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ABSTRACT 
  
Intrahepatic cell-derived IL-17 and IL-22 are important for T cell priming and 
hepatoprotection in viral hepatitis, respectively; however, the source and regulation of 
these cytokines in the liver microenvironment are not well defined. Here, we present 
evidence for a significant expansion of IL-17- and IL-22-producing cells in mouse liver 
during viral infection. We found that a subset of IL-17+ and IL-22+ cells expressed no 
myeloid/lymphoid lineage markers. Instead, they expressed high levels of stem-like 

markers, IL-7R and RORt, consistent with the newly described group 3 innate 
lymphoid cells (ILC3s). They contributed significantly to the establishment of the early 
cytokine milieu in virus-infected mouse livers. Functional studies with mice deficient of 
IL-17 receptor, IL-17A, and IL-17F further revealed that IL-17 signaling was critical for 
priming T cell responses in viral hepatitis. Further studies showed that IL-17A 
repressed IL-17F secretion in vivo and in vitro; IL-17F+ intrahepatic cells expanded 
more vigorously in IL-17A knockout animals, permitting efficient antigen-presentation 
and T cell function. However, IL-17F neither inhibited IL-17A in vitro nor regulated its 
secretion in vivo. Interestingly, retinoic acid, secreted by hepatic stellate cells (HSCs), 
increased in the liver after viral infection. Moreover, hepatic stellate cell-derived 
retinoic acid promoted IL-22 production by ILC3s in the liver and protected the liver 
against acute viral hepatitis. Notably, hepatic IL-7 was important for ILC3-derived 

IL-22 production. The blockade of IL-7R in vivo significantly decreased IL-22 levels 
and exacerbated liver inflammation. Collectively, this study has demonstrated the 
importance of a unique intrahepatic subpopulation ILC3 and its cytokine production 
during the initial stages of viral infection in the liver. Moreover, the crosstalk among 
hepatic stellate cells and innate immune cells may play a critical role in modulating 
immune responses in viral hepatitis. 
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CHAPTER 1 INTRODUCTION TO LIVER IMMUNITY 

 

1. 1 Hepatitis viruses 

Many different viruses, such as hepatitis A, B, C, D, and E viruses, can cause acute 

or chronic viral hepatitis, and most of these viral infections can cause acute viral 

hepatitis. Some of the viruses (namely hepatitis B, C and D viruses) can lead to a 

chronic stage, which can develop into cirrhosis, fibrosis, and even liver cancer. In 

addition to the hepatitis viruses A-E, many other viruses can also induce viral 

hepatitis, e.g., cytomegalovirus, Epstein-Barr virus, herpesvirus, parvovirus, 

lymphocytic choriomeningitis virus, and adenovirus. 

 

Acute viral hepatitis usually is first noticed due to general ill health, appetite loss, mild 

fever, fatigue, vomiting, nausea, body aches, itchy skin, and dark urine. Infected 

individuals develop jaundice at a later stage. In some cases, the illness lasts for 

several weeks and those infected have gradually recovered. However, a few 

individuals may develop fulminant hepatic failure, which can cause the patients’ death. 

Chronic infection with HBV or HCV can develop to cirrhosis and even to 

hepatocellular carcinoma after decades of infection. Herein, I will briefly discuss the 

hepatitis viruses A through E.  

 

Hepatitis A virus (HAV) belongs to the Picornavirus family and is transmitted by the 

fecal-oral route usually due to ingestion of contaminated food, e.g., raw sea food, but 

also from personal contact or drinking of contaminated water (1). HAV causes an 
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acute hepatitis and does not lead to a chronic stage (2). The patient’s immune system 

develops antibodies against virus and prevents future infection. Currently, a vaccine 

is available that will protect against HAV infection for 10 years.    

 

Hepatitis B virus (HBV) has a circular genome of partially double-stranded DNA and 

belongs to the Hepadnaviridae family (3). Currently, more than 350 million individuals 

are persistently infected by HBV worldwide. It replicates through the reverse 

transcription of an RNA intermediate (4). Due to the lack of proofreading of reverse 

transcriptase, high mutation frequency occurs during the HBV replication process. 

The most common mutations are found in the precore and core promoter regions that 

can down-regulate the expression of hepatitis B e antigen (HBeAg) (5). Mutations in 

the virus surface protein have also resulted in the failure of immune prophylaxis in 

infants receiving HBV vaccine. In addition, mutations in HBV polymerase can cause 

resistance to nucleoside and nucleotide analogs, and such mutations are the major 

barrier to drug treatment.   

 

In most cases, HBV infection can be resolved within an immune-competent adulthood. 

Adaptive immune responses, especially antigen-specific CD4+ and CD8+ T cells, 

have been shown to be competent in clearing HBV from hepatocytes. Individuals that 

generate vigorous, broad-epitope T-cell responses can clear the virus and those 

persons have recovered spontaneously (6). However, patients that have weak, 

transient or narrow-epitope T-cell responses are likely to develop chronic hepatitis (7). 
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In addition, the immune system of infants is generally not fully developed. Thus, 

vertical transmission from HBV-infected mothers to their infants can cause chronic 

HBV infection in children. In these cases, HBeAg plays an immune tolerogen role in 

these cases (8, 9). After secretion, HBeAg circulates into the blood and induces 

immune tolerance to viral antigens. Moreover, as we discussed above, the 

development of viral mutants is associated with the escape from humoral and cellular 

immune responses induced by vaccination. 

 

Hepatitis C virus (HCV) is a single-stranded RNA virus and belongs to the Flaviviridae 

family (10). HCV can be spread through blood contact and can also cross the 

placenta. HCV infection usually develops into chronic hepatitis, cirrhosis, and 

hepatocellular carcinoma (10, 11). To date, HCV infection is one of the most common 

causes of cirrhosis, chronic liver failure, and hepatocellular carcinoma in the US. HCV 

infects humans and chimpanzees. Currently, no small animal models are available.  

 

The magnitude, diversity and quality of adaptive immune responses play an essential 

role in resolving HCV infection. Vigorous polyclonal CD4+ and CD8+ T cell responses 

associated with viral clearance are found in patients with self-limited infection (12). 

However, a weak and narrowly focused T cell response usually leads to viral 

persistence and chronic infection (12). During chronic HCV infection, the intrahepatic 

CD8+ T cells usually develop an exhausted phenotype with low levels of CD127 and 

high levels of program death-1 (PD-1) expression (13). HCV replication is a 



4 
 

cytoplasm-based, RNA-dependent cycle which lacks proofreading and can generate 

numerous mutants (14). The virus can still become persistent despite a vigorous 

CD4+ and CD8+ T cell response by progressive mutational escape. In addition, HCV 

infection also has direct cellular effects in infected hepatocytes, such as alterations in 

gene expression, signaling pathways, lipid metabolism, and oxidative stress. To date, 

there is no vaccine available for the HCV infection (15). Hepatitis C patients can be 

treated by a combination of interferon and the antiviral drug ribavirin (16). 

 

Hepatitis D virus (HDV) is an RNA virus and belongs to the Deltaviridae family. HDV 

infection requires HBV surface antigen proteins for its assembly (17). Therefore, HDV 

epidemiology is closely associated with HBV infection. Chronic hepatitis B patients, 

who are co-infected with HDV, may progress from liver damage to an established 

cirrhosis and even to fulminant hepatitis (18). Several studies suggested that HDV 

infection in chronically infected patients significantly increased the risk of developing 

hepatocellular carcinoma (18, 19).    

 

Hepatitis E virus (HEV) is a positive-sense, single-stranded RNA icosahedral virus, 

belonging to the Picornaviridae family (20). HEV infection can cause acute hepatitis, 

but not chronic disease. The clinical symptoms are similar to those of hepatitis A. 

HEV can be transmitted through the fecal-oral route. Interestingly, it replicates in the 

cytoplasm of hepatocytes and is shed in the feces. Hepatitis E is a self-limiting 

disease that can be resolved by immune-competent individuals. However, HEV may 
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occasionally cause fulminant hepatic failure, especially in immune-compromised 

individuals (21). 

 

1.2 Liver microenvironment and cell types 

The liver is the largest solid organ in the body, for which the blood supply comes from 

two distinctive areas: 80% from the gut (rich in nutrition and food antigens) and 20% 

from the hepatic artery (rich in oxygen) (22). More than 70% of the total cells in the 

liver are hepatocytes. The remaining cells are comprised of non-parenchymal cells, 

including liver sinusoid endothelial cells (LSEC), Kupffer cells, biliary cells, stellate 

cells and intrahepatic lymphocytes (23). Present evidence demonstrates that the liver 

is an important part of the body’s immune response and is, therefore, considered an 

immunologic organ (24). Numerous studies have shown that the liver plays an 

important role in innate and adaptive immune responses against pathogens (22, 24). 

Here, I will briefly discuss the different cell types in the liver microenvironment.  

 

Hepatocytes, which constitute more than 70% of the total cell population in the liver, 

are essential for the metabolism and detoxification of antigens and toxins that enter 

the liver. In addition, hepatocytes can secrete pattern recognition receptors and 

complement components that play a key role in innate immunity (22). The liver is also 

an important source of acute phase proteins, which play an essential role in innate 

immunity and could alleviate liver injury. More importantly, after TLR induction or viral 

infection, hepatocytes can produce IL-7 and regulate innate  T cells, NKT cells, and 
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adaptive CD4 and CD8 T cell responses (25). In chronic viral hepatitis, such as 

chronic HBV- or HCV-infected liver, hepatocytes were found to express high levels of 

MHC II and co-stimulatory molecules (including CD40, CD80, CD86), suggesting to 

us that hepatocytes also have an antigen-presenting function (26, 27).    

 

Large populations of resident macrophages located in the liver are the Kupffer cells. 

They are generated from monocytes in the blood and mainly reside in the hepatic 

sinusoids. Kupffer cells can interact directly with hepatocytes when they pass through 

the space of Disse (28). Like other macrophages, Kupffer cells can phagocytose 

apoptotic cells and microorganisms in the liver (29, 30). Additionally, Kupffer cells 

have antigen-presenting functions, leading to T cell proliferation and cytokine 

productions (31). In contrast, Kupffer cells have been shown to be involved in 

tolerance. They can suppress T cell activation through nitric oxide synthesis (32). 

Moreover, Kupffer cells can induce alloreactive CD4+ T cell apoptosis by expressing 

Fas ligand (FasL) in a liver transplant model (33). In addition, Kupffer cells are 

indispensable in systemic immune tolerance caused by alloantigenic leukocyte 

injection (34).   

 

The liver contains a large number of resident lymphocytes, such as CD4+, CD8+ T 

cells, natural killer (NK) and natural killer T (NKT) cells. Most of the CD8+ and CD4+ T 

cells in the liver have an activated phenotype (35). For example, the intrahepatic 

CD4+ T cells of mice present a CD45RBlow phenotype, and they secrete both IFN- 
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and IL-4 (36). In addition, a subset of liver T cells was reported to have expressed the 

CD45 isoform B220, which is associated with apoptosis in the liver (37).  

 

The natural killer (NK) cells are present at a high frequency among resident liver 

lymphocytes (38). They have been known to increase in number during infection of 

the liver. Type I IFNs have induced chemokine CCL3 expression in cytomegalovirus 

infection of mice, which is responsible for NK-cell accumulation (39). During 

experimental liver injury induced by concanavalin A (Con A) injection and adenovirus 

infection, NK cells expanded rapidly and were found to have a crucial role in T-cell 

recruitment (40, 41). The NK cells produce IFN- that promotes secretion of the 

chemokine CXCL9 by hepatocytes or LSECs, and this is responsible for T cell 

accumulation (42). On the contrary, in LCMV infection of mice, activated NK cells can 

eliminate CD4+ T cells cytolytically leading to CD8+ T cell exhaustion (43). In a murine 

liver fibrosis model, NK cells can kill the activated stellate cells and ameliorate liver 

fibrosis (44, 45).  

 

Natural killer T (NKT) cells are at a low frequency in the peripheral lymphoid organ, 

but they are rich in the liver. The prototype NKT cells express NK1.1, T-cell receptor 

TCR, and the MHC class-I-like molecule CD1d. Their TCR receptoire usually has 

limited diversity. The role of NKT cells in the liver is controversial. First, NKT cells 

were shown to secrete IL-4, which was considered to be anti-inflammatory 

lymphocytes (46). On the other hand, mice deficient in the CD1d molecule presented 
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impaired defenses against bacterial infection, such as Mycobacterium tuberculosis 

and Borrelia burgdorferi (47, 48). These findings have suggested to us that NKT cells 

play an important role in protecting against pathogenic infection. In addition, 

activation of NKT cells in vivo has been shown to inhibit melanoma metastases, 

induce effective immunity to the liver stages of malaria and suppress viral-RNA 

synthesis in HBV transgenic mice (49-51).  

 

Hepatic stellate cells (HSCs), also known as perisinusoidal cells or Ito cells, are 

located in the sub-endothelial space of Disse. HSCs store around 75% of vitamin A in 

the body (52). Once the liver is injured, stellate cells can change into an activated 

state. Activated HSCs can secrete retinoic acid (RA) through the enzyme-mediated 

process (45). Moreover, activated HSCs can trans-differentiate into myofibroblasts, 

producing TGF- and collagen scar tissue, which can result in liver fibrosis and 

cirrhosis (53, 54). In addition, emerging evidence indicates that hepatic stellate cells 

also have antigen-presentation functions (55). Thus, they express MHC class I, MHC 

class II, and CD1d (56). In addition, HSCs have the potential to respond to innate 

immune signals via their surface TLR4, CD14, and MD2. They can activate NKT cells 

and classical T cells. However, their co-expression of the inhibitory molecule program 

death-ligand 1 (PD-L1) also has been reported to result in T cell inactivation (57). 

Recently, HSCs have been shown to preferentially generate regulatory T cells by 

production of retinoic acid, which may contribute to liver tolerance (58). 
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Liver sinusoidal endothelial cells (LSECs) are perforated by many fenestrations, and 

they do not form an organized basement membrane. LSECs also have 

antigen-presenting functions (59). They express the scavenger receptor to take up 

circulating proteins or antigens. In addition, they express MHC class I, MHC class II 

and co-stimulatory molecules on the surface, which are similar to the active 

stimulatory APCs (59). However, they secrete IL-10 when responding to TLR4 

antagonism (60). Thus, an in vitro study showed that isolated LSECs could induce a T 

regulatory phenotype of CD4+ T cells, or CD8+ T cell tolerance (61, 62). 

 

Hepatic dendritic cells (DCs) are comprised of a heterogeneous cell population 

comprised of myeloid and plasmacytoid DCs. Myeloid DCs (mDC) in the liver produce 

more IL-10 compared to their counterparts in other organs (63). In contrast, hepatic 

DC can be activated in a pro-inflammatory microenvironment (64). Plasmacytoid DC 

(pDC) is another subset of DC that is present in the liver (64). Hepatic pDC play an 

essential role in the primary response against virus infection. They constitutively 

express toll-like receptor 7 (TLR7) and toll-like receptor 9 (TLR9) and produce large 

amounts of type I interferon when these receptors are engaged (65). Similar to the 

mDCs, hepatic pDCs present a tolerogenic cytokine profile when compared to their 

splenic counterparts, as they produce more IL-10 and less IL-12. It is possible that 

these tolerogenic features in pDC are partially mediated by their interactions with 

regulatory T cells (66).   
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1.3 Immunology and pathogenesis of viral hepatitis 

To date, millions of people have been chronically infected by HBV or HCV. In 

immune-competent adults, HBV infection is a self-limited, transient liver disease; 

most individuals can clear the virus efficiently. However, in immune-compromised 

patients or neonates, most HBV infection can develop into persistent hepatitis (67). In 

contrast to HBV infection, most acute HCV infections (around 70% to 90%) become 

persistent, and often develop into liver cirrhosis and hepatocellular carcinoma over 

long periods of time (68).    

 

Most hepatitis viruses, including HBV and HCV, replicate non-cytopathically within 

primary hepatocytes in vivo. Thus, immunologically mediated responses seem to play 

a key role in determining the pathogenesis and outcome of these diseases (14). It has 

been suggested that the adaptive immune response, but not innate immunity, 

mediates liver inflammation in viral hepatitis (69, 70). In addition, emerging evidence 

indicates that antigen-nonspecific inflammatory cells amplify cytotoxic T lymphocyte 

(CTL)-induced immunopathology in the liver (71). Vigorous and broad T cell 

responses can lead to viral clearance and transient acute liver disease (7, 12). On the 

contrary, inefficient and narrow T cell responses usually result in chronic viral 

hepatitis (7, 12). Over the decades of infection, continuous low levels of 

immune-mediated liver damage have led to the development of cirrhosis and 

hepatocellular carcinoma (72).   
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The virus-host interaction is a dynamic process: virus attempts to hide its visibility, 

whereas the host tries to sense and limit virus spread via innate and adaptive 

immunity. After virus infection, the innate immune system will be activated and 

attempt to inhibit viral replication by the production of antiviral cytokines (i.e. type I 

IFN) by infected cells and activation of effector functions of innate cells, including NK, 

NKT cells and neutrophils (51, 73, 74). Activated NK and NKT cells can be recruited 

to the infected site rapidly. They can recognize the viral-infected cells and kill them 

directly or indirectly, by producing pro-inflammatory cytokines and chemokines (51, 

74). These pro-inflammatory cytokines and chemokines have anti-viral activities, and 

more importantly, can recruit inflammatory cells into infected tissue. In murine 

cytomegalovirus- and adenovirus-infected mice, NK and NKT cells have been 

suggested to contribute to the pathogenesis of liver inflammation (74). However, in 

the early phase of HBV or HCV infection, the innate defense mechanisms do not play 

a significant role in the pathogenesis of liver disorders.   

 

Virus-specific CD8+ cytotoxic T lymphocytes (CTLs) and CD4+ T-helper cells play 

essential effector and regulatory roles in viral clearance and pathogenesis during viral 

infection, respectively. They contribute to viral pathogenesis either by killing infected 

cells directly, or by producing pro-inflammatory cytokines and chemokines to inhibit 

viral replication (75). Virus-specific CD8+ T cells can lyse the viral-infected 

hepatocytes in a FasL- and perforin-dependent manner and secrete antiviral 

cytokines that inhibit virus replication noncytopathically (75). In addition, these 
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cytokines can also activate liver parenchymal and non-parenchymal cells to produce 

chemokines that recruit antigen-nonspecific polymorphonuclear and 

lymphomononuclear cells into the liver, such as neutrophils, monocytes, NK cells, T 

cells and macrophages (71). These antigen-nonspecific pro-inflammatory cells are 

outnumbered by virus-specific T cells and exacerbate the liver inflammation initiated 

by CTLs (71). They can cause liver inflammation through production of cytotoxic and 

pro-inflammatory mediators, such as perforin, TNF-, hydrogen peroxide, superoxide 

species and nitric oxide.  

   

Efficient antiviral T cell responses are considered to be primed by viral antigens 

processed by professional antigen-presenting cells (APCs) in lymphoid organs (76). 

In contrast, T cell priming within the liver usually causes T cell tolerance and 

apoptosis (77). HBV or HCV do not effectively infect professional APCs, such as DCs. 

To generate effective CTL responses, liver-derived DCs have to phagocytose and 

process apoptotic virus-infected hepatocytes and migrate to the peripheral lymph 

nodes to prime CTL responses. Primed CTLs expand rapidly, migrate to the infected 

site, and perform their cytotoxic functions. Individuals who mount vigorous, 

broad-epitope and polyclonal CTL responses can clear the virus and recover 

spontaneously. On the contrary, patients with relatively weak, transient, and 

narrow-epitope T cell responses are more likely to develop chronic hepatitis (7, 12). 

The underlying mechanisms between these differences are not fully understood yet.   
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1.4 Animal models for studying viral hepatitis 

To date, only nonhuman primates can develop productive HBV or HCV infection that 

is similar to that in human beings. The chimpanzee is one of the best animal models 

for studying hepatitis virus infection and related host immune responses. However, 

several concerns have been raised by using nonhuman primates for research. The 

cost of maintaining a primate colony is extremely high, and special animal facilities 

and trained personnel are required. In addition, the National Institutes of Health have 

recommended that nonhuman primates not be used for biomedical research. 

Therefore, it is important to develop small animal models for studying HBV or HCV 

infection. 

 

An important small animal model of HCV infection is the T- and B-cell-deficient mouse 

(SCID mouse) transplanted with human liver. To produce the chimeric mice, SCID 

mice are grafted with human hepatocytes (78). However, this model cannot be used 

to study adaptive immunity, due to their immune deficiency and lack of adaptive T/B 

cell immunity. They have provided new information about innate responses, viral 

entry, and HCV neutralization (79).  

 

The transgenic mouse is an important tool for studying HBV or HCV infection. The 

first transgenic mice containing the complete HBV genome were generated by 

Guidotti et al. in 1995 (80). Work in this model has led to the finding that hepatocytes 

of HBV transgenic mice can generate high levels of viral particles without any 
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evidence of cytopathology in vivo. HBV particles produced by transgenic mice have 

been found to be infectious and morphologically similar to human-derived virions (81). 

By using HBV transgenic mice, scientists have studied the viral replication, entry, 

pathogenesis, and host antiviral immune responses (82). Several lines of HCV 

transgenic mice have also been generated (83, 84). The interactions between innate 

immunity and HCV have been studied by using these models. More recently, it has 

been reported that use of humanized mice is an advanced approach to study the 

pathogenesis of HBV/HCV infection (85, 86). These mice have been genetically 

modified to support engraftment of human hepatocyte progenitor cells and 

hematopoietic stem cells, leading to liver re-population with human hepatocytes and 

leukocytes.   

 

1.5 Adenovirus-induced viral hepatitis 

Adenovirus (Ad) belongs to the Adenoviridae family, which consists of non-enveloped, 

double-stranded DNA viruses. To date, the recombinant replication-deficient Ad 

vector is one of the preferred vectors for gene therapy and experimental vaccines 

(87).  As a gene therapy candidate, replication-deficient Ad vectors have several 

advantages, including the ability to package large quantities of DNA, broad cell 

tropism, and ease of production in the lab (88). However, there are also several 

limitations of Ad-based gene therapy. Ad can trigger strong innate and adaptive 

immune responses, which are induced by viral capsid proteins and adenoviral gene 

products. After Ad administration, the early innate effector cells composed of 
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neutrophils, NK cells, and macrophages will infiltrate into the inoculation site. 

Resident Kupffer cells in the liver take up the administered Ad and act as the first line 

against viral vectors (89). Ad activates endothelium and mediates leukocytes rolling 

through P- and E-selectin, which induces the recruitment of neutrophils into the liver 

within several minutes (90). NK cell activation occurs several hours after the 

administration of viral vectors, which can secrete a bolus of IFN-(41). 

Pro-inflammatory cytokines and chemokines secreted by these cells contribute to the 

inflammatory response and recruit additional inflammatory cells. Depletion of Kupffer 

cells, neutrophils, or NK cells can reduce hepatocyte cell death and liver inflammation 

caused by Ad infection. Within 24 h, this innate immune response can eliminate about 

80% of the adenoviral particles. The clearance of Ad and subsequent elimination of 

transgenes are major obstacles for Ad gene therapy (91).  

 

The DC is an important antigen-presenting cell in the immune system and can link 

innate immune response and adaptive immune responses. Ad particles can activate 

and infect dendritic cells through the viral capsid, which will subsequently induce T 

cell responses (92, 93). The immune response to adenovirus consists of an innate 

immune response followed by a T helper 1 (Th1) response, CD8+ cytotoxic T 

lymphocyte (CTL) response, and the production of neutralization antibody (94). The 

infiltration of large numbers of CD4+, CD8+ T, and B lymphocytes into the liver occurs 

around 5 - 7 days post adenovirus infection. It has been suggested that viral-specific 

CD8+ T cells play a critical role in the virus clearance (95). Simultaneously, they also 
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contribute to liver inflammation by destruction of infected hepatocytes (96). CD4+ T 

cells are thought to contribute to antiviral immune responses by secretion of cytokines, 

thereby providing help for CD8+ T and B cells. The adaptive immune response may 

be caused by the immunogenicity of adenoviral capsid proteins and transgene protein, 

which may result in destruction of the infected hepatocytes that express these 

antigens. Depletion of CD4+ or CD8+ T cells can alleviate liver inflammation and 

prolong transgene expression (97). Strong Th1 and CTL responses against the viral 

vector and the transgene induce necroinflammatory hepatitis, and failure to constrain 

these responses will lead to treatment failure (98).  

 

Liver inflammation caused by Ad infection is characterized by single cell necrosis and 

megaloblastic changes in hepatocytes. Hepatocyte apoptosis can be observed in the 

liver after 5 days post infection. The hepatic inflammation in the infected mice is 

characterized by significant portal and lobular lymphocytic infiltration, which consists 

of CD4+ T, CD8+ T, monocytes, NK cells, B cells, and granulocytes. Bridging necrosis 

and many apoptotic bodies can be found in all three adjacent zones. Meanwhile, 

serum ALT levels reach a peak during the virus infection. When compared to findings 

at the peak of inflammation, those after two to three weeks exhibit no obvious 

hepatocyte necrosis or apoptosis, and there is reduced lymphocyte infiltration of 

lobules.    
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1.6 IL-17 and IL-17-producing cells in hepatitis  

Interleukin-17A (IL-17A), often referred to as IL-17, is produced by the T helper 17 

(Th17) cells, which are distinct from the Th1 and Th2 populations (99). Th17 cells 

mainly produce IL-17A, IL-17F, IL-21 and IL-22, whereas Th1 and Th2 cells 

preferentially produce IFN- and IL-4, respectively (99, 100). To date, five additional 

structurally related cytokines were identified in the IL-17 family: IL-17B, IL-17C, 

IL-17D, IL-17E (also known as IL-25), and IL-17F (101). Among the family members, 

IL-17A and IL-17F share the highest amino acid sequence identity (around 50%), 

whereas IL-17E is the most divergent when compared to IL-17A (102). The Il17f and 

Il17a genes are closely located proximal to one another in the chromosomes in both 

humans and mice, whereas genes for the other members are located on different 

chromosomes (102). The IL-17 receptor (IL-17R) family includes five members 

(IL-17RA to IL-17RE). Functional IL-17 cytokine receptors are comprised of 

homodimers or heterodimers. For instance, the heterodimer of IL-17RA and IL-17RC 

serves as a receptor for both IL-17A and IL-17F, whereas the heterodimer of IL-17RA 

and IL-17RB is a receptor for IL-17E (102).  

 

Initially, IL-17A and IL-17F were shown to be mainly expressed by activated CD4+ T 

cells, named Th17 cells. Several cytokines are involved in Th17 cell differentiation, 

survival and effector functions, such as TGF-, IL-6, IL-1, IL-23 and IL-21 (103). 

RORt is the key transcriptional factor to control the expression of IL-17A/F cytokines 

(103). Other transcription factors, including AHR, ROR, Batf, and Runx1, also play 
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important roles in Th17 cell differentiation (102). In addition to Th17 cells, a variety of 

other cells can also produce IL-17. NKT cells, T cells, CD8+ T cells, neutrophils, 

and innate lymphoid cells (ILCs) can produce IL-17 under certain circumstances 

(104). Moreover, intestinal Paneth cells have been shown to produce IL-17A, 

whereas IL-17F mRNA is detected in colonic epithelial cells, suggesting to us that 

IL-17 species produced by non-lymphoid cells may also regulate immune responses 

(105, 106). 

