
supplementary figure 9A, B). Consistent with the increased cell
death and reduced proliferation during BDL, we found increased
presence of RIPK1 in FMRP-deficient mice when compared with
control animals following BDL (figure 8E). RIPK1- dependent
recruitment of RIPK3 is a critical step in TNF-mediated necro-
ptosis.'®' We observed increased RIPK3 expression in absence of
FMRP when compared with FMRP competent mice (figure 8F).
RIPK3 can phosphorylate the pseudokinase MLKL, which medi-
ates necroptosis.”® Consistently, we detected increased presence
of p-MLKL in Fmr1™ liver tissue when compared with control
tissue (figure 8G). Furthermore, we observed increased presence
of RIPK1, RIPK3 and p-MLKL following LCMV infection (online
supplementary figure 9C-E). Treatment of Fiur1™" animals with
Nec-1s could improve the pathology observed following BDL
(figure 8H). Taken together, absence of FMRP results in increased
expression of RIPK1 and accordingly increased pathology
following acute cholestasis.

DISCUSSION

This study shows that lack of FMRP results in prolonged pres-
ence of RIPIK affecting TNFR signalling and consequently
leading to increased susceptibility towards TNF-mediated liver
cell death. Hence, Fmri1™" mice exhibited increased TNF-me-
diated liver damage, septic shock, LCMV-induced hepatitis
and pathology during BDL. Application of the RIP1K inhibitor
Nec-1s could alleviate liver damage following TNF challenge or
pathology during BDL in Fir1™" mice.

Despite its ubiquitous expression, little is known about the
EMRP function outside the CNS. Frzr1™" mice exhibit macroor-
chidism and increased ovarian weight.”* ** Moreover, increased
expression of Fmrl correlates with aggressive cancer growth.””
Furthermore, in hepatocellular carcinoma tissue, FMR1 expres-
sion levels were increased when compared with tumour-free
tissue.* Considering our data, increased presence of FMRP could
affect RIPK1 expression and accordingly prevent susceptibility of
cancer cells towards TNF-mediated cell death. Hence, strategies
to inhibit FMRP might increase the susceptibility of cancer cells
towards therapies involving TNF including immunotherapies.

Zhuang Y, et al. Gut 2019;0:1-13. doi:10.1136/gutjnl-2019-318215
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mTNFe: (200 ng/mouse) with Nec-1s (6 pg/g) or without Nec-1s. RIPK1 was immunoprecipitated followed by immunobletting of p-RIPK1 and RIPK1

(one representative of n=4 is shown). (B) p-MLKL and MLKL expression were detected in liver tissue lysates from Fmr

1" mice and Nec-1s treated

Fmr1™" mice 5 hours post D-Gal/rTNF treatment. Lower panel shows quantification from n=6 mice. (C) Active-caspase-3 and (D) TUNEL staining of
liver tissue sections from Fmr1™ mice and Nec-1s treated Fmr1™" mice 5-hour post D-Gal/fTNF treatment. Right panel indicates quantification (n=6,

one representative picture is shown, scale bar=100pm). (E) ALT, AST and LDH activities were measured in serum samples of Fmr

1" mice and Nec-1s

treated Fmr1™ mice 5 hours post D-Gal/fTNF treatment (n=6). Error bars in all graphs indicate SEM. *p<0.05, **p<0.01, ***p<0.001. ALT, alanine
aminotransferase; AST, aspartate aminotransferase; FMRP, Fragile X mental retardation protein; LDH, lactate dehydrogenase; Nec-1s, necrostatin-1s;
TNF, tumour necrosis factor; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labelling.

Whether patients suffering from Fragile X syndrome exhibit
increased liver damage is not sufficiently studied. Notably, we
did not observe increased liver enzymes or gross defects in liver
tissue in naive mice. Only following stimulation with TNF-de-
pendent disease models Fmr1™" mice exhibited increased liver
damage and disease. Patients carrying CGG repeats in the locus
Xq27.3 might also be asymptomatic and would not exhibit
gross liver damage. However, during infections or intoxication
TNF-mediated liver damage might be increased. Future studies

on patient cohorts are needed to address the role of FMRP
during liver damage and disease.

Absence of FMRP triggers TNF-mediated apoptosis and
necroptosis in liver tissue. Positive TUNEL staining and caspase
activation cannot distinguish between apoptosis or necro-
ptosis.® Notably, the deubiquitinase CYLD was increased in
Fmr1™! mice compared with controls. Presence of CYLD
triggers deubiquitination of RIPK1 resulting in presence of
non-ubiquitinated RIPK1 and preventing its degradation.” *

10
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indicate quantification of n=4 mice. (C) Total taurin-conjugated and glycine-conjugated bile acids, and (D) unconjugated bile acids were measured in
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samples of control and Fmr7™"
and Fmr1™"

Fmr1 KO) mice at indicated time points post-BDL (n=4-10). (E) ALT and AST activities were measured in serum
mice at indicated time points post-BDL (n=5-7). (F) Haematoxylin and eosin staining of liver tissue sections of control
mice at indicated time points post-BDL (one representative set of n=5-7 is shown, scale bar=50pm). (G) Survival of control and Fmr

;,nuH

mice after BDL was monitored (n=14-17). *p<0.05, **p<0.01, ***p<0.001. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BDL, bile
duct ligation; FMRP, Fragile X mental retardation protein; KO, knockout; TNF, tumour necrosis factor.

Hence, we observed increased expression of RIPK1, a central
switch towards necroptosis.® Moreover, FLIP, expression was
increased in the absence of FMRE, which triggers formation of
the riptoptosome, promoting recruitment of RIPK3 and accord-
ingly induction of necroptosis."* ¥ Consistently, we observed
increased presence of p-MLKL during TNF/D-Gal treatment,
LCMYV infection and BDL in Frr1™! mice when compared with
control animals. During TNF/D-Gal treatment and LCMV infec-
tion, we also observed increased cleaved Casp3, which we did
not observe during BDL. Hence, we speculate that FMRP can
affect both apoptosis and necroptosis, which is likely context
specific. Since treatment with Nec-1s can alleviate pathology
during TNF/D-Gal stimulation and BDL in Far1™" mice, RIPK1
is likely involved.

The function of TNF during FMRP deficiency might reach
beyond liver pathology. Necroptosis and activation of RIPK1
are associated with a variety of neurological diseases including
Alzheimers disease, amyotrophic lateralsclerosis (ALS) and

multiple sclerosis.*® Hence, TNFR1-deficient animals exhibit
reduced amyloid B generation and disease symptoms during
Alzheimer model systems.*” RIPK1 mediated the microglial
response, which is associated with disease.” Moreover, activa-
tion of necroptosis can be observed in patient cohorts suffering
from Alzheimer disease.*” Consistently, RIPK1 mediates axonal
degradation during ALS.*" Accordingly, suppression of RIPK1
is associated with later onset of ALS.** Furthermore, patholog-
ical TNF levels cause synaptic alterations resulting in memory
impairment, which is dependent on TNFR1 on astrocytes.”' In
line with this, TNF exacerbates neurotoxic effects during liver
disease and acute ammonia intoxication.* It is tempting to
speculate that increased effects of TNF on neurons contribute
to the phenotypical changes of neurons in absence of FMRP
Considering our data, absence of FMRP in neurons might
trigger increased degradation during infection or intoxication.
Nec-1 or other inhibitors of RIPK1 might be beneficial, not only
in preventing liver pathology but also to improve neurological

Zhuang Y, et al. Gut 2019;0:1-13. doi:10.1136/gutjnl-2019-318215
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Figure 8

Increased expression of RIPK1 triggers BDL-induced pathology in absence of FMRP. (A) TUNEL staining of liver tissue sections harvested

from control and Fmr1™" (Fmr1 KO) mice at indicated time points after BDL. Right panel indicates quantification (n=5-7, one representative set of
pictures is shown, scale bar=50 um). (B) Sections of liver tissue harvested from control and Fmr1™" mice were stained for Ki67 at indicated time

points after BDL (n=5-7, scale bar=50 pm). Representative images are shown. (C) Ki67 gene expression was quantified in liver tissue harvested from
control and Fmr1™" mice at indicated time points post-BDL (n=5-7). (D) PCNA expression was detected at the indicated time points from BDL control
and FMRP-deficient mice (one representative set of immunoblots of n=4 is shown). Bottom panels indicate quantification. (E-G) RIPK1 (E), RIPK3 (F),
p-MLKL and MLKL (G) expression were detected in liver tissue lysates from control and Fmr7™" mice at the indicated time points (one representative

set of immunoblots of n=3-4 is shown). Bottom panels indicate quantification of day 2. (H) Survival of Fmr1™ and Nec-1s treated Fmr1™"

mice

after BDL was monitored (n=7-8). *p<0.05, **p<0.01. BDL, bile duct ligation; FMRP, Fragile X mental retardation protein; KO, knockout; PCNA,
proliferating cell nuclear antigen; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labelling.

defects. While inhibition of RIPK1 could prevent neuronal
degradation during infection, it remains unclear whether a long-
term treatment would be possible and/or beneficial. However,
the function of FMRP might also be cell type specific and our
observations unrelated to neurological defects.

