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ABSTRACT

 

Understanding the innate and adaptive immune responses during resolution of hepatitis B virus 

(HBV) infection is important for exploring new treatment options for chronic hepatitis B (CHB). 

Studying acute hepatitis B (AHB) in humans is challenging since the early weeks after infection 

are mostly asymptomatic. Infection of woodchucks with woodchuck hepatitis virus (WHV) 

resembles HBV infection in humans. WHV-infected adult woodchucks showed an increase and 

subsequent decline in WHV replication, suggesting AHB resolution. The intrahepatic increase in 

IFN-γ expression at week 5 post-inoculation correlated with an upregulation of NK-cell markers, 

indicating the importance of a non-cytolytic mechanism in the initial viral control. Later during 

the marked decline in replication, the upregulated expression of adaptive immune cell markers 

indicated an additional cytolytic mechanism of viral clearance, along with a dampening of liver 

injury. The safety and efficacy of small agonist molecules targeting pattern recognition receptors 

(PRRs) have been evaluated in animal models and are currently tested in patients with CHB. 

However, other PRRs capable of sensing HBV are less investigated. The presence and activation 

of viral nucleic acid sensing PRRs and their downstream signaling pathways was determined in 

liver and blood of woodchucks during AHB resolution. In the liver, receptor expression did not 

change early post-inoculation, suggesting a stealth-like behavior of WHV. During resolution, 

however, most receptors were strongly upregulated in liver but not in blood. Previously unexplored 
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viral DNA sensing receptors showed comparable or even higher expression than well-described 

receptors. Furthermore, the intrahepatic expression of these receptors was downregulated during 

CHB, when compared to their peak expression during AHB resolution. Treatment of primary 

hepatocytes from woodchucks with CHB with HSV-60 or poly(dA:dT) upregulated the IFI16 or 

ZBP1/DAI and AIM2 receptor signaling pathways, respectively, and produced effector cytokines 

which significantly reduced WHV replication and secretion. Combination treatment with both 

agonists enhanced the antiviral effect, but not indefinitely once saturating levels of type I IFNs 

were achieved. As observed in AHB, future immunotherapies for CHB should consider activating 

more than one PRR, preferentially located within infected hepatocytes, to induce antiviral 

efficacious levels of cytokines acting directly at the site viral replication.  
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CHAPTER ONE: INTRODUCTION 

1.1 Hepatitis B virus - prevalence, structure, replication cycle, and pathogenesis 

Hepatitis B virus (HBV) is a hepatotropic DNA virus that belongs to the Hepadnaviridae 

family, with ten genotypes (A-J) identified so far. The Global Hepatitis Report published by the 

World Health Organization (WHO) in 2017 has recognized viral hepatitis as a major challenge for 

public heath, especially due to the increasing number of deaths each year that are related to HBV 

infection (1). In 2015, an estimated 257 million chronic carriers of HBV were at risk of developing 

serious liver disorders and eventually hepatocellular carcinoma (HCC) (2). Prevalence of HBV 

infection is higher in regions of Africa, West Pacific, and South-East Asia (Figure 1.1), with a 

major disease burden acquired via mother to child transfer or by infection of children below five 

years of age (1). In addition, HBV can be transmitted by infected blood and body fluids or during 

sexual activity.  

The HBV genome is a 3.2kb partially double stranded, relaxed circular DNA (rc-DNA), 

with an incomplete plus strand and a complete minus strand bound to the viral polymerase protein 

at the 5’ end. The genome is enclosed within a nucleocapsid formed by core proteins and is further 

surrounded by an envelope (Figure 1.2) (3). The four partially overlapping open reading frames 

(ORFs) of HBV genome are named P – encoding for the HBV polymerase, S/PreS1/PreS – 

encoding for the hepatitis B surface antigens (HBsAg), PreC/C – encoding for the hepatitis B core 

antigen (HBcAg), and X encoding for the hepatitis B X antigen (HBx) (Figure 1.2) The 5’ 

extension of the C ORF termed as pre-C is translated in to a secreted protein called hepatitis B e 

antigen (HBeAg). Similarly, the pre-S extension of the S ORF is divided into the pre-S1 and pre-
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S2 domains, so that the entire ORF is translated into the large (L), medium (M), and small (S) 

surface proteins (HBsAg) (4).  

HBV mainly infects and replicates in hepatocytes (Figure 1.3). Entry into hepatocytes is 

mediated by the interaction of HBsAg with the sodium taurocholate co-transporting protein 

(NTCP) in a multistep process (5). The initial low affinity binding of HBsAg with heparin sulphate 

proteoglycans on the cell surface is followed by a high affinity binding of the large (L) HBsAg 

protein in the preS1 region with NTCP. This trigger then the internalization of the virions (4). 