 

As we discussed above, IL-17A and IL-17F are highly homologous and share the 

same receptor. They also present similar biological functions. Both IL-17A and IL-17F 

are suggested to play important roles in host immunity against infection and 

development of inflammation by inducing pro-inflammatory cytokines, chemokines, 

and antimicrobial peptides (107, 108). They also recruit neutrophil migration to 

inflammatory tissue (109, 110). However, IL-17F has a relatively weaker ability to 

induce pro-inflammatory cytokine expression compared to that of IL-17A.  

 

IL-17A and IL-17F have been indicated to play essential roles in autoimmune 

diseases (102). It has been demonstrated that IL-23 is important for the development 

of experimental autoimmune encephalomyelitis (EAE) and collagen-induced arthritis 

(CIA), indicating involvement of Th17 cells (111, 112). Furthermore, EAE and CIA 

development are attenuated in IL-17A-deficient mice (106, 113). Interestingly, mice 

deficient for both IL-17A and IL-17F showed no additional alleviation of these 
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disorders compared to IL-17A-/- animals, possibly meaning that IL-17F does not have 

substantial additive or synergistic effects with IL-17A (106). The low activity of IL-17F 

during autoimmune responses may associate with its weak pro-inflammatory 

cytokine-inducing ability. On the other hand, both IL-17A and IL-17F were required for 

immune responses against extracellular bacterial infection (102). IL-17A-/-IL-17F-/- 

mice were more susceptible to spontaneous S. aureus infections compared with 

IL-17F-/- or IL-17A-/- mice, indicating that IL-17A and IL-17F have overlapping roles in 

these models (114). IL-17A is also required for Th1 cell-type immune responses that 

protected the host against intracellular pathogens (115). In inflammatory bowel 

diseases, the roles of IL-17A and IL-17F seem controversial, since both 

pro-inflammatory or anti-inflammatory functions of IL-17 species have been reported 

in different experimental systems (116, 117).  

 

Hepatic levels of IL-17 are significantly elevated in various hepatitis models and 

correlate with the severity of disease (118). IL-17 is mainly produced by Th17 cells in 

the liver. In addition, other immune cells including  T cells, neutrophils, and NKT 

cells also contribute to the hepatic IL-17 expression (118). IL-17 is able to target 

various types of liver cells, such as hepatocytes, Kupffer cells, HSCs, biliary epithelial 

cells, and LSECs. IL-17 promotes a variety of pro-inflammatory cytokine and 

chemokine expression through binding of the IL-17R on different types of liver cells, 

and has a pro-inflammatory role in the pathogenesis of liver disorders. 
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It is also reported that the number of IL-17+ cells correlate with the severity of liver 

fibrosis in patients with viral hepatitis or alcoholic liver diseases. Furthermore, 

IL-17-producing cells have been shown to promote liver fibrosis by targeting of 

Kupffer cells and HSCs in bile duct ligation (BDL)- and CCl4-induced liver fibrosis 

(119). In Con A-induced T cell hepatitis, the role of IL-17 has been somewhat 

controversial. Over-expression of IL-17A resulted in massive hepatocyte necrosis, 

and anti-IL-17A blockage significantly ameliorated the disease (120). In addition, 

Lafdil et al. showed that liver injury was alleviated in Con A-induced hepatitis in 

IL-17A-/- mice (121). However, Zenewica et al. found that IL-17A-/- mice presented 

liver inflammation similar to that of wild-type mice after Con A injection (122). The 

discrepancy among these studies is not very clear. Recently, several reports have 

shown that Th17 cells play an essential role in viral hepatitis. For example, Th17 cells 

have been reported to be present in both the peripheral blood and liver of chronic 

hepatitis B and C patients, which indicates that IL-17A and Th17 cells exacerbate liver 

inflammation in these cases (123, 124). Interestingly, HCV nonstructural protein 4 

(NS4) has been shown to induce TGF- and IL-10 secretion by monocytes, which can 

suppress the virus-specific Th17 and Th1 cell responses (125). On the one hand, 

similar to IFN-, IL-17A may play a protective role in promoting viral clearance. On the 

other hand, the potent pro-inflammatory properties may also contribute to liver 

damage. 
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1.7 IL-22 and IL-22-producing cells in hepatitis 

Interleukin-22 (IL-22) belongs to the IL-10 family, which includes IL-10, IL-19, IL-20, 

IL-24, IL-26, IL-28, and IL-29 (126). IL-22 is produced by several cell types, such as 

CD4+ T cells, CD8+ T cells,  T cells, NK cells, NKT cells, neutrophils, and ILCs 

(127-132). The IL-22 receptor is a heterodimer comprised of IL-10R2 and IL-22R1 

subunits (133). IL-10R2 is ubiquitously expressed, whereas IL-22R1 is restricted 

expressed on intestinal and respiratory epithelial cells, keratinocytes, and 

hepatocytes (134). It has been shown that IL-22 plays important roles in the host 

defense against extracellular pathogens at the mucosal surface (135). It maintains 

epithelial barrier functions and is involved in tissue homeostasis, tissue repair and 

wound healing (136-139). In contrast, uncontrolled excessive or prolonged IL-22 

production can lead to pathology, such as psoriasis (140).  

 

The role of IL-22 in host defense against extracellular pathogens has been studied in 

different infections of the lungs and intestines. For example, neutralization of IL-22 

causes a significant bacterial dissemination in the lungs of animals infected by K. 

pneumoniae (141). IL-22 synergizes with IL-17 to enhance lung repair, as well as 

production of antimicrobial proteins, and pro-inflammatory chemokines and cytokines. 

IL-22-deficient mice are more susceptible to the C. rodentium infection compared to 

the wild-type animals (142). In addition, IL-22 also contributes to protection from 

Salmonella infection (143). Taken together, IL-22 protects a host against extracellular 

pathogens by the following mechanisms: 1) IL-22 maintains the integrity of the 
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epithelial barrier function during the pathogen invasion. 2) Synergistically with IL-17 or 

TNF-, IL-22 induces the secretion of antimicrobial proteins (i.e. -defensin, RegIIIb 

and RegIIIg) involved in host defense in the skin, the airways, and the intestines. 3) 

IL-22 promotes the production of inflammatory chemokines, such as CXCL1, CXCL5, 

and CXCL9 from airway epithelial cells during pathogen infection.  

 

As discussed above, IL-22 induces both innate immunity and wound healing 

responses in the skin. However, excessive or prolonged expression of IL-22 can 

result in skin inflammation, such as psoriasis (140), a skin disease exhibiting high 

IL-22 levels and caused by keratinocyte hyperproliferation, and leukocyte infiltration 

and activation. In addition, IL-22 can synergize with IL-17 and IFN- to exacerbate 

inflammation by the induction of inflammatory chemokines from keratinocytes (144). 

In addition, IL-22 has been suggested to have a pathogenic role in rheumatoid 

arthritis. Increased numbers of Th17 cells producing IL-17 and IL-22 were found in 

the PBMCs and joints of rheumatoid arthritis patients (145). In a collagen-induced 

arthritis model, IL-22-/- mice displayed alleviated disease severity, and decreased 

pro-inflammatory cytokine profiles in the joints compared with those in wild-type 

animals (146).   

 

More importantly, IL-22 promotes tissue repair and wound healing by enhancing 

epithelial cell proliferation and survival in various organs, such as the intestines, 

airways, and the liver (147-149). Many studies indicate that IL-22 plays an important 
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role in the prevention of hepatocellular damage in various liver injury models (118). 

Initially, IL-22 was found to be hepatoprotective against liver inflammation triggered 

by Con A, FasL, and carbon tetrachloride (CCL4) (150, 151). Further, IL-22-deficient 

mice were found highly susceptible to Con A-induced liver injury, whereas IL-22 

transgenic mice with overexpression of IL-22 in the liver were resistant to such injury 

(122, 152). IL-22 protects against hepatocyte damage and promotes hepatocyte 

proliferation by activating the STAT3 signaling pathway, by which the expression of 

anti-apoptotic and mitogenic genes are upregulated (150). In a liver regeneration 

model, the levels of serum IL-22 protein and hepatic IL-22R1 mRNA expression were 

significantly increased after partial hepatectomy (153). In addition, IL-22 

administration also ameliorated high fat diet- or ethanol-induced liver lipogenesis and 

hepatic steatosis (147). Recent studies have suggested that IL-22 also promotes liver 

progenitor cell growth in chronic viral hepatitis patients as well as in experimental 

mouse models (154).  

 

IL-22 administration has been shown to ameliorate liver fibrosis by targeting hepatic 

stellate cells in a CCL4-induced liver fibrosis model (148). It is known that the 

activated HSC is a major source of collagens and TGF- during hepatic fibrosis. IL-22 

over-expression induces the senescence of hepatic stellate cells, decreased liver 

fibrogenesis and accelerated resolution of fibrosis (148). Moreover, IL-22 also plays a 

protective role in the development of lung fibrosis (129). Mice chronically infected with 

Bacilllus subtilis develop hypersensitive pneumonitis that progress to lung fibrosis. In 
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this model, the  T cell is the major source of IL-22. Neutralization of IL-22 

accelerated lung fibrosis and collagen deposition. In contrast, IL-22 administration 

significantly alleviated lung fibrosis and decreased CD4+ T cell recruitment to the 

lungs (129).  

 

IL-22 has also been found to be up-regulated in several infection-related liver injury 

models; however, the roles of IL-22 in these models have been controversial. IL-22 

has been found to play a hepatoprotective role in a primary Plasmodium chabaudi 

and Salmonella infection (143, 155), but IL-22 did not present any protective effects 

against liver injury infected by Toxoplasma gondii and Mycobacterium avium (156, 

157). Additionally, IL-22 seems to contribute to the pathogenesis in a HBV transgenic 

mouse model (158).  

 

1.8 Innate lymphoid cells   

Recently, in addition to adaptive lymphoid cells, innate lymphoid cells (ILCs) are a 

major source of cytokines (159). These ILCs produce several T helper (Th) 

cell-associated cytokines, whereas they do not express any cell-surface markers 

related to other immune cell lineages (159). Furthermore, based on their type 1, type 

2 and Th17 cell-associated cytokine profiles, these lineage marker-negative ILCs can 

be categorized into three groups: group 1 ILCs (Th1 cytokines), group 2 ILCs (Th2 

cytokines) and group 3 ILCs (Th17 cytokines), respectively.  
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Group 1 ILCs (ILC1) comprise ILCs such as NK cells that produce type 1 cytokines, 

notably IFN- and TNF-. In addition to NK cells, other IFN--secreting ILCs have 

been reported (160).   

 

Group 2 ILCs (ILC2) require IL-7 for their development and produce Th2 

cell-associated cytokines in response to stimulation with the cytokines IL-25, IL-33 

and thymic stromal lymphopoietin (TSLP) (161-163).  Similar to Th2 cells, group 2 

ILCs are dependent on the transcription factor GATA3 for their development and 

function (164). They are involved in tissue repair following acute infection with 

influenza virus (165). However, group 2 ILCs also mediate pathology in a mouse 

model of virus-induced allergic asthma (166).  

 

Similar to Th17 cells, group 3 ILCs (ILC3) are capable of producing the cytokines 

IL-17A and/or IL-22 and depend on RORt for their development and function. In 

addition, the development of ILC3s depends on IL-7R. Several different subsets of 

group 3 ILCs have been described. First, the prototypical group 3 ILCs are 

lymphoid-tissue inducer (LTi) cells, which are important for the secondary lymphoid 

organ formation during embryogenesis (167). More recently, a second subset of 

group 3 ILCs expressing the natural cytotoxic receptor (NCR) NKp46, named 

NCR+ILC3s, has been found to produce IL-22 but not IL-17A. IL-22-producing ILC3s 

are crucial for the IL-22-mediated innate immune response against bacterial infection 

(such as Citrobacter rodentium) in the gut (168). However, a third ILC3 subset was 
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found to mediate pathogenesis in a mouse model of innate colitis (132). This subset 

produces IFN-, IL-17A as well as IL-22, and did not express NKp46.   

 

In the last several years, ILCs have also been found to be involved in innate immunity 

as well as tissue remodeling (159). However, ILCs in the liver are still not well 

understood. Recently, it has been shown that group 2 ILCs in the liver can protect 

against acute viral hepatitis (169), but can also mediate hepatic fibrosis (170). In a 

con A-induced hepatitis, group 3 ILCs have been shown to play a protective role by 

their production of IL-22 in the liver (171).   

 

1.9 Objective of this study  

Hepatic levels of IL-17 are significantly elevated in viral hepatitis, alcoholic liver 

disease, autoimmune hepatitis, and hepatocellular carcinoma, and correlate with the 

severity of disease (118). Among IL-17 family members, IL-17A and IL-17F share the 

highest sequence homology and similar biological functions. IL-17F is known to be a 

weaker inducer of pro-inflammatory responses and is produced by a wider range of 

cell types (106). During viral hepatitis, the cellular source, functions, and gene 

regulation of IL-17A/F in the liver are not well understood. The hepatoprotective role 

of IL-22 in liver injury has been well documented; however, little is known about the 

regulatory pathways controlling IL-22 production in the liver. In addition, the source of 

the liver-derived IL-22 in viral hepatitis is still not well defined. More recently, ILCs 

have been found to be involved in innate immunity as well as tissue remodeling in 
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various models (159). Intrahepatic ILC2s and ILC3s have been shown to protect 

against acute hepatitis; however, ILC2s also contribute to liver fibrosis (169-171). In 

viral hepatitis, the role and cytokine profiles of ILCs in the liver are not clearly 

described.   

 

Therefore, the objective of this dissertation is to identify the cellular source and 

immune regulation of hepatic IL-17 and IL-22 in viral hepatitis. In addition, we plan to 

investigate the dynamics and potential roles of intrahepatic ILC3s during the early 

stages of viral infection in the liver. Collectively, these studies may improve our 

understanding of innate immunity and its immune regulation in the liver during viral 

infection.  
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CHAPTER 2: INTRAHEPATIC INNATE LYMPHOID CELLS SECRETE IL-17A AND 

IL-17F THAT ARE CRUCIAL FOR T CELL PRIMING IN VIRAL HEPATITIS 

 

2.1 Introduction 

Viral hepatitis is one of the most important public health problems globally. Many 

viruses can cause acute or chronic hepatitis, typically hepatitis A through E, as well as 

liver infections caused by adenovirus (Ad) and several other viruses. In most cases, 

patients’ immune responses to a virus or a viral strain vary greatly, which leads to a 

wide range of clinical manifestations and prognosis, from disease resolution to 

fulminant hepatitis, viral persistence and liver failure. In previous studies, 

virus-specific CD8+ and CD4+ T cell functions have been found to be critical in viral 

clearance and disease resolution (95). More recently, IL-17 production has been 

reported in hepatitis B and C infections (123, 124). In these cases, hepatic levels of 

IL-17 are significantly elevated in viral hepatitis, alcoholic liver disease, autoimmune 

hepatitis, and hepatocellular carcinoma, and correlate with the severity of disease 

(118). In previous work, we found that hepatic IL-17 produced early in Ad infection 

played a critical role in initiating successful antiviral CD8+ and CD4+ T cell responses 

(172). To date, the source of the liver-derived IL-17 species are not well understood, 

and their immune functions remain debatable (120-122, 173, 174).  

 

 

 
1
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As we mentioned before, IL-17 has been found to act as a potent inducer in T 

cell-mediated immune responses by activating and recruiting DCs, monocytes and 

neutrophils in various tissues including the liver (172, 175, 176). It is known to be 

produced by the Th17 cells and several other cell types (104). While IL-17 is typically 

associated with destructive tissue damage in autoimmune diseases and bacterial 

infections (113, 115, 177), more recently, it was found to promote Th1 and CTL 

responses in anti-tumor immunity (178), inflammatory bowel disease (179), and 

antiviral immune responses (172). Among IL-17 family members, IL-17A and IL-17F 

share the highest sequence homology and similar biological functions. Both cytokines 

bind to the same heterodimeric receptor molecule comprised by the IL-17RA and RC 

chains (102). Although IL-17F is known to be a weaker inducer of pro-inflammatory 

responses and is produced by a wider range of cell types (106), its cellular source, 

functions, and gene regulation in the liver, particularly during the T cell priming phase 

of viral hepatitis, are not well understood. 

 

Lymphocytic choriomeningitis virus (LCMV) is a prototypical virus used in animal 

models of acute and persistent hepatitis (182). As we discussed above, adenovirus 

(Ad) is an important pathogen and one of the preferred vectors for gene and cancer 

therapy, and experimental vaccines for human immunodeficiency and hepatitis C 

viruses (180, 181). These viruses target the liver when given intravenously (i.v.) and 

can induce strong innate immune responses, T helper (Th), cytotoxic T lymphocyte 

(CTL), and B cell responses against viruses (183-186). They are eliminated by innate 
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immune mechanisms initially (41, 187-189). In subsequent periods, virus elimination 

and liver pathology are mediated by cytotoxic and helper T cells (94, 186). In previous 

work, we found that IL-17 was produced in the liver within the first day of Ad infection 

(172). This brief surge played a critical role in initiating full CD8+ and CD4+ T cell 

responses. Furthermore, this early IL-17A was produced by  T cells, along with 

another yet-to-be characterized population in the liver.  

 

In this work, we found novel innate lymphoid cells (ILCs) as a major source of hepatic 

IL-17A and IL-17F production in addition to  T cells. In the last several years, ILCs 

have been found to be involved in innate immunity as well as tissue remodeling (159). 

In the liver, ILCs have been shown to protect against acute hepatitis (169, 171), but 

can also mediate hepatic fibrosis (170). In addition, we found that IL-17 signaling was 

important for adaptive T cell responses in viral hepatitis. IL-17F engagement was 

crucial for effector T cell functions and antiviral responses. Moreover, IL-17A could 

negatively regulate IL-17F production. Collectively, this study unveiled a previously 

unknown source and crosstalk between IL-17A and F in the liver, and may provide 

potential therapeutic approaches to target ILCs and IL-17 species in viral hepatitis. 
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2.2 Material and methods 

Animals  

Female C57BL/6 (B6) and Rag2-/- mice were purchased from the Jackson Laboratory. 

Mice deficient in IL-17RA (IL-17R-/- mice) were provided by Amgen Inc. Mice deficient 

in gamma delta T cells (-/-
were kindly provided by Dr. Tian Wang (University of 

Texas Medical Branch, Galveston, TX). IL-17A-/- and IL-17F-/- mice were reported 

previously (113, 190). Naïve IL-17R-/-, IL-17A-/- and IL-17F-/- mice displayed normal 

liver function as wild-type mice. All mice were maintained and bred under specific 

pathogen-free conditions in the animal facility at the University of Texas Medical 

Branch. Eight- to twelve-wk-old mice were used for all the experiments. All 

experiments were reviewed and approved by the Institutional Animal Care and Use 

Committees of the University of Texas Medical Branch. To induce hepatitis, mice were 

i.v. injected with 3 × 109 pfu replication-deficient recombinant Ad carrying the LacZ 

gene (AdLacZ, purchased from Vector Development Laboratory of Baylor College of 

Medicine) as described previously (184). Mice were i.v. injected with 2 × 106 pfu 

lymphocytic choriomeningitis virus (LCMV) Clone 13 (a kind gift from Dr. Maria 

Salvato at the University of Maryland) (191). Titration of LCMV was performed on 

Vero cell monolayers plated on 24-well plates, followed by the viral quantification of 

immunological focus assay (192). The antibody of LCMV was kindly provided by Dr. 

Robert Tesh from the University of Texas Medical Branch. 
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Antibodies and reagents 

Recombinant mouse IL-17A, mouse IL-17F, mouse IL-6 and human TGF-were 

purchased from Peprotech. All fluorochrome-labeled monoclonal antibodies (Abs) 

and their corresponding isotype controls were anti-mouse Abs and purchased from 

eBioscience (San Diego, CA), BD Pharmingen (San Diego, CA) and Biolegend (San 

Diego, CA). The following were purchased from eBioscience: PE-conjugated 

anti-IL-17A (eBio17B7), APC-conjugated anti-IL-17A (eBio17B7), 

FITC-conjugatedanti-IFN-XMG1.2), APC-conjugated anti-IFN-XMG1.2), 

APC-conjugated anti-TCR(eBioGL3), PE-Cy7-conjugated anti-CD3(17A2), Pacific 

blue-conjugated anti-CD4 (GK1.5), PerCp-Cy5.5-conjugated anti-CD8 (53-6.7), 

APC-conjugated anti-NK1.1 (PK136), Alexa Fluor 488-conjugated anti-CD107a 

(1D4B), Alexa Fluor 488-conjugated anti-CD107b (ABL-93), FITC conjugated 

anti-B220 (RA3-6B2), FITC conjugated anti-CD11b (M1/70), FITC conjugated 

anti-CD11c (N418), FITC conjugated anti-Gr-1 (RB6-8C5), FITC conjugated 

anti-Ter-119 (TER-119), FITC conjugated anti-NK1.1 (PK136), FITC conjugated 

anti-CD90.2 (30-H12), APC conjugated anti-RORt (B2D), and Biotin conjugated 

anti-c-kit (2B8). APC-conjugated anti-IL-17F (O79-289) and Purified anti-CD16/32 

(2.4G2) were purchased from BD Pharmingen. PerCp-Cy5.5 conjugated anti-NKp46 

(29A1.4), APC-Cy7 conjugated anti-CD3 (17A2), APC-Cy7 conjugated anti-Sca-1 

(D7), PerCp-Cy5.5 conjugated anti-ICOS (C398.4A) were purchased from Biolegend. 
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H&E and histological scores 

Liver specimens were fixed in 10% buffered formalin. Paraffin-embedded sections 

were stained with H&E for histological evaluation by using a modified Knodell scoring 

system (193). Briefly, normal liver architecture without remarkable injury or cellular 

infiltration was scored as 0. A score of 1 represented limited infiltration of 

inflammatory cells in the portal triad without significant involvement in the lobular and 

pericentral regions. In addition to these pathological changes, a score of 2 reflected a 

moderate involvement in the portal areas, accompanied by isolated apoptosis and 

necrosis in the lobular and pericentral areas. A score of 3 involved extensive 

lymphocyte infiltration in the portal area with widespread apoptosis and bridging 

necrosis throughout the liver. 

 

Isolation of intrahepatic lymphocytes 

Intrahepatic lymphocytes were isolated according to our previous method with slight 

modifications (184). Briefly, liver tissue was pressed and collected in complete 

RPMI-1640. After washing (300 × g, 10 min), cell suspensions were re-suspended in 

complete RPMI-1640 containing collagenase IV (0.05%, Roche Applied Science, 

Indianapolis, IN) at 37°C for 30 min. After digestion, cell suspensions were passed 

through 70-m nylon cell strainers to yield single-cell suspensions. Intrahepatic 

mononuclear cells were purified by centrifugation (400 × g) at room temperature for 

30 min over a 30/70% discontinuous Percoll gradient (Sigma). The cells were 

collected from the interphase, thoroughly washed, and re-suspended in complete 
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RPMI 1640 containing 10% FBS (Hyclone, Logan, UT). The total numbers of 

intrahepatic lymphocytes per liver were counted. The relative percentages of CD4+, 

CD8+ and T cells were measured by flow cytometry, and the absolute numbers of 

these lymphocyte subpopulations per liver were calculated according to their 

percentages and the total intrahepatic lymphocyte numbers in each liver.  

 

Intracellular staining 

Intracellular staining was performed according to our previous methods (172). Briefly, 

cells were incubated for 4 h with PMA (50 ng/ml) and ionomycin (750 ng/ml). For the 

simultaneous detection of surface CD107a/b (LAMP-1/2) and intracellular cytokines, 

cells were stimulated by plate-coated anti-CD3 mAb (145-2C11, 10g/ml, 

eBioscience) for 4 h, in the presence of GolgiStop (BD Bioscience). After incubation, 

cells were collected and blocked with FcR blocker (CD16/32) and stained for specific 

surface molecules. After surface staining, cells were fixed, permeabilized and stained 

for intracellular cytokines by using a fixation/permeabilization kit (eBioscience).  

 

Flow cytometry analysis 

Murine lymphocytes were blocked with anti-mCD16/CD32 (eBioscience) and stained 

with fluorochrome-labeled antibodies, and then processed on an LSRII 

FACSFortessa (Becton Dickinson, San Jose, CA) and analyzed by using FlowJo 

software (TreeStar, Ashland, OR). All fluorochrome-labeled mAbs and their 

corresponding isotype controls were purchased from BD Pharmingen (San Diego, CA) 
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and eBioscience (San Diego, CA).  

 

Polarization of IL-17-producing splenocytes  

To polarize IL-17-producing cells, total splenocytes were cultured on the pre-coated 

anti-CD3 Ab (5 g/ml) with 10 ng/ml TGF-, 20 ng/ml IL-6, 10 g/ml anti-IFN-, and 10 

g/ml anti-IL-4. After 4 days of culture, cells were rested for 1 day and then stimulated 

with PMA (50 ng/ml) and ionomycin (750 ng/ml). Cells were stained with 

fluorescence-labeled surface Abs, including anti-m-CD3, anti-m-CD4, anti-m-CD8, 

and anti-m-TCR. After surface staining, cells were fixed, permeabilized and 

counterstained with fluorescence-labeled Abs for IL-17A and IL-17F. 

 

Real-time PCR 

Frozen liver tissues were used to extract genomic DNA and total RNA. DNA was 

extracted with a DNeasy blood and tissue kit (Qiagen), and total RNA was extracted 

with an RNeasy Mini kit (Qiagen) and digested with DNase I (Ambion). The 

concentrations of DNA and RNA were measured by using a spectrophotometer 

(Eppendorf). For relative quantitation of the cytokine and chemokine mRNA levels, 

cDNA was prepared from 1 µg of RNA by using an iScriptTM Reverse Transcription Kit 

(Bio-Rad), and 4 l of the cDNA was amplified in a 25-µl reaction mixture containing 

12.5 µl of iQ SYBR Green Supermix (Bio-Rad) and 0.9 µM each of gene-specific 

forward and reverse primers. The PCR assays were denatured for 10 min at 95°C, 

followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. The PCR was performed with 
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the CFX96 Touch real-time PCR detection system (Bio-Rad). Relative quantitation of 

mRNA expression was calculated as the fold increase in expression by using the 

2-ΔΔCt method. Meanwhile, melting curve analysis was used to check the specificity of 

the amplification reaction. The sequences of the forward and reverse gene-specific 

primers used are listed in Table 1. 

 

ELISA assays 

Liver proteins were extracted from frozen liver tissues by homogenization on ice in 

the RIPA Buffer (Cell Signaling) with a protease inhibitor cocktail (Sigma). After 

centrifugation at 20,000 × g for 15 min, the supernatant was collected and protein 

concentration was measured with a protein assay kit (Bio-Rad). Equal amounts of the 

liver proteins (100 g) were loaded for ELISA assays. The levels of IL-17A and IL-17F 

in the liver proteins were measured by using the ELISA kits (eBioscience) according 

to the manufacturer’s instructions. Detection limits were 4 pg/ml for IL-17A, and 15 

pg/ml for IL-17F, respectively. 

 

Statistical analysis  

The difference between the two different groups was determined by using Student’s t 

test. One-way ANOVA was used for multiple group comparisons (GraphPad Software 

v4.0). P values < 0.05 were considered significant*, and < 0.01 as highly significant**.  
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2.3 Results 

Early IL-17A/F produced by classical and non-classical intrahepatic cells 

Early IL-17A production by intrahepatic T cells is known to be important for 

adaptive immune responses in Ad-induced hepatitis (172). IL-17F, the closest 

homolog to IL-17A among members of the IL-17 cytokine family, has partially 

concordant expression with and shares the same receptor with IL-17A (102). 