Taken together, we identified a protective role of FMRP in
TNF-mediated liver damage and during liver disease.
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Supplemental Figure 1: FMRP is expressed in spinal cord, lymph node, spleen and liver
tissue. (A) Tissue samples were harvested from indicated organs from C57BL/6J mice and
homogenized followed by RNA isolation. Fmrl gene expression was quantified using RT-PCR
(n=3). (B) Tissue samples were isolated from indicated organs and lysates were subjected to
Western blot analysis and probed for FMRP (one representative immunoblot of n=3 is shown).
Error bar in all graphs indicate SEM.
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Supplemental Figure 2: FMRP is dispensable for hepatic immune cell infiltration and
anti-viral T cell immunity during LCMYV infection. (A) Sections of snap frozen liver tissue
harvested from control and Fmr 1™ (Fmrl KO) mice were stained for anti-F4/80, anti-Ly6G
(Grl) (one representative set of n=3 is shown, scale bar=50pum). (B) Expression of IL7R and
PD1 surface markers were measured on Gp33 specific T cells in control and FmrI™" mice at
indicated time points after infection (n=7-8). (C) Analysis of effector (CD62-LIL7-R'KLRG-
1), effector memory (CD62-L'L7-R'KLRG-1") and central memory (CD62-LIL7-R " KLRG-
17) T cell response was carried out in control and Fmr ™ mice at indicated time points after
infection (n=7-8). (D-E) Anti-viral T cell responses were measured in spleen (D) and liver (E)
of control and FmrI™" mice using T cell specific tetramers as indicated post infection (n=5-6).
(F) Anti-viral CD4" T cell responses were measured in spleen and liver of control and Fmr1™"
mice using T cell specific tetramers as indicated at day 12 after infection (n=5-6). Error bar in
all graphs indicate SEM.
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Supplemental Figure 3: FMRP is dispensable for macrophage or granulocyte infiltration
following TNF treatment. (A) Survival of control and FmrI™! (Fmrl KO) mice was
monitored after treatment with D-Gal (10mg/mouse, n=4). (B) Sections of snap frozen liver
tissue were stained for anti-F4/80 and anti-Ly6G at indicated time points after TNFo/D-Gal
treatment (n=3-5, scale bar=50pum).
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Supplemental Figure 4: FMRP affects cleavage of PARP but not nuclear translocation of
p65. (A) Liver tissue homogenates harvested from control and Fmr1™ (Fmrl KO) mice were
probed for expression of cleaved PARP at the indicated time points as shown in Figure 4B
(n=3). (B) Sections of snap frozen liver tissue were stained for p65 and DAPI at indicated time
points after TNFo/D-Gal treatment (one representative set of n=3 is shown, scale bar=100pum).
Graph indicates p65" DAPI"/DAPI" (n=3). (C) Expression of NF-kB pathway genes was
quantified in control and FmrI™" mice at 3 hours after D-Gal/rTNF treatment (n=4-5). Error
bar in all graphs indicate SEM. *P < 0.05, **P < 0.01.
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Supplemental Figure S: Genes involved in TNF signaling exhibit FMRP binding sites. (A)
Pie chart showing the percentage of gene enrichment analysis derived from the publically
available FMR1 PAR-CLIP data (6). (B) Genes in the ‘response to stimulus’ section from (A)
were further analysed using DAVID for functional categories and KEGG pathways. Gene
counts were plotted on the x-axis and corresponding p-values on the y-axis.
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Supplemental Figure 6: Altered TNF mediated signaling in absence of FMRP. (A-J) Liver
lysates harvested from control and FmrI™" (Fmrl KO) mice at indicated time points after D-
Gal (10mg/mouse) and TNFa treatment (100ng/mouse) were assessed for expression of cell
death and survival related proteins. (A) cIAP1, (B) cIAP2, (C) xIAP, (D) SMAC, and (E) A20
is shown. Bottom panels indicate quantification (n=3). (F) Lysates were assessed for
expression of proteins involved in the MAPK pathway including total and phosphorylated
ASK1, MKK4. (G) Quantitative analysis of the western blots from F (n=3). (H) Quantitative
analysis of p-JNK from main Figure 5C (n=3). (I) Quantitative analysis of p-ERK from main
Figure 5D (n=3). (J) Quantitative analysis of FLIP. (long form) from main Figure SE (n=3).
(K) ALT, AST and LDH activities were measured in serum samples of control and Fmr "/
mice and Necrostatin-1 treated control and FmrI™" mice 5h post D-Gal/rTNF treatment (n=6-
9). Error bar in all graphs indicate SEM. *P < 0.05; **P < 0.01.
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Supplemental Figure 7: Hepatic immune cell infiltration during BDL is similar in absence
or presence of FMRP. (A) Cytokines and chemokines were quantified using RT-PCR in
control and Fmr ™" (Fmrl KO) mice at indicated time points after BDL (n=4-7). (B) Sections
of snap frozen liver tissue harvested from control and Fmr1™" mice were stained with anti-
F4/80 and anti-Ly6G at indicated time points following BDL (n=5-7, scale bar=50um). (C)
Granulocytes (Ly6G*) were measured in liver tissue of control and FmrI™ mice 1 day after
BDL by flow cytometry (n=3). Error bar in all graphs indicate SEM; *P < 0.05.

[59]



Publication

Supplementary Figure 8

A @ g B Naive Day2 Day4
(0] @
:,:'64 <_tl 64 Em Control
z Z 16 [ Fmr KO
£ 16 € _ 3
% D g o
=2 K € <
o
S 4 3 S -E
2 o 1 =)
s 1 505 =5
L Y. o
T 024 302 4 L
Time (days) ©  Time (days)
0
- 0 2 4
g64 EE Control Time (days)
s 1 Fmrt KO
£ 16
E
34 o
S 4
T 1 —
> b
£05 k=
2 0 2 4 w
T  Time (days)
a-SMA DAPI
Cc D
Control Fmr1 KO Naive Day2 Day4
@] @] @]
- ¥ - ¥ - ¥
g o B = B
S E G5 E 5 E
W O L O W O W
o~
g Cl-Casp8
[m} 40~
35-
25~
15+
A . . Cosp3
<+ 25-
>
[
o
m Cl-Casp3

1 DDA [-actin

Active Casp3 DAPI

Supplemental Figure 8: FMRP is dispensable for liver fibrosis during early time points
after BDL. (A) Fibrosis markers were quantified using RT-PCR in control and Fmr1™" (Fmrl
KO) mice at indicated time points after BDL (n=4-7). (B) Sections of snap frozen liver tissue
harvested from control and Fmr1™" mice were stained for aSMA expression at indicated time
points following BDL (n=3, scale bar=50pum). Right panel indicates the quantification. (C)
Sections of liver tissue from control and Fmr1™" mice were stained for active caspase-3 (n=3,
scale bar=50pum). (D) Liver tissue homogenates from control and FmrI™" mice were assessed
for expression of cleaved-caspase-8 and caspase-3 at indicated time points post BDL (n=4).
Error bar in all graphs indicate SEM.
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Supplemental Figure 9: Increased presence of cleaved-Casp3, RIPK1, RIPK3 and p-
MLKL in Fmr1™! mice following LCMYV infection. (A-E) Control and Fmr1™" (Fmrl KO)
mice were infected with 2x10° pfu of LCMV WE. (A) Sections of liver tissue from control and
Fmr1™! (Fmrl KO) mice were stained for active caspase-3 after 12 days of infection (n=3,
scale bar=100um). Right panel indicates quantification. (B-E) Liver tissue homogenates from
control and Fmri™" mice 12 days after infection were assessed for expression of cleaved-
caspase-3 (B), RIPK1 (C), RIPK3 (D) and p-MLKL and MLKL (E). Blots show n=3. Error bar
in all graphs indicate SEM. **P < 0.01.
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LIVER INJURY/REGENERATION

Cell-Mediated Maintenance of Cluster

of Differentiation 169—Positive Cells Is

Critical for Liver Regeneration

Kristina Behnke,'* Yuan Zhuang,h Haifeng C. Xu,! Balamurugan Sundaram,' Maria Reich,? Prashant V. Shinde,’ Jun Huang,]
Nastaran Fazel Modares,® Alexei V. Tumanov,* Robin Polz,sjiirgen Scheller,® Carl F. Ware,” Klaus Pfeffer,® Verena Keitel ?
Dieter Hiiussinger,2 Aleksandra A. Pandyrza.,1 Karl S. Lang,h“‘ and Philipp A. Langl**

The liver has an extraordinary capacity to regenerate through activation of key molecular pathways. However, central regu-
lators controlling liver regeneration remain insufficiently studied. Here, we show that B cell-deficient animals failed to in-
duce sufficient liver regeneration after partial hepatectomy (PHx). Consistently, adoptive transfer of B cells could rescue
defective liver regeneration. B cell-mediated lymphotoxin beta production promoted recovery from PHx. Absence of B cells
coincided with loss of splenic cluster of differentiation 169—positive (CD169") macrophages. Moreover, depletion of CD169*
cells resulted in defective liver regeneration and decreased survival, which was associated with reduced hepatocyte prolifera-
tion. Mechanistically, CD169" cells contributed to liver regeneration by inducing hepatic interleukin-6 (IL-6) production
and signal transducer and activator of transcription 3 activation. Accordingly, treatment of CD169" cell-depleted animals
with IL-6/IL-6 receptor rescued liver regeneration and severe pathology following PHx. Conclusion: We identified CD169"
cells to be a central trigger for liver regeneration, by inducing key signaling pathways important for liver regeneration.
(HepaToLocy 2018;68:2348-2361).

