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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. Fmr1null 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 Fmr1null 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.

 



 Liver  

[13] 
 

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 



 Liver  

[14] 
 

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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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). It 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). Fmr1 knockout (KO) mice also named 

Fmr1null 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 Fmr1null mice displayed reduced dendritic 

development. Mechanistically they found reduced expression of Huntingtin (Htt), which 

can induce neurodegeneration in the Fmr1null 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 

Fmr1null mice. FMRP can stimulate the mGluR5 receptors which might contribute to the 

cognitive deficits and abnormal behaviors (35). Serval groups have evaluated the function 

of mGluR5 receptor antagonist (AFQ056) in Fmr1null 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 AFQ056 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. Fmr1null 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). 
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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 Fmr1 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 Fmr1null 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 19th 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, L929 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 κB (NF-κB) 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 ADAM17) (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). sTNF 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-TNFR1 regulates NF-κB signaling 
 

TNFR1 can activate the NF-κB 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 TRAF5, cellular 

inhibitor of apoptosis protein 1 (cIAP1) or cIAP2 and the linear ubiquitin chain assembly 

complex (LUBAC) to form TNFR1 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 IκB kinases (IKKs) consisting of two catalytic subunits 

IKKα and IKKβ and the scaffolding subunit IKKγ (also termed NFκB-essential modulator 

(NEMO)) as well as transforming growth factor (TGF) β -activated kinase 1 (TAK1), TAK-

binding protein 1 (TAB1) and TAB2 (74, 75). The complex of NEMO and IKKs regulate 

phosphorylation of inhibitor of κB (IκBα) and subsequently IκBα is degraded by the proteasome, 

and eventually nuclear factor-κB (NF-κB) is activated (Graphical Figure 1). TAK1 can 

phosphorylate and activate the MAPKs (JUN N-terminal kinase (JNK) and p38 (74, 75). Once 
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NF-κB is released from IκBα 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/TNFR1 mediated NF-κB pathway. Adapted 

from Yuan et al., (76) 
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1.4  TNF-TNFR1 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 RIPK1, 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 

IIa and complex IIb to mediate cell death (Graphical Figure 2) (80-82). Complex IIa 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 (FLIPL) 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/TNFR1 mediated apoptosis and 

necroptosis pathway. Adapted from Yuan et al., (76). 

 

 
 
 
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 (Nec1-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 (LCMV) 
 

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 α-dystroglycan (α-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 TLR9 recognize viral ssRNA 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 

(CD11c-DTR) mice was generated in which CD11c+ 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-α 

and IFN-γ 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 

F4/80highCD68+CD11blow/− (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 Usp18-

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 (Ltα) and lymphotoxin beta (Ltβ) 

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 naïve 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 CD169+ 

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-α 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).  

 

c) 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). Naïve 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+ αβ T cells, CD8+ αβ and γδ 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 LCMV 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-L1-/-) 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 

CD8+ 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 (TGR5) 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-α 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 TGF 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 (Cl2MDP-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 CCl4 (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-β1 (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-β1 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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SMA is one of the markers of liver fibrosis. αSMA 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 αSMA-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-β1 are 

consistent with the reduced number of αSMA-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 TNFα, 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-κB 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 transcription1 

(STAT-1) through phosphatidylinositol 3-kinase (PI3K) signaling, NF-κB and extracellular 

signal-regulated kinases (ERK)-MAPK pathway. Deleting β-PDGFR on hepatic stellate cells 

showed decreased expression of αSMA and collagen α1, 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 naïve 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-κB), signal transducer and activator of transcription 3 

(STAT3), 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 (Brg1), 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 (Foxm1b) knock out mice showed reduced-DNA replication after PHx. 

Mechanistically, FoxM1b regulates cyclin B1 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, 

206). 

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-κB 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). 