However, the precise role of IL-17F in viral hepatitis is still not well understood. To 

define the dynamics of IL-17A and IL-17F production in the course of Ad infection, we 

i.v. injected B6 mice with 3 × 109 pfu of AdLacZ. The animals were sacrificed at 0, 12, 

24 h, and on days 3 and 6 post-infection. ELISA analysis of liver lysates revealed a 

significant accumulation of IL-17A and IL-17F during the first 24 h post infection (Fig. 

1A). Meanwhile, we isolated the intrahepatic lymphocytes (IHLs) and analyzed their 

intracellular levels of IL-17A and IL-17F by flow cytometry. We found that the IL-17A+ 

IL-17F- cells expanded from 1.0% at 0 h to 2.0% at 24 h post-infection (Fig. 1B). The 

absolute cell number of IL-17A+ IL-17F- cells expanded from 2.2 × 104 cells at 0 h to 

8.9 × 104 cells at 24 h post-infection (Fig. 1C). In addition, the IL-17A+ IL-17F+ cells 

expanded robustly, from 0.2% at 0 h to 0.5% at 24 h post-infection (Fig. 1B). The 

absolute cell number of IL-17A+ IL-17F+ cells expanded from 0.4 × 104 cells at 0 h to 

2.0 × 104 cells at 24 h post-infection (Fig. 1C). IL-17A- or IL-17F-producing cells did 

not expand in the spleen (data not shown), which suggested to us that this surge of 

IL-17A+ or IL-17F+ cells was liver-specific. In addition, the increases of IL-17+ cells in 

the liver were accompanied by a surge of IL-17 in the serum as we reported 
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previously (172).  

 

Both innate and acquired T cells were reported to produce IL-17A and IL-17F (104). 

While most IL-17+ T cells in the liver were indeed T cells at 24 h post-infection (Fig. 

1D), small populations of IL-17+ 


- intrahepatic lymphocytes were heterogeneous. 

We therefore characterized the remaining IL-17 producers among IHLs (Fig. 1D). To 

our surprise, in the CD3- population, the IL-17A-producers did not express lineage 

markers, such as CD8, CD11b, CD11c, NK1.1, B220, Gr-1, and Ter-119. Further 

study showed that similar cells from a lineage-negative population in the liver 

produced IL-17F (Fig. 2). Collectively, these data suggested that early surges of 

IL-17A/F were produced by both classical T cells, as well as non-classical innate 

lymphoid cells.  
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Figure 1 Early IL-17A/F produced by classical and non-classical intrahepatic cells. C57BL/6 

mice were injected i.v. with 3 × 10
9
 pfu of AdLacZ and sacrificed at the indicated time points. The liver 

tissues were collected, and IHLs were isolated after perfusion. (A) Liver proteins were extracted and 

liver IL-17A and IL-17F levels were detected by an ELISA. (B) IHLs were isolated and stimulated with 

PMA and ionomycin for 4 h in the presence of GolgiStop. The cells were collected and examined by 

flow cytometry for intracellular IL-17A and IL-17F. (C) Left panel: Cumulative statistical results of the 

percentages of IL-17A
+
IL-17F

-
, IL-17A

-
IL-17F

+
 and IL-17A

+
IL-17F

+
 cells in the liver, respectively. Right 

panel: Cumulative statistical results of absolute cell number of IL-17A
+
IL-17F

-
, IL-17A

-
IL-17F

+
 and 

IL-17A
+
IL-17F

+
 cells in the liver, respectively. (D) Flow cytometric plots of CD3

+
, CD3

-
, TCR

+
, TCR

-
 

and lineage-negative cells (lineage markers: CD8, CD11b, CD11c, NK1.1, B220, Gr-1, and Ter-119) 

producing IL-17A. Values were shown as means ± SEM. Data were compared to the naïve mice and a 

two-tailed t test was used for statistical analysis, *p < 0.05, **p < 0.01. 



40 
 

 

 

Figure 2 T cells and group 3 innate lymphoid cells were important sources of IL-17F. C57BL/6 

mice were injected i.v. with 3 × 10
9
 pfu of AdLacZ and sacrificed at day 1 after infection. The IHL were 

isolated after liver perfusion. IHL were stimulated with PMA and ionomycin for 4 h in the presence of 

GolgiStop. The cells were collected and examined using flow cytometry for intracellular IL-17F. (A) 

Flow cytometric plot of CD3
+
, CD3

-
, TCR

+
, TCR

-
 and lineage-negative (Lin

-
) cells producing IL-17F. 

(B) The Lin
-
 IL-17F

+
 cells in the wild-type group were gated for the further detection of intracellular and 

surface markers (CD90, Sca-1, ICOS, c-Kit, RORt, IL-7R, NKp46 and CD4). The dotted lines 

represent the isotype control, and the solid lines indicated Ab staining. (C) IHLs were gated on CD3
+
 

TCR
-
 cells. IL-17A

+
 and IL-17F

+
 cells were further analyzed their CD4 and CD8 expression, 

respectively. (Abbreviation: Lin, lineage) 

 

 

 



41 
 

Group 3 innate lymphoid cells (ILC3s) were important source of IL-17 in the 

liver  

To further characterize these lineage-negative cells that produced IL-17A and IL-17F, 

we analyzed their surface markers. Interestingly, these cells expressed high levels of 

CD90, Sca-1, ICOS, c-Kit, RORt, and IL-7R, but low levels of NKp46 and CD4 (Fig. 

3A). The phenotypical and functional characteristics of these cells were consistent 

with ILC3s, originally described in the gastrointestinal tract (194). Based on the 

surface markers of these innate cells in the liver, we further concluded that most of 

these ILC3s belonged to the NKp46- ILC3 population. In addition, they expanded 

robustly and peaked within the first 24 h post Ad-infection and waned in the next few 

days (Fig. 3B). The remaining IL-17A+ cells were comprised of double-negative, 

CD4+ and CD8+ T cells (Fig. 2C). Th17 cells contributed only small amounts of IL-17 

in this model (Fig. 2C). Interestingly, similar populations of IHLs produced IL-17F 

following Ad infection (Fig. 2 A-C). To examine whether intrahepatic ILC3s are 

present in a persistent viral infection model, we i.v. injected B6 mice with 2 × 106 pfu 

of LCMV Clone 13. Similar to our previous findings in Ad model, nearly all CD3- IL-17+ 

cells did not express lineage markers, including CD8, CD11b, CD11c, NK1.1, B220, 

Gr-1, and Ter-119 (Fig. 3C). These results indicated that, in addition to Ad infection, 

ILC3 secreting IL-17 was also present in the liver after LCMV infection.  

 

To further confirm that ILC3s in the liver can produce the IL-17 species, we examined 

the IL-17A/F levels in the mice deficient of T and B lymphocytes (195). IHLs from 
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uninfected Rag2-/- and wild-type mice were analyzed by flow cytometry. In the 

wild-type animals, there were about 0.8% IL-17A+ cells, 0.2% IL-17F+ cells and 0.2% 

IL-17A+ IL-17F+ cells (Fig. 3D). In Rag2-/- mice, however, there were more than 2-fold 

and 10-fold increases of IL-17A+ and IL-17A+ IL-17F+ cells, respectively, among the 

total IHLs. These results were confirmed in the lineage-negative IHLs as well (Fig. 

3D).  

 

Given that ILC3s and T cells were important sources of early IL-17A/F production 

in the liver, we investigated the role of ILC3-derived IL-17A/F in the outcome of 

Ad-induced hepatitis using -/- mice. Surprisingly, IL-17A production in -/- mice was 

comparable to that in the wild-type animals at day 1 post infection (Fig. 4A). The - 

IL-17A+ cells in -/- mice increased more than 3-fold compared to those in controls 

(Fig. 4A). Further study revealed that these- IL-17A+ cells were composed by 

ILC3s and double-negative T cells (data not shown). At day 6 post infection, we found 

Ad-infected -/- mice displayed comparable intrahepatic lymphocytes infiltration and 

Th1/CTL functions (Fig. 4B and 4C). In addition, -/- mice presented similar liver 

inflammation and pathological scores compared to the control animals (Fig. 4B). 

Taken together, these results indicated that ILC3 in the liver can secret the IL-17 

species and, hence, is an important source of IL-17 in the liver.   
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Figure 3 Group 3 innate lymphoid cell was an important source of IL-17A.  

(A) Mice were infected as Fig. 1 and sacrificed at day 1 after infection. The IHL were isolated after liver 

perfusion and stimulated with PMA and ionomycin for 4 h in the presence of GolgiStop. The IHLs were 

gated on CD3
-
 population. The cells were further gated on negative populations of lineage (Lin) 

markers (CD8, CD11b, CD11c, NK1.1, B220, Gr-1, and Ter-119) and analyzed for intracellular IL-17A. 

The Lin
-
 IL-17A

+
 cells were gated for detection of surface and intracellular markers (CD90, Sca-1, 

ICOS, c-Kit, RORt, IL-7R, NKp46 and CD4). The dotted lines represent the isotype control and the 

solid lines indicated Ab staining. (B) Mice were infected as Fig. 1 and sacrificed at the indicated time 

points. IHLs were stimulated and gated on CD3
-
 population. The cells were gated on negative 

populations of lineage markers, and intracellular IL-17A was analyzed by flow cytometry. Right panel: 

Cumulative statistical results of flow cytometry data. (C) Mice were injected i.v. with 2 × 10
6
 pfu of 

LCMV clone 13 and sacrificed at day 1 after infection. IHLs were isolated and stimulated with PMA and 

ionomycin. The cells were collected and examined by flow cytometry for intracellular IL-17A. IHLs were 

further gated on CD3
-
 population and analyzed the IL-17A and lineage markers. (D) The IHL from 

Rag2
-/-

 and wild-type mice were isolated and stimulated with PMA and ionomycin for 4 h in the 

presence of GolgiStop. Intracellular IL-17A and IL-17F of total IHL and lineage negative population 

were analyzed by flow cytometry. (Abbreviation: Lin, lineage) 
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Figure 4 Deficiency ofT cells did not affect early IL-17A production and Th1/CTL responses 

in Ad-induced hepatitis. (A) C57BL/6 and 
-/-

 mice were injected i.v. with 3 × 10
9
 pfu of AdLacZ and 

sacrificed at day 1 post infection. IHLs were isolated and stimulated with PMA and ionomycin for 4 h in 

the presence of GolgiStop. The cells were collected and examined by flow cytometry for intracellular 

IL-17A. (B) Ad-infected C57BL/6 and 
-/-

 mice were sacrificed at day 6 post infection. Serum ALT/AST 

levels, absolute cell numbers of total IHLs and histological scores of wild-type and 
 -/-

 mice are shown. 

(C) Ad-infected C57BL/6 and 
-/-

 mice were sacrificed at day 6 post infection. IHLs were isolated and 

stimulated with anti-CD3 for 4 h in the presence of GolgiStop. The cells were then stained for surface 

markers (CD3, CD4 and CD8) and analyzed for intracellular IFN-. The experiment was repeated three 

times independently, and representative graphs are shown (n = 3 - 6 mice per group). Values were 

shown as means ± SEM. A two-tailed t test was used for statistical analysis (N.S. indicates no 

significance). 

 

IL-17 signaling was critical for adaptive T cell responses and infiltration 

Ad infection induced strong CD4+ T cell and CD8+ T cell recruitment into the liver. To 

determine whether this early surge of IL-17A and IL-17F signals through IL-17 

receptor (IL-17R) and mediates T cell responses, we injected the wild-type and 

IL-17R-/- mice with 3 × 109 pfu of AdLacZ. At day 6 post infection, we examined the 
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accumulation of total intrahepatic lymphocytes, CD4+ T cells and CD8+ T cells in 

these animals. Compared with the control animals, IL-17R-/- mice developed 

significantly less lymphocyte infiltration, with reduced numbers of CD4+ and CD8+ T 

cells (Fig. 5A). A lack of IL-17 signaling significantly reduced IFN--producing ability 

among CD8+ T cells in the liver (Fig. 5B). In addition, considerable IFN-+ cells (14 ± 

0.5%) in the control mice expressed LAMP-1/2 (CD107a/b), indicative of their ability 

to de-granulate cytolytic vesicles. In the IL-17R-/- animals, due to the reduced 

IFN--producing ability of intrahepatic CD8+ T cells, significantly lower percentages (9 

± 2%) and fewer numbers of these cells are IFN-+ CD107a/b+ ones (Fig. 5B). As 

found with CD8+ T cells, lower percentages and fewer numbers of CD4+ T cells 

expressed IFN- (Fig. 5C).The presence or absence of IL-17 signaling did not 

significantly change the percentages of Treg cells in the liver (Fig. 5C). Due to the 

decrease in the total number of IHLs in IL-17R-/- mice, there were fewer numbers of 

Treg cells in these animals (Fig. 5C).  

 

To determine the effect of IL-17 signaling on disease outcomes, we examined the 

pathology of Ad-infected IL-17R-/- mice. The control animals developed hepatitis 

characterized by inflammatory infiltration, hepatocytes with megaloblastic changes, 

and single-cell necrosis at 6 days post-infection (Fig. 6A). Compared to the wild-type 

mice, the Ad-infected IL-17R-/- mice displayed much milder inflammation and lower 

pathological scores (Fig. 6), as well as lower serum ALT and AST levels (Fig. 6B). 

Taken together, the lack of IL-17 signaling impaired the recruitment and functions of 
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intrahepatic Th1/CTL responses and ameliorated Ad-induced hepatitis. 

 

 

Figure 5 Impaired Th1 and CTL functions in Ad-infected IL-17R
-/-

 mice. C57BL/6 and IL-17R
-/-

 

mice were injected i.v. with 3 × 10
9
 pfu of AdLacZ and sacrificed at day 6 post infection. IHLs were 

isolated and stimulated with anti-CD3 for 4 h in the presence of GolgiStop. The cells were then stained 

for surface markers (CD3, CD4 and CD8) and intracellular cytokines and examined by flow cytometry. 

Shown are representative flow cytometric results. (A) Absolute cell numbers of total IHLs and 

intrahepatic CD4
+
 and CD8

+
 T cells of Ad-infected wild-type and IL-17R

-/-
 mice. (B) Upper panel: Flow 

cytometric analysis of IFN- and CD107a/b levels of intrahepatic CD8
+
 T cells. Lower panel: 

Cumulative statistical results of the percentages and absolute cell numbers of IFN-
+
 and IFN-

+ 

CD107a/b
+
 cells in the intrahepatic CD8

+
 T cells. (C) Upper panel: Flow cytometric analysis of IFN- 

and Foxp3 of intrahepatic CD4
+
 T cells. Lower panel: Cumulative statistical results of the percentages 

and absolute cell numbers of IFN-
+
 and Foxp3

+
 cells in the intrahepatic CD4

+
 T cells. The experiment 

was repeated two to three times independently, and a representative graph is shown (n = 6 – 8 mice 

per group). Values were shown as means ± SEM. A two-tailed t test was used for group-to-group 

comparison. Results were expressed with asterisks (*p < 0.05; **p <0.01). 
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Figure 6 Lack of IL-17RA signaling ameliorated Ad-induced hepatitis. C57BL/6 and IL-17R

-/-
 mice 

were injected i.v. with 3 × 10
9
 pfu of AdLacZ and sacrificed at day 6 post infection. The serum was 

prepared and liver tissues were isolated after perfusion. (A) Liver tissues were obtained from 

uninfected wild-type, Ad infected wild-type and IL-17R
-/-

 mice, and the tissue section were stained with 

H&E. Shown are representative images. The arrows indicate apoptotic bodies in the liver sections. 

Original magnification: upper panels, × 100; lower panels, ×400. (B) Cumulative graphical 

representation of the histological scores, serum ALT and AST levels of wild-type and IL-17R
-/-

 mice. 

The experiment was repeated two to three times independently, and representative graphs are shown 

(n = 6 – 8 mice per group). Values were shown as means ± SEM. A two-tailed t test was used for 

group-to-group comparison. Results were indicated with asterisks (*p < 0.05; **p <0.01). 

 

IL-17F engagement was necessary for effective cytokine and chemokine 

responses in the liver  

IL-17A and IL-17F bind to the same heterodimeric receptor comprised of IL-17RA and 

IL-17RC (102). Having demonstrated that IL-17R-/- mice displayed greatly reduced 

hepatic inflammation following Ad inoculation, we investigated which ligand was 

responsible for IL-17R signaling and immune-mediated liver injury. We injected 

IL-17A-/- , IL-17F-/- and control mice with 3 × 109 pfu of AdLacZ. Surprisingly, IL-17A-/- 
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mice developed serum ALT and IHL infiltration comparable to those in the wild-type 

mice (Fig. 7A and 7B). However, the IL-17F-/- mice displayed significantly reduced 

liver injury and lower pathological scores (Fig. 7A and 7B). Likewise, they presented 

lower serum ALT levels and fewer numbers of infiltrating IHLs (Fig. 7B). Consistent 

with the liver inflammation and infiltrated lymphocytes, lower percentages of CD8+ T 

cells in IL-17F-/- mice expressed IFN- compared with the findings in the control 

animals (Fig. 7C). However, those in the IL-17A-/- mice produced similar levels of 

IFN-compared to the controls (Fig. 7C). Furthermore, liver pro-inflammatory 

cytokines and chemokines, including IFN-, TNF-, CXCL9 and CXCL10, were 

significantly decreased in IL-17F-/- , but not in IL-17A-/- mice, compared to those in 

wild-type animals (Fig. 7D). 

 

By using quantitative real-time PCR analysis, we found no significant difference in the 

viral copy numbers among the wild-type, IL-17R-/-, IL-17A-/- and IL-17F-/- groups on 

day 7 post Ad infection (p > 0.05; Fig. 8). Although there was a steady reduction of 

the viral genome in all groups, no statistical difference was found among these mice 

on day 14, as well as on day 21. Following i.v. injection of Ad in mice, a majority of the 

viruses was eliminated quickly by the innate immune mechanisms within 24 h  
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Figure 7 IL-17F deficiency, but not IL-17A deficiency, resulted in impaired CTL functions and 

alleviated Ad-induced hepatitis. C57BL/6, IL-17A
-/-

 and IL-17F
-/-

 mice were injected i.v. with 3 × 10
9
 

pfu of AdLacZ and sacrificed at day 6 post infection. (A) Liver tissues from uninfected and infected 

mice were collected and stained with H&E. Shown are representative images. (B) The serum was 

prepared, and intrahepatic lymphocytes were isolated after perfusion. Serum ALT levels (right panel) 

and numbers of total intrahepatic lymphocytes (middle panel) of wild-type, IL-17A
-/-

 and IL-17F
-/-

 mice 

were shown. Right panel: cumulative graphical representation of the histological scores. (C) IHLs were 

isolated and stimulated with anti-CD3 for 4 h in the presence of GolgiStop. The cells were stained for 

surface markers (CD3 and CD8) and then analyzed for intracellular IFN-. Cells were gated on CD3
+
 

CD8
+
 cells. (D) Liver mRNA levels of IFN-, TNF-, CXCL9 and CXCL10 of wild-type, IL-17A

-/-
 and 

IL-17F
-/-

 mice were analyzed by qRT-PCR. The experiment was repeated three times independently, 

and representative graphs are shown (n = 8 – 10 mice per group). (N.S. indicates no significance; *p < 

0.05; **p <0.01). 
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(187). However, overzealous T cell responses may result in increased 

necroinflammatory hepatitis without accelerating viral elimination in vivo (169, 172, 

184, 189). These results suggested to us that IL-17A/F signaling affected lymphocyte 

infiltration and hepatic inflammation, rather than viral clearance in the liver in 

Ad-induced acute hepatitis. Thus, further investigations in chronic infection models, 

such as LCMV infection, are needed to define the role of IL-17 in virus clearance.  

 

 

Figure 8 Clearance of intrahepatic AdLacZ from infected wild-type, IL-17R
-/-

, IL-17A
-/-

 and 

IL-17F
-/-

 mice. The AdLacZ genome in the livers of the infected mice at days 7, 14 and 21 was 

quantitated by real-time PCR analysis. Each plot represents an individual mouse, and the data were 

pooled from two to three independent experiments. 

 

 

IL-17A negatively regulated IL-17F secretion in the liver 

IL-17A-/- mice developed Ad-induced hepatitis similar to that of the wild-type animals 

(Fig. 7). We speculated that IL-17F could compensate for IL-17A deficiency in these 

animals. To test this hypothesis, we infected the IL-17A-/-, IL-17F-/- and control mice 

with AdLacZ, and compared their IL-17 levels at 24 h post infection. Interestingly, in 

IL-17A-/- mice, IL-17F+ T cells increased more than 3 fold compared with those in 
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controls (Fig. 9A). In IL-17F-/- mice, however, there was no such an increase among 

IL-17A+ cells (Fig. 9B). This IL-17F increase was also observed in the uninfected 

IL-17A-/- mice (data not shown). Furthermore, IL-17R-/- mice seemed to produce more 

IL-17A and IL-17F than wild-type animals in both uninfected and infected animals 

(data not shown). Consistent with an earlier report (110, 196), our results suggest that 

IL-17A has a strong negative feedback loop, repressing its own production and that of 

IL-17F through IL-17R.  

 

To test whether IL-17A can inhibit IL-17F production in vitro, we isolated the naïve 

splenocytes and cultured them under the Th17 differentiation conditions in the 

presence of rIL-17A and rIL-17F, respectively. We found that IL-17A significantly 

suppressed IL-17F production in vitro in CD4+, CD8+, 
+ T cells, and total 

splenocytes in a dose-dependent manner (Fig. 9C). However, IL-17F did not affect 

IL-17A production from these cells (Fig. 9D).   
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Figure 9 IL-17A negatively regulated IL-17F secretion in the liver in vivo and in vitro. C57BL/6, 

IL-17A
-/-

 and IL-17F
-/-

 mice were injected i.v. with 3 × 10
9
 pfu of AdLacZ and sacrificed at 24 h post 

infection. IHLs were isolated and stimulated with PMA and Ionomycin for 4 h in the presence of 

GolgiStop. (A) Left panel: IL-17F production in 
-
 and 

+
 cells of wild-type and IL-17A

-/-
 mice. Right 

panel: Cumulative statistical results from flow cytometry data. (B) Left panel: IL-17A production in 
-
 

and 
+
 cells of wild-type and IL-17F

-/-
 mice. Right panel: Cumulative statistical results of flow cytometry 

data. (C) Total splenocytes were cultured on the pre-coated anti-CD3 Ab with TGF-, IL-6, anti-IFN-, 

and anti-IL-4. After 4 day culture, cells were rested for 1 day and then stimulated with PMA and 

ionomycin. Different concentrations of IL-17A were added during the culture process. Intracellular 

IL-17F levels of total splenocytes, CD4
+
, CD8

+
 and  T cells were detected by flow cytometry (left 

panel). Cumulative statistical results of flow cytometry data were shown (right panel). (D) Different 

concentrations of IL-17F were added during the culture process. Intracellular IL-17A levels of total 

splenocytes, CD4
+
, CD8

+
 and T cells were detected by flow cytometry (left panel). Cumulative 

statistical results of flow cytometry data were shown (right panel). Asterisks indicate results (N.S. 

indicates no significance; *p < 0.05; **p <0.01). 
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2.4 Discussion 

ILCs are essential effectors of innate immunity and have an important role in tissue 

remodeling (159). They are characterized by the absence of lineage markers as well 

as lymphoid morphology. Recently, ILCs have been categorized into three groups 

based on their cytokines and transcriptional factors (159). Group 1 comprises ILCs 

that produce IFN-. Group 2 consists of ILCs that produce type 2 cytokines (including 

IL-5 and IL-13). Group 3 includes ILC subsets that produce IL-17 and/or IL-22 and 

depend on the transcriptional factor RORt for their development and function. ILC3s 

also have been shown to play important roles in intestinal immunity and homeostasis 

(165, 197). However, the phenotype and role of ILC3s in the liver is unclear. In this 

study, we found that several intrahepatic cell populations secreted IL-17A and IL-17F 

locally shortly after Ad infection (Fig. 1). Among these cells, T cells were highest in 

number, as we reported previously (172). Among - cells, we revealed that a 

previously uncharacterized population constituted a major group of IL-17 producers. 

These lineage marker-negative, stem cell marker-positive cells belong to group 3 

ILCs (Figs. 1 and 3). Based on their CD4 and NKp46 expression profiles, we further 

speculate that most of these ILC3s belonged to the NKp46- ILC3 population, and a 

small population belonged to the CD4+ lymphoid-tissue inducer (LTi) cells in the liver 

(Fig. 3). Using Rag2-/- and -/- mice, we further confirmed that ILC3s are indeed 

potent IL-17 producers and an integral part of the immune defense system in the liver 

(Figs. 3 and 4). Moreover, in addition to Ad model, we also observed that ILC3s were 
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present in mouse liver after LCMV infection (Fig. 3C). To the best of our knowledge, 

this is the first report for detailed study of ILC3 subsets in the liver after viral infection. 

 

IL-17A and IL-17F belong to the IL-17 superfamily. They were originally reported to be 

predominantly produced by activated Th17 along with several other cell types (e.g., 

CD8+ T cells, cells, NKT cells, double negative T cells) (104, 106). They were 

typically linked to destructive tissue damage in autoimmune diseases and bacterial 

infections (113, 115, 177). More recent evidence has pointed to their involvement in 

promoting Th1 and CTL responses in anti-tumor immunity (178), inflammatory bowel 

disease (179), and antiviral immune responses (172). Both IL-17A and F have been 

found to be required for immune responses against extracellular bacterium such as S. 

aureus infection (106, 115). At present, the immunoregulatory effects of the IL-17 

species on the antigen-presentation process, CTL and Th responses in virus-infected 

liver are not well understood. On the other hand, in the presence of IL-17A, IL-17F 

was thought to be dispensable for disease progression in EAE and CIA (113, 198). 

The roles of IL-17A and F seem to be more controversial as either pro-inflammatory 

or anti-inflammatory mediators in inflammatory bowel disease (116, 117).   

 

IL-17-producing cells are known to play a role in autoimmune and viral hepatitis (123, 

199, 200). Several studies showed that Th17 cells could promote the activation of 

stellate cells and Kupffer cells, which, in turn, may aggravate liver fibrosis and the 

inflammatory response in chronic hepatitis (119, 201). There is a paucity of data 



55 
 

addressing the possible involvement in DC activation and T cell-priming. In a 

concanavalin (Con) A-induced hepatitis model, over-expression of IL-17A resulted in 

massive hepatocyte necrosis, and anti-IL-17A blockage significantly ameliorated the 

disease (120). In addition, Lafdil et al. showed that liver injury was alleviated in Con 

A-induced hepatitis among IL-17-deficient mice (121). In a separate study, however, 

IL-17A deficiency did not seem to thwart T cell activation and liver inflammation (122). 

We speculate that these discrepancies are attributable to the compensatory IL-17F 

production, as we showed in this report (Figs. 7 and 9). Secondly, Con A-induced 

liver injury is an extremely acute hepatitis model, in which lectin-activated NKT cells 

play a critical role (202). Also, the dose of Con A injection and the timing of liver injury 

assessment may also contribute to the discrepancies among these studies. In this 

study, we report that adaptive T cell responses and associated liver injury were 

dependent on IL-17 signaling (Figs. 5 and 6). Surprisingly, these clinical parameters 

were not affected by the lack of IL-17A in the gene knockout animals in this study (Fig. 

7). However, in our previous observation, IL-17A neutralization by monoclonal Ab 

clearly hampered DC activation and ameliorated liver inflammation upon viral 

infection (172). Additional experiments revealed that IL-17A-/- mice displayed a 

greater than 3-fold increase in IL-17F+ cells following viral infection (Fig. 7A). 