iver disease is a global health problem with
millions of patients worldwide suffering from
infections, toxic liver damage, and hepatocel-
lular carcinoma. Liver tissue has an extraordinary
potential to regenerate, an effect already described
in Greek mythology. Since then, several key molec-
ular pathways have been discovered to play import-
ant roles during liver regeneration, including nuclear
factor kappa B, signal transducer and activator of

transcription 3 (STAT3), and extracellular signal—
regulated kinase (Erk).)) Following 70% reduction
of liver mass through partial hepatectomy (PHx),
tumor necrosis factor (TNF) is rapidly produced, and
TNF receptor 1 (TNFR1) signaling is required to
induce liver regeneration.” Furthermore, the TNF
superfamily members lymphotoxin (L.t) alpha and
beta play a critical role during liver regeneration.(s"g
Consistently, mice deficient for both TNFRp55 and

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BAFFR, B cell-activating factor receptor; CD169, cluster

of differentiation 169; ACt, Delta cycle threshold; DT, diphtheria toxin; DTR, DT receptor; EGFR, epidermal growth factor receptor; Erk,
extracellular xlgrm!—rﬁgu.’ated.éz‘nase; H&E, bemaiaxyﬁn and eosin; IxBa, inhibitor af}zappa B a./p}m; IL-6, interleukin 6; IL-6R, [L-6 receptor;
Jh, joining heavy chain; Lt, lymphotoxin; LR, Ltf receptor; PCNA, proliferating cell nuclear antigen; PHx, partial hepatectomy; phospho-H3,
phospho-histone H3; Stat3, signal transducer and activator of transcription 3; TGFp, transforming growth factor beta; TNFa, tumor necrosis
Sfactor alpha; TUNEL, terminal deaxynucleotidyl transferase—mediated deoxyuridine triphosphate nick-end labeling; W'T, wild type.
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Ltp receptor (LtpR) show delayed hepatocyte pro-
liferation and impaired survival following PHx."’
Furthermore, a marked increase in interleukin-6
(IL-6) concentrations in the serum can be detected
following loss of liver mass, and IL-6-deficient mice
show delayed liver regeneration following PHx.©™®
Consistently, treatment with combined IL-6 and
soluble IL-6 receptor (IL-6R) can improve liver
regeneration and induce rapid hepatocyte prolifer-
ation. Moreover, epidermal growth factor recep-
tor (EGFR) ligands including transforming growth
factor alpha (TGF-o) and amphiregulin are able to
induce hepatocyte proliferation in vitro."'” However,
TGF-w-deficient animals exhibit normal recovery
following PHx.™ In turn, amphiregulin-deficient
animals show delayed proliferation following loss of
liver mass."? Consistently, specific deletion of EGFR
in hepatocytes resulted in decreased liver regener-
ation following PHx."® Notabl , TNF levels were
strikingly increased in EGFR*™®" animals follow-
ing PHx, suggesting that factors important for liver
regeneration can compensate for each other.™® The
central, key players during liver regeneration, how-
ever, remain insufficiently studied.

The spleen is tightly connected to the liver with
important blood circuits. Receiving its blood from the
splenic artery, it feeds through the splenic vein after
joining of the arteria mesenteria inferior and superior
into the portal vein. Hence, cytokines and chemok-
ines produced in the spleen can act directly on the
liver. The spleen itself is organized into red and white
pulp, with the separating marginal zone including the
marginal sinus in between."*> B cells account for
about 50% of all cells in the spleen and are located
in the white pulp and the marginal zone." B cells

ARTICLE INFORMATION:

BEHNKE, ZHUANG, ET AL.

are critical for organization of the lymphoid tissue
as B cell-deficient mice exhibit reduced presence
of metallophilic cluster of differentiation 169—pos-
itive (CD169%) macrophages."” CD169" cells are
located along the marginal sinus and ideally situated
to capture pathogcns.m’m Interestingly, mainte-
nance of CD169" cells depends on Lta and Ltp. (1820
Specifically, B cell-specific and T cell-specific, Ltf-
deficient mice exhibit reduction of CD169" cells in
the splccn.ug’w) Moreover, as spleen-resident mac-
rophages, CD169" cells can contribute to cytokine
production during inflammation and infection.?1%%
However, the contributions of B cells and CD169"
cells during liver regeneration remain insufficiently
characterized.

In this study, we identified B cells and CD169"
cells as important players in liver regeneration fol-
lowing PHx. Specifically, genetic B-cell deficiency
resulted in reduced signaling cascades required for
hepatocyte proliferation and limited survival follow-
ing PHx. B cell-deficient mice exhibited reduced
presence of CD169" cells, which were critical for liver
regeneration. Depletion of CD169" cells resulted in
reduced IL-6 expression and reduced regeneration
following PHx. Consistently, treatment of CD169"
cell-depleted animals with IL-6/IL-6R could rescue

the severe pathology we observed in our setting.

Materials and Methods
ANIMALS

This study was carried out in accordance with the
German Animal Welfare Act and the guidelines of
Shoochow University. The protocol was approved by
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Immunology, Medical Faculty, University of Duisburg-Essen, Essen, Germany.
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the local authorities. B cell-activating factor receptor—
negative (Baﬁrf/f),joining heavy chain—negative (]ff/f),
CD169-DTR (diphtheria toxin [DT] receptor) mice
have been described and were kept on a C57Bl/6
background."®?*%) Laparotomy was performed pre-
dominantly on male mice at 10-14 weeks of age using
isoflurane inhalation narcosis, as described.”® For
PHx the left lateral and the left and right median
liver lobes together with the gallbladder were excised
subsequent to a one-step ligature using a 5-0 suture
tie (Ethicon, Somerville, N]).(S) Sham operations were
performed in an identical manner without ligating

HEPATOLOGY, December 2018

and removing liver lobes. For splenectomy, the splenic
artery and vein were ligated with a single-knot 5-0
suture at the same time as PHx or otherwise indi-
cated in the figure legends. Next, connective tis-
sue and spleen were removed. After irrigating the
abdomen with 0.9% NaCl, both abdominal layers
were closed with a running 5-0 suture (Ethicon).@®
Directly after surgery and 24 and 48 hours post-PHx
mice received 5 mg/kg carprofen (Rimadyl; Pfizer,
Wirselen, Germany). As expected, splenectomized
animals did not show any sign of pathology (Fig.
1A). Mice exhibiting severe disease symptoms were
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FIG. 1. Decreased liver regeneration in splenectomized and B cell-deficient mice following PHx. (A) Survival of splenectomized,
70% PHzx, and splenectomized mice followed by PHx (PHx+S) was monitored (n = 14-19). (B) The liver weight/body weight ratio was
determined at the indicated time points in WT sham-operated mice and splenectomized mice (left panel) and in PHx WT mice and
splenectomized mice (PHx+S) (right panel) (n = 3-5). (C,D) Sections of snap-frozen liver tissue from 70% PHx and splenectomized
mice followed by PHx (PHx+S) at the indicated time points were stained with (C) anti-phospho-H3 and (D) anti-Ki-67 antibodies.
Representative sections for each time point are shown (n = 4; scale bar, 100 pm). Right panels indicate quantification. (E) B-cell
numbers were determined by flow cytometry in the newly regenerated (“New,” n = 7-8) and remaining (“Old,” n = 3-4) liver lobes
and spleen tissue (n = 7-8) at indicated time points after 70% PHx. Results were calculated according to the liver (grams) and spleen
(milligrams) weights. (F) Survival of J57~ mice (n = 9) after 70% PHx compared to sham-operated JE" mice (n = 3) and WT mice
(n = 6). Error bars in all experiments represent SEM; *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviation: S, splenectomy.
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sacrificed and considered as dead. CD169" cells in the
CD169-DTR animals were depleted by injecting two
doses of 100 ng DT (Sigma) before the PHx. Wild-
type (WT; C57B1/6) mice were used as controls. Mice
were 10-14 weeks old. For blood and tissue collec-
tion mice were anesthetized (100 mg/kg ketamine,
10 mg/kg xylazine; Vétoquinol GmbH, Ravensburg,
Germany), weighed, and bled through the vena cava
inferior; and serum was collected. The liver and spleen
were removed, rinsed in phosphate-buffered saline
(PBS), and weighed to calculate the liver weight to
body weight ratio and the spleen weight. Liver and
spleen samples were stored at —80 °C for histology
and RNA and protein extraction.

LtpR ANTIBODY TREATMENT
AND IL-6/IL-6R INJECTION

In order to induce LtpR signaling, mice were intra-
peritoneally injected with two doses of 200 pg LtpR
antibody agonist (clone 4H8) 24 hours before and 24
hours after PHx.*”) DT-treated CD169-DTR mice
were injected with two doses of 20 pg IL-6/IL-6R
protein 24 hours before and immediately after PHx.