  Cytokines and Growth Factors in Liver Regeneration 

[36] 
 

Activation of the complement component, a C5a receptor can also induce TNF and IL-6 

production following PHx. After C5a blockage, NF-κB 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-κB 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- (LT-) 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- can activate TNFR1 

signaling. Consequently, TNF and LT- double knock out mice display reduced liver 

regeneration, which is consistent with TNFR1 deficient mice (222). LT- 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- mice (223).  

Since both LT- and LT- can both active LT-R, LT-R deficient mice showed 

increased liver damage and reduced liver regeneration following 70% PHx (221, 224). The 

importance of LT-R for liver regeneration was strengthened after observations that anti- LT-

R agonistic antibody treatment alleviated the defects of liver regeneration in T cell deficient 

mice after PHx (223).  

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

(Graphical Figure 4). Hence, LT-R deficient mice showed severe disease after treatment with 
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Etanercept (224). These studies suggested a cooperative role of LT-R 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-). TGF-1, TGF-2 and 

TGF-3 bind and activate their receptor. TGF- acts also as growth inhibitor of epithelial cells 

and hepatocytes. To evaluate the role of TGF- during liver regeneration, hepatocyte specific 

deletion of TGF- 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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PHx 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-B 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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2. Publication 
 
2.1 Fragile X mental retardation protein protects against tumour necrosis factor-

mediated cell death and liver injury 
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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. Fmr1 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 Publication  

[54] 
 

 
Supplemental Figure 2: FMRP is dispensable for hepatic immune cell infiltration and 
anti-viral T cell immunity during LCMV infection. (A) Sections of snap frozen liver tissue 
harvested from control and Fmr1null (Fmr1 KO) mice were stained for anti-F4/80, anti-Ly6G 
(Gr1) (one representative set of n=3 is shown, scale bar=50µm). (B) Expression of IL7R and 
PD1 surface markers were measured on Gp33 specific T cells in control and Fmr1null mice at 
indicated time points after infection (n=7-8). (C) Analysis of effector (CD62-L-IL7-R-KLRG-
1+), effector memory (CD62-L-L7-R+KLRG-1-) and central memory (CD62-L+IL7-R+KLRG-
1-) T cell response was carried out in control and Fmr1null 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 Fmr1null 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 Fmr1null 
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 Fmr1null (Fmr1 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 TNFα/D-Gal 

treatment (n=3-5, scale bar=50µm). 
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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 Fmr1null (Fmr1 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 TNFα/D-Gal treatment (one representative set of n=3 is shown, scale bar=100µm). 
Graph indicates p65+DAPI+/DAPI+ (n=3). (C) Expression of NF-κB pathway genes was 
quantified in control and Fmr1null 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. 



 Publication  

[57] 
 

 
Supplemental Figure 5: 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 Fmr1null (Fmr1 KO) mice at indicated time points after D-
Gal (10mg/mouse) and TNFα 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 FLIPL (long form) from main Figure 5E (n=3). 
(K) ALT, AST and LDH activities were measured in serum samples of control and Fmr1null 

mice and Necrostatin-1 treated control and Fmr1null 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 Fmr1null (Fmr1 KO) mice at indicated time points after BDL (n=4-7). (B) Sections 
of snap frozen liver tissue harvested from control and Fmr1null mice were stained with anti-
F4/80 and anti-Ly6G

 
at indicated time points following BDL (n=5-7, scale bar=50µm). (C) 

Granulocytes (Ly6G+) were measured in liver tissue of control and Fmr1null mice 1 day after 
BDL by flow cytometry (n=3). Error bar in all graphs indicate SEM; *P < 0.05. 
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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 Fmr1null (Fmr1 
KO) mice at indicated time points after BDL (n=4-7). (B) Sections of snap frozen liver tissue 
harvested from control and Fmr1null mice were stained for αSMA expression at indicated time 
points following BDL (n=3, scale bar=50µm). Right panel indicates the quantification. (C) 
Sections of liver tissue from control and Fmr1null mice were stained for active caspase-3 (n=3, 
scale bar=50µm). (D) Liver tissue homogenates from control and Fmr1null 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 Fmr1nul mice following LCMV infection. (A-E) Control and Fmr1null (Fmr1 KO) 
mice were infected with 2x106 pfu of LCMV WE. (A) Sections of liver tissue from control and 
Fmr1null (Fmr1 KO) mice were stained for active caspase-3 after 12 days of infection (n=3, 
scale bar=100µm). Right panel indicates quantification. (B-E) Liver tissue homogenates from 
control and Fmr1null 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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2.2 B Cell-Mediated Maintenance of Cluster of Differentiation 169-Positive Cells 

Is Critical for 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 = 100µm). 