Interestingly, this compensatory IL-17F increase was also observed in un-infected 

IL-17A-/- animals (data not shown). Finally, in vitro experiments directly confirmed that 

IL-17A represses IL-17F secretion in, CD4+ and CD8+ T cells (Fig. 9C). These 

results are consistent with previous reports that IL-17A controls IL-17F production 
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through an IL-17R-dependent, short-loop inhibition mechanism (110, 196). In the 

absence of IL-17A, however, IL-17F could compensate and maintain baseline 

neutrophil counts in mice (110). In a recent commentary, it was proposed that IL-17A 

and F can cause negative feedback of their own and each other’s synthesis via 

IL-17R (203). However, we did not observe IL-17F-mediated IL-17A inhibition in our 

studies (Fig. 9D). In addition, in IL-17F-/- animals, there was no compensatory IL-17A 

increase or rescue of T cell functions (Figs. 9B and 7). Although IL-17A and IL-17F 

have some functional redundancy in viral infection, our results unveil a mechanism 

underlying the seeming discrepancies between IL-17A- and IL-17F-deficient mice and 

underscore the unique functions of IL-17F in T cell responses to viral infection in the 

liver.  

 

Recombinant Ad is one of the preferred vectors for gene therapy, cancer therapy, and 

experimental vaccines (180, 181). However, it can also induce strong Th, CTL and B 

cell responses against the viral vector and the transgene (183, 184). At day 1 post Ad 

infection, we observed an elevation of IFN-, IL-7, IL-23 and TNF- in addition to 

IL-17 (172). Although the IL-17-producing cell expansion and IL-17 level increase 

were relatively brief (Fig. 1A and B), the IFN-, TNF-, IL-1, CXCL9 and CXCL10 

levels continued to persist into day 6 post infection {Fig. 7D and (172)}. In this report, 

we found that IL-17 signaling blockage in IL-17RA knockout mice developed less 

CD4+ and CD8+ T cell infiltration and displayed much milder liver inflammation and 

ALT and AST elevations (Figs. 5 and 6). Our results indicate that blockade of 
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IL-17/IL-17RA signaling pathway may represent a novel therapeutic intervention to 

constrain liver injury when using Ad for gene therapy.  

 

In summary, we have defined the early source and function of hepatic IL-17, which 

are important for DC activation and T cell priming in viral hepatitis. We have provided 

evidence that besides T cell, ILC3 seemed as a significant source of IL-17A/F in 

the liver within the first few hours and days of viral infection using Ad and LCMV 

models. Furthermore, this surge of IL-17 mediated DC licensing and adaptive 

immune responses through binding to IL-17R. Also, while we know that IL-17A is a 

dominant species constituting the cytokine microenvironment and regulating IL-17F 

production, in its absence, IL-17F+ IHLs expanded significantly and compensated for 

IL-17A deficiency in an IL-17 signaling pathway-dependent fashion. On the other 

hand, IL-17F deficiency resulted in compromised T cell priming and tissue infiltration. 

Collectively, this study indicates that innate IL-17A/F signaling is important for 

adaptive immune responses in viral hepatitis. Our study unveiled a previously 

unknown source and crosstalk between IL-17A and F and may provide potentially 

important information aimed at targeting ILCs and IL-17 species in acute and chronic 

viral hepatitis. 
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CHAPTER 3: RETIONIC ACID PROMOTES IL-22 PRODUCED BY GROUP 3 

INNATE LYMPHOID CELLS AND REGULATES IMMUNE RESPONSES IN VIRAL 

HEPATITIS 

 

3.1 Introduction 

Virus-specific CD8+ and CD4+ T cell functions have been shown to be critical in viral 

clearance and disease resolution (69, 204). However, T cell responses also played a 

central role in hepatocellular injury through multiple mechanisms, including cytolytic 

pathways and the release of various pro-inflammatory cytokines (205). On the 

contrary, activated T cells also produce anti-apoptotic cytokines, including IL-6 and 

IL-22, as well as anti-inflammatory cytokines such as IL-10, indicating a potential role 

in liver repairing and remodeling (150, 206, 207).  

 

As we mentioned above, IL-22 can be produced by various cells, including Th17, 

Th22, T, NK, neutrophils, and innate lymphoid cells (ILCs) (127-132). IL-22 exerts 

its functions by binding to a heterodimeric receptor comprised of IL-10R2 and 

IL-22R1 (208). It mainly targets epithelial cells and hepatocytes due to restricted 

expression of IL-22R1 on these cells (134). As a survival factor for hepatocytes, IL-22 

plays a critical role in prevention of hepatocellular damage in a variety of liver injury 

models (147, 148, 150, 152, 209). Through binding to IL-22R1 on hepatocytes and  
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intestinal epithelial cells, IL-22 protects against concanavalin A (Con A)-induced 

hepatitis, inflammatory bowel disease, ulcerative colitis, and lung disease (150, 

210-212). Although the hepatoprotective role of IL-22 in liver injury has been well 

established, its role in virus-induced hepatitis is still debatable (158, 213). Little is 

known about the regulatory pathways controlling IL-22 production in the liver. 

Although IL-23R signaling, RORt and the nuclear factors aryl hydrocarbon receptor 

(AHR) have been indicated in promoting IL-22 production (127, 144, 159, 214), their 

regulation and requirement for other factors have not been thoroughly investigated. 

To date, the source and regulation of the liver-derived IL-22 in viral hepatitis is not well 

understood.   

 

Hepatic stellate cells (HSCs) store around 75% of the body’s supply of vitamin A 

(retinol) under normal conditions (215). However, in response to liver injury, the 

quiescent HSCs can be activated and then it secretes retinoic acid (RA), a vitamin A 

metabolite (45, 52). These early activated HSCs gradually lose their retinol storage 

through either secretion or dehydrogenation into retinal by alcohol dehydrogenase 

(ADH) and conversion into RA by retinal aldehyde dehydrogenase (ALDH) (216). It 

has been shown that HSC-derived RA can promote the induction of CD4+ Foxp3+ T 

regulatory cells (Treg) and inhibit the differentiation of IL-17-producing CD4+ T cells in 

vitro (58). More recently, RA secreted by intestine dendritic cells (DCs) has been 

shown to promote IL-22 production by T cells and group 3 innate lymphoid cells 

(ILCs) in the intestine (217). Currently, the role of HSCs in liver fibrosis has been well 
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documented (53, 218); however, little is known about the roles of HSC and 

HSC-derived RA in viral hepatitis.   

 

In this study, we found group 3 ILCs as a major source of IL-22 production in the liver 

during viral infection. In the last several years, ILCs have been found to be involved in 

innate immunity as well as tissue remodeling (159). In the liver, ILCs have been 

shown to protect against acute hepatitis (169, 171), prime T cell responses, but can 

also mediate liver fibrosis (170). In addition, the HSC-derived RA levels increased in 

the liver following viral infection. Moreover, RA promoted IL-22 production by ILC3s 

and protected the liver from inflammation and injury. Notably, hepatic IL-7 was 

important for IL-22 production by IHLs. The blockade of IL-7R in vivo significantly 

decreased IL-22 levels and exacerbated hepatic inflammation. In conclusion, this 

study has demonstrated the importance of a unique intrahepatic subpopulation ILC3 

and its cytokine production during the early stages of viral hepatitis. 
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3.2 Material and methods 

Animals  

Female C57BL/6 (B6) and Rag2-/- mice were purchased from the Jackson Laboratory. 

All mice were maintained and bred under specific pathogen-free conditions in the 

animal facility at the University of Texas Medical Branch. Eight- to twelve-week-old 

mice were used for all the experiments. All experiments were reviewed and approved 

by the Institutional Animal Care and Use Committees of the University of Texas 

Medical Branch. To induce hepatitis, mice were i.v. injected with 3 × 109 pfu 

replication-deficient recombinant Ad carrying the LacZ gene (AdLacZ, purchased 

from Vector Development Laboratory of Baylor College of Medicine) as described 

previously (184). Mice were i.v. injected with 2 × 106 pfu lymphocytic choriomeningitis 

virus (LCMV) Clone 13 (a kind gift from Dr. Maria Salvato at the University of 

Maryland) (191). Titration of LCMV was performed on Vero cell monolayers plated on 

24-well plates, followed by the viral quantification of immunological focus assay (192). 

The antibody of LCMV was kindly provided by Dr. Robert Tesh from the University of 

Texas Medical Branch.  

 

Abs and reagents 

All fluorochrome-labeled monoclonal antibodies (Abs) and their corresponding 

isotype controls were anti-mouse Abs and purchased from eBioscience (San Diego, 

CA), BD Pharmingen (San Diego, CA) and Biolegend (San Diego, CA). The following 

were purchased from eBioscience: PE-conjugated anti-IL-22 (1H8PWSR ), 
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APC-conjugated anti-IL-17A (eBio17B7), FITC-conjugated anti-IFN-(XMG1.2), 

APC-conjugated anti-IFN-(XMG1.2), APC-conjugated anti-TCR(eBioGL3), 

PE-Cy7-conjugated anti-CD3 (17A2), Pacific blue-conjugated anti-CD4 (GK1.5), 

PerCp-Cy5.5-conjugated anti-CD8 (53-6.7), APC-conjugated anti-NK1.1 (PK136), 

FITC conjugated anti-B220 (RA3-6B2), FITC conjugated anti-CD11b (M1/70), FITC 

conjugated anti-CD11c (N418), FITC conjugated anti-Gr-1 (RB6-8C5), FITC 

conjugated anti-Ter-119 (TER-119), FITC conjugated anti-NK1.1 (PK136), APC 

conjugated anti-RORt (B2D), and Biotin conjugated anti-c-kit (2B8), and eFluor 506 

conjugated fixable viability dye. Purified anti-CD16/32 (2.4G2) and anti-IL-7R mAb 

(SB/14) were purchased from BD Pharmingen. PerCp-Cy5.5 conjugated anti-NKp46 

(29A1.4), APC-Cy7 conjugated anti-CD3 (17A2), APC-Cy7 conjugated anti-Sca-1 

(D7), PerCp-Cy5.5 conjugated anti-ICOS (C398.4A) were purchased from Biolegend. 

Anti-IL-7 polyclonal Ab was purchased from R&D. Recombinant murine IL-6, IL-1, 

IL-23, IL-2 and IL-7 were purchased from Peprotech. The all-trans retinoic acid (RA) 

was purchased from Enzo Life Sciences. STAT3 inhibitor VII and STAT5 inhibitor 

were purchased from Calbiochem.  

 

In vivo administration of retinoic acid (RA) 

To induce hepatitis, mice were i.v. injected with 3 × 109 pfu AdLacZ as described 

previously. Mice were treated i.p. with 250g all-trans RA (Enzo Life Sciences) 

everyday post infection. DMSO was administered i.p. as a control. Mice were 

euthanized at day 6 post-infection. 
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In vivo blocking of IL-7R or neutralization of IL-7 

To block the effects of IL-7, mice were injected i.p. with 100 g anti-mouse IL-7R 

mAb (clone: SB/14, BD Bioscience) or 100 g anti-mouse IL-7 polyclonal Ab (R&D) at 

days -1, 0, 1, 3 and 5 post Ad infection. Mice were euthanized at day 6 post-infection. 

Normal rat or goat IgG (Sigma-Aldrich) was administered i.p. as an isotype control.   

    

Isolation of intrahepatic lymphocytes 

Intrahepatic lymphocytes were isolated according to our previous method with slight 

modifications (184). Briefly, liver tissue was pressed and collected in complete 

RPMI-1640. After washing (300 × g, 10 min), cell suspensions were re-suspended in 

complete RPMI-1640 containing collagenase IV (0.05%, Roche Applied Science, 

Indianapolis, IN) at 37°C for 30 min. After digestion, cell suspensions were passed 

through 70-m nylon cell strainers to yield single-cell suspensions. Intrahepatic 

mononuclear cells were purified by centrifugation (400 × g) at room temperature for 

30 min over a 30/70% discontinuous Percoll gradient (Sigma). The cells were 

collected from the interphase, thoroughly washed, and re-suspended in complete 

RPMI 1640 containing 10% FBS (Hyclone, Logan, UT). The total numbers of 

intrahepatic lymphocytes per liver were counted. The relative percentages of CD4+, 

CD8+ and T cells were measured by flow cytometry, and the absolute numbers of 

these lymphocyte subpopulations per liver were calculated according to their 

percentages and the total intrahepatic lymphocyte numbers in each liver.  
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Isolation of hepatocytes and hepatic stellate cells 

Primary hepatocytes were isolated from B6 mice by an adaptation of a two-step 

collagenase perfusion technique (219). Briefly, mouse liver was perfused with HBSS 

(pH 7.4, without calcium and magnesium) containing 1 mM EGTA and 10 mM HEPES 

for 10 min, followed by HBSS with calcium and magnesium plus collagenase D 

(Roche Applied Science, Indianapolis, IN) for 10 min at 37oC. The digested liver was 

then excised, rinsed, and disaggregated in a 150-mm polystyrene Petri dish. 

Subsequently, the disaggregated material was filtered through a 70-m cell strainer, 

and the filtrate was gently centrifuged for 3 min at 50 × g. The pellet was 

re-suspended in 45% Percoll in PBS and centrifuged at 50 × g for 10 min. After the 

enrichment by Percoll isodensity purification, the cells were washed and gently 

centrifuged, and the pellets were resuspended in the DEME supplemented with 10 

mM HEPES, 2 mM L-glutamine, ITS (Sigma) and 10% fetal bovine serum. 

  

Primary hepatic stellate cells were isolated from B6 mice by an adaptation of the 

two-step protocol (220). The hepatic stellate cells were perisinusoidal localized in the 

liver. In order to make stellate cells accessible to isolation from the space of Disse, 

mouse livers were perfused in situ with the digestive enzymes Pronase E 

(Calbiochem) and Collagenase D. Following perfusion, the liver tissue was subjected 

to additional enzymatic treatment with Pronase E, Collagenase D and DNase in vitro 

for 30 min at 37oC. The digested liver was then excised, rinsed, and disaggregated in 
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a 150-mm polystyrene Petri dish. Subsequently, the disaggregated material was 

filtered through a 70-μm cell strainer, and the filtrate was centrifuged at 300 × g for 10 

min. The pellet was resuspended in 10% OptiPrepTM density gradient medium 

(Sigma-Aldrich) in PBS and centrifuged at 1,400 × g for 20 min. We added 1 ml of 

RPMI on the top of the density gradient medium. Hepatic stellate cells were collected 

from the interphase of RPMI and 10% OptiPrepTM density gradient medium. After 

being thoroughly washed, cells were re-suspended in complete RPMI 1640 

containing 10% FBS (Hyclone, Logan, UT).       

  

Intracellular staining 

Intracellular staining was performed according to our previous methods (172). Briefly, 

cells were incubated for 4 h with PMA (50 ng/ml) and ionomycin (750 ng/ml) in the 

presence of GolgiStop (BD Bioscience). After incubation, cells were collected, stained 

with fixable viability dye, blocked with FcR blocker (CD16/32) and stained for specific 

surface molecules. After surface staining, cells were fixed, permeabilized and stained 

for intracellular cytokines by using a fixation/permeabilization kit (eBioscience).  

 

Flow cytometry analysis 

Murine lymphocytes were blocked with anti-mouse CD16/CD32 (eBioscience) and 

stained with fluorochrome-labeled antibodies, and then processed on an LSRII 

FACSFortessa (Becton Dickinson, San Jose, CA) and analyzed by using FlowJo 

software (TreeStar, Ashland, OR). All fluorochrome-labeled mAbs and their 
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corresponding isotype controls were purchased from BD Pharmingen (San Diego, CA) 

and eBioscience (San Diego, CA).  

 

Aldehyde dehydrogenase activity assay 

Cell aldehyde dehydrogenase (ALDH) activity was determined by using the 

ALDEFLUOR staining kit (Stemcell Technologies, Tukwila, WA) according to the 

manufacturer’s instructions. Briefly, cells were re-suspended at 106 cells/ml in 

ALDEFLUOR assay buffer containing activated ALDEFLUOR substrate with or 

without the ALDH inhibitor diethylaminobenzaldehyde (DEAB) and incubated at 37°C 

for 30 min. ALDEFLUOR-reactive cells were detected in the FITC channel by flow 

cytometry. 

 

Real-time PCR 

Frozen liver tissues were used to extract genomic DNA and total RNA. DNA was 

extracted with a DNeasy blood and tissue kit (Qiagen), and total RNA was extracted 

with an RNeasy Mini kit (Qiagen) and digested with DNase I (Ambion). The 

concentrations of DNA and RNA were measured by using a spectrophotometer 

(Eppendorf). For relative quantitation of the cytokine and chemokine mRNA levels, 

cDNA was prepared from 1 µg of RNA by using an iScriptTM Reverse Transcription Kit 

(Bio-Rad), and 4 l of the cDNA was amplified in a 25-µl reaction mixture containing 

12.5 µl of iQ SYBR Green Supermix (Bio-Rad) and 0.9 µM each of gene-specific 

forward and reverse primers. The PCR assays were denatured for 10 min at 95°C, 
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followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. The PCR was performed with 

the CFX96 Touch real-time PCR detection system (Bio-Rad). Relative quantitation of 

mRNA expression was calculated as the fold increase in expression by using the 

2-ΔΔCt method. Meanwhile, melting curve analysis was used to check the specificity of 

the amplification reaction. The sequences of the forward and reverse gene-specific 

primers used are listed in Table 1.  

 

ELISA assays 

Liver proteins were extracted from frozen liver tissues by homogenization on ice in 

the RIPA Buffer (Cell Signaling) with a protease inhibitor cocktail (Sigma). After 

centrifugation at 20,000 × g for 15 min, the supernatant was collected and protein 

concentration was measured with a protein assay kit (Bio-Rad). Equal amounts of the 

liver proteins (100 g) were loaded for ELISA assays. The levels of IL-22 in the liver 

proteins were measured by using the ELISA kits (eBioscience) according to the 

manufacturer’s instructions. Detection limits were 5 pg/ml for IL-22. 

 

Statistical analysis  

The difference between the two different groups was determined by using Student’s t 

test. One-way ANOVA was used for multiple group comparisons (GraphPad Software 

v4.0). P values < 0.05 were considered significant*, and < 0.01 as highly significant**. 
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3.3 RESULTS 

Early surges of IL-22 produced by classical and non-classical intrahepatic cells 

To define the dynamics of IL-22 production in the liver, we i.v. injected B6 mice with 3 

× 109 pfu of AdLacZ. The animals were sacrificed at 0, 12, 24 h, and on days 3 and 6 

post-infection. ELISA analysis of liver lysates revealed a significant accumulation of 

IL-22 during the first three days post infection (Fig. 10A). Meanwhile, we isolated the 

intrahepatic lymphocytes (IHLs) and analyzed their intracellular levels of IL-22 and 

IL-17 by flow cytometry. We found that the intrahepatic IL-17+ cells expanded from 0.5% 

at 0 h to 1.3% at 24 h post-infection as we reported previously (Fig. 10B). More 

importantly, the IL-22+ cells expanded robustly, from 0.2% at 0 h to 0.7% at 24 h 

post-infection (Fig. 10B). The absolute cell number of IL-22+ cells expanded from 0.9 

× 104 cells at 0 h to 2.6 × 104 cells at 24 h post-infection (Fig. 10B). In addition, we 

found that IL-22 can be detected in the liver, but not in the serum (data not shown).  

 

To define which cell types in the liver can produce IL-22, we isolated the intrahepatic 

lymphocytes (IHLs) at day 1 post-infection and analyzed their intracellular levels of 

IL-22 by flow cytometry (Fig. 10C). We found that most of the IL-22-producing cells 

were CD11b+ cells and lineage negative populations (lineage markers: CD8, CD11b, 

CD11c, NK1.1, B220, Gr-1, and Ter-119). Other cell types, such as CD4 T, CD8 T, T, 

NK and CD11c+ cells, did not produce IL-22. In addition, IL-17-producers were mainly 

CD3+ T cells and group 3 innate lymphoid cells (ILC3s). Furthermore, we gated on 

different cell types and analyzed their intracellular IL-22 and IL-17 (Fig. 11A). 
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Interestingly, we found that CD4+ T cells, CD8+ T cells and T cells can produce 

IL-17 but not IL-22. NK cells and CD11c+ dendritic cells did not produce IL-17 or IL-22. 

Interestingly, Gr-1+ CD11b+ cells can produce IL-22 but not IL-17 (Fig. 11A). Notably, 

we found the lineage negative populations (innate lymphoid cells) can produce both 

IL-17 and IL-22 (Fig. 11A). Collectively, these data suggested to us that early surges 

of IL-22 were mainly produced by Gr-1+ CD11b+ cells and innate lymphoid cells in the 

liver. 

 

Figure 10 Early surges of IL-22 produced by classical and non-classical intrahepatic cells. Mice 

were infected as Fig. 1 and sacrificed at the indicated time points. The liver tissues were collected, and 

IHLs were isolated after perfusion. (A) Liver proteins were extracted and liver IL-22 level was detected 

by an ELISA. (B) IHLs were isolated and stimulated with PMA and ionomycin for 4 h in the presence of 

GolgiStop. The cells were collected and examined by flow cytometry for intracellular IL-22 and IL-17. 

Right panel: Cumulative statistical results of the percentages and absolute cell number of IL-22
+
 and 

IL-17
+
 cells in the liver, respectively. (C) IHLs from day 1 infected mice were in vitro stimulated with 

PMA and ionomycin for 4 h in the presence of GolgiStop and analyzed by flow cytometry for 

intracellular IL-22 and IL-17 expression. Expression of IL-22 (upper panel) and IL-17 (lower panel) was 

analyzed in CD3
+
, CD4

+
, CD8

+
, TCR

+
, NK1.1

+
, CD11c

+
, CD11b

+
 and lineage negative cells (lineage 

markers: CD3, CD8, CD11b, CD11c, NK1.1, B220, Gr-1, and Ter-119). Representative dot plots are 

shown. Values were shown as means ± SEM. Data were compared to the naïve mice and a two-tailed t 

test was used for statistical analysis, *p < 0.05, **p < 0.01. 

 



70 
 

Group 3 ILCs and Gr-1+ CD11b+ cells were important sources of IL-22 in the 

liver   

To further characterize these lineage-negative cells that produced IL-22, we analyzed 

their surface markers. Interestingly, these cells expressed high levels of Sca-1, ICOS, 

RORt and low levels of IL-7R on their surface, but did not express NKp46 (Fig. 

11B). The phenotypical and functional characteristics of these cells were consistent 

with ILC3s, previously described in the gastrointestinal tract (159). We further 

concluded that most of these ILC3s belonged to the NKp46- ILC3 population. These 

cells expanded robustly and peaked within the first 24 h post-infection and waned in 

the next few days (Fig. 11C). In addition to these IL-22+ ILC3s, we found 

Gr-1+CD11b+ cells can also produce IL-22 in the liver post viral infection (Fig. 11A). It 

has been reported that neutrophils in the intestine are capable producing IL-22 and 

protect against inflammatory bowel disease (131). We speculate that these 

Gr-1+CD11b+ cells in the liver were either neutrophils or inflammatory monocytes, 

since these cells express Gr-1 and CD11b on their surface and can be activated 

rapidly post viral infection.  

 

To further confirm that ILC3s in the liver can produce IL-22, we examined the IL-22 

levels in the Rag2-/- mice that are deficient of T and B lymphocytes (195). IHLs from 

uninfected Rag2-/- and wild-type mice were analyzed by flow cytometry. In the 

wild-type animals, there were about 0.5% IL-22+ cells and 0.5% IL-17+ cells (Fig. 11D). 

In Rag2-/- mice, however, there were more than 3-fold and 7-fold increases of IL-22+ 
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and IL-17+ cells, respectively, among the total IHLs (Fig. 11D), suggesting to us that 

innate immune cells are capable of producing IL-17 and IL-22 in the liver.  

 

To examine whether intrahepatic ILC3s are present in a persistent viral infection 

model, we i.v. injected B6 mice with 2 × 106 pfu of LCMV Clone 13. Similar to our 

previous findings in Ad model, most IL-22-producing cells in the liver were 

Gr-1+CD11b+ cell and ILC3s after viral infection (Fig. 11E and 11F). In addition, these 

ILCs expanded robustly and increased within the first 24 h post LCMV-infection (data 

not shown). These results suggested to us that IL-22-secreting ILCs also existed in 

the liver and expanded after LCMV infection.  
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Figure 11 Group 3 ILCs and Gr-1

+
 CD11b

+
 cells were important sources of IL-22. (A) Mice were 

infected as Fig. 1 and sacrificed at day 1 after infection. The IHL were isolated after liver perfusion and 

stimulated with PMA and ionomycin for 4 h in the presence of GolgiStop. Flow cytometric analysis of 

IL-22 and IL-17 productions in CD4
+
 T, CD8

+
 T, T, NK, CD11c

+
, Gr-1

+
 CD11b

+
 and ILC3s at day 1 

post-infection. (B) The IHLs were gated on CD11b
-
 population. The cells were further gated on 

negative populations of lineage (Lin) markers (CD3, CD8, CD11c, NK1.1, B220, Gr-1, and Ter-119) 

and analyzed for intracellular IL-22. The Lin
-
 IL-22

+
 cells were gated for detection of surface and 

intracellular markers (Sca-1, NKp46, IL-7R, ICOS, and RORt). Shaded graphs: isotype control, solid 

lines: Ab staining. (C) Mice were infected as Fig. 1 and sacrificed at the indicated time points. IHLs 

were stimulated and gated on CD11b
-
 population. The cells were gated on lineage-negative population 

and intracellular IL-22 was analyzed by flow cytometry. Right panel: Cumulative statistical results of 

flow cytometry data. (D) The IHL from Rag2
-/-

 and wild-type mice were isolated and stimulated with 

PMA and ionomycin for 4 h in the presence of GolgiStop. Intracellular IL-22 and IL-17 of total IHL were 

analyzed by flow cytometry. (E and F) Mice were injected i.v. with 2 × 10
6
 pfu of LCMV clone 13 and 

sacrificed at day 1 post-infection. IHLs were isolated and stimulated with PMA and ionomycin for 4 h in 

the presence of GolgiStop. (E) Expression of IL-22 was analyzed in CD3
+
, CD4

+
, CD8

+
, TCR

+
, 

NK1.1
+
, CD11c

+
, CD11b

+
 and lineage-negative cells. (F) Flow cytometric analysis of IL-22 and IL-17 

productions in Gr-1
+
 CD11b

+
 and ILC3s at day 1 post virus infection. (Abbreviation: Lin, lineage) 
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Retinoic acid alleviated liver injury in viral hepatitis  

The vitamin A metabolite retinoic acid (RA) is mainly produced by hepatic stellate 

cells (HSCs) and hepatocytes in the liver (45, 53). RA has been shown to associate 

with enhanced IL-22 production by ILCs in intestinal inflammation (217). We 

hypothesize that RA can promote IL-22 production in vivo, leading to 

hepatoprotection in viral hepatitis. First, we examined whether endogenous RA is 

produced during development of Ad-induced hepatitis. We examined activities of 

aldehyde dehydrogenases (ALDH), the enzymes involved in retinol metabolism and 

RA synthesis. It can cleave a fluorescent synthetic substrate, ALDEFLUOR, which 

accumulates within the cell after cleavage. Here, we found the total number of 

ALDEFLUOR+ HSCs significantly increased in the liver of mice infected with Ad (Fig. 

12A). However, hepatocytes did not demonstrate active ALDH activities (data not 

shown). These results suggested to us that RA production by HSCs increased during 

Ad infection and may play a role in limiting liver inflammation.     