PURIFICATION OF B CELLS

For B-cell purification, single-cell suspensions of
splenocytes were enriched following the manufactur-
er's instructions with a CD45R (B220) MicroBeads
mouse kit (Miltenyi).

HISTOLOGY

Histological analysis on snap-frozen tissue (liver,
spleen) was performed with hematoxylin and eosin
(H&E) stain (Sigma-Aldrich, St. Louis, MO) and ter-
minal deoxynucleotidyl transferase-mediated deoxy-
uridine triphosphate nick-end labeling (TUNEL;
Roche). Snap-frozen tissue sections were stained with
antibodies: CD169 (clone MOMA-1; ABD Serotec,
Dusseldorf, Germany), B220 (eBioscience, San Diego,
CA), Ki-67 (Abcam), phospho-histone H3 (phos-
pho-H3; Millipore).

FLOW-CYTOMETRIC ANALYSIS

Different immune populations were identified
in single-cell solutions from naive liver and spleen

BEHNKE, ZHUANG, ET AL.

samples and spleen and liver samples newly regen-
erated (“new”) and remaining lobes (“old”) 24 and
48 hours after PHx using anti-B220, anti-CD21,
anti-CD23, anti-progammed death ligand 1,
anti-NK1.1, anti-CD3, anti-CD19, anti-CD11b,
anti-Siglec-H, anti-CD8a, and anti-CD11¢ antibod-
ies; anti-major histocompatibility complex class II;
and anti-CID40, anti-CID80, anti-CID86, anti-F4/80,
anti-Ly6C, anti-CD138, anti-immunoglobulin M,
anti-CD38, anti-CD62L, anti-CD5, anti-IgD, anti-
CD1d antibodies, and 7-amino-actinomycin D. All
antibodies were obtained from eBioscience, except
anti-CD169 (3D6.112), which was obtained from
AbD Serotec. For quantification of cell populations,
calibration beads were added to assess cell numbers

(BD, San Diego, CA).

SERUM BIOCHEMISTRY

Aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were measured using the
automated biochemical analyzer Spotchem EZ
SP-4430 (Arkray, Amstelveen, The Netherlands) and
the Spotchem EZ Reagent Strips Liver-1.

QUANTITATIVE RT-PCR

RNA purification and RT-PCR analyses of liver
and spleen were performed according to the man-
ufacturer’s instructions (TRIzol reagent and iTaq
Universal probes or SYBR Green One-Step Kit
BioRad). Expression of Lta, L#f3, IL.-6, and TNFa was
determined with fluorescein amidite probes (Applied
Biosystems). Expression levels of other genes were

tested using the following primer sequences: Egf’ F,
AGAAGGCTACGAAGGAGACG; Egf_R, AGA-
GTCAGGGCAACTCAGTC; Hbegf_F, GCAAA-
TGCCTCCCTGGTTAC; Hbegf R, GGACG-
ACAGTACTACAGCCA; Areg F, GCGA-
GGATGACAAGGACCTA; Areg_R, TCGT-
TTCCAAAGGTGCACTG; Tgfa_F, GCTCT-
GGAGAACAGCACATC; Tgfa_R, ACATG-
CTGGCTTCTCTTCCT,; Tgfb1_F, TTGCT-
TCAGCTCCACAGAGA; Tgfb1l_R, CAGAA-
GTTGGCATGGTAGCC; Hgf F, CCAGAG-
GTACGCTACGAAGT; Hegf_R, CTGTG-
TGATCCATGGGACCT; Fegf1_F, CTCGC-
AGACACCAAATGAGG; Fgf1_R, CTTCTT-
GAGGCCCACAAACC; Vegfa_F, TTGAGA-
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CCCTGGTGGACATC; Vegfa_R, GGGCT-
TCATCGTTACAGCAG; Vegtb_F, GCCACC-
AGAAGAAAGTGGTG; Vegfb_R, ATTGCC-
CATGAGTTCCATGC; Vegfc_F, AGGCA-
GCTAACAAGACATGTCCAAC; Vegfc_R,
GGGTCCACAGACATCATGGAATC; Fgf2 T,
GGACGGCTGCTGGCTTCTAA; Fgf2_R, CCA-
GTTCGTTTCAGTGCCACATAC; Pdgfb_F,
ATGAAATGCTGAGCGACCAC; Pdgtb_R,
CCCTCGAGATGAGCTTTCC. For analysis, the
expression levels of all target genes were normalized
to the P-actin expression or glyceraldehyde 3-phos-
phate dehydrogenase (Delta cycle threshold [ACt]).
Gene expression values were calculated with the
AACt method, with untreated WT mice as controls
to which all other samples were normalized. Relative

quantities (RQ) were determined with the equation
RQ= 27AACt

IMMUNOBLOTTING

Liver tissue was lysed in PBS containing 1% Triton
X-100, protease inhibitors (Sigma), and PhosSTOP (1
tablet/10 mL). Immunoblots were probed with primary
antibody: phospho-Stat3, Stat3, phospho-Erk1/2,
Erk1/2, inhibitor of kappa B alpha (IxBux), IL-6, pro-
liferating cell nuclear antigen (PCNA), and f-actin
(Cell Signalling Technology), followed by secondary
antibody and enhanced chemiluminescence detection
or fluorescence secondary antibody and detected by a

LI-COR imager.

STATISTICAL ANALYSES

Data are expressed as mean + SEM. Statistically
significant differences between two different groups
were analyzed using the Student # test. Statistically
significant differences between groups in experiments
involving more than one time point were determined
with two-way analysis of variance (repeated measure-
ments). All quantifications were analyzed by Image].

Results

B CELLS ARE IMPORTANT FOR
LIVER REGENERATION

Based on previous data describing a beneficial role
of the spleen during liver regeneration following PHx
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in mice,”® we found that a proportion of splenec-

tomized C57Bl/6 mice developed severe pathology
(Fig. 1A; Supporting Fig. S1A). Consistently, the liver
weight/body weight ratio following PHx was reduced
in the absence of spleen tissue when compared to
PHx controls (Fig. lB).@g) Moreover, the activity of
ALT and AST, indicators of liver damage, was mark-
edly increased in the blood of splenectomized mice
after PHx compared to PHx only or splenectomy
controls (Supporting Fig. S1B). Although splenec-
tomized mice exhibited histological changes in liver
tissue, we did not observe a significant increase in
TUNEL staining (Supporting Fig. S1C,D). However,
staining for proliferation indicators such as Ki-67 and
phospho-H3 was reduced in liver tissue of splenec-
tomized animals (Fig. 1C,D; Supporting Fig. S1E).
Next, we investigated, which splenic factors may be
important for liver regeneration. B cells account for
about 50% of all cells in the spleen and are located in
the white pulp and the marginal zone. ¥ However,
we did not observe any difference in the presence
of B-cell subsets following PHx in the spleen and
liver (Fig. 1E; Supporting Fig. S2A-C), while T-cell
numbers increased in the regenerating liver tissue fol-
lowing PHx, which is consistent with the literature
(Supporting Fig. 52D)." Nevertheless, when we sub-
jected B cell-deficient /A7~ mice to PHx, we found
reduced survival following PHx when compared to
WT controls (Fig. 1F). This effect was not due to sur-
gical complications or infection as sham-operated jb_/_
mice showed no signs of disease and survived after
surgery (Fig. 1F). In contrast to splenectomized mice,
B cell-deficient animals did not exhibit increased
activity of liver transaminases when compared to WT
controls (Fig. 2A). Consistently, we could not detect
histological differences or increased TUNEL staining
following PHx in JH mice compared to WT mice
(Fig. 2B; Supporting Fig. S3A). Deficiency of B-cell
survival promoting the B cell-activating factor of the
TNF family (BAFF) results in B-cell lymphopenia in
mice and humans.®*?? Accordingly, Baﬁrf”* mice dis-
played severe disease symptoms following PHx com-
pared to WT and sham-operated mice (Fig. 2C). In
parallel to j/f/_ mice, Baﬁr_f_ animals exhibited only
slight increases in liver transaminases and, compared
to control liver tissue, comparable histological appear-
ance in H&E tissue sections (Fig. 2D; Supporting
Fig. S3B). However, expression of phospho-H3 was
reduced in B cell-deficient and BAFFR-deficient mice
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FIG. 2. B cells play a crucial role in liver regeneration after PHx. (A) The activity of AST and ALT was measured in serum of WT
and fbﬁjﬁ mice following PHx at the indicated time points (n = 4-5). (B) Sections of snap-frozen liver tissue from WT and ﬁf/* mice
following PHx were stained with H&E. One representative set of n = 3 is shown (scale bar, 200 pm). (C) Survival of Bafﬁ_/_ mice
(n = 18) after 70% PHx compared to sham-operated qufr*/* mice (n = 4) and W'T mice after 70% PHx (n = 7) was monitored. (D) The
activity of AST and ALT was measured in serum of WT and Ba_:fﬁ"”‘ mice following PHx at the indicated time points (n = 4-5). (E,F)
Sections of snap-frozen liver tissue from WT and ]/f/* mice following PHx were stained with (E) anti-phospho-H3 and (F) anti-Ki-67
antibodies. Representative sections for each time point are shown (n = 3; scale bar, 100 pm). Lower panels indicate quantification. Error
bars in all experiments represent SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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compared to WT controls following PHx (Fig. 2E; Next, we wondered which B cell-derived factors
Supporting Fig. S3C,D). Furthermore, expression of are important for liver regeneration. B cells express
Ki-67 was delayed in the absence of B cells or BAFFR  Lta and Ltp, which are critical for lymphoid tissue
(Fig. 2F; Supporting Fig. S3E,F). These data indicate  organization. We found decreased expression levels of
that B cells provide important factors for hepatocyte Lz in JH" mice compared to WT controls in both
proliferation and liver regeneration. the spleen and liver after PHx and in naive mice
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(Fig. 3A,B), while the difference in Lto expression was B cells into ]I;—/— mice (Fig. 3C), which rescued Ltf
not significant after PHx in the liver in our setting expression levels in the liver (Fig. 3D,E). Consistently,
(Supporting Fig. S4). This led us to speculate that Lt} when we adoptively transferred B cells into /4™~ mice,
plays a major role in regulating B cell-mediated liver we could rescue severe disease development follow-
regeneration in our setting. To further validate that ing PHx (Fig. 3F). Furthermore, B-cell transfer into
Ltf is produced by B cells, we adoptively transferred PHx Baﬁ”r_/_ mice prevented severe disease (Fig. 3G).
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Because lymphotoxins are known to be critical for
liver regeneration,(zo) we hypothesized that B cell-
derived Ltp expression may contribute to liver regen-
eration. Consistently, when we applied an agonistic
anti-LtpR antibody prior to PHx, we observed pro-
tection of ]}Jf/* mice (Fig. 3H). Taken together, these
data indicate that B cells are critical contributors to
liver regeneration.