(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 = 200µm). 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 = 50µm, lower panels =100 µm). 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 Jh-/- mice at indicated time points 

following PHx were stained with TUNEL. One representative set of n=3 is shown. (Scale bar 

= 200µm). Right panel indicates quantification. (B) Sections of snap-frozen liver tissue from 

WT and Baffr-/- mice following PHx were stained with H&E. One representative set of n=3-4 

is shown (Scale bar = 200µm). (C-D) Sections of snap-frozen liver tissue from (C) WT and 

Baffr-/- mice and (D) WT and Jh-/- 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 = 50µm). Right panels indicate quantification. (E-F) Sections of snap-frozen liver 

tissue from (E) WT and Baffr-/- mice and (F) WT and Jh-/- 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 = 100µm). 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 Ltα 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= 200µm, E= 100µm). 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= 50µm, panel right=100 µm) 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-

STAT3, anti-STAT3, anti-IκBα and anti-β-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 Fmr1null 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. Fmr1null 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). Fmr1 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 Fmr1 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 

FMR1 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 Fmr1 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 

Fmr1null and control mice.  

Surprisingly we saw more liver damage and cell death in Fmr1nul mice after LCMV 

infection. During infection, CD8+ cytotoxic T cells produce several cytokines such as Fas 
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ligand, TNF and IFNγ, 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 Fmr1nul mice are more susceptible to TNF induced liver 

damage but not towards Fas. 

 However, we did not check the effects of IFNγ on liver disease in Fmr1nul and control 

mice. To further explore this, neutralizing antibodies could be used to block IFN γ 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 RIPK1, 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, naïve 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 (NEMOLPC) mice develop 

massive liver pathology (247). Kinase-inactive RIPK1D138N mutant introduced in hepatocytes 

of NEMOLPC 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 RIPK1 kinase activity drives hepatocellular death (252). In our 

study, we detected severe apoptosis in liver tissue of Fmr1null mice by showing higher 

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

was also induced in Fmr1null mice. This is could be explained by prolonged presence of RIPK1 
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and increased phosphorylation of RIPK1 in Fmr1null mice, which facilitates both apoptosis and 

necroptosis.  

LCMV infection leads to cytotoxic CD8+ T cell mediated hepatocyte death. Our data 

clearly shows that both control and Fmr1 KO mice exhibit hepatocytes apoptosis. 

Histologically, significant number of hepatocytes were positive for TUNEL signal in Fmr1null 

mice. However, an increased presence of RIPK1, RIPK3 and p-MLKL in Fmr1null mice was 

detected following LCMV 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 Fmr1null in our settings. Hence, we speculate 

that hepatocyte death in Fmr1null 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 Fmr1null mice. 

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

necroptosis. 

Since degradation of IkBα and nuclear translocation of p65 were identified in both 

Fmr1null 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 Il2, Ccl2, Cxcl10 and Cxcl12 in 

Fmr1null liver tissue when compared with controls. These results suggested that TNF-mediated 

NF-κB activation is only marginally affected in Fmr1null mice. This possibility can be supported 

by finding of Xu et al., who identified that lack of TBK1 induces massive cell death after TNF 

treatment, while NF-κB activation was not significantly affected (257). 

It has been shown that the Fmr1 mutant drosophila showed dysregulation of 

metabolism (258). Leboucher et al., characterized the liver proteome of Fmr1null 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 β 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 Fmr1null mice when compared with untreated 

Fmr1null 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 PHx. 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 PHx, 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-κB 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 IκBα 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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