 

To investigate the effects of RA during viral hepatitis, we treated mice with all-trans 

retinoic acid (250 g/mouse, i.p.) or DMSO daily from day 1 to 5 after Ad infection. Ad 

infection induced strong CD4+ T cell and CD8+ T cell recruitment into the liver. The 

control animals developed hepatitis characterized by inflammatory lymphocytes 

infiltration, hepatocytes with megaloblastic changes, and single-cell necrosis at 6 

days post-infection. Compared to the control group, the RA-treated mice displayed 

much milder inflammation and lower serum ALT and AST levels (Fig. 12B and C). 
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Next, we examined the accumulation of total intrahepatic lymphocytes and 

splenoctyes in these animals. Compared with the control animals, RA-treated mice 

developed much fewer splenocytes and intrahepatic lymphocyte infiltration (Fig. 

12B).  

 
Figure 12 RA alleviated liver injury in Ad-induced viral hepatitis. (A) C57BL/6 mice were injected 

i.v. with 3 × 10
9
 pfu of AdLacZ and sacrificed at day 6 post infection. Hepatic stellate cells were isolated 

and stained with ALDEFLUOR. The cells were collected and examined by flow cytometry for 

ALDEFLUOR. The shaded lines represent the ALDEFLUOR-negative control and the solid lines 

indicated experimental group. Right panel: Cumulative statistical results of the percentages and 

absolute cell number of Aldefluor
+
 hepatic stellate cells in the liver, respectively. (B) B6 mice were 

injected i.v. with 3 × 10
9
 pfu of AdLacZ. Mice were injected i.p. with 250 g retinoic acid (RA) or DMSO 

(control) daily and sacrificed at day 6 post-infection. Left panels: serum ALT and AST levels of control 

and RA injected group. Right panels: total IHLs and splenocytes of control and RA injected group. (C) 

Liver tissues were obtained from Ad-infected control and RA-treated mice. Representative H&E image 

is shown. Results were indicated with asterisks (*p < 0.05; **p <0.01). 
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Figure 13 RA treatment halted Th1 and CTL functions in Ad-infected mice. C57BL/6 mice were 

injected i.v. with 3 × 10
9
 pfu of AdLacZ. Meanwhile, mice were injected i.p. with 250 g retinoic acid 

(RA) or DMSO (control) daily and sacrificed at day 6 post-infection. (A) IHLs were stained for surface 

markers (CD3, CD4 and CD8) and examined by flow cytometry. Left panel: flow cytometric plot of 

intrahepatic CD4
+
 and CD8

+
 T cells. Shown are representative flow cytometric results. Right panel: 

Cumulative statistical results of the percentages and absolute cell number of CD8
+
 and CD4

+
 T cells in 

the liver. (B) IHLs were isolated and stimulated with PMA and Ionomycin for 4 h in the presence of 

GolgiStop. The cells were then stained for intracellular cytokines (IFN-and TNF-) and examined by 

flow cytometry. Right panel: Cumulative statistical results of the percentages and absolute cell number 

of IFN-
+
 cells in the liver. (C and D) IHLs were stimulated with PMA and Ionomycin for 4 h in the 

presence of GolgiStop. The cells were then stained for intracellular cytokines (IFN-, TNF-and IL-2) 

and examined by flow cytometry. CD4
+
 T cell (C) and CD8

+
 T cell (D) were gated and its intracellular 

cytokines (IFN-, TNF-and IL-2) were analyzed, respectively. Left panel: flow cytometric plot of IFN-, 

TNF- and IL-2 among intrahepatic CD4
+
 or CD8

+
 T cells. Shown are representative flow cytometric 

results. Right panel: Cumulative statistical results of the percentages and absolute cell number of 

IFN-IFN- TNF-
+
, and IFN-IL-2

+
 CD4

+
 or CD8

+
 T cells in the liver, respectively. 
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Previous studies showed that RA negatively regulates Th1 cell responses (221, 222). 

Here, we found that RA treatment significantly decreased the percentages of 

intrahepatic CD4+ and CD8+ T cells (Fig. 13A), as well as the pro-inflammatory 

cytokine productions by IHLs (Fig. 13B). Furthermore, RA treatment significantly 

reduced IFN--producing ability among CD4+ T cells in the liver (Fig. 13C). Due to the 

reduced number of intrahepatic CD4+ T cells, significantly fewer numbers of these 

cells are IFN-+ TNF-+ or IFN-+ IL-2+ (Fig. 13C). As found with CD4+ T cells, lower 

percentages and fewer numbers of intrahepatic CD8+ T cells expressed IFN- (Fig. 

13D). In the spleen, RA treatment remarkably decreased the percentages of CXCR3+ 

and CD44+ CD62L- populations in both CD4+ and CD8+ T cells (Fig. 14). These 

findings demonstrated that treatment with RA protected against liver damage and 

suggested to us that endogenous RA may play a role in limiting liver inflammation.  

 

 

Figure 14 RA treatment suppressed splenic CD4
+
 and CD8

+
 T cell activation. C57BL/6 mice were 

injected i.v. with 3 × 10
9
 pfu of AdLacZ. Meanwhile, mice were injected i.p. 

(RA) or DMSO (control) daily and sacrificed at day 6 post-infection. Splenocytes were stained for 

surface markers (CD3, CD4 and CD8) and examined by flow cytometry. (A) Flow cytometric analysis 

of CXCR3 of splenic CD4
+
 and CD8

+
 T cells. (B) Flow cytometric analysis of CD44 and CD62L of 

splenic CD4
+
 and CD8

+
 T cells. 
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Retinoic acid promoted IL-22 production by ILC3s in the liver  

RA has been suggested to associate with increased IL-22 production by innate 

lymphoid cells and T cells in the intestine (217). To investigate whether RA can 

enhance hepatic IL-22 production during viral hepatitis, RA-treated and control 

animals were sacrificed and analyzed for IL-22 levels at day 6 post-infection. Here, 

we found that RA administration significantly enhanced IL-22 and IL-17 production by 

IHLs (Fig. 15A). Further study showed that RA can promote ILC3 to produce IL-22 in 

the liver (Fig. 15B). We gated on these lineage-negative cells and found that RA 

treatment can significantly enhance IL-22-producing ability, but not IL-17-producing 

ability, in ILC3s (Fig. 15C).  

 

It has been shown that HSC-derived RA can promote the induction of CD4+ Foxp3+ T 

regulatory cells in vitro (58, 223, 224). To our surprise, we found that RA treatment 

decreased Foxp3+ T regulatory cells in the liver (Fig. 15D). We considered that the 

decreased numbers of Treg cells may be due to the lower percentages and fewer cell 

numbers of total CD3+ T lymphocytes after RA treatment. To examine this, we gated 

on intrahepatic CD3+ T cells and analyzed the Foxp3+ population. Interestingly, we 

found that RA treatment did not change the percentages of Foxp3+ cells among 

intrahepatic CD3+ T cells (Fig. 15D).  
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Figure 15 RA promoted IL-22 production by ILC3s in the liver. C57BL/6 mice were injected i.v. with 

3 × 10
9
 pfu of AdLacZ. Meanwhile, mice were injected i.p. with 250 g retinoic acid (RA) or DMSO 

(control) daily and sacrificed at day 6 post-infection. (A) IHLs were isolated and stimulated with PMA 

and Ionomycin for 4 h in the presence of GolgiStop. The cells were then stained for intracellular 

cytokines (IL-22 and IL-17) and examined by flow cytometry. Right panel: Cumulative statistical results 

of the percentages and absolute cell number of IL-22
+
 and IL-17

+
 cells in the liver, respectively. (B) 

IHLs were gated on CD11b
-
 population. IL-22 producing cells were analyzed against lineage (Lin) 

markers (CD3, CD8, CD11c, NK1.1, B220, Gr-1, and Ter-119) by flow cytometry. Right panel: 

Cumulative statistical results of the percentages and absolute cell number of IL-22
+
 cells, respectively. 

(C) The cells were further gated on lineage negative populations and analyzed for intracellular IL-22 

and IL-17. Right panel: Cumulative statistical results of the percentages of IL-22
+
 and IL-17

+
 cells 

among ILC3s, respectively. (D) Flow cytometric analysis of Foxp3 of intrahepatic IHLs (upper panel) 

and CD3
+
 T cells (lower panel). Right panel: Cumulative statistical results of the percentages and 

absolute cell numbers of Foxp3
+
 cells in the intrahepatic IHLs or CD3

+
 T cells, respectively. Results 

were expressed with asterisks (*p < 0.05; **p <0.01). 
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Hepatic IL-7 is important for intrahepatic lymphocytes to produce IL-22  

Hepatocytes could produce IL-7, a potent immune-stimulatory cytokine, in response 

to IFN-I stimulation or TLR4 induction (25, 172). We found that IL-7 production in the 

liver peaked at 24 h post Ad infection, which was accompanied by an elevation of 

IL-22 levels in the liver, as well as IL-22R1 expression on hepatocytes (Figs. 10 and 

16A). To determine the role of hepatic IL-7 in viral hepatitis, Ad infected mice were i.p. 

injected with anti-IL-7R or isotype Rat IgG on day -1, 1, 5 post infection. Mice were 

sacrificed at day 6, and liver inflammation was assessed. Interestingly, liver injury in 

IL-7R blockade group was more severe than the control group (Fig. 16B). More 

necrotic hepatocytes and infiltrated lymphocytes were found in IL-7R blockade 

group (Fig. 16C). However, the phenotype and the function of intrahepatic T cells 

were not affected by IL-7R antagonism (data not shown). In addition, IL-7 

neutralization also exacerbated liver inflammation in Ad-induced hepatitis (Fig. 16D). 

This finding raised the question: whether IL-7 alleviates liver injury through protecting 

hepatocyte directly or regulates other cytokines in the liver. We found that 

hepatocytes do not express IL-7R receptor (data not shown), indicating that IL-7 may 

protect hepatocytes through regulating other cytokines in viral hepatitis.  
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Figure 16 Exacerbated liver injury by IL-7R or IL-7 neutralization in Ad-induced hepatitis. 

C57BL/6 mice were injected i.v. with 3 × 10
9
 pfu of Ad and sacrificed at the indicated time points. After 

perfusion, liver tissues were isolated, and total RNA was extracted for qRT-PCR analysis of IL-7. 

Meanwhile, hepatocytes were isolated and total RNA was extracted for qRT-PCR analysis of IL-22R1. 

Results were expressed as fold change to corresponding mRNA levels in naive mice. (B) Age- and 

sex- matched C57BL/6 mice were i.v. injected with 3×10
9
 pfu Ad-LacZ. Mice were i.p. injected with 

anti-IL-7R or isotype Rat IgG (100 g per mouse) on day -1, 1, 3, 5 post infection. Mice were 

sacrificed at day 6 post infection. Shown are serum ALT and intrahepatic lymphocytes in different 

groups. (C) Liver H-E slides of anti-IL-7R and Rat IgG injected group. (D) B6 mice were i.v. injected 

with 3×10
9
 pfu Ad-LacZ. Mice were i.p. injected with anti-IL-7 (100 g per mouse) or isotype Rat IgG on 

day -1, 1, 3, 5 post infection. Mice were sacrificed at day 6 post infection. Shown are serum ALT and 

AST in different groups. The experiment was repeated two to three times independently, and a 

representative graph is shown (n = 4 – 6 mice per group). Values were shown as means ± SEM. A 

two-tailed t test was used for group-to-group comparison. Results were expressed with asterisks 

(*p<0.05; **p<0.01). 
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To determine the cytokines that can be affected by IL-7R blockade, we measured the 

mRNA levels of cytokines and chemokines of liver tissue by qRT-PCR. We found that 

the pro-inflammatory cytokines and chemokines, including IFN-, TNF-, IL-1, IL-6, 

CXCL9 and CXCL10 were significantly up-regulated in the IL-7Rblockade group 

(Fig. 17A). Notably, IL-22 mRNA levels of intrahepatic lymphocytes were significantly 

decreased in IL-7R blockade group (Fig. 17A). In chronic LCMV-induced hepatitis, 

IL-7 has been shown to promote IL-22 production and protect hepatocytes against 

apoptosis (225). Our data in Ad-induced acute hepatitis are consistent with those 

observed in chronic LCMV model (225).    

   

Moreover, IL-7 can promote intrahepatic lymphocytes to produce IL-22 in a 

dose-dependent manner in vitro (Fig. 17B). It has been reported that IL-7 can induce 

IL-17 production in T cells and CD4+ T cells through regulating the phosphorylation 

of STAT3 or STAT5 pathway (226). To determine which pathway of IL-7 promotes IHL 

producing IL-22, we cultured IHLs with IL-7 in the presence or absence of the STAT3 

or STAT5 antagonist (STAT3 inhibitor VII or STAT5 inhibitor), respectively. We found 

that IL-7 promoted IL-22 production by IHLs depending on both STAT3 and STAT5 

signaling (Fig. 17C). Collectively, these data indicated that, in viral hepatitis, hepatic 

IL-7 can promote IHL-derived IL-22 production to protect liver through STAT3 and 

STAT5 signaling pathways.   
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Figure 17 Intrahepatic lymphocytes required IL-7 to produce IL-22. (A) Age- and sex- matched 

C57BL/6 mice were i.v. injected with 3×10
9
 pfu Ad-LacZ. Mice were i.p. injected with anti-IL-7R or 

isotype Rat IgG (100g per mouse) on day -1, 1, 3, 5 post infection. Mice were sacrifice at day 6 post 

infection. After perfusion, liver tissues were isolated, and total RNA was extracted for qRT-PCR 

analysis of IFN-, CXCL9, CXCL10, CXCL11, IL-1, IL-6, and TNF-. IHLs were isolated and mRNA 

level of IL-22 were analyzed by qRT-PCR. (B) IHLs were isolated and cultured with different 

concentrations of IL-7 for 2 days. Supernatants were collected and analyzed for IL-22 levels. (C) IHLs 

were isolated and cultured with 50g/ml IL-7 for 2 days. STAT3 or STAT5 inhibitors were added during 

the culture. Supernatants were collected and analyzed by ELISA. The experiment was repeated two to 

three times independently, and a representative graph is shown (n =4 – 6 mice per group). Values were 

shown as means ± SEM. A two-tailed t test was used for group-to-group comparison. Results were 

expressed with asterisks (*p<0.05; **p<0.01).  
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3.4 Discussion 

Innate lymphoid cells (ILCs) represent an important family of innate effector cells 

which are characterized by the absence of lineage markers as well as lymphoid 

morphology (159, 227). As we mentioned above, ILCs have been categorized into 

three groups based on their transcription factors and cytokine profiles (159, 227). 

Group 1 ILCs comprises natural killer cells and other ILC1 cells that produce IFN-. 

Group 2 ILCs are GATA3+ and produce type 2 cytokines (including IL-5 and IL-13). 

Group 3 includes ILC subsets that produce IL-17 and/or IL-22 and depend on the 

transcriptional factor RORt for their development and function. ILC3s also have been 

shown to play important roles in intestinal immunity and homeostasis (132, 197, 228). 

However, the phenotype and role of ILC3s in the liver is not well understood. Our 

previous study showed that intrahepatic ILC3s can secrete IL-17A and IL-17F, which 

are crucial for adaptive T cell responses in viral hepatitis (Chapter 2). In this work, we 

found that, hepatic ILC3s can also produce a hepatoprotective cytokine IL-22 in 

addition to IL-17 (Figs. 10 and 11). Based on their NKp46 expression profile, we 

further speculate that most of these ILC3s belonged to the NKp46- ILC3 population in 

the liver (Fig. 11). By using Rag2-/- mice, we confirmed that ILC3s are indeed potent 

IL-17 and IL-22 producers and an integral part of the immune defense system in the 

liver (Fig. 11). Moreover, in addition to the Ad model, we also observed that ILC3s 

were present in mouse liver after LCMV clone-13 infection (Fig. 11C). To the best of 

our knowledge, this is the first report of a detailed study of ILC3 secreting IL-22 

subsets in the liver following viral infection.  
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Cellular sources of IL-22 are various and diverse. It has been reported that IL-22 can 

be produced by different types of cells, including Th17, Th22, T, NK, neutrophils, 

and ILCs (127-132). In this study, we found that intrahepatic CD4+, CD8+, T cells, 

NK cells and CD11c+ DCs did not produce IL-22 (Figs. 10 and 11). In addition to 

ILC3s, Gr-1+ CD11b+ cells can also produce IL-22 in the liver (Fig. 11). Until recently, 

it has been shown that neutrophils, a major source of IL-22 in the intestine, can 

protect against Dextran Sodium Sulfate (DSS)-induced colitis (131). Together, our 

data showed that early surges of IL-22 in the liver were mainly produced by Gr-1+ 

CD11b+ cells and ILC3s following viral infection.  

 

IL-22 has been found to be up-regulated and indicated as a pro-inflammatory 

cytokine in the pathogenesis in various human diseases and in animal models, 

including rheumatoid arthritis, psoriasis, and Crohn’s disease (140, 145, 229). On the 

contrary, IL-22 has also been shown to prevent mice from liver injury, inflammatory 

bowel disease, ulcerative colitis and lung disease (122, 147, 150, 152, 209-212). 

IL-22 is an essential survival factor for hepatocytes and plays an important role in 

protecting against hepatocellular damage in various models of liver injury, including T 

cell-mediated hepatitis, high-fat diet-induced fatty liver, alcoholic liver injury and liver 

fibrosis (147, 148, 150, 152, 209). In addition to its protective role in hepatitis, IL-22 

has also been indicated as a pro-inflammatory cytokine by using an HBV transgenic 

model (158). It is possible that IL-22 has dual functions in viral hepatitis: increasing 
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liver inflammation by induction of acute phase proteins and chemokines produced by 

hepatocyte (134, 158, 213), but also alleviating liver injury by preventing hepatocyte 

damage and subsequently reducing necrosis-related liver inflammation (150).  

 

It has been shown that the IL-23R signaling pathway, as well as the nuclear factors 

aryl hydrocarbon receptor (AHR) and RORt are essential for promoting IL-22 

production (127, 144, 159, 214). More recently, RA secreted by intestinal DCs has 

been shown to promote IL-22 production by T cells and ILC3s in the intestine (217). 

Interestingly, HSCs store around 75% of retinol in the whole body under healthy 

conditions (215). However, when the liver is injured, HSCs will be activated and lose 

their storage of retinol through either secretion or dehydrogenation into retinal by 

alcohol dehydrogenase (ADH) and conversion into RA by retinal dehydrogenase 

(ALDH) (45, 52). In the current study, we found that the numbers of ALDH+ HSCs 

were significantly increased in the liver following viral infection (Fig. 12A), indicating 

an endogenous RA production in the liver. Furthermore, we found that RA 

administration alleviated liver inflammation by inhibiting adaptive CD4+ and CD8+ T 

cell activation, recruitment and cytokine productions (Fig. 13). More importantly, RA 

promoted hepatic ILC3s to produce IL-22 (Fig. 15B), which was consistent with 

previous findings in the intestine (217). After gating on ILCs, we found that RA 

treatment can significantly promote their IL-22-producing ability, without affecting 

IL-17-producing ability (Fig. 15C). It has been indicated that RA could either inhibit or 

promote IL-17 production by Th17 cells in different disease models, which depends 
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on the dose and timing of RA-treatment, as well as cytokine microenvironments (223, 

230-232).   

 

Unlike the in vitro observation that RA strongly enhances Treg cell conversion (58, 

223, 224, 233), our data showed that RA treatment did not increase the population of 

Treg cells in vivo (Fig. 15D). Interestingly, Mucida et al. found that RA treatment did 

not enhance the differentiation of Foxp3+ Treg cells in mice infected with Listeria 

monocytogenes (230). Xiao et al. also showed a minor expansion of Treg cells by RA 

in an experimental autoimmune encephalomyelitis (EAE), which was due to the 

strong induction of IL-6, TNF- and IL-1 during the inflammatory process and 

inhibited the enhancement of Foxp3 by RA (223). In addition, it has been shown that 

under strongly inflammatory conditions Treg cells are derived from nTreg cells but not 

generated de novo (234). 

  

The liver is known as an immune tolerant organ. However, hepatocytes can also 

regulate the homeostasis and function of adaptive Th1 and CTL responses under 

inflammation conditions (184, 235, 236). Recently, we and others have shown that 

hepatocytes can produce large amounts of IL-7 in response to viral challenge or 

TLR4 activation (25, 172). Hepatic IL-7 is also important for CD4+, CD8+ and NKT cell 

responses in the liver (25, 237). In mice infected with LCMV clone 13, IL-7 

administration not only augmented virus-specific T cell responses and hastened virus 

clearance, but also increased serum IL-22 levels and protected the liver against viral 
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hepatitis (225). Previous study showed that IL-7 was important for IL-17 production by 

T and Th17 cells (172, 226, 238). Here, we found that blockade of IL-7 signaling in 

Ad-induced hepatitis decreased hepatic IL-22 levels and further exacerbated liver 

injury (Fig. 16B). An in vitro study confirmed that IL-7 is important for intrahepatic 

lymphocytes to produce IL-22 (Fig. 17B). Moreover, we found that IL-7-induced IL-22 

production by IHLs was dependent on both STAT3 and STAT5 signaling pathways 

(Fig. 17C). Together, these data indicated that hepatic IL-7 can promote IL-22 

productions by intrahepatic lymphocytes and protect liver in acute viral hepatitis. 

 

In this study, we found ILC3s as a major source of IL-22 production in virus-infected 

liver. In addition, HSC-derived RA increased and promoted ILC3-derived IL-22, which 

protected the liver from inflammation-related injuries. Notably, hepatic IL-7 was 

important for IL-22 production by IHLs. In conclusion, this study has demonstrated the 

importance of a unique intrahepatic ILC3 and its cytokine production during the initial 

stages of viral infection in the liver. The crosstalk among the HSCs, hepatocytes and 

innate immune cells plays a key role in modulating immune responses. Modulation of 

these communications may be a potential therapeutic approach to treat liver 

diseases.   
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CHAPTER 4: CONCLUDING REMARKS 

 

Viral hepatitis is one of the most important public health problems globally. To date, 

there are five well characterized human hepatitis viruses (from A-E). In most cases, 

patients’ immune responses to different viruses vary greatly, from disease resolution 

to fulminant hepatitis, viral persistence and even liver failure. Virus-specific CD8+ and 

CD4+ T cell functions have been suggested to be critical in viral clearance and 

disease resolution. Recently, IL-17 and IL-22 production has been reported in 

hepatitis B and C infections. Hepatic levels of IL-17 and IL-22 are also significantly 

elevated in alcoholic liver disease, autoimmune hepatitis, and hepatocellular 

carcinoma, and correlate with the severity of disease. Interestingly, IL-17 and IL-22 

played distinctive roles during viral hepatitis. To date, the cellular source of 

liver-derived IL-17 and IL-22 species are not well understood, and their immune 

functions remain debatable.  

 

In this dissertation, we use Ad- and LCMV-induced hepatitis as viral hepatitis models. 

They can induce strong innate immune responses, T helper, cytotoxic T lymphocyte, 

and B cell responses against viruses. Herein, we examined the early phases of innate 

immune response and its subsequent outcome during viral infection. Intrahepatic 

innate cells can produce both IL-17 and IL-22 in the initial stage of viral infection, and 

contribute to distinctive roles in viral hepatitis.   
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How do our findings contribute to an understanding of hepatitis? 

In this work, we found group 3 innate lymphoid cells (ILC3s) as a major source of 

hepatic IL-17A, IL-17F and IL-22 production in early stages of viral infection. In the 

liver, ILCs have been shown to protect against acute hepatitis, but can also mediate 

hepatic fibrosis. Here, we found that IL-17A/F signaling was important for adaptive T 

cell responses in viral hepatitis. IL-17F engagement was crucial for effector T cell 

functions and antiviral responses. Moreover, IL-17A could negatively regulate IL-17F 

production. In addition, hepatic stellate cell (HSC)-derived retinoic acid increased and 

promoted IL-22 production by ILC3s, which protected liver from inflammatory 

response-related injuries. Notably, hepatic IL-7 was important for IHL-derived IL-22 

production. In conclusion, this study has demonstrated the importance of a unique 

intrahepatic ILC3 and its cytokine production during the early stages of viral infection 

in the liver. This study unveiled a previously unknown source and crosstalk between 

IL-17A and F in the liver, and may provide potential therapeutic approaches to target 

ILCs and IL-17 species in viral hepatitis. In addition, the crosstalk among the hepatic 

stellate cell, hepatocytes and innate immune cells plays a key role in regulating 

immune responses. Modulation of these communications may be a potential 

therapeutic approach to treat liver diseases.   
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4.1 Role of innate IL-17A and IL-17F in viral hepatitis 

IL-17A and IL-17F belong to the IL-17 superfamily. They were initially reported to be 

produced by activated Th17 along with several other cell types (e.g., CD8+ T cells, 

T cells, NKT cells, neutrophils, and ILCs). They were involved in destructive tissue 

damage in autoimmune diseases and bacterial infections. More recent evidence has 

suggested their roles in promoting Th1 and CTL responses in anti-tumor immunity, 

inflammatory bowel disease, and antiviral immune responses. Both IL-17A and F are 

required for immune responses against extracellular bacterium such as S. aureus 

infection. However, in the presence of IL-17A, IL-17F was considered to be 

dispensable for disease progression in autoimmune diseases. The roles of IL-17A 

and F seem to be controversial as either pro-inflammatory or anti-inflammatory 

mediators in inflammatory bowel disease.   

 

IL-17-producing cells are known to play a role in different hepatitis. Here, we identified 

ILC3s as a major source of hepatic IL-17A and IL-17F production in early stage of 

viral infection (Figs. 1 and 2, chapter 1). Further, we observed that IL-17RA 

deficiency halted adaptive T cell responses and ameliorated liver inflammation upon 

viral infection (Figs. 5 and 6, chapter 1). Additional experiments revealed that 

IL-17A-/- mice displayed an increase in IL-17F+ cells following viral infection (Fig. 9A, 

chapter 1). In vitro experiments directly confirmed that IL-17A represses IL-17F 

secretion in , CD4+ and CD8+ T cells (Fig. 9C, chapter 1). These results are 

consistent with previous reports that IL-17A controls IL-17F production through an 
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IL-17R-dependent, short-loop inhibition mechanism. Herein, we did not observe 

IL-17F-mediated IL-17A inhibition in this study (Fig. 9D, chapter 1). Consistently, in 

IL-17F-/- animals, there was no compensatory IL-17A increase or rescue of T cell 

functions (Fig. 9B, chapter 1). Although IL-17A and IL-17F have some functional 

redundancy in viral infection, our results unveil a mechanism underlying the seeming 

discrepancies between IL-17A- and IL-17F-deficient mice and underscore the unique 

functions of IL-17F in T cell responses to viral infection in the liver.  

 

Diagram 1 Intrahepatic innate lymphoid cells and  T cells can secrete IL-17A and IL-17F that 

are crucial for adaptive immune response in acute viral hepatitis. T cells and ILC3 are major 

sources of IL-17A/F in the liver following viral infection. IL-17 signaling was important for adaptive T cell 

responses in viral hepatitis. IL-17A could negatively regulate IL-17F production in the liver.  