CD169' CELLS ARE CRITICAL
FOR LIVER REGENERATION
FOLLOWING PHx

Lto and Ltf are important cytokines for the main-
tenance of CD169" macrophages in the spleen. 520
B cells are critical for organization of the lymphoid tis-
sue as B cell-deficient mice exhibit reduced presence of
metallophilic CD169" macrophages (Fig. 4A B).152¥
Following adoptive transfer of B cells into /&7~ mice,
CD169" cells were restored (Fig. 4C). Therefore,
we hypothesized that B cell-mediated maintenance
of CD169" cells contributes to liver regeneration.
Interestingly, we observed higher numbers of CD169"
cells in the regenerating but also the remaining liver
lobe using flow cytometry (Fig. 4D). Notably, follow-
ing splenectomy the increase of CID169" cells was
abolished (Supporting Fig. S5A). Furthermore, we
observed a slight increase of CD169" cells in the spleen
compared to unoperated mice (Fig. 4E). CD169" cells
can be depleted by injection of DT into CD169-DTR
mice.?? To exclude effects of DT on other cell types,
we administered DT to WT mice before and after
PHx and observed no effects on liver regeneration and
survival (Supporting Fig. S5B,C). Absence of CD169"
cells resulted in slightly increased AST activity in the
serum after PHx when compared to WT controls
(Fig. 4F). Furthermore, DT-treated CD169-DTR
mice succumbed after PHx compared to control mice
(Fig. 4G). Taken together, we identified CID169" cells
to be important for liver regeneration following PHx.

Consistent with the findings in B cell-deficient
mice, we observed no histological differences in the
absence or presence of CD169" cells in H&E tissue
sections (Supporting Fig. S5D). Moreover, we could
not detect increased TUNEL staining following
PHx in DT-treated CD169-DTR mice compared to
untreated controls (Supporting Fig. S5E). However,
we observed delayed liver regeneration following PHx

in DT-treated CD169-DTR mice in comparison

BEHNKE, ZHUANG, ET AL.

to control animals as evident by a decreased liver/
body weight ratio (Fig. SA). Furthermore, we found
reduced presence of phospho-H3 and reduced expres-
sion of Ki-67 cells in the liver tissue in DT-treated
CD169-DTR mice in comparison to control ani-
mals (Fig. 5B,C; Supporting Fig. S5F). Consistently,
expression of PCNA, which is involved in DNA
repair and synthesis, was reduced in the liver as a
result of CD169" cell depletion compared to WT
mice following PHx (Fig. 5D). We next analyzed the
liver morphology in DT-treated CD169-DTR mice
at later time points such as 13 days after PHx. We
observed a slight but significant reduction in liver
weight in DT-treated mice compared to untreated
controls (Fig. 5E). Together these data suggest that
CD169" cells promote proliferation following PHx
and therefore contribute to liver regeneration.

CD169" CELLS PROMOTE IL-6
PRODUCTION DURING LIVER
REGENERATION

To define how CD169" cells contribute to liver
regeneration, we analyzed RNA expression levels of
genes encoding for cytokines important for liver regen-
eration (Fig. 6A). We found decreased 11.-6 expression
in B cell-deficient mice in the liver when compared to
control animals in our setting (Fig. 6A,B). Transfer of
B cells into /' mice could restore IL-6 expression
levels in the liver (Fig. 6C). Because IL.-6-deficient
mice show delayed liver regeneration,®® we specu-
lated that CD169" cells might trigger liver regenera-
tion by inducing expression of IL-6. In line with that,
DT-treated CD169-DTR mice showed reduced RNA
expression levels of [/-6 in liver tissue compared to
control animals 6 and 48 hours after PHx (Fig. 6D,E).
Moreover, IL-6 expression was reduced on a pro-
tein level 48 hours following PHx in the absence of
CD169" cells (Fig. 6F). Notably, we also observed an
early increase in I/-6 expression levels in the absence
of CD169" cells and, accordingly, STAT3 phosphor-
ylation 12 hours after PHx (Fig. 6D,G). However,
consistent with the reduced expression of IL-6, we
observed lower expression of phospho-STAT3 in
liver tissue harvested from CD169" cell-deficient
mice compared to CD169" cell-competent mice 24
and 48 hours after PHx (Fig. 6G; Supporting Fig.
S6). Notably, we observed similar induction of phos-
pho-Erk and a similar decrease of IkBa, indicating
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FIG. 4. CD169" cells contribute to liver regeneration. (A) Sections of snap-frozen spleen tissue from WT and /5™~ mice were stained
with anti-CD169, anti-B220, and anti-CD90.2 antibodies. Representative sections are shown (n = 4-5; scale bar, 100 pm). Right panel
indicates average and SEM of mean fluorescence intensities of CID169 staining. (B) Sections from snap-frozen spleen tissue from WT
and Baﬁﬁ'_/_ mice were stained with anti-CD169 anti-B220 and anti-CD90.2 antibodies. Representative sections are shown (n = 4-5;
scale bar, 100 pm). Right panel indicates average and SEM of mean fluorescence intensities of CID169 staining. (C) Purified B cells
(2 % 10° from WT mice were adoptively transferred into JA~~ mice. After 48 hours, CD169-cell numbers were determined in the spleen
by flow cytometry (n = 4-6). (D,E) CD169" cells were measured by flow cytometry in the newly regenerated (n = 7-8) and remaining
(“Old”) (n = 3-4) liver lobes (D) and spleen tissue (n = 7-8) (E) at the indicated time points after 70% PHx. Results were calculated
according to liver (grams) and spleen (milligrams) weights. (F) The activity of AST and ALT was measured in serum of WT and DT-
treated CD169-D'TR mice following PHx at the indicated time points (n = 3). (G) Survival of DT-treated CD169-D'TR mice after PHx
(n =12) compared to WT mice (n = 8) after PHx, CD169-DTR mice (n = 5) after PHx, and sham-operated, DT-treated CD169-DTR
mice (n = 4) was monitored. Error bars in all experiments represent SEM; *P < 0.05, P < 0.01, ***P < 0.0001. Abbreviations: DAPI,
4',6-diamidino-2-phenylindole; MFI, mean fluorescence intensity.