Following uncoating of the HBV envelope, the nucleocapsid transports the HBV genome to the 

nucleus where rc-DNA is converted to covalently-closed circular DNA (cccDNA) using the host 

DNA repair machinery. cccDNA forms a stable reservoir of the HBV genome that serves as a 

template for coding the four genomic or sub-genomic transcripts. A 3.5kb transcript is the pre-

genomic RNA (pgRNA) that acts as a template for replicative intermediate DNA (RI-DNA) and 

as a mRNA for translating the viral polymerase and core proteins. HBeAg is translated from the 

pre-core region of the same transcript. The large HBsAg protein (L-HBsAg) is translated from a 

2.4kb transcript. The middle (M-HBsAg) and small HBsAg proteins (S-HBsAg) are translated 

from a 2.1kb transcript, while the HBx protein is translated from the smallest 0.7kb-long transcript 

(3). Encapsidation of pgRNA along with the viral polymerase into the nucleocapsid initiates the 

reverse transcription of pgRNA to negative strand DNA followed by positive DNA strand 

synthesis. The nucleocapsid containing rc-DNA is then enveloped within the endoplasmic 

reticulum and secreted as a mature and infectious virion or can recirculate rc-DNA into the nucleus 

to replenish the cccDNA pool.  
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The risk of developing chronic hepatitis B (CHB) is mainly age dependent, with more than 

a 95% chance in neonates and infants who acquire the infection during birth or early in life, 

respectively. However, less than 5% of HBV infections in adults progress to chronicity (3). The 

early weeks of infection leading to acute hepatitis B (AHB) are mostly asymptomatic due to the 

non-cytopathic nature of the virus. Eventually, AHB may show symptoms ranging from fatigue 

and nausea to jaundice, but very rarely leads to acute liver failure (3). Following an initial lag 

phase in viral replication, the rapid increase in viral load (incubation period) is marked by a peak 

in viremia (HBV rc-DNA) and antigenemia (HBsAg and HBeAg) (6). The decline in viral load is 

associated with an increase in serum levels of liver enzymes as a result of liver damage which is 

mediated mainly by virus-specific host immune responses described in the following section. A 

hallmark of successful control of infection is the seroconversion to anti-HBs and anti-HBe 

antibodies) (Figure 1.4). CHB, which is mainly observed in infections that are acquired by 

neonates or infants, is influenced by several factors, including high levels of viral antigens and 

failure to mount effective immune responses (4), as described below. The dynamic phases of 

chronic infection include fluctuating levels of liver enzymes, HBV rc-DNA, and HBeAg (Figure 

1.4). These stages of immunopathogenesis mediate the progression of liver disease from fibrosis 

to cirrhosis and eventually to HCC (6).  

1.2 Innate and adaptive immune responses during hepatitis B virus infection 

The successful clearance versus persistence of HBV infection is equally dependent on both 

factors, the host immune response and viral determinants (6). The role of innate and adaptive 

immune responses during HBV infection has been widely explored, with a better understanding of 

adaptive immunity. The focus on innate immune response during HBV infection has gained more 
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attention during recent years with the development of antiviral drugs that target pattern recognition 

receptors (PRRs) of the innate immune system. These receptors are expressed on both immune 

and non-immune cells and recognize pathogen associated molecular patterns (PAMPs), including 

viral RNA and DNA to induce mainly type I interferons (IFNs) and pro-inflammatory cytokines 

(7). The downstream signaling pathway of these PRRs, especially of viral nucleic acid sensing 

receptors, are described in more detail in chapter five. Whether HBV is recognized by PRRs is still 

controversial and the mechanisms involved are less understood. In support of recognition by PRRs, 

studies have described the activation Toll-like receptors (TLRs), such as TLR2 and TLR4 by HBV 

proteins (empty capsids or HBsAg)(8). Furthermore, nucleic acid sensing receptors located within 

the cytosol of cells, including retinoic acid-inducible gene I (RIG-I) and cyclic GMP-AMP 

synthase (cGAS), can recognize the epsilon structure of HBV pgRNA or HBV DNA, respectively, 

when exposed in the cytoplasm (9, 10). Induction of early type I IFNs is a hallmark of many viral 

infections, but not so in the case of HBV infection. Earlier studies on acute HBV infection in 

chimpanzees have described that HBV does not activate any virus-induced or immune response-

related genes during the entry and expansion phases, suggesting a stealth-like behavior (11) (12). 

Similarly, analysis of early innate immune response in a cohort of 21 patients with AHB 

demonstrated very low levels of type I IFNs in serum during the pre-clinical phase of HBV 

infection (13). The mechanism behind this poor induction of type I IFNs is controversial, but 

undetectability by immune system is certainly in favor of the virus While some in vitro studies 

have shown that HBV proteins, including HBsAg, HBeAg, HBxAg, and HBV polymerase, can 

suppress or interfere with the innate immune response, as reviewed  previously (8, 14, 15), other 
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studies argue that HBV does not activate or actively interfere with the innate immune response 

(16) (17).  