 

Together, we have defined the early source and function of hepatic IL-17, which are 

important for DC activation and T cell priming in viral hepatitis. We have provided 

evidence that T cells and ILC3 are major source of IL-17A/F in the liver of viral 

infection using Ad and LCMV models. Furthermore, innate IL-17 mediated DC 

licensing and adaptive immune responses. In addition, we found that IL-17A is a 

dominant species constituting the cytokine microenvironment and regulates IL-17F 

production. This study suggests that innate IL-17A/F signaling is crucial for adaptive 

immune responses in viral hepatitis (Diagram 1).  
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4.2 Regulation and the role of IL-22 in the liver 

IL-22 belongs to the IL-10 family. It has been shown that IL-22 can be produced by 

various types of cells, including Th17, Th22, T, NK, neutrophils, and ILCs. IL-22 

exerts its functions by binding to a heterodimeric receptor comprised by IL-10R2 and 

IL-22R1. It mainly targets epithelial cells and hepatocytes due to the restricted 

expression of IL-22R1 on these cells. As a survival factor for hepatocytes, IL-22 is 

recognized in many studies as playing a critical role in the prevention of 

hepatocellular damage in various liver injury models. To date, the source and 

regulation of the liver-derived IL-22 in viral hepatitis are still not well studied.  

 

In this study, we found that intrahepatic CD4+, CD8+,  T cells, NK cells and CD11c+ 

DCs did not produce IL-22 at day 1 after Ad and LCMV infection (Fig. 10, chapter 2). 

Here we found that, in addition to ILC3s, Gr-1+ CD11b+ cells can also produce IL-22 in 

the liver (Fig. 11, chapter 2). More recently, it has been shown that neutrophils, a 

major source of IL-22 in the intestine, can protect against Dextran Sodium Sulfate 

(DSS)-induced colitis (131). 

   

In this work, we found that ALDH+ HSCs were increased in the liver after Ad infection 

(Fig. 12A, chapter 2), suggesting to us that there was an endogenous RA production 

in the liver. Furthermore, we found that RA treatment alleviated liver inflammation by 

inhibiting adaptive CD4+ and CD8+ T cell activation, recruitment and cytokine 

productions (Figs. 13 and 14, chapter 2). More importantly, RA promoted hepatic 
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ILC3s to produce IL-22 (Fig. 15B, chapter 2), which was consistent with previous 

findings in the intestine (217). Furthermore, we found that RA treatment can 

significantly promote IL-22-producing ability, but not IL-17-producing ability, in ILC3s 

(Fig. 15C, chapter 2). Unlike the in vitro observation that RA strongly enhances Treg 

cell conversion (58, 223, 224, 233), our results showed that RA administration did not 

increase the population of Treg cells in vivo (Fig. 15D, chapter 2).   

 

Here, we found that the blockade of IL-7 signaling in Ad-indcued hepatitis decreased 

hepatic IL-22 levels and exacerbated liver injury. In vitro study confirmed that IL-7 is 

important for intrahepatic lymphocytes to produce IL-22 (Fig. 17B, chapter 2). 

Moreover, we found that IL-7 promotes IL-22 production by IHLs depending on both 

STAT3 and STAT5 pathways (Fig. 17C, chapter 2). These data suggested to us that 

hepatic IL-7 is important for IL-22 production by IHLs in acute viral hepatitis. 
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Diagram 2 Model for how hepatic RA signaling and IL-7 modulate immune responses in the liver. 

Quiescent HSCs store 75% of the body’s supply of retinol (vitamin A). During the early stages of 

activation, retinol can be metabolized into retinal through dehydrogenase (ADH) and subsequently 

metabolized into RA through ALDH1 and ALDH2. RA treatment halted Th1 and CTL functions in viral 

infected liver. However, RA promoted IL-22 production by ILC3s in the liver. It seems that RA did not 

affect Treg population among IHLs. Hepatic IL-7 can promote the IL-22 production by intrahepatic IHLs 

through STAT3 and STAT5 signaling, which is protective in acute viral hepatitis. 

 

In this part of work, we found group 3 ILCs as a major source of hepatic IL-22 

production in viral infection. In addition, RA derived from HSC promoted IL-22 

production by ILC3s, and protected liver from inflammatory response-related injuries. 

Notably, hepatic IL-7 was important for ILC3-derived IL-22 production. This study has 

demonstrated the importance of a unique intrahepatic ILC3 and its cytokine 

production during the initial stages of viral infection in the liver (Diagram 2).  

 

In summary, in this dissertation work we evaluated the effect of IL-17A/F and IL-22 in 

the immune response to hepatotropic viruses. These two molecules are secreted by 

innate cells in the liver after viral infection. The cellular source of IL-17 and IL-22 

seems similar; however, they conferred distinctive roles in viral hepatitis through 

immune-mediated mechanisms. Our findings help us to understand that innate 
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immune regulations are crucial for adaptive immune responses and liver protection. 

Future studies using models of chronic infection would help to define the role and 

mechanisms of these molecules and ILCs in the immune response to viruses. Our 

current data suggest that ILCs may be an interesting target for cell therapy against 

viral hepatitis. 
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Table 1. Primer pairs for qRT-PCR assays in the dissertation 

 

Gene Name  Primer Sequence  
 

GAPDH        Forward 5’-TGGAAAGCTGTGGCGTGAT-3’ 

               Reverse 5’-TGCTTCACCACCTTCTTGAT-3’ 

 

IFN-   Forward 5’-ATGAACGCTACACACTGCATC-3’ 

    Reverse 5’-CCATCCTTTTGCCAGTTCCTC-3’ 

 

CXCL9   Forward 5’-GGCACGATCCACTACAAATCC-3’ 

    Reverse 5’-GGTTTGATCTCCGTTCTTCAGT-3’ 

 

CXCL10   Forward 5’-CCAAGTGCTGCCGTCATTTTC-3’ 

    Reverse 5’-GGCTCGCAGGGATGATTTCAA-3’ 

 

CXCL11   Forward 5’-GGCTTCCTTATGTTCAAACAGGG-3’ 

    Reverse 5’-GCCGTTACTCGGGTAAATTACA-3’ 

 

TNF-   Forward 5’-CCCTCACACTCAGATCATCTTCT-3’ 

    Reverse 5’-CTTTGAGATCCATGCCGTTG-3’ 

 

IL-1   Forward 5’-GCAACTGTTCCTGAACTCAACT-3’ 

    Reverse 5’-ATCTTTTGGGGTCCGTCAACT-3’ 

 

IL-22           Forward 5’-GTGGGATCCCTGATGGCTGTCCTGCAG-3’ 

    Reverse 5’-AGCGAATTCTCGCTCAGACTGCAAGCAT-3’ 

 

IL-22R1         Forward 5’-CTACGTGTGCCGAGTGAAGA-3’  

                Reverse 5’-AAGCGTAGGGGTTGAAAGGT-3’ 

 

IL-7    Forward 5’-TTCCTCCACTGATCCTTGTTCT-3’ 

    Reverse 5’-AGCAGCTTCCTTTGTATCATCAC-3’ 

 

IL-6           Forward 5’-CTGCAAGAGACTTCCATCCAG-3’ 

               Reverse 5’-AGTGGTATAGACAGGTCTGTTGG-3’  

 

Hexon         Forward 5’-GAGCCAGCATTAAGTTTGATAGCA-3’  

               Reverse 5’-AGATAGTCGTTAAAGGACTGGTCGTT-3’ 
 

 

 

 

 

 



97 
 

APPENDIX 

 
 

 

 

 

 

 



98 
 

REFERENCES 

1. Franco, E., C. Meleleo, L. Serino, D. Sorbara, and L. Zaratti. 2012. Hepatitis A: 

Epidemiology and prevention in developing countries. World J Hepatol 

4:68-73. 

2. Rezende, G., A. M. Roque-Afonso, D. Samuel, M. Gigou, E. Nicand, V. Ferre, 

E. Dussaix, H. Bismuth, and C. Feray. 2003. Viral and clinical factors 

associated with the fulminant course of hepatitis A infection. Hepatology 

38:613-618. 

3. Lok, A. S., and B. J. McMahon. 2001. Chronic hepatitis B. Hepatology 

34:1225-1241. 

4. Seeger, C., D. Ganem, and H. E. Varmus. 1986. Biochemical and genetic 

evidence for the hepatitis B virus replication strategy. Science 232:477-484. 

5. Dienstag, J. L. 2008. Hepatitis B virus infection. N Engl J Med 359:1486-1500. 

6. Rehermann, B., P. Fowler, J. Sidney, J. Person, A. Redeker, M. Brown, B. 

Moss, A. Sette, and F. V. Chisari. 1995. The cytotoxic T lymphocyte response 

to multiple hepatitis B virus polymerase epitopes during and after acute viral 

hepatitis. J Exp Med 181:1047-1058. 

7. Ferrari, C., A. Penna, A. Bertoletti, A. Valli, A. D. Antoni, T. Giuberti, A. Cavalli, 

M. A. Petit, and F. Fiaccadori. 1990. Cellular immune response to hepatitis B 

virus-encoded antigens in acute and chronic hepatitis B virus infection. J 

Immunol 145:3442-3449. 

8. Milich, D. R., J. E. Jones, J. L. Hughes, J. Price, A. K. Raney, and A. 

McLachlan. 1990. Is a function of the secreted hepatitis B e antigen to induce 



99 
 

immunologic tolerance in utero? Proc Natl Acad Sci U S A 87:6599-6603. 

9. Chen, M. T., J. N. Billaud, M. Sallberg, L. G. Guidotti, F. V. Chisari, J. Jones, J. 

Hughes, and D. R. Milich. 2004. A function of the hepatitis B virus precore 

protein is to regulate the immune response to the core antigen. Proc Natl Acad 

Sci U S A 101:14913-14918. 

10. Rosen, H. R. 2011. Clinical practice. Chronic hepatitis C infection. N Engl J 

Med 364:2429-2438. 

11. Nelson, P. K., B. M. Mathers, B. Cowie, H. Hagan, D. Des Jarlais, D. Horyniak, 

and L. Degenhardt. 2011. Global epidemiology of hepatitis B and hepatitis C in 

people who inject drugs: results of systematic reviews. Lancet 378:571-583. 

12. Shoukry, N. H., A. G. Cawthon, and C. M. Walker. 2004. Cell-mediated 

immunity and the outcome of hepatitis C virus infection. Annu Rev Microbiol 

58:391-424. 

13. Radziewicz, H., C. C. Ibegbu, M. L. Fernandez, K. A. Workowski, K. Obideen, 

M. Wehbi, H. L. Hanson, J. P. Steinberg, D. Masopust, E. J. Wherry, J. D. 

Altman, B. T. Rouse, G. J. Freeman, R. Ahmed, and A. Grakoui. 2007. 

Liver-infiltrating lymphocytes in chronic human hepatitis C virus infection 

display an exhausted phenotype with high levels of PD-1 and low levels of 

CD127 expression. J Virol 81:2545-2553. 

14. Guidotti, L. G., and F. V. Chisari. 2006. Immunobiology and pathogenesis of 

viral hepatitis. Annu Rev Pathol 1:23-61. 

15. Yu, C. I., and B. L. Chiang. 2010. A new insight into hepatitis C vaccine 



100 
 

development. J Biomed Biotechnol 2010:548280. 

16. Wilkins, T., J. K. Malcolm, D. Raina, and R. R. Schade. 2010. Hepatitis C: 

diagnosis and treatment. Am Fam Physician 81:1351-1357. 

17. Makino, S., M. F. Chang, C. K. Shieh, T. Kamahora, D. M. Vannier, S. 

Govindarajan, and M. M. Lai. 1987. Molecular cloning and sequencing of a 

human hepatitis delta (delta) virus RNA. Nature 329:343-346. 

18. Farci, P., and G. A. Niro. 2012. Clinical features of hepatitis D. Semin Liver Dis 

32:228-236. 

19. Romeo, R., E. Del Ninno, M. Rumi, A. Russo, A. Sangiovanni, R. de Franchis, 

G. Ronchi, and M. Colombo. 2009. A 28-year study of the course of hepatitis 

Delta infection: a risk factor for cirrhosis and hepatocellular carcinoma. 

Gastroenterology 136:1629-1638. 

20. Purcell, R. H., and S. U. Emerson. 2008. Hepatitis E: an emerging awareness 

of an old disease. J Hepatol 48:494-503. 

21. Bhatia, V., A. Singhal, S. K. Panda, and S. K. Acharya. 2008. A 20-year 

single-center experience with acute liver failure during pregnancy: is the 

prognosis really worse? Hepatology 48:1577-1585. 

22. Gao, B., W. I. Jeong, and Z. Tian. 2008. Liver: An organ with predominant 

innate immunity. Hepatology 47:729-736. 

23. Crispe, I. N. 2011. Liver antigen-presenting cells. J Hepatol 54:357-365. 

24. Crispe, I. N. 2009. The Liver as a Lymphoid Organ. Annu Rev Immunol 

27:147-163. 



101 
 

25. Sawa, Y., Y. Arima, H. Ogura, C. Kitabayashi, J. J. Jiang, T. Fukushima, D. 

Kamimura, T. Hirano, and M. Murakami. 2009. Hepatic interleukin-7 

expression regulates T cell responses. Immunity 30:447-457. 

26. Herkel, J., B. Jagemann, C. Wiegard, J. F. Lazaro, S. Lueth, S. Kanzler, M. 

Blessing, E. Schmitt, and A. W. Lohse. 2003. MHC class II-expressing 

hepatocytes function as antigen-presenting cells and activate specific CD4 T 

lymphocyutes. Hepatology 37:1079-1085. 

27. Gehring, A. J., D. Sun, P. T. Kennedy, E. Nolte-'t Hoen, S. G. Lim, S. Wasser, C. 

Selden, M. K. Maini, D. M. Davis, M. Nassal, and A. Bertoletti. 2007. The level 

of viral antigen presented by hepatocytes influences CD8 T-cell function. J 

Virol 81:2940-2949. 

28. MacPhee, P. J., E. E. Schmidt, and A. C. Groom. 1992. Evidence for Kupffer 

cell migration along liver sinusoids, from high-resolution in vivo microscopy. 

Am J Physiol 263:G17-23. 

29. Shi, J., H. Fujieda, Y. Kokubo, and K. Wake. 1996. Apoptosis of neutrophils 

and their elimination by Kupffer cells in rat liver. Hepatology 24:1256-1263. 

30. Wardle, E. N. 1987. Kupffer cells and their function. Liver 7:63-75. 

31. Gregory, S. H., and E. J. Wing. 1990. Accessory function of Kupffer cells in the 

antigen-specific blastogenic response of an L3T4+ T-lymphocyte clone to 

Listeria monocytogenes. Infect Immun 58:2313-2319. 

32. Roland, C. R., L. Walp, R. M. Stack, and M. W. Flye. 1994. Outcome of Kupffer 

cell antigen presentation to a cloned murine Th1 lymphocyte depends on the 



102 
 

inducibility of nitric oxide synthase by IFN-gamma. J Immunol 153:5453-5464. 

33. Yu, S., Y. Nakafusa, and M. W. Flye. 1994. Portal vein administration of donor 

cells promotes peripheral allospecific hyporesponsiveness and graft tolerance. 

Surgery 116:229-234; discussion 234-225. 

34. Roland, C. R., M. J. Mangino, B. F. Duffy, and M. W. Flye. 1993. Lymphocyte 

suppression by Kupffer cells prevents portal venous tolerance induction: a 

study of macrophage function after intravenous gadolinium. Transplantation 

55:1151-1158. 

35. Mehal, W. Z., A. E. Juedes, and I. N. Crispe. 1999. Selective retention of 

activated CD8+ T cells by the normal liver. J Immunol 163:3202-3210. 

36. Klugewitz, K., S. A. Topp, U. Dahmen, T. Kaiser, S. Sommer, E. Kury, and A. 

Hamann. 2002. Differentiation-dependent and subset-specific recruitment of 

T-helper cells into murine liver. Hepatology 35:568-578. 

37. Huang, L., G. Soldevila, M. Leeker, R. Flavell, and I. N. Crispe. 1994. The liver 

eliminates T cells undergoing antigen-triggered apoptosis in vivo. Immunity 

1:741-749. 

38. McIntyre, K. W., and R. M. Welsh. 1986. Accumulation of natural killer and 

cytotoxic T large granular lymphocytes in the liver during virus infection. J Exp 

Med 164:1667-1681. 

39. Salazar-Mather, T. P., J. S. Orange, and C. A. Biron. 1998. Early murine 

cytomegalovirus (MCMV) infection induces liver natural killer (NK) cell 

inflammation and protection through macrophage inflammatory protein 1alpha 



103 
 

(MIP-1alpha)-dependent pathways. J Exp Med 187:1-14. 

40. Toyabe, S., S. Seki, T. Iiai, K. Takeda, K. Shirai, H. Watanabe, H. Hiraide, M. 

Uchiyama, and T. Abo. 1997. Requirement of IL-4 and liver NK1+ T cells for 

concanavalin A-induced hepatic injury in mice. J Immunol 159:1537-1542. 

41. Liu, Z. X., S. Govindarajan, S. Okamoto, and G. Dennert. 2000. NK cells cause 

liver injury and facilitate the induction of T cell-mediated immunity to a viral 

liver infection. J Immunol 164:6480-6486. 

42. Itoh, Y., A. Morita, K. Nishioji, H. Fujii, H. Nakamura, T. Kirishima, T. Toyama, N. 

Yamauchi, Y. Nagao, S. Narumi, and T. Okanoue. 2001. Time course profile 

and cell-type-specific production of monokine induced by interferon-gamma in 

Concanavalin A-induced hepatic injury in mice: comparative study with 

interferon-inducible protein-10. Scand J Gastroenterol 36:1344-1351. 

43. Waggoner, S. N., M. Cornberg, L. K. Selin, and R. M. Welsh. 2011. Natural 

killer cells act as rheostats modulating antiviral T cells. Nature 481:394-398. 

44. Radaeva, S., R. Sun, B. Jaruga, V. T. Nguyen, Z. Tian, and B. Gao. 2006. 

Natural Killer Cells Ameliorate Liver Fibrosis by Killing Activated Stellate Cells 

in NKG2D-Dependent and Tumor Necrosis Factorâ€“Related 

Apoptosis-Inducing Ligandâ€“Dependent Manners. Gastroenterology 

130:435-452. 

45. Radaeva, S., L. Wang, S. Radaev, W. I. Jeong, O. Park, and B. Gao. 2007. 

Retinoic acid signaling sensitizes hepatic stellate cells to NK cell killing via 

upregulation of NK cell activating ligand RAE1. Am J Physiol Gastrointest Liver 



104 
 

Physiol 293:G809-816. 

46. Vicari, A. P., S. Mocci, P. Openshaw, A. O'Garra, and A. Zlotnik. 1996. Mouse 

gamma delta TCR+NK1.1+ thymocytes specifically produce interleukin-4, are 

major histocompatibility complex class I independent, and are developmentally 

related to alpha beta TCR+NK1.1+ thymocytes. Eur J Immunol 26:1424-1429. 

47. Behar, S. M., C. C. Dascher, M. J. Grusby, C. R. Wang, and M. B. Brenner. 

1999. Susceptibility of mice deficient in CD1D or TAP1 to infection with 

Mycobacterium tuberculosis. J Exp Med 189:1973-1980. 

48. Kumar, H., A. Belperron, S. W. Barthold, and L. K. Bockenstedt. 2000. Cutting 

edge: CD1d deficiency impairs murine host defense against the spirochete, 

Borrelia burgdorferi. J Immunol 165:4797-4801. 

49. Toura, I., T. Kawano, Y. Akutsu, T. Nakayama, T. Ochiai, and M. Taniguchi. 

1999. Cutting edge: inhibition of experimental tumor metastasis by dendritic 

cells pulsed with alpha-galactosylceramide. J Immunol 163:2387-2391. 

50. Gonzalez-Aseguinolaza, G., C. de Oliveira, M. Tomaska, S. Hong, O. 

Bruna-Romero, T. Nakayama, M. Taniguchi, A. Bendelac, L. Van Kaer, Y. 

Koezuka, and M. Tsuji. 2000. alpha -galactosylceramide-activated Valpha 14 

natural killer T cells mediate protection against murine malaria. Proc Natl Acad 

Sci U S A 97:8461-8466. 

51. Kakimi, K., L. G. Guidotti, Y. Koezuka, and F. V. Chisari. 2000. Natural killer T 

cell activation inhibits hepatitis B virus replication in vivo. J Exp Med 

192:921-930. 



105 
 

52. Lee, Y. S., and W. I. Jeong. 2012. Retinoic acids and hepatic stellate cells in 

liver disease. J Gastroenterol Hepatol 27 Suppl 2:75-79. 

53. Friedman, S. L. 2008. Hepatic stellate cells: protean, multifunctional, and 

enigmatic cells of the liver. Physiol Rev 88:125-172. 

54. Krizhanovsky, V., M. Yon, R. A. Dickins, S. Hearn, J. Simon, C. Miething, H. 

Yee, L. Zender, and S. W. Lowe. 2008. Senescence of activated stellate cells 

limits liver fibrosis. Cell 134:657-667. 

55. Winau, F., G. Hegasy, R. Weiskirchen, S. Weber, C. Cassan, P. A. Sieling, R. L. 

Modlin, R. S. Liblau, A. M. Gressner, and S. H. Kaufmann. 2007. Ito cells are 

liver-resident antigen-presenting cells for activating T cell responses. Immunity 

26:117-129. 

56. Muhanna, N., A. Horani, S. Doron, and R. Safadi. 2007. Lymphocyte-hepatic 

stellate cell proximity suggests a direct interaction. Clin Exp Immunol 

148:338-347. 

57. Yang, H. R., H. S. Chou, X. Gu, L. Wang, K. E. Brown, J. J. Fung, L. Lu, and S. 

Qian. 2009. Mechanistic insights into immunomodulation by hepatic stellate 

cells in mice: a critical role of interferon-gamma signaling. Hepatology 

50:1981-1991. 

58. Dunham, R. M., M. Thapa, V. M. Velazquez, E. J. Elrod, T. L. Denning, B. 

Pulendran, and A. Grakoui. 2013. Hepatic Stellate Cells Preferentially Induce 

Foxp3+ Regulatory T Cells by Production of Retinoic Acid. J Immunol 

190:2009-2016. 



106 
 

59. Lohse, A. W., P. A. Knolle, K. Bilo, A. Uhrig, C. Waldmann, M. Ibe, E. Schmitt, 

G. Gerken, and K. H. Meyer Zum Buschenfelde. 1996. Antigen-presenting 

function and B7 expression of murine sinusoidal endothelial cells and Kupffer 

cells. Gastroenterology 110:1175-1181. 

60. Uhrig, A., R. Banafsche, M. Kremer, S. Hegenbarth, A. Hamann, M. Neurath, 

G. Gerken, A. Limmer, and P. A. Knolle. 2005. Development and functional 

consequences of LPS tolerance in sinusoidal endothelial cells of the liver. J 

Leukoc Biol 77:626-633. 

61. Knolle, P. A., E. Schmitt, S. Jin, T. Germann, R. Duchmann, S. Hegenbarth, G. 

Gerken, and A. W. Lohse. 1999. Induction of cytokine production in naive 

CD4(+) T cells by antigen-presenting murine liver sinusoidal endothelial cells 

but failure to induce differentiation toward Th1 cells. Gastroenterology 

116:1428-1440. 

62. Limmer, A., J. Ohl, C. Kurts, H. G. Ljunggren, Y. Reiss, M. Groettrup, F. 

Momburg, B. Arnold, and P. A. Knolle. 2000. Efficient presentation of 

exogenous antigen by liver endothelial cells to CD8+ T cells results in 

antigen-specific T-cell tolerance. Nat Med 6:1348-1354. 

63. Goddard, S., J. Youster, E. Morgan, and D. H. Adams. 2004. Interleukin-10 

secretion differentiates dendritic cells from human liver and skin. Am J Pathol 

164:511-519. 

64. Thomson, A. W. 2010. Tolerogenic dendritic cells: all present and correct? Am 

J Transplant 10:214-219. 



107 
 

65. Takagi, H., T. Fukaya, K. Eizumi, Y. Sato, K. Sato, A. Shibazaki, H. Otsuka, A. 

Hijikata, T. Watanabe, O. Ohara, T. Kaisho, B. Malissen, and K. Sato. 2011. 

Plasmacytoid dendritic cells are crucial for the initiation of inflammation and T 

cell immunity in vivo. Immunity 35:958-971. 

66. Tokita, D., T. L. Sumpter, G. Raimondi, A. F. Zahorchak, Z. Wang, A. Nakao, G. 

V. Mazariegos, M. Abe, and A. W. Thomson. 2008. Poor allostimulatory 

function of liver plasmacytoid DC is associated with pro-apoptotic activity, 

dependent on regulatory T cells. J Hepatol 49:1008-1018. 

67. Ferrari, C., G. Missale, C. Boni, and S. Urbani. 2003. Immunopathogenesis of 

hepatitis B. J Hepatol 39 Suppl 1:S36-42. 

68. Hoofnagle, J. H. 2002. Course and outcome of hepatitis C. Hepatology 

36:S21-29. 

69. Thimme, R., S. Wieland, C. Steiger, J. Ghrayeb, K. A. Reimann, R. H. Purcell, 

and F. V. Chisari. 2003. CD8(+) T cells mediate viral clearance and disease 

pathogenesis during acute hepatitis B virus infection. J Virol 77:68-76. 

70. Shoukry, N. H., A. Grakoui, M. Houghton, D. Y. Chien, J. Ghrayeb, K. A. 

Reimann, and C. M. Walker. 2003. Memory CD8+ T cells are required for 

protection from persistent hepatitis C virus infection. J Exp Med 

197:1645-1655. 

71. Kakimi, K., T. E. Lane, S. Wieland, V. C. Asensio, I. L. Campbell, F. V. Chisari, 

and L. G. Guidotti. 2001. Blocking chemokine responsive to 

gamma-2/interferon (IFN)-gamma inducible protein and monokine induced by 



108 
 

IFN-gamma activity in vivo reduces the pathogenetic but not the antiviral 

potential of hepatitis B virus-specific cytotoxic T lymphocytes. J Exp Med 

194:1755-1766. 

72. Pawlotsky, J. M. 2004. Pathophysiology of hepatitis C virus infection and 

related liver disease. Trends Microbiol 12:96-102. 

73. Samuel, C. E. 2001. Antiviral actions of interferons. Clin Microbiol Rev 

14:778-809. 

74. Biron, C. A., K. B. Nguyen, G. C. Pien, L. P. Cousens, and T. P. Salazar-Mather. 

1999. Natural killer cells in antiviral defense: function and regulation by innate 

cytokines. Annu Rev Immunol 17:189-220. 

75. Guidotti, L. G., and F. V. Chisari. 2001. Noncytolytic control of viral infections 

by the innate and adaptive immune response. Annu Rev Immunol 19:65-91. 

76. Steinman, R. M., K. Inaba, S. Turley, P. Pierre, and I. Mellman. 1999. Antigen 

capture, processing, and presentation by dendritic cells: recent cell biological 

studies. Hum Immunol 60:562-567. 

77. Crispe, I. N. 2003. Hepatic T cells and liver tolerance. Nat Rev Immunol 

3:51-62. 

78. Mercer, D. F., D. E. Schiller, J. F. Elliott, D. N. Douglas, C. Hao, A. Rinfret, W. R. 

Addison, K. P. Fischer, T. A. Churchill, J. R. Lakey, D. L. Tyrrell, and N. M. 

Kneteman. 2001. Hepatitis C virus replication in mice with chimeric human 

livers. Nat Med 7:927-933. 

79. Bukh, J. 2012. Animal Models for the Study of Hepatitis C Virus Infection and 



109 
 

Related Liver Disease. Gastroenterology 142:1279-1287.e1273. 

80. Guidotti, L. G., B. Matzke, H. Schaller, and F. V. Chisari. 1995. High-level 

hepatitis B virus replication in transgenic mice. J Virol 69:6158-6169. 