that other signaling pathways participating in liver To explore whether IL-6R signaling can com-
regeneration remain intact in the absence of CD169"  pensate for CDD169" cells, we administered IL-6/
cells in our setting (Fig. 6G; Supporting Fig. S6). IL-6R protein before and after PHx in DT-treated
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FIG. 5. CD169" cells promote the presence of hepatic proliferation markers after PHx. (A) The liver weight/body weight ratio was
determined after 70% PHx in DT-treated WT mice and DT-treated CD169-DTR mice followed by PHx (n = 3). (B,C) Sections of
snap-frozen liver tissue from CD169-DTR and DT-treated CD169-DTR mice at the indicated time points after 70% PHx were stained
with anti-phospho-H3 (B) and anti-Ki-67 (C) antibodies. Representative sections for each time point are shown (n = 3; scale bar,
100 pum). Right panels indicate quantification. (D) Protein level of PCNA was measured at the indicated time points after 70% PHx in
DT-treated CD169-DTR and CD169-DTR mice (n = 4). Lower panel indicates quantification. (E) Liver weight (left panel) and liver
morphology (right panel) were determined at day 13 after 70% PHx of DT-treated CD169-DTR and CD169-DTR mice (n = 3-5).
Error bars in all experiments represent SEM; *P < 0.03, **P < 0.01, **P < 0.001.
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CD169-DTR  mice.® As expected, we found
increased STAT3 phosphorylation following injection
with IL-6/IL-6R in both CD169" cell-competent
and CD169" cell-depleted animals (Fig. 7A). Notably,
the liver weight/body weight ratio in CD169-DTR
DT-treated animals after PHx following treatment
with IL-6/IL-6R was comparable to that in untreated
CD169-DTR mice following PHx (Fig. 7B), indi-
cating that injection of IL-6/IL-6R could restore
liver regeneration in CD169" cell-depleted mice.
Consistently, we found increased expression of

phospho-H3 and Ki-67 following treatment with
IL-6/IL-6R of CD169-DTR mice when com-
pared to CD169-DTR controls (Fig. 7C). Moreover,
PCNA expression was increased after IL-6/IL-6R
treatment in the absence of CD169" cells after PHx
(Fig. 7D). Furthermore, we found that IL-6/IL-6R
protein significantly rescued the pathology following
PHx in CD169-DTR animals (Fig. 7E). In conclu-
sion, we identified that B cell-mediated maintenance
of CD169" cells contributes to IL-6 production and
liver regeneration.
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FIG. 6. Defective activation of IL-6 signaling in the absence of CD169" cells. (A) RNA expression level of cytokines important for
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FIG. 7. IL-6/IL-6R treatment can rescue liver regeneration in the absence of CD169" cells. (A) Protein lysates of liver tissue from
CD169-DTR mice or DT-treated CD169-DTR mice following IL-6/IL-6R treatment were blotted and stained with anti-phospho-
Erk, anti-Erk, anti-phospho-STAT3, anti-STAT3, anti-IkBa, and anti-f-actin antibodies. One representative of n = 6 blots is shown.
Right panels indicate quantification. (B) The liver weight/body weight ratio was determined at 48 hours after 70% PHxin CD169-DTR
mice and DT-treated CD169-DTR mice and following IL-6/IL-6R treatment (n = 3-5). (C,D) Sections of snap-frozen liver tissue
from DT-treated CD169-DTR mice without or after IL-6/IL-6R treatment at 48 hours after 70% PHx were stained with (C) anti-
phospho-H3 and (D) anti-Ki-67 antibodies. Representative sections for each time point are shown (n = 3-5; scale bars, [C] 50 pm,
[D], 100 pm). Right panels indicate quantification. (E) Protein level of PCNA was measured in DT treated CD169-DTR mice in the
absence and presence of IL-6/IL-6R treatment at 48 hours after 70% PHx (n = 5). Lower panel indicates quantification. (F) Survival of
DT-treated CD169-DTR mice without or after IL-6/IL-6R treatment was monitored (n = 8-9). Error bars in all experiments represent
SEM; *P < 0.05, *P < 0.01, **P < 0.001.
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Discussion

In this study, we identify that B cells promoted
maintenance of CD169" cells, which are critical for
liver regeneration. Consistently, depletion of CD169"
cells resulted in reduced IL-6 expression following
PHx and consequently reduced activation of STAT3
signaling pathways. Application of IL-6/IL-6R could
rescue defective liver regeneration in the absence of
CD169" cells.

Liver regeneration is triggered by key signaling
pathways, which are regulated through several cyto-
kines. Specifically, the TNF superfamily members
TNE, Lta, and Ltp have been shown to be import-
ant for liver regeneration. Lta and Ltp production by
T cells play an important role during liver regenera-
tion. Notably, B cell-specific and T cell-specific Lta-
deficient and Ltf-deficient mice display also reduced
presence of CD169" cells.'” Hence, Lt could exhibit
effects not only on hepatocytes but also on CDD169"
cells and thereby affect IL-6-mediated signaling.
Specifically, we observed reduced IL-6 expression
in liver tissue from DT-treated CD169-DTR mice
compared to control animals. Consistently, defective
IL-6 signaling results in impaired liver regeneration, a
transient effect which can result in altering the sever-
ity of the phenotype.®” Similarly, we observed severe
pathology in a proportion of animals following sple-
nectomy and PHx, although other studies, which also
reported a supporting role of the spleen during liver
regeneration in mice, did not indicate a severe pathol-
ogy.(zgj Because at later time points we observed only
slight but significant decreases in liver mass in the
absence of CD169" cells, the effects described here
might be also transient. We speculated that underly-
ing mechanisms following defective liver regeneration
in B cell-deficient and CD169" cell-deficient animals
likely preceded the development of disease symptoms
and therefore analyzed early time points following
PHx. Consistently, we found reduced presence of
proliferation markers and reduced liver weight/body
weight ratios during these time points. However,
treatment with IL-6/IL-6R improved expression
of hepatic proliferation markers, liver weight/body
weight ratio, and observed pathology in the absence
of CD169* cells.”

The spleen is ideally situated to trigger liver regen-
eration. The blood from spleen tissue directly feeds
into the portal vein circulation. Accordingly, cytokines
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and chemokines produced in the spleen are able to
trigger their effects in the liver. As discussed above,
several immune factors contribute to or regulate
liver regeneration. Splenectomy has been shown to
be beneficial in clinical settings of liver cirrhosis and
portal hypertension or hypersplenism.(Sl’Sz) These
beneficial effects have been attributed to reduction of
the portal circulation.®” Furthermore, experiments
using rats have shown that splenectomy can result in
reduced concentrations of TGFp and consequently
reduced inhibitory effects on liver regeneration.***)
Interestingly, these effects increase with the amount
of liver mass removed.®” In mice, splenectomy results
in delayed liver regeneration following PHx.?® The
role of B cells in the regulation of liver functions
during acute and chronic liver disease remains con-
troversial. ®**” In our settings, splenectomy, B-cell
deficiency, and deletion of CD169" cells resulted
in impaired liver regeneration following PHx. One
explanation could be that in rats CD169" cells from
other lymphoid tissue compensate for loss of splenic
CD169" cells. Furthermore, increased IL-6/IL-6R
signaling might compensate for the splenic loss of
CD169" cells. In our setting, treatment with IL-6/
IL-6R could prevent severe pathology in the absence
of CD169" cells. Future studies could compare the
activation of B cells and CD169" cells during chronic
liver disease and liver pathology.

In conclusion, we identified in our model systems
that B cell-mediated maintenance of CD169" cells
contributes to liver regeneration.
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Supplemental Figure 1: Splenectomy results in fatal disease after PHX in otherwise
healthy mice. (A) WT mice were splenectomized and were kept under observation for 10 days.
After 10 days PHx was performed (n=10) along with control groups of only splenectomized
(n=7) or only with PHx (n=8). (B) The activity of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) was measured in serum of splenectomized (S), 70 % PHx, and
splenectomized mice following PHx (PHx+S) (n=6). (C) Section of snap-frozen liver tissue
from splenectomized (S), PHx and splenectomized mice following PHx (PHx+S) at 24 hours
after PHx were stained with H&E. One representative set of n=3 is shown (Scale bar = 100um).
(D) Section of snap-frozen liver tissue from sham operated, splenectomized (S), PHx and
splenectomized mice following PHx (S+PHx) at indicated time points were stained with
TUNEL. One representative set of n=3-4 is shown (Scale bar = 200pm). Right panels indicate
quantification. (E) Sections of snap-frozen liver tissue from sham operated WT mice and
splenectomized WT mice were stained with anti-phospho-H3 (upper panels) and anti-Ki-67
(lower panels) antibodies. Representative sections for each time point are shown (n=4, scale
bar upper panels = 50um, lower panels =100 pm). Right panels indicate quantification. Error

bar in the all the above experiments represent SEM, *P < 0.05, **P < 0.01, ***<(0.001.
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Supplemental Figure 2: B cell subsets and T cell response following PHx. (A) Gating
strategy of the flow cytometric analysis. (B) Pie graph of B cell subsets in the newly
regenerated liver lobes (n=7-8) and the remaining (old) lobes (n=3-4) after 70% PHx. (C) Pie
graph of B cell subsets in the spleen after 70% PHx (n= 7-8). (D) T cell counts in the liver were
as assessed by flow cytometric analysis in the (newly regenerated (New) (n=7-8), the remaining
lobes (Old) (n=3-4) and the spleen (n= 7-8) at indicated time points after 70% PHx. Results
were calculated according to the liver (g) and spleen weight (mg). Error bar in the all the above

experiments represent SEM, *P < (0.05.
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Supplemental Figure 3: B cells contribute to expression of hepatic proliferation markers.
(A) Sections of snap-frozen liver tissue from WT and JA” mice at indicated time points
following PHx were stained with TUNEL. One representative set of n=3 is shown. (Scale bar
= 200um). Right panel indicates quantification. (B) Sections of snap-frozen liver tissue from
WT and Baffi”~ mice following PHx were stained with H&E. One representative set of n=3-4
is shown (Scale bar = 200um). (C-D) Sections of snap-frozen liver tissue from (C) WT and
Baffi”” mice and (D) WT and JA”" mice at indicated time points after PHx were stained with
anti-phospho-H3 antibodies. Representative sections for each time point are shown (n=3-4,
scale bar = 50um). Right panels indicate quantification. (E-F) Sections of snap-frozen liver
tissue from (E) WT and Baffi”” mice and (F) WT and JA”" mice at indicated time points after
PHx were stained with anti-Ki-67 antibodies. Representative sections for each time point are
shown (n=3-4, scale bar = 100um). Right panels indicate quantification. Right panel indicates
quantification. Error bar in the all the above experiments represent SEM, *P < 0.05, **P <0.01,