81. Guidotti, L. G., R. Rochford, J. Chung, M. Shapiro, R. Purcell, and F. V. Chisari. 

1999. Viral clearance without destruction of infected cells during acute HBV 

infection. Science 284:825-829. 

82. Dandri, M., M. Lutgehetmann, T. Volz, and J. Petersen. 2006. Small animal 

model systems for studying hepatitis B virus replication and pathogenesis. 

Semin Liver Dis 26:181-191. 

83. Lerat, H., M. Honda, M. R. Beard, K. Loesch, J. Sun, Y. Yang, M. Okuda, R. 

Gosert, S. Y. Xiao, S. A. Weinman, and S. M. Lemon. 2002. Steatosis and liver 

cancer in transgenic mice expressing the structural and nonstructural proteins 

of hepatitis C virus. Gastroenterology. 122:352-365. 

84. Desai, M. M., B. Gong, T. Chan, R. A. Davey, L. Soong, A. A. Kolokoltsov, and 

J. Sun. 2011. Differential, Type I Interferon-Mediated Autophagic Trafficking of 

Hepatitis C Virus Proteins in Mouse Liver. Gastroenterology 141:674-685, 

685.e671-676. 

85. Dorner, M., J. A. Horwitz, J. B. Robbins, W. T. Barry, Q. Feng, K. Mu, C. T. 

Jones, J. W. Schoggins, M. T. Catanese, D. R. Burton, M. Law, C. M. Rice, and 

A. Ploss. 2011. A genetically humanized mouse model for hepatitis C virus 

infection. Nature 474:208-211. 

86. Washburn, M. L., M. T. Bility, L. Zhang, G. I. Kovalev, A. Buntzman, J. A. 



110 
 

Frelinger, W. Barry, A. Ploss, C. M. Rice, and L. Su. 2011. A Humanized Mouse 

Model to Study Hepatitis C Virus Infection, Immune Response, and Liver 

Disease. Gastroenterology 140:1334-1344. 

87. Kozarsky, K. F., and J. M. Wilson. 1993. Gene therapy: adenovirus vectors. 

Curr Opin Genet Dev 3:499-503. 

88. Wilson, J. M. 1996. Adenoviruses as gene-delivery vehicles. N Engl J Med 

334:1185-1187. 

89. Lieber, A., C. Y. He, L. Meuse, D. Schowalter, I. Kirillova, B. Winther, and M. A. 

Kay. 1997. The role of Kupffer cell activation and viral gene expression in early 

liver toxicity after infusion of recombinant adenovirus vectors. J Virol 

71:8798-8807. 

90. Li, Y., D. A. Muruve, R. G. Collins, S. S. Lee, and P. Kubes. 2002. The role of 

selectins and integrins in adenovirus vector-induced neutrophil recruitment to 

the liver. Eur J Immunol 32:3443-3452. 

91. Jooss, K., and N. Chirmule. 2003. Immunity to adenovirus and 

adeno-associated viral vectors: implications for gene therapy. Gene Ther 

10:955-963. 

92. Zhang, Y., N. Chirmule, G. P. Gao, R. Qian, M. Croyle, B. Joshi, J. Tazelaar, 

and J. M. Wilson. 2001. Acute cytokine response to systemic adenoviral 

vectors in mice is mediated by dendritic cells and macrophages. Mol Ther 

3:697-707. 

93. Morelli, A. E., A. T. Larregina, R. W. Ganster, A. F. Zahorchak, J. M. Plowey, T. 



111 
 

Takayama, A. J. Logar, P. D. Robbins, L. D. Falo, and A. W. Thomson. 2000. 

Recombinant adenovirus induces maturation of dendritic cells via an 

NF-kappaB-dependent pathway. J Virol 74:9617-9628. 

94. Bromberg, J. S., L. A. Debruyne, and L. Qin. 1998. Interactions between the 

immune system and gene therapy vectors: bidirectional regulation of response 

and expression. Adv Immunol 69:353-409. 

95. Yang, Y., H. C. Ertl, and J. M. Wilson. 1994. MHC class I-restricted cytotoxic T 

lymphocytes to viral antigens destroy hepatocytes in mice infected with 

E1-deleted recombinant adenoviruses. Immunity 1:433-442. 

96. Isogawa, M., Y. Furuichi, and F. V. Chisari. 2005. Oscillating CD8+ T Cell 

Effector Functions after Antigen Recognition in the Liver. Immunity 23:53-63. 

97. DeMatteo, R. P., J. F. Markmann, K. F. Kozarsky, C. F. Barker, and S. E. Raper. 

1996. Prolongation of adenoviral transgene expression in mouse liver by T 

lymphocyte subset depletion. Gene Ther 3:4-12. 

98. Marshall, E. 1999. Gene therapy death prompts review of adenovirus vector. 

Science 286:2244-2245. 

99. McGeachy, M. J., and D. J. Cua. 2008. Th17 cell differentiation: the long and 

winding road. Immunity 28:445-453. 

100. Mosmann, T. R., H. Cherwinski, M. W. Bond, M. A. Giedlin, and R. L. Coffman. 

1986. Two types of murine helper T cell clone. I. Definition according to profiles 

of lymphokine activities and secreted proteins. J Immunol 136:2348-2357. 

101. Weaver, C. T., R. D. Hatton, P. R. Mangan, and L. E. Harrington. 2007. IL-17 



112 
 

family cytokines and the expanding diversity of effector T cell lineages. Annu 

Rev Immunol 25:821-852. 

102. Iwakura, Y., H. Ishigame, S. Saijo, and S. Nakae. 2011. Functional 

specialization of interleukin-17 family members. Immunity 34:149-162. 

103. Korn, T., E. Bettelli, M. Oukka, and V. K. Kuchroo. 2009. IL-17 and Th17 Cells. 

Annu Rev Immunol 27:485-517. 

104. Cua, D. J., and C. M. Tato. 2010. Innate IL-17-producing cells: the sentinels of 

the immune system. Nat Rev Immunol 10:479-489. 

105. Takahashi, N., I. Vanlaere, R. de Rycke, A. Cauwels, L. A. Joosten, E. 

Lubberts, W. B. van den Berg, and C. Libert. 2008. IL-17 produced by Paneth 

cells drives TNF-induced shock. J Exp Med 205:1755-1761. 

106. Ishigame, H., S. Kakuta, T. Nagai, M. Kadoki, A. Nambu, Y. Komiyama, N. 

Fujikado, Y. Tanahashi, A. Akitsu, H. Kotaki, K. Sudo, S. Nakae, C. Sasakawa, 

and Y. Iwakura. 2009. Differential roles of interleukin-17A and -17F in host 

defense against mucoepithelial bacterial infection and allergic responses. 

Immunity 30:108-119. 

107. Iwakura, Y., S. Nakae, S. Saijo, and H. Ishigame. 2008. The roles of IL-17A in 

inflammatory immune responses and host defense against pathogens. 

Immunol Rev 226:57-79. 

108. Reynolds, J. M., P. Angkasekwinai, and C. Dong. 2010. IL-17 family member 

cytokines: Regulation and function in innate immunity. Cytokine Growth Factor 

Rev 21:413-423. 



113 
 

109. Liang, S. C., A. J. Long, F. Bennett, M. J. Whitters, R. Karim, M. Collins, S. J. 

Goldman, K. Dunussi-Joannopoulos, C. M. Williams, J. F. Wright, and L. A. 

Fouser. 2007. An IL-17F/A heterodimer protein is produced by mouse Th17 

cells and induces airway neutrophil recruitment. J Immunol 179:7791-7799. 

110. von Vietinghoff, S., and K. Ley. 2009. IL-17A Controls IL-17F Production and 

Maintains Blood Neutrophil Counts in Mice. J Immunol 183:865-873. 

111. Cua, D. J., J. Sherlock, Y. Chen, C. A. Murphy, B. Joyce, B. Seymour, L. Lucian, 

W. To, S. Kwan, T. Churakova, S. Zurawski, M. Wiekowski, S. A. Lira, D. 

Gorman, R. A. Kastelein, and J. D. Sedgwick. 2003. Interleukin-23 rather than 

interleukin-12 is the critical cytokine for autoimmune inflammation of the brain. 

Nature 421:744-748. 

112. Murphy, C. A., C. L. Langrish, Y. Chen, W. Blumenschein, T. McClanahan, R. A. 

Kastelein, J. D. Sedgwick, and D. J. Cua. 2003. Divergent pro- and 

antiinflammatory roles for IL-23 and IL-12 in joint autoimmune inflammation. J 

Exp Med 198:1951-1957. 

113. Yang, X. O., S. H. Chang, H. Park, R. Nurieva, B. Shah, L. Acero, Y.-H. Wang, 

K. S. Schluns, R. R. Broaddus, Z. Zhu, and C. Dong. 2008. Regulation of 

inflammatory responses by IL-17F. J Exp Med 205:1063-1075. 

114. Cho, J. S., E. M. Pietras, N. C. Garcia, R. I. Ramos, D. M. Farzam, H. R. 

Monroe, J. E. Magorien, A. Blauvelt, J. K. Kolls, A. L. Cheung, G. Cheng, R. L. 

Modlin, and L. S. Miller. 2010. IL-17 is essential for host defense against 

cutaneous Staphylococcus aureus infection in mice. J Clin Invest 



114 
 

120:1762-1773. 

115. Lin, Y., S. Ritchea, A. Logar, S. Slight, M. Messmer, J. Rangel-Moreno, L. 

Guglani, J. F. Alcorn, H. Strawbridge, S. M. Park, R. Onishi, N. Nyugen, M. J. 

Walter, D. Pociask, T. D. Randall, S. L. Gaffen, Y. Iwakura, J. K. Kolls, and S. A. 

Khader. 2009. Interleukin-17 Is Required for T Helper 1 Cell Immunity and 

Host Resistance to the Intracellular Pathogen Francisella tularensis. Immunity 

31:799-810. 

116. O'Connor, W., Jr., M. Kamanaka, C. J. Booth, T. Town, S. Nakae, Y. Iwakura, J. 

K. Kolls, and R. A. Flavell. 2009. A protective function for interleukin 17A in T 

cell-mediated intestinal inflammation. Nat Immunol 10:603-609. 

117. Ito, R., M. Kita, M. Shin-Ya, T. Kishida, A. Urano, R. Takada, J. Sakagami, J. 

Imanishi, Y. Iwakura, T. Okanoue, T. Yoshikawa, K. Kataoka, and O. Mazda. 

2008. Involvement of IL-17A in the pathogenesis of DSS-induced colitis in mice. 

Biochem Biophys Res Commun 377:12-16. 

118. Lafdil, F., A. M. Miller, S. H. Ki, and B. Gao. 2010. Th17 cells and their 

associated cytokines in liver diseases. Cell Mol Immunol 7:250-254. 

119. Meng, F., K. Wang, T. Aoyama, S. I. Grivennikov, Y. Paik, D. Scholten, M. Cong, 

K. Iwaisako, X. Liu, M. Zhang, C. H. Osterreicher, F. Stickel, K. Ley, D. A. 

Brenner, and T. Kisseleva. 2012. Interleukin-17 signaling in inflammatory, 

Kupffer cells, and hepatic stellate cells exacerbates liver fibrosis in mice. 

Gastroenterology 143:765-776 e761-763. 

120. Yan, S., L. Wang, N. Liu, Y. Wang, and Y. Chu. 2012. Critical role of 



115 
 

interleukin-17/interleukin-17 receptor axis in mediating Con A-induced 

hepatitis. Immunol Cell Biol 90:421-428. 

121. Lafdil, F., H. Wang, O. Park, W. Zhang, Y. Moritoki, S. Yin, X. Y. Fu, M. E. 

Gershwin, Z. X. Lian, and B. Gao. 2009. Myeloid STAT3 inhibits T 

cell-mediated hepatitis by regulating T helper 1 cytokine and interleukin-17 

production. Gastroenterology 137:2125-2135 e2121-2122. 

122. Zenewicz, L. A., G. D. Yancopoulos, D. M. Valenzuela, A. J. Murphy, M. Karow, 

and R. A. Flavell. 2007. Interleukin-22 but not interleukin-17 provides 

protection to hepatocytes during acute liver inflammation. Immunity 

27:647-659. 

123. Zhang, J.-Y., Z. Zhang, F. Lin, Z.-S. Zou, R.-N. Xu, L. Jin, J.-L. Fu, F. Shi, M. 

Shi, H.-F. Wang, and F.-S. Wang. 2010. Interleukin-17–producing CD4+ T cells 

increase with severity of liver damage in patients with chronic hepatitis B. 

Hepatology 51:81-91. 

124. Basha, H. I., V. Subramanian, A. Seetharam, D. S. Nath, S. Ramachandran, C. 

D. Anderson, S. Shenoy, W. C. Chapman, J. S. Crippin, and T. Mohanakumar. 

2011. Characterization of HCV-specific CD4+Th17 immunity in recurrent 

hepatitis C-induced liver allograft fibrosis. Am J Transplant 11:775-785. 

125. Rowan, A. G., J. M. Fletcher, E. J. Ryan, B. Moran, J. E. Hegarty, C. O'Farrelly, 

and K. H. G. Mills. 2008. Hepatitis C Virus-Specific Th17 Cells Are Suppressed 

by Virus-Induced TGF-{beta}. J Immunol 181:4485-4494. 

126. Ouyang, W., S. Rutz, N. K. Crellin, P. A. Valdez, and S. G. Hymowitz. 2011. 



116 
 

Regulation and functions of the IL-10 family of cytokines in inflammation and 

disease. Annu Rev Immunol 29:71-109. 

127. Zheng, Y., D. M. Danilenko, P. Valdez, I. Kasman, J. Eastham-Anderson, J. Wu, 

and W. Ouyang. 2007. Interleukin-22, a T(H)17 cytokine, mediates 

IL-23-induced dermal inflammation and acanthosis. Nature 445:648-651. 

128. Eyerich, S., K. Eyerich, D. Pennino, T. Carbone, F. Nasorri, S. Pallotta, F. 

Cianfarani, T. Odorisio, C. Traidl-Hoffmann, H. Behrendt, S. R. Durham, C. B. 

Schmidt-Weber, and A. Cavani. 2009. Th22 cells represent a distinct human T 

cell subset involved in epidermal immunity and remodeling. J Clin Invest 

119:3573-3585. 

129. Simonian, P. L., F. Wehrmann, C. L. Roark, W. K. Born, R. L. O'Brien, and A. P. 

Fontenot. 2010. gammadelta T cells protect against lung fibrosis via IL-22. J 

Exp Med 207:2239-2253. 

130. Kumar, P., M. S. Thakar, W. Ouyang, and S. Malarkannan. 2013. IL-22 from 

conventional NK cells is epithelial regenerative and inflammation protective 

during influenza infection. Mucosal Immunol 6:69-82. 

131. Zindl, C. L., J. F. Lai, Y. K. Lee, C. L. Maynard, S. N. Harbour, W. Ouyang, D. D. 

Chaplin, and C. T. Weaver. 2013. IL-22-producing neutrophils contribute to 

antimicrobial defense and restitution of colonic epithelial integrity during colitis. 

Proc Natl Acad Sci U S A 110:12768-12773. 

132. Sonnenberg, G. F., L. A. Monticelli, M. M. Elloso, L. A. Fouser, and D. Artis. 

2011. CD4(+) lymphoid tissue-inducer cells promote innate immunity in the gut. 



117 
 

Immunity 34:122-134. 

133. Xie, M. H., S. Aggarwal, W. H. Ho, J. Foster, Z. Zhang, J. Stinson, W. I. Wood, 

A. D. Goddard, and A. L. Gurney. 2000. Interleukin (IL)-22, a novel human 

cytokine that signals through the interferon receptor-related proteins CRF2-4 

and IL-22R. J Biol Chem 275:31335-31339. 

134. Wolk, K., S. Kunz, E. Witte, M. Friedrich, K. Asadullah, and R. Sabat. 2004. 

IL-22 Increases the Innate Immunity of Tissues. Immunity 21:241-254. 

135. Sonnenberg, G. F., L. A. Fouser, and D. Artis. 2011. Border patrol: regulation of 

immunity, inflammation and tissue homeostasis at barrier surfaces by IL-22. 

Nat Immunol 12:383-390. 

136. Ouyang, W., J. K. Kolls, and Y. Zheng. 2008. The Biological Functions of T 

Helper 17 Cell Effector Cytokines in Inflammation. Immunity 28:454-467. 

137. Aujla, S. J., and J. K. Kolls. 2009. IL-22: a critical mediator in mucosal host 

defense. J Mol Med (Berl) 87:451-454. 

138. Wolk, K., E. Witte, K. Witte, K. Warszawska, and R. Sabat. 2010. Biology of 

interleukin-22. Semin Immunopathol 32:17-31. 

139. Witte, E., K. Witte, K. Warszawska, R. Sabat, and K. Wolk. 2010. 

Interleukin-22: a cytokine produced by T, NK and NKT cell subsets, with 

importance in the innate immune defense and tissue protection. Cytokine 

Growth Factor Rev 21:365-379. 

140. Ma, H. L., S. Liang, J. Li, L. Napierata, T. Brown, S. Benoit, M. Senices, D. Gill, 

K. Dunussi-Joannopoulos, M. Collins, C. Nickerson-Nutter, L. A. Fouser, and D. 



118 
 

A. Young. 2008. IL-22 is required for Th17 cell-mediated pathology in a mouse 

model of psoriasis-like skin inflammation. J Clin Invest 118:597-607. 

141. Aujla, S. J., Y. R. Chan, M. Zheng, M. Fei, D. J. Askew, D. A. Pociask, T. A. 

Reinhart, F. McAllister, J. Edeal, K. Gaus, S. Husain, J. L. Kreindler, P. J. Dubin, 

J. M. Pilewski, M. M. Myerburg, C. A. Mason, Y. Iwakura, and J. K. Kolls. 2008. 

IL-22 mediates mucosal host defense against Gram-negative bacterial 

pneumonia. Nat Med 14:275-281. 

142. Satoh-Takayama, N., L. Dumoutier, S. Lesjean-Pottier, V. S. G. Ribeiro, O. 

Mandelboim, J.-C. Renauld, C. A. J. Vosshenrich, and J. P. Di Santo. 2009. 

The Natural Cytotoxicity Receptor NKp46 Is Dispensable for IL-22-Mediated 

Innate Intestinal Immune Defense against Citrobacter rodentium. J Immunol 

183:6579-6587. 

143. Schulz, S. M., G. Kohler, N. Schutze, J. Knauer, R. K. Straubinger, A. A. 

Chackerian, E. Witte, K. Wolk, R. Sabat, Y. Iwakura, C. Holscher, U. Muller, R. 

A. Kastelein, and G. Alber. 2008. Protective immunity to systemic infection with 

attenuated Salmonella enterica serovar enteritidis in the absence of IL-12 is 

associated with IL-23-dependent IL-22, but not IL-17. J Immunol 

181:7891-7901. 

144. Liang, S. C., X. Y. Tan, D. P. Luxenberg, R. Karim, K. Dunussi-Joannopoulos, 

M. Collins, and L. A. Fouser. 2006. Interleukin (IL)-22 and IL-17 are 

coexpressed by Th17 cells and cooperatively enhance expression of 

antimicrobial peptides. J Exp Med 203:2271-2279. 



119 
 

145. Ikeuchi, H., T. Kuroiwa, N. Hiramatsu, Y. Kaneko, K. Hiromura, K. Ueki, and Y. 

Nojima. 2005. Expression of interleukin-22 in rheumatoid arthritis: potential 

role as a proinflammatory cytokine. Arthritis Rheum 52:1037-1046. 

146. Geboes, L., L. Dumoutier, H. Kelchtermans, E. Schurgers, T. Mitera, J. C. 

Renauld, and P. Matthys. 2009. Proinflammatory role of the Th17 cytokine 

interleukin-22 in collagen-induced arthritis in C57BL/6 mice. Arthritis Rheum 

60:390-395. 

147. Ki, S. H., O. Park, M. Zheng, O. Morales-Ibanez, J. K. Kolls, R. Bataller, and B. 

Gao. 2010. Interleukin-22 treatment ameliorates alcoholic liver injury in a 

murine model of chronic-binge ethanol feeding: Role of signal transducer and 

activator of transcription 3. Hepatology 52:1291-1300. 

148. Kong, X., D. Feng, H. Wang, F. Hong, A. Bertola, F.-S. Wang, and B. Gao. 

2012. Interleukin-22 induces hepatic stellate cell senescence and restricts liver 

fibrosis in mice. Hepatology 56:1150-1159. 

149. Dudakov, J. A., A. M. Hanash, R. R. Jenq, L. F. Young, A. Ghosh, N. V. Singer, 

M. L. West, O. M. Smith, A. M. Holland, J. J. Tsai, R. L. Boyd, and M. R. van 

den Brink. 2012. Interleukin-22 drives endogenous thymic regeneration in mice. 

Science 336:91-95. 

150. Radaeva, S., R. Sun, H.-n. Pan, F. Hong, and B. Gao. 2004. Interleukin 22 

(IL-22) plays a protective role in T cell-mediated murine hepatitis: IL-22 is a 

survival factor for hepatocytes via STAT3 activation. Hepatology 

39:1332-1342. 



120 
 

151. Pan, H., F. Hong, S. Radaeva, and B. Gao. 2004. Hydrodynamic gene delivery 

of interleukin-22 protects the mouse liver from concanavalin A-, carbon 

tetrachloride-, and Fas ligand-induced injury via activation of STAT3. Cell Mol 

Immunol 1:43-49. 

152. Park, O., H. Wang, H. Weng, L. Feigenbaum, H. Li, S. Yin, S. H. Ki, S. H. Yoo, 

S. Dooley, F.-S. Wang, H. A. Young, and B. Gao. 2011. In vivo consequences 

of liver-specific interleukin-22 expression in mice: Implications for human liver 

disease progression. Hepatology 54:252-261. 

153. Ren, X., B. Hu, and L. M. Colletti. 2010. IL-22 is involved in liver regeneration 

after hepatectomy. Am J Physiol Gastrointest Liver Physiol 298:G74-80. 

154. Feng, D., X. Kong, H. Weng, O. Park, H. Wang, S. Dooley, M. E. Gershwin, 

and B. Gao. 2012. Interleukin-22 Promotes Proliferation of Liver 

Stem/Progenitor Cells in Mice and Patients With Chronic Hepatitis B Virus 

Infection. Gastroenterology 143:188-198.e187. 

155. Mastelic, B., A. P. do Rosario, M. Veldhoen, J. C. Renauld, W. Jarra, A. M. 

Sponaas, S. Roetynck, B. Stockinger, and J. Langhorne. 2012. IL-22 Protects 

Against Liver Pathology and Lethality of an Experimental Blood-Stage Malaria 

Infection. Front Immunol 3:85. 

156. Munoz, M., M. M. Heimesaat, K. Danker, D. Struck, U. Lohmann, R. Plickert, S. 

Bereswill, A. Fischer, I. R. Dunay, K. Wolk, C. Loddenkemper, H. W. Krell, C. 

Libert, L. R. Lund, O. Frey, C. Holscher, Y. Iwakura, N. Ghilardi, W. Ouyang, T. 

Kamradt, R. Sabat, and O. Liesenfeld. 2009. Interleukin (IL)-23 mediates 



121 
 

Toxoplasma gondii-induced immunopathology in the gut via 

matrixmetalloproteinase-2 and IL-22 but independent of IL-17. J Exp Med 

206:3047-3059. 

157. Wilson, M. S., C. G. Feng, D. L. Barber, F. Yarovinsky, A. W. Cheever, A. Sher, 

M. Grigg, M. Collins, L. Fouser, and T. A. Wynn. 2010. Redundant and 

pathogenic roles for IL-22 in mycobacterial, protozoan, and helminth infections. 

J Immunol 184:4378-4390. 

158. Zhang, Y., M. A. Cobleigh, J. Q. Lian, C. X. Huang, C. J. Booth, X. F. Bai, and 

M. D. Robek. 2011. A Proinflammatory Role for Interleukin-22 in the Immune 

Response to Hepatitis B Virus. Gastroenterology 141:1897-1906. 

159. Spits, H., D. Artis, M. Colonna, A. Diefenbach, J. P. Di Santo, G. Eberl, S. 

Koyasu, R. M. Locksley, A. N. McKenzie, R. E. Mebius, F. Powrie, and E. Vivier. 

2013. Innate lymphoid cells--a proposal for uniform nomenclature. Nat Rev 

Immunol 13:145-149. 

160. Crellin, N. K., S. Trifari, C. D. Kaplan, T. Cupedo, and H. Spits. 2010. Human 

NKp44+IL-22+ cells and LTi-like cells constitute a stable RORC+ lineage 

distinct from conventional natural killer cells. J Exp Med 207:281-290. 

161. Moro, K., T. Yamada, M. Tanabe, T. Takeuchi, T. Ikawa, H. Kawamoto, J. 

Furusawa, M. Ohtani, H. Fujii, and S. Koyasu. 2010. Innate production of 

T(H)2 cytokines by adipose tissue-associated c-Kit(+)Sca-1(+) lymphoid cells. 

Nature 463:540-544. 

162. Neill, D. R., S. H. Wong, A. Bellosi, R. J. Flynn, M. Daly, T. K. Langford, C. 



122 
 

Bucks, C. M. Kane, P. G. Fallon, R. Pannell, H. E. Jolin, and A. N. McKenzie. 

2010. Nuocytes represent a new innate effector leukocyte that mediates type-2 

immunity. Nature 464:1367-1370. 

163. Halim, T. Y., R. H. Krauss, A. C. Sun, and F. Takei. 2012. Lung natural helper 

cells are a critical source of Th2 cell-type cytokines in protease 

allergen-induced airway inflammation. Immunity 36:451-463. 

164. Hoyler, T., C. S. Klose, A. Souabni, A. Turqueti-Neves, D. Pfeifer, E. L. Rawlins, 

D. Voehringer, M. Busslinger, and A. Diefenbach. 2012. The transcription 

factor GATA-3 controls cell fate and maintenance of type 2 innate lymphoid 

cells. Immunity 37:634-648. 

165. Monticelli, L. A., G. F. Sonnenberg, M. C. Abt, T. Alenghat, C. G. K. Ziegler, T. A. 

Doering, J. M. Angelosanto, B. J. Laidlaw, C. Y. Yang, T. Sathaliyawala, M. 

Kubota, D. Turner, J. M. Diamond, A. W. Goldrath, D. L. Farber, R. G. Collman, 

E. J. Wherry, and D. Artis. 2011. Innate lymphoid cells promote lung-tissue 

homeostasis after infection with influenza virus. Nat Immunol 12:1045-1054. 

166. Chang, Y.-J., H. Y. Kim, L. A. Albacker, N. Baumgarth, A. N. J. McKenzie, D. E. 

Smith, R. H. DeKruyff, and D. T. Umetsu. 2011. Innate lymphoid cells mediate 

influenza-induced airway hyper-reactivity independently of adaptive immunity. 

Nat Immunol 12:631-638. 

167. Takatori, H., Y. Kanno, W. T. Watford, C. M. Tato, G. Weiss, Ivanov, II, D. R. 

Littman, and J. J. O'Shea. 2009. Lymphoid tissue inducer-like cells are an 

innate source of IL-17 and IL-22. J Exp Med 206:35-41. 



123 
 

168. Satoh-Takayama, N., C. A. Vosshenrich, S. Lesjean-Pottier, S. Sawa, M. 

Lochner, F. Rattis, J. J. Mention, K. Thiam, N. Cerf-Bensussan, O. Mandelboim, 

G. Eberl, and J. P. Di Santo. 2008. Microbial flora drives interleukin 22 

production in intestinal NKp46+ cells that provide innate mucosal immune 

defense. Immunity 29:958-970. 