*#%<0.001.
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Supplemental Figure 4: RNA expression level of Lta in the spleen (left panel) and liver tissue
(right panel) of WT and Jh”" mice before and at indicated time points after PHx (n=3). Error
bar in the all the above experiments represent SEM, **P < 0.01, ***<0.001.
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Supplemental Figure 5: CD169" cells promote expression of hepatic proliferation
markers during liver regeneration. (A) CD169" cell numbers were determined in the liver
from sham operated WT mice, splenectomized WT mice, PHx and splenectomized mice
followed by PHx (PHx+S) 48 hours after operation (n=3-4). (B) Liver weight / body weight
ratio was measured of Sham operated WT mice, Sham operated DT treated WT mice, PHx WT
mice, and PHx DT treated WT miceat day 10 after PHx (n=4-6). (C) Survival of Sham operated
WT mice, Sham operated DT treated WT mice, PHx WT mice, and PHx DT treated WT mice
was monitored (n=4-6). (D-E) Sections of snap-frozen liver tissue from CD169 DTR and DT
treated CD169 DTR mice after PHx at indicated time were stained with (D) H&E and
(E)TUNEL. One representative set of n=3 is shown (Scale bar D= 200um, E= 100pm). Right
panel indicates quantification. (F) Sections of snap-frozen liver tissue from CD169-DTR and
DT treated CD169-DTR mice at day 3 following PHx were stained with anti-Phospho-H3 (left
panels) and anti-Ki-67 (right panels) antibodies. One representative set of n=3 is shown (Scale
bar left panel= 50pm, panel right=100 pm) Right panel indicates quantification. Error bar in
the all the above experiments represent SEM; *P < 0.05, **P < 0.01.
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Supplemental Figure 6: CD169" cells trigger hepatic STAT3 phosphorylation.
Quantifications of Western blots shown in Fig. 6G are presented as indicated. Protein lysates
of liver tissue from CD169-DTR mice and DT treated CD169-DTR mice at indicated time
points after PHx were blotted and stained with anti-phospho-Erk, anti-Erk, anti-phospho-
STATS3, anti-STAT3, anti-IkBa and anti-f3-actin antibodies (n=3). Error bar in the all the above
experiments represent SEM; *P < 0.05, **P < 0.01.
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3. Discussion

In our study, we identified a novel role of FMRP in inhibiting TNF induced cell death
in the liver. Loss of FMRP in the mice resulted in increased virus hepatitis, TNF-mediated liver
damage as well as liver pathology following cholestasis. All these liver pathology models point
to an important role of FMRP in the liver. Mechanistically, absence of FMRP prolongs RIPK1
expression and promotes RIPK1 phosphorylation, leading to TNF-TNFR1 mediated cell death.
In addition, administration of Nec-1s, a RIPK1 kinase inhibitor, could alleviate liver damage
following TNF/D-Gal treatment or pathology induced by cholestasis in FmrI™! mice.
Although the full implications of these findings in human health are still not evident, it would
require more in depth studies in patients carrying FMR1 mutations.

Maintaining synaptic plasticity and regulating neuron development by translational
regulation is a classical function of FMRP (32). FMRP is more studied during neuronal
development rather than its function in other organs. However, within the past 10 years,
functions of FMRP outside of the brain have been identified. Testes and ovaries are affected
by FMRP deficiency. FmrI™"mice have increased ovarian weight, premature follicular ovary
development as well as impaired spermatogenesis, which have been observed in human fragile
X patients also (51, 52). Fmrl mutants of drosophila show developmental defects in the
intestine via increased insulin signaling (237). Developmental defects of the liver with FMRP
deficiency have not been discussed. Considering our data, we found a pro-survival role of
FMRP in regulating cell death, specifically in hepatocytes. Our observations are consistent with
published findings, absence of Fmrl reduces the DNA damage repair, as well as increased cell
death after aphidicolin (replication stress inducer) treatment (46).

We found high upregulation of FMRP expression after BDL compared to sham
operated control mice. Moreover, in hepatocellular carcinoma tissue, it has been shown that
FMRI1 expression levels were increased when compared with tumor-free tissue. FMRP has
been characterized to regulate influenza A virus and Zika virus replication (42, 43).
Consistently, we found upregulation of Fmrl expression after LCMV infection. All these
observations inspired us to explore whether FMRP plays a role during LCMV infection. We
did not find significant differences in virus replication as well as CD8" T cell response in
FmrI™" and control mice.

Surprisingly we saw more liver damage and cell death in FmrI/™ mice after LCMV

infection. During infection, CD8+ cytotoxic T cells produce several cytokines such as Fas
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ligand, TNF and IFNy, which can bind to their receptors on target cells and promote cell death
(171, 238). This is consistent with our finding that CD8" T cells depletion reduced liver damage
after infection. We then identified that Fmr1™ mice are more susceptible to TNF induced liver
damage but not towards Fas.

However, we did not check the effects of IFNy on liver disease in FmrI™ and control
mice. To further explore this, neutralizing antibodies could be used to block IFN vy signaling,
following by monitoring the liver damage after LCMV infection (239).

TNF/D-Gal treatment is widely used model to study septic shock and liver damage (72,
240). In this model, we found that absence of FMRP triggers TNF-mediated apoptosis and
necroptosis in the liver tissue. A hall mark of TNF-mediated apoptosis is activation of caspase-
8 and a hall marker of necroptosis is the phosphorylation of RIPK 1, RIPK3 and MLKL. All of
these cell deaths are dependent on deubiquitinated-RIPK1. However there is also RIPK1
independent apoptosis wherein FADD can directly bind to caspase-8 (241). Moreover,
necroptosis ensues in cells lacking FADD or caspase-8, suggesting on inhibitory role of FADD-
procaspase-8-cFLIPL complex (241). With the help of caspase inhibitors, necroptosis can be
studied further (76).

Considering this phenomenon, we were curious how RIPK1 is involved in regulating
cell death in the liver. Since RIPK1 plays two roles in deciding between cell survival or death,
it promotes cell survival through its scaffold properties and cell death through its kinase activity
(242). It has been shown that mice lacking RIPK1 die at embryonic stage, however, kinase-
inactive mutants of RIPK1 mice are viable and show resistance to TNF-induced cell death
(243-246).

Moreover, naive mice with liver parenchymal cell (LPC)-specific deletion of RIPK1
do not exhibit substantial liver damage. Hence, RIPK1 is dispensable for liver development.
However, liver parenchymal cell (LPC)-specific deletion of NEMO (NEMO“C) mice develop

1P138N mytant introduced in hepatocytes

massive liver pathology (247). Kinase-inactive RIPK
of NEMOMY€ mice significantly reduced liver pathology. Mechanistically, NEMO prevents the
formation of Complex IIb and reduces hepatocellular death (247). Additionally, Nec-1
administration or kinase-inactive RIPK1 knock-in mice showed significantly decreased liver
damage following acetaminophen (APAP) and Concanavalin A (ConA) injection (248-251).
All these studies suggest that RIPK 1 kinase activity drives hepatocellular death (252). In our
study, we detected severe apoptosis in liver tissue of Fmri/™" mice by showing higher

activation of caspase 8 even at 3 hours after TNF/D-Gal treatment. Surprisingly, necroptosis

was also induced in FmrI™" mice. This is could be explained by prolonged presence of RIPK 1
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and increased phosphorylation of RIPK 1 in Fmr 1™ mice, which facilitates both apoptosis and
necroptosis.

LCMYV infection leads to cytotoxic CD8" T cell mediated hepatocyte death. Our data
clearly shows that both control and Fmrl KO mice exhibit hepatocytes apoptosis.
Histologically, significant number of hepatocytes were positive for TUNEL signal in Fmr1™"
mice. However, an increased presence of RIPK1, RIPK3 and p-MLKL in Fmr1™" mice was
detected following LCMYV infection suggesting additional necroptosis in the absence of FMR1.
Unlike during TNF/D-Gal treatment and LCMV induced liver damage, we detected only
change in markers of necroptosis but not apoptosis following BDL. We failed to detect any
evidence suggesting dysregulation of apoptosis in Fmr 1" in our settings. Hence, we speculate
that hepatocyte death in FmrI™" mice was also induced by necroptosis.

It has been shown that necroptosis is involved in several liver disease models including
hepatitis B and C virus infection, alcoholic liver disease, nonalcoholic steatohepatitis, drug-
induced liver injury and autoimmune hepatitis (249, 253-256). Furthermore, Afonso et al.,
identified that necroptosis is activated in liver tissue of human patients diagnosed with primary
biliary cholangitis (253). Activation of necroptosis was detectable in BDL-operated mice,
which was confirmed by reduced necroptosis in RIPK3 KO mice (253). Consistently, treatment
with Nec-1s can alleviate pathology during TNF/D-Gal stimulation and BDL in Fmr 1™ mice.