169. Liang, Y., Z. Jie, L. Hou, R. Aguilar-Valenzuela, D. Vu, L. Soong, and J. Sun. 

2013. IL-33 Induces Nuocytes and Modulates Liver Injury in Viral Hepatitis. J 

Immunol 190:5666-5675. 

170. McHedlidze, T., M. Waldner, S. Zopf, J. Walker, A. L. Rankin, M. Schuchmann, 

D. Voehringer, A. N. McKenzie, M. F. Neurath, S. Pflanz, and S. Wirtz. 2013. 

Interleukin-33-dependent innate lymphoid cells mediate hepatic fibrosis. 

Immunity 39:357-371. 

171. Matsumoto, A., T. Kanai, Y. Mikami, P. S. Chu, N. Nakamoto, H. Ebinuma, H. 

Saito, T. Sato, H. Yagita, and T. Hibi. 2013. IL-22-Producing RORgt-Dependent 

Innate Lymphoid Cells Play a Novel Protective Role in Murine Acute Hepatitis. 

PLoS ONE 8:e62853. 

172. Hou, L., Z. Jie, M. Desai, Y. Liang, L. Soong, T. Wang, and J. Sun. 2013. Early 

IL-17 Production by Intrahepatic T Cells Is Important for Adaptive Immune 

Responses in Viral Hepatitis. J Immunol 190:621-629. 

173. Nagata, T., L. McKinley, J. J. Peschon, J. F. Alcorn, S. J. Aujla, and J. K. Kolls. 

2008. Requirement of IL-17RA in Con A induced hepatitis and negative 

regulation of IL-17 production in mouse T cells. J Immunol 181:7473-7479. 



124 
 

174. Zhao, N., J. Hao, Y. Ni, W. Luo, R. Liang, G. Cao, Y. Zhao, P. Wang, L. Zhao, Z. 

Tian, R. Flavell, Z. Hong, J. Han, Z. Yao, Z. Wu, and Z. Yin. 2011. V{gamma}4 

{gamma}{delta} T Cell-Derived IL-17A Negatively Regulates NKT Cell Function 

in Con A-Induced Fulminant Hepatitis. J Immunol 187:5007-5014. 

175. Laan, M., Z. H. Cui, H. Hoshino, J. Lotvall, M. Sjostrand, D. C. Gruenert, B. E. 

Skoogh, and A. Linden. 1999. Neutrophil recruitment by human IL-17 via 

C-X-C chemokine release in the airways. J Immunol 162:2347-2352. 

176. Shahrara, S., S. R. Pickens, A. Dorfleutner, and R. M. Pope. 2009. IL-17 

induces monocyte migration in rheumatoid arthritis. J Immunol 182:3884-3891. 

177. Dong, C. 2008. TH17 cells in development: an updated view of their molecular 

identity and genetic programming. Nat Rev Immunol 8:337-348. 

178. Martin-Orozco, N., P. Muranski, Y. Chung, X. O. Yang, T. Yamazaki, S. Lu, P. 

Hwu, N. P. Restifo, W. W. Overwijk, and C. Dong. 2009. T Helper 17 Cells 

Promote Cytotoxic T Cell Activation in Tumor Immunity. Immunity 31:787-798. 

179. Feng, T., H. Qin, L. Wang, E. N. Benveniste, C. O. Elson, and Y. Cong. 2011. 

Th17 cells induce colitis and promote Th1 cell responses through IL-17 

induction of innate IL-12 and IL-23 production. J Immunol 186:6313-6318. 

180. Barnes, E., A. Folgori, S. Capone, L. Swadling, S. Aston, A. Kurioka, J. Meyer, 

R. Huddart, K. Smith, R. Townsend, A. Brown, R. Antrobus, V. Ammendola, M. 

Naddeo, G. O'Hara, C. Willberg, A. Harrison, F. Grazioli, M. L. Esposito, L. 

Siani, C. Traboni, Y. Oo, D. Adams, A. Hill, S. Colloca, A. Nicosia, R. Cortese, 

and P. Klenerman. 2012. Novel Adenovirus-Based Vaccines Induce Broad and 



125 
 

Sustained T Cell Responses to HCV in Man. Sci Transl Med 

4:115ra111-115ra111. 

181. O'Brien, K. L., J. Liu, S. L. King, Y.-H. Sun, J. E. Schmitz, M. A. Lifton, N. A. 

Hutnick, M. R. Betts, S. A. Dubey, J. Goudsmit, J. W. Shiver, M. N. Robertson, 

D. R. Casimiro, and D. H. Barouch. 2009. Adenovirus-specific immunity after 

immunization with an Ad5 HIV-1 vaccine candidate in humans. Nat Med 

15:873-875. 

182. Zhou, X., S. Ramachandran, M. Mann, and D. L. Popkin. 2012. Role of 

lymphocytic choriomeningitis virus (LCMV) in understanding viral immunology: 

past, present and future. Viruses 4:2650-2669. 

183. Liu, M. A. 2010. Immunologic Basis of Vaccine Vectors. Immunity 33:504-515. 

184. Yan, J., Z. Jie, L. Hou, J. L. Wanderley, L. Soong, S. Gupta, S. Qiu, T. Chan, 

and J. Sun. 2011. Parenchymal expression of CD40 exacerbates 

adenovirus-induced hepatitis in mice. Hepatology 53:1455-1467. 

185. Biron, C. A., K. B. Nguyen, and G. C. Pien. 2002. Innate immune responses to 

LCMV infections: natural killer cells and cytokines. Curr Top Microbiol Immunol 

263:7-27. 

186. Matloubian, M., R. J. Concepcion, and R. Ahmed. 1994. CD4+ T cells are 

required to sustain CD8+ cytotoxic T-cell responses during chronic viral 

infection. J Virol 68:8056-8063. 

187. Worgall, S., G. Wolff, E. Falck-Pedersen, and R. G. Crystal. 1997. Innate 

immune mechanisms dominate elimination of adenoviral vectors following in 



126 
 

vivo administration. Hum Gene Ther 8:37-44. 

188. Muruve, D. A., M. J. Barnes, I. E. Stillman, and T. A. Libermann. 1999. 

Adenoviral gene therapy leads to rapid induction of multiple chemokines and 

acute neutrophil-dependent hepatic injury in vivo. Hum Gene Ther 10:965-976. 

189. Ajuebor, M. N., Y. Jin, G. L. Gremillion, R. M. Strieter, Q. Chen, and P. A. 

Adegboyega. 2008. {gamma}{delta}T Cells Initiate Acute Inflammation and 

Injury in Adenovirus-Infected Liver via Cytokine-Chemokine Cross Talk. J. Virol. 

82:9564-9576. 

190. Nakae, S., Y. Komiyama, A. Nambu, K. Sudo, M. Iwase, I. Homma, K. 

Sekikawa, M. Asano, and Y. Iwakura. 2002. Antigen-specific T cell 

sensitization is impaired in IL-17-deficient mice, causing suppression of 

allergic cellular and humoral responses. Immunity 17:375-387. 

191. Salvato, M., E. Shimomaye, P. Southern, and M. B. A. Oldstone. 1988. 

Virus-lymphocyte interactions IV. Molecular characterization of LCMV 

Armstrong (CTL+) small genomic segment and that of its variant, clone 13 

(CTL-). Virology 164:517-522. 

192. Battegay, M., S. Cooper, A. Althage, J. Banziger, H. Hengartner, and R. M. 

Zinkernagel. 1991. Quantification of lymphocytic choriomeningitis virus with an 

immunological focus assay in 24- or 96-well plates. J Virol Methods 

33:191-198. 

193. Knodell, R. G., K. G. Ishak, W. C. Black, T. S. Chen, R. Craig, N. Kaplowitz, T. 

W. Kiernan, and J. Wollman. 1981. Formulation and application of a numerical 



127 
 

scoring system for assessing histological activity in asymptomatic chronic 

active hepatitis. Hepatology 1:431-435. 

194. Spits, H., and J. P. Di Santo. 2011. The expanding family of innate lymphoid 

cells: regulators and effectors of immunity and tissue remodeling. Nat Immunol 

12:21-27. 

195. Shinkai, Y., G. Rathbun, K. P. Lam, E. M. Oltz, V. Stewart, M. Mendelsohn, J. 

Charron, M. Datta, F. Young, A. M. Stall, and et al. 1992. RAG-2-deficient mice 

lack mature lymphocytes owing to inability to initiate V(D)J rearrangement. Cell 

68:855-867. 

196. Smith, E., M. A. Stark, A. Zarbock, T. L. Burcin, A. C. Bruce, D. Vaswani, P. 

Foley, and K. Ley. 2008. IL-17A inhibits the expansion of IL-17A-producing T 

cells in mice through "short-loop" inhibition via IL-17 receptor. J Immunol 

181:1357-1364. 

197. Sonnenberg, G. F., L. A. Monticelli, T. Alenghat, T. C. Fung, N. A. Hutnick, J. 

Kunisawa, N. Shibata, S. Grunberg, R. Sinha, A. M. Zahm, M. R. Tardif, T. 

Sathaliyawala, M. Kubota, D. L. Farber, R. G. Collman, A. Shaked, L. A. 

Fouser, D. B. Weiner, P. A. Tessier, J. R. Friedman, H. Kiyono, F. D. Bushman, 

K. M. Chang, and D. Artis. 2012. Innate lymphoid cells promote anatomical 

containment of lymphoid-resident commensal bacteria. Science 

336:1321-1325. 

198. Haak, S., A. L. Croxford, K. Kreymborg, F. L. Heppner, S. Pouly, B. Becher, 

and A. Waisman. 2009. IL-17A and IL-17F do not contribute vitally to 



128 
 

autoimmune neuro-inflammation in mice. J Clin Invest 119:61-69. 

199. Foster, R., L. Golden-Mason, A. Rutebemberwa, and H. Rosen. 2012. 

Interleukin (IL)-17/IL-22-Producing T cells Enriched Within the Liver of Patients 

with Chronic Hepatitis C Viral (HCV) Infection. Dig Dis Sci 57:381-389. 

200. Grafmueller, S., E. Billerbeck, H. E. Blum, C. Neumann-Haefelin, and R. 

Thimme. 2012. Differential Antigen Specificity of Hepatitis C Virus-Specific 

Interleukin 17- and Interferon g-Producing CD8+ T Cells During Chronic 

Infection. J Infect Dis 205:1142-1146. 

201. Sun, H. Q., J. Y. Zhang, H. Zhang, Z. S. Zou, F. S. Wang, and J. H. Jia. 2012. 

Increased Th17 cells contribute to disease progression in patients with 

HBV-associated liver cirrhosis. J Viral Hepat 19:396-403. 

202. Wondimu, Z., T. Santodomingo-Garzon, T. Le, and M. G. Swain. 2010. 

Protective role of interleukin-17 in murine NKT cell-driven acute experimental 

hepatitis. Am J Pathol 177:2334-2346. 

203. Crispe, I. N. 2012. IL-17 in liver injury: an inflammatory issue? Immunol Cell 

Biol 90:369-370. 

204. Aberle, J. H., E. Formann, P. Steindl-Munda, L. Weseslindtner, C. Gurguta, G. 

Perstinger, E. Grilnberger, H. Laferl, H. P. Dienes, T. Popow-Kraupp, P. Ferenci, 

and H. Holzmann. 2006. Prospective study of viral clearance and CD4(+) 

T-cell response in acute hepatitis C primary infection and reinfection. J Clin 

Virol 36:24-31. 

205. Rehermann, B. 2000. Intrahepatic T cells in hepatitis B: viral control versus 



129 
 

liver cell injury. J Exp Med 191:1263-1268. 

206. Streetz, K. L., T. Wustefeld, C. Klein, M. P. Manns, and C. Trautwein. 2001. 

Mediators of inflammation and acute phase response in the liver. Cell Mol Biol 

(Noisy-le-grand) 47:661-673. 

207. Louis, H., O. Le Moine, M. Goldman, and J. Deviere. 2003. Modulation of liver 

injury by interleukin-10. Acta Gastroenterol Belg 66:7-14. 

208. Kotenko, S. V., L. S. Izotova, O. V. Mirochnitchenko, E. Esterova, H. 

Dickensheets, R. P. Donnelly, and S. Pestka. 2001. Identification of the 

functional interleukin-22 (IL-22) receptor complex: the IL-10R2 chain 

(IL-10Rbeta) is a common chain of both the IL-10 and IL-22 (IL-10-related T 

cell-derived inducible factor, IL-TIF) receptor complexes. J Biol Chem 

276:2725-2732. 

209. Yang, L., Y. Zhang, L. Wang, F. Fan, L. Zhu, Z. Li, X. Ruan, H. Huang, Z. Wang, 

Z. Huang, Y. Huang, X. Yan, and Y. Chen. 2010. Amelioration of high fat diet 

induced liver lipogenesis and hepatic steatosis by interleukin-22. J Hepatol 

53:339-347. 

210. Zenewicz, L. A., G. D. Yancopoulos, D. M. Valenzuela, A. J. Murphy, S. 

Stevens, and R. A. Flavell. 2008. Innate and adaptive interleukin-22 protects 

mice from inflammatory bowel disease. Immunity 29:947-957. 

211. Sugimoto, K., A. Ogawa, E. Mizoguchi, Y. Shimomura, A. Andoh, A. K. Bhan, R. 

S. Blumberg, R. J. Xavier, and A. Mizoguchi. 2008. IL-22 ameliorates intestinal 

inflammation in a mouse model of ulcerative colitis. J Clin Invest 118:534-544. 



130 
 

212. Taube, C., C. Tertilt, G. Gyulveszi, N. Dehzad, K. Kreymborg, K. Schneeweiss, 

E. Michel, S. Reuter, J. C. Renauld, D. Arnold-Schild, H. Schild, R. Buhl, and B. 

Becher. 2011. IL-22 is produced by innate lymphoid cells and limits 

inflammation in allergic airway disease. PLoS ONE 6:e21799. 

213. Liang, S. C., C. Nickerson-Nutter, D. D. Pittman, Y. Carrier, D. G. Goodwin, K. 

M. Shields, A. J. Lambert, S. H. Schelling, Q. G. Medley, H. L. Ma, M. Collins, 

K. Dunussi-Joannopoulos, and L. A. Fouser. 2010. IL-22 induces an 

acute-phase response. J Immunol 185:5531-5538. 

214. Qiu, J., JenniferÂ J. Heller, X. Guo, Z.-mingÂ E. Chen, K. Fish, Y.-X. Fu, and L. 

Zhou. 2012. The Aryl Hydrocarbon Receptor Regulates Gut Immunity through 

Modulation of Innate Lymphoid Cells. Immunity 36:92-104. 

215. Blomhoff, R., and H. K. Blomhoff. 2006. Overview of retinoid metabolism and 

function. J Neurobiol 66:606-630. 

216. Duester, G., F. A. Mic, and A. Molotkov. 2003. Cytosolic retinoid 

dehydrogenases govern ubiquitous metabolism of retinol to retinaldehyde 

followed by tissue-specific metabolism to retinoic acid. Chem Biol Interact 

143-144:201-210. 

217. Mielke, L. A., S. A. Jones, M. Raverdeau, R. Higgs, A. Stefanska, J. R. Groom, 

A. Misiak, L. S. Dungan, C. E. Sutton, G. Streubel, A. P. Bracken, and K. H. 

Mills. 2013. Retinoic acid expression associates with enhanced IL-22 

production by gammadelta T cells and innate lymphoid cells and attenuation of 

intestinal inflammation. J Exp Med 210:1117-1124. 



131 
 

218. Friedman, S. L. 2008. Mechanisms of hepatic fibrogenesis. Gastroenterology 

134:1655-1669. 

219. Crispe, I. N. 2001. Isolation of Mouse Intrahepatic Lymphocytes. Curr Protoc 

Immunol Chapter 3: Unit 3.21. 

220. Weiskirchen, R., and A. M. Gressner. 2005. Isolation and culture of hepatic 

stellate cells. Methods Mol Med 117:99-113. 

221. Iwata, M., Y. Eshima, and H. Kagechika. 2003. Retinoic acids exert direct 

effects on T cells to suppress Th1 development and enhance Th2 

development via retinoic acid receptors. Int Immunol 15:1017-1025. 

222. Cantorna, M. T., F. E. Nashold, T. Y. Chun, and C. E. Hayes. 1996. Vitamin A 

down-regulation of IFN-gamma synthesis in cloned mouse Th1 lymphocytes 

depends on the CD28 costimulatory pathway. J Immunol 156:2674-2679. 

223. Xiao, S., H. Jin, T. Korn, S. M. Liu, M. Oukka, B. Lim, and V. K. Kuchroo. 2008. 

Retinoic acid increases Foxp3+ regulatory T cells and inhibits development of 

Th17 cells by enhancing TGF-beta-driven Smad3 signaling and inhibiting IL-6 

and IL-23 receptor expression. J Immunol 181:2277-2284. 

224. Elias, K. M., A. Laurence, T. S. Davidson, G. Stephens, Y. Kanno, E. M. 

Shevach, and J. J. O'Shea. 2008. Retinoic acid inhibits Th17 polarization and 

enhances FoxP3 expression through a Stat-3/Stat-5 independent signaling 

pathway. Blood 111:1013-1020. 

225. Pellegrini, M., T. Calzascia, J. G. Toe, S. P. Preston, A. E. Lin, A. R. Elford, A. 

Shahinian, P. A. Lang, K. S. Lang, M. Morre, B. Assouline, K. Lahl, T. 



132 
 

Sparwasser, T. F. Tedder, J. H. Paik, R. A. DePinho, S. Basta, P. S. Ohashi, 

and T. W. Mak. 2011. IL-7 engages multiple mechanisms to overcome chronic 

viral infection and limit organ pathology. Cell 144:601-613. 

226. Michel, M. L., D. J. Pang, S. F. Haque, A. J. Potocnik, D. J. Pennington, and A. 

C. Hayday. 2012. Interleukin 7 (IL-7) selectively promotes mouse and human 

IL-17-producing gammadelta cells. Proc Natl Acad Sci U S A 

109:17549-17554. 

227. Walker, J. A., J. L. Barlow, and A. N. J. McKenzie. 2013. Innate lymphoid cells - 

how did we miss them? Nat Rev Immunol 13:75-87. 

228. Qiu, J., X. Guo, Z. M. Chen, L. He, G. F. Sonnenberg, D. Artis, Y. X. Fu, and L. 

Zhou. 2013. Group 3 Innate Lymphoid Cells Inhibit T-Cell-Mediated Intestinal 

Inflammation through Aryl Hydrocarbon Receptor Signaling and Regulation of 

Microflora. Immunity 39:386-399. 

229. Wolk, K., E. Witte, U. Hoffmann, W. D. Doecke, S. Endesfelder, K. Asadullah, 

W. Sterry, H. D. Volk, B. M. Wittig, and R. Sabat. 2007. IL-22 induces 

lipopolysaccharide-binding protein in hepatocytes: a potential systemic role of 

IL-22 in Crohn's disease. J Immunol 178:5973-5981. 

230. Mucida, D., Y. Park, G. Kim, O. Turovskaya, I. Scott, M. Kronenberg, and H. 

Cheroutre. 2007. Reciprocal TH17 and regulatory T cell differentiation 

mediated by retinoic acid. Science 317:256-260. 

231. Hall, J. A., J. L. Cannons, J. R. Grainger, L. M. Dos Santos, T. W. Hand, S. 

Naik, E. A. Wohlfert, D. B. Chou, G. Oldenhove, M. Robinson, M. E. Grigg, R. 



133 
 

Kastenmayer, P. L. Schwartzberg, and Y. Belkaid. 2011. Essential role for 

retinoic acid in the promotion of CD4(+) T cell effector responses via retinoic 

acid receptor alpha. Immunity 34:435-447. 

232. Wang, C., S. G. Kang, H. HogenEsch, P. E. Love, and C. H. Kim. 2010. 

Retinoic acid determines the precise tissue tropism of inflammatory Th17 cells 

in the intestine. J Immunol 184:5519-5526. 

233. Feng, T., Y. Cong, H. Qin, E. N. Benveniste, and C. O. Elson. 2010. Generation 

of mucosal dendritic cells from bone marrow reveals a critical role of retinoic 

acid. J Immunol 185:5915-5925. 

234. Korn, T., J. Reddy, W. Gao, E. Bettelli, A. Awasthi, T. R. Petersen, B. T. 

Backstrom, R. A. Sobel, K. W. Wucherpfennig, T. B. Strom, M. Oukka, and V. K. 

Kuchroo. 2007. Myelin-specific regulatory T cells accumulate in the CNS but 

fail to control autoimmune inflammation. Nat Med 13:423-431. 

235. Sun, J., B. Tumurbaatar, J. Jia, H. Diao, F. Bodola, S. M. Lemon, W. Tang, D. G. 

Bowen, G. W. McCaughan, P. Bertolino, and T.-S. Chan. 2005. Parenchymal 

Expression of CD86/B7.2 Contributes to Hepatitis C Virus-Related Liver Injury. 

J. Virol. 79:10730-10739. 

236. Bowen, D. G., M. Zen, L. Holz, T. Davis, G. W. McCaughan, and P. Bertolino. 

2004. The site of primary T cell activation is a determinant of the balance 

between intrahepatic tolerance and immunity. J. Clin. Invest. 114:701-712. 

237. Liang, B., T. Hara, K. Wagatsuma, J. Zhang, K. Maki, H. Miyachi, S. Kitano, C. 

Yabe-Nishimura, S. Tani-Ichi, and K. Ikuta. 2012. Role of hepatocyte-derived 



134 
 

IL-7 in maintenance of intrahepatic NKT cells and T cells and development of 

B cells in fetal liver. J Immunol 189:4444-4450. 

238. Hartgring, S. A., C. R. Willis, D. Alcorn, L. J. Nelson, J. W. Bijlsma, F. P. Lafeber, 

and J. A. van Roon. 2010. Blockade of the interleukin-7 receptor inhibits 

collagen-induced arthritis and is associated with reduction of T cell activity and 

proinflammatory mediators. Arthritis Rheum 62:2716-2725. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



135 
 

VITA 

Zuliang Jie was born in Guangze, Fujian Province in China in 1984. In 2001, he went 

to Xiamen University, a beautiful university on a small island, to study biological 

sciences. In 2005, he graduated and pursued a master’s degree at the same 

University. In the summer of 2008, he was accepted by the Graduate Program in 

Microbiology and Immunology, University of Texas Medical Branch (UTMB), in a 

beautiful island city Galveston.   

 

During his graduate education in UTMB, Zuliang Jie has received several awards. He 

was funded by the James McLaughlin Pre-doctoral Fellowship from 2011 to 2013. He 

also received the American Society for Virology Student Travel Award at the 31st 

Annual Meeting in Madison, WI, in 2012. In 2013, Zuliang received the American 

Association of Immunologist Trainee Abstract Award at the AAI Annual Meeting in 

Honolulu, HI. In 2013, he received the Robert Shop PhD Endowed Scholarship at 

UTMB. In 2014, Zuliang was given the American Association of Immunologist Trainee 

Abstract Award at the AAI Annual Meeting in Pittsburgh, Pennsylvania.  

  

Zuliang Jie married Xianxiu Wan, currently a graduate student at UTMB, on 

December 2009 in Guangze, Fujian, China.  

 

This dissertation is typed by Zuliang Jie. 

 

 

EDUCATION 

 

Degree 

  

Institution Field of Study Years 

B.S. Xiamen University 

 

Biology 2001-2005 

M.S.  Xiamen Univeristy Biochemistry and 

Molecular Biology 

2005-2008 

 



136 
 

PUBLICATIONS 

 

Peer-reviewed publications: 

1.  Z. Jie, L. Xu and F. Yang. The C-terminal region of envelope protein VP38 from 

White Spot Syndrome Virus is indispensable for interaction with VP24. Arch. 

Virol. 2008.153: 2103-2106.  

2.  Y. Xiao, Z. Jie, M. Wang, G. Lin and W. Wang. Leaf and stem anatomical 

responses to periodical waterlogging in simulated tidal floods in mangrove 

Avicennia marina seedlings. Aquat. Bot. 2009.91: 231-237.  

3.  J. Yan#, Z. Jie#, L. Hou, J. Wanderley, L. Soong, S. Gupta, S. Qiu, T. Chan and J. 

Sun. Parenchymal expression of CD40 exacerbates adenovirus-induced 

hepatitis. Hepatology 2011.53:1455-67. (#co-first author)  

4.  L. Hou#, Z. Jie#, M. Desai, Y. Liang, L. Soong, T. Wang and J. Sun. Early IL-17 

production by intrahepatic T cells is important for adaptive immune responses in 

viral hepatitis. J. Immunol. 2013.190:621-9. (#co-first author)  

5.  Y. Liang, Z. Jie, L. Hou, R. Aguilar-Valenzuela, D. Vu, L. Soong and J. Sun. IL-33 

induces nuocytes and modulates liver injury in viral hepatitis. J. Immunol. 

2013.190:5666-75.  

6.  Z. Jie, Y. Liang, L. Hou, C. Dong, Y. Iwakura, L. Soong, Y. Cong and J. Sun. 

Intrahepatic innate lymphoid cells secrete IL-17A and IL-17F that are crucial for T 

cell priming in viral infection. J. Immunol. 2014.192:3289-300.  

 

Manuscript submitted or in preparation 

1.  Z. Jie, Y. Liang, L. Hou, L. Soong, Y. Cong and J. Sun. Hepatic stellate 

cell-derived retinoic acid regulates group 3 innate lymphoid cells and modulates 

viral hepatitis. In preparation. 

2.  L. Hou, Z. Jie, Y. Liang, M. Desai, L. Soong and J. Sun. Type 1 interferon-induced 

IL-7 maintains CD8+ T cell responses and homeostasis by down-regulating PD-1 

expression in viral hepatitis. Cell. Mol. Immunol. Submitted. 

 

 

 

 

 

 

 

 



137 
 

Abstracts presented at professional meetings 

 

1.  Z. Jie, J. Yan, L. Hou, L. Soong and J. Sun  Parenchymal expression of CD40 

exacerbates adenovirus-induced hepatitis. 2011, SCBA-Texas Chapter Meeting 

(Oral Presentation) 

2.  Z. Jie, L. Hou, Y. Liang, M. Desai and J. Sun  IL-7 regulates the expansion of 

IL-17-producing  T cells and antiviral responses in mouse liver. 2012, 

SCBA-Texas Chapter Meeting (Oral Presentation) 

3.  Z. Jie, L. Hou, Y. Liang, M. Desai, L. Soong, T. Wang and J. Sun  IL-7 regulates 

the expansion of IL-17-producing  T cells and antiviral responses in mouse liver. 

2012, The 31st Annual Meeting of the American Society for Virology (Poster 

Presentation) 

4.  Y. Liang, Z. Jie, L. Hou, R. A. Aguilar-Valenzuela and J. Sun  IL-33 induces 

nuocytes and protects liver from excessive injury in viral hepatitis. 2012, The 31st 

Annual Meeting of the American Society for Virology (Poster Presentation)  

5.  Z. Jie, L. Hou, Y. Liang, M. Desai, L. Soong, T. Wang and J. Sun  IL-7 regulates 

the expansion of IL-17-producing  T cells and antiviral responses in mouse liver. 

2012, The Emerging Viruses: Disease Models and Strategies for Vaccine 

Development Symposium (Poster Presentation)    

6.  Z. Jie, L. Hou, Y. Liang and J. Sun  Early IL-17 production by intrahepatic T cells 

is important for adaptive immune responses in viral hepatitis. 2013, 

IMMUNOLOGY 2013™ AAI Annual Meeting (Oral Presentation)  

 