Taken together, we can conclude that loss of FMRP triggers apoptosis as well as
necroptosis.

Since degradation of IkBa and nuclear translocation of p65 were identified in both
Fmr1™" and control mice, we conclude that the NF-kB pathway was activated in both groups.
We did not detect a significant difference at early time points, but at later time points we
observed a slightly but significantly increased expression of 112, Ccl2, Cxcl10 and Cxcl12 in
Fmr1™! liver tissue when compared with controls. These results suggested that TNF-mediated

I"™"'mice. This possibility can be supported

NF-«B activation is only marginally affected in Fmr
by finding of Xu ef al., who identified that lack of TBK1 induces massive cell death after TNF
treatment, while NF-kB activation was not significantly affected (257).

It has been shown that the Fmrl mutant drosophila showed dysregulation of
metabolism (258). Leboucher et al., characterized the liver proteome of Fmri™! and WT
littermate mice by using quantitative mass spectrometry. They found dysregulated proteins
related with oxidation-reduction processes, lipid metabolic processes, cholesterol metabolism

processes and bile acid biosynthetic processes (259). There are no reports available showing

severe liver pathology in Fragile X syndrome patients. However, after analyzing Fragile X
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Syndrome patient serum samples, reduced glucose and insulin levels and increased circulating
free fatty acids have been found (259). Consistently, there are significant differences in obesity
rates in young fragile X males (31%) compared to age matched controls (18%) (260).

Necroptosis and activation of RIPK1 are associated with a variety of neurological
diseases including Alzheimer’s disease, amyotrophic lateral sclerosis (ALS) and multiple
sclerosis. Hence, TNFR1-deficient mice exhibit reduced amyloid B generation and disease
symptoms during Alzheimer model systems. Notably, it has been shown that FMRP is crucial
for regulating local protein synthesis at developing synapses (261, 262).

Meanwhile, TNF has been shown to regulate synaptic plasticity, including the Hebbian
synaptic plasticity and the synaptic scaling, in different brain areas such as the cortex, striatum
and hippocampus. It is also an important cytokine, which plays a role in inflammation,
proliferation, and development of neurons (263). Activation of TNFR1 has been found to affect
synaptic scaling (264, 265).

Moreover, TNF promotes neurotoxic effects during liver disease and acute ammonia
intoxication (266). According to our data, both FMRP mRNA and protein expression were
upregulated after TNF treatment, suggesting that FMRP is involved in regulating TNF
signaling. Additionally, when TNFR2-Fc fusion protein (Etanercept) as TNF inhibitor was
administered, we found reduced presence of liver enzymes including ALT, AST and lactate
dehydrogenase in the sera of LCMV infected FmrI™ mice when compared with untreated
Fmr1™" animals. TNF-mediated cell death blockage could rescue the severe liver pathology in
the absence of FMRP.

In summary, we identified a protective role of FMRP in TNF-mediated liver damage.
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In study of immune cells in liver regeneration, we have identified that CD169"
macrophages are critical for liver regeneration after partial hepatectomy (PHx). Mice that lack
CD169" macrophages display impaired liver regeneration after partial hepatectomy (PHx) and
show severe disease symptom. Mechanistically, depletion of CD169" macrophages resulted in
reduced IL-6 expression following PHx and consequently reduced activation of STAT3
signaling pathways. STAT3 activation is a paramount event in the healing and regeneration of
liver tissue, which is activated by secretion of IL-6 (207). Administration of recombinant IL-
6/IL-6R could rescue defective liver regeneration after PHx in the absence of CD169"
macrophages. Hepatocytes have the distinctive capacity to replicate and contribute to the rapid
restoration of liver function after PHx, liver transplant or toxic injury (267). PHx is a widely
used model to study liver regeneration. The model we used in our study was 70% partial
hepatectomy, in which the two biggest lobes of the liver are surgically removed. Quiescent
cells in the remaining liver rapidly proliferate and restore the liver mass within a few days. In
previous studies, multiple cytokines have been characterized to contribute to liver regeneration
(198, 202). IL-6 is one critical cytokine to promote liver regeneration. Cressman et al., first
identified that IL-6 deficient mice displayed decreased hepatocellular proliferation, increased
necrosis, reduced liver regeneration (207).

Additionally, Modares et al., recently characterized that IL-6 trans-signaling, not
classic signaling, regulates liver regeneration after PHx (208). It has been reported that Kupffer
cells are one source of IL-6 (268). After PHx, gut-derived factors such as lipopolysaccharide
(LPS) reaches the liver through the portal vein and activate liver-resident Kupffer cells to
produce IL-6 (197). Furthermore, depletion of Kupffer cells results in decreased liver
regeneration and increases the mortality after PHx (269).

It has been reported that macrophage colony stimulating factor (M-CSF) deficiency
results in impaired liver regeneration as well (270). Furthermore, macrophage depleted mice
show reduced liver regeneration and succumbed after PHx (269). However, traditional
depletion of macrophages is unspecific and leads to global macrophage depletion. The liver
has heterogeneous macrophage populations (269). CD169" macrophages are one of the
subpopulations of macrophages. CD169" macrophages can be depleted specifically using
transgenic mice expressing human diphtheria toxin receptor under CD169 promoter (CD169-
DTR) (134). Diphtheria toxin (DT) is usually nontoxic to mice since they do not express the

DT receptor. The CD169" macrophages in these transgenic mice express the DT receptor. Once
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these mice are injected with DT, only CD169" macrophages undergo apoptosis, hence it serves
as a great tool to study CD169" macrophages (134).

We observed reduced RNA and protein expression levels of IL-6 in the liver tissue
harvested from DT-treated CD169-DTR mice compared to control animals. Hence, we
conclude that one particular cell population of macrophages (CD169" macrophages)
contributes to IL-6 production following PHXx. It has been reported that CD169" macrophages
regulate cytokine production such as IFN-I in response to vesicular stomatitis virus (VSV)
infection, as well as lymphocytic choriomeningitis virus (LCMV) infection (271, 272).

To further characterize the effects of IL-6 signaling in CD169" cells following PHx, we
administered Hyper IL-6 to DT-treated CD169-DTR mice. The liver weight/body weight ratio
in CD169-DTR DT-treated animals after PHx following treatment with Hyper IL-6 was
comparable to that in untreated CD169-DTR mice following PHXx, indicating that injection of
Hyper IL-6 could restore liver regeneration in CD169" macrophage depleted mice. Peters et
al., showed that Hyper-IL-6 directly stimulates gp130 even in the absence of membrane-bound
IL-6R to facilitate liver regeneration through the activation of STAT3 (273). We also observed
that increased activation of STAT3, while we did not find significant differences in either ERK
or NF-«xB activation following injection with Hyper IL-6. Consistently, only phosphorylation
of STAT3 was reduced in the absence of CD169" cells, in contrast to expression of IkBa and
phosphorylation of ERK. Hence, it is highly possible that CD169" macrophages promote liver
regeneration through IL-6/STAT3 signaling. To explore whether IL-6 is produced by CD169"
cells, further studies such as fluorescence in situ hybridization (FISH) assay can be used.

It still remains to be answered how these findings can be transferred to liver
regeneration in humans. It has been shown that human macrophages can express CD169 (274).
Considering our data, we observed higher numbers of CD169" macrophages in the regenerating
liver lobe by using flow cytometry. Although these results suggest a direct link of CD169"
macrophages in secreting IL-6 after PHx, the implications in human health need to be
determined.

Whether these increased cell populations can be detected in the human regenerating
liver, or, whether these cell populations similarly contribute to induction of IL-6 expression
during liver regeneration remains unknown. If CD169" macrophages could be a major
contributor of IL-6 production, CD169" macrophages could be used as potential biomarker for

patients to evaluate the capacity of liver regeneration.
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Our study shows that B cells display similar effects on liver regeneration as CD169"
macrophages. A previous study showed attenuated liver fibrosis in absence of B cells after
Carbon tetrachloride (CCl4) treatment, but the role in the liver regeneration was not shown
(275). According to our data, we observed impaired liver regeneration in B-cell deficient mice
following PHx. In line with this we also observed reduced liver regeneration and slight but
significant increased liver pathology in B cell-activating factor receptor (Baffr) KO mice
following PHx.

It has been well characterized that BAFFR is critical for B cell development (276). We
detected reduced B cells numbers in the spleen of Baffr KO mice compared to control mice.
Additionally, B cells are critical for organization of the lymphoid tissue as B cell-deficient
mice exhibit reduced presence of metallophilic CD169" macrophages in the spleen (138, 277).
Interestingly, when purified B cells from WT mice were adoptively transferred into B cell
deficient mice, we observed that CD169" macrophages were restored. Taken together, we
conclude that lack of B cells was associated with the reduced presence of CD169" macrophages,
which results in impaired liver regeneration in B cell deficient mice following PHx. As
expected, our data showed reduced IL-6 expression in B cell deficient mice following PHx.

In summary, we found that B cell-mediated maintenance of CD169" macrophages

contributes to IL-6 production and liver regeneration.
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