The innate immune response includes important effector functions of natural killer (NK) 

cells, NKT-cells, and antigen presenting cells (APCs). A healthy (HBV-uninfected) liver is 

frequently populated with NK-cells, constituting about 30-40% of all intrahepatic lymphocytes 

(18). NK-cells recognize (in an antigen independent manner) and directly kill virus-infected cells 

(cytolytic function) or can produce antiviral cytokines such as IFN-γ and tumor necrosis factor 

alpha (TNF-α) (non-cytolytic function). In patients with AHB, a high frequency of NK-cells 

(CD56bright) in blood was observed during the early phase of infection, and before the peak in liver 

enzyme activity and virus-specific adaptive immune responses was present (19, 20). Studies in 

animal models have suggested that IFN-γ produced by NK-cells is important in controlling HBV 

infection (21). A correlation of NK-cell markers with IFN-γ expression in liver during the initial 

weeks of infection in the woodchuck model of AHB has been recently demonstrated (22) and is 

described in chapter three. During CHB, the above-mentioned functionality of NK-cells is still 

unclear, with evidence supporting both a suppressed activity and an increased cytotoxicity of this 

cell subset. Longitudinal studies have shown innate immune response-mediated liver damage in 

CHB patients that correlates with hepatic flares and expression of interleukin (IL)-18, IFN-α and 

NK-cell markers (23). The function of non-classical T-cells such as NKT-cells and mucosal-

associated invariant T-cells (MAITs) are not completely understood for HBV infection. Studies in 

a mouse model of HBV have demonstrated the ability of invariant NKT-cells (iNKTs) to activate 

innate immune response, but their effect on human HBV infection appears minimal due to the low 

population of these cells in human liver (8). In contrast, MAITs are known to be abundant in liver 
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with the ability to produce IFN-γ upon activation by IL-12 and IL-18, but these cells are less 

investigated (14). APCs, especially dendritic cells (DCs), are important for antigen cross-priming 

and maturation of HBV-specific adaptive immune response. The monocytes differentiating into 

DCs and into M1 (pro-inflammatory) or M2 macrophages (anti-inflammatory) are of relevance in 

regard to CHB, as they have the ability to shape the response of helper T-cells (Th-cells) or 

regulatory T-cells (Tregs) (8). The limited access and the lack of efficient phenotyping of Kupffer 

cells (liver macrophages) in humans, has restricted the understanding of their functions, and most 

data were obtained in mouse models (8). 

Adaptive immunity comprising of T- and B-cell responses are considered to ultimately 

determine the outcome of HBV infection. In patients with AHB, HBV-specific CD4+ and CD8+ 

T-cells are detected during the exponential increase of HBV rc-DNA and their maximum activity 

is associated with liver damage (peak in liver enzyme activity) (13, 19, 20). CD4+ T-cells produce 

cytokines that can shape the development of CD8+ T-cells and antibody production by B-cells. 

Polyclonal and multi-specific CD8+ T-cells mediate the clearance of HBV infection by cytolytic 

killing of infected hepatocytes using effector molecules such as granzyme B (GZMB) and perforin 

(PRF1), or by non-cytolytic mechanism via the production of antiviral cytokines, including IFN-γ 

and TNF-α (4). During HBV resolution, the T-cell response is regulated by increased expression 

of inhibitory receptors, such as programmed cell death protein 1 (PD-1), cytotoxic T-lymphocyte 

associated protein 4 (CTLA-4), and T-cell immunoglobulin and mucin domain-containing protein 

3 (TIM-3) on T-cells, and of inhibitory ligands on APCs, including programmed cell death ligand 

1 (PD-L1) and 2 (PD-L2) (24). Although residual virus persists even after resolution, the effective 

control and long-lasting protection from HBV infection is dependent on humoral response to HBV 
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antigens. The increase in anti-HBs antibodies is associated with a decline in HBV rc-DNA load 

and is important for protection from subsequent HBV infections (24). Additionally, the virus-

neutralizing function of anti-HBs antibodies limits the spread of HBV in liver by interfering with 

the entry of the virus into hepatocytes.  

The natural course of chronic HBV infection includes the following dynamic phases (4, 

25)– HBeAg-positive chronic infection (immune tolerance phase): This phase is typically 

observed during childhood chronic infection characterized by high viral load, HBeAg positivity, 

and low-level immune-mediated response with near to normal liver histology. HBeAg-positive 

chronic hepatitis (immune clearance phase): The immune active phase occurs mainly during 30-

50 years of age in patients infected with HBV earlier in life. The virus-specific T-cell response 

leads to increasing, but fluctuating, levels of liver enzymes and results in liver damage with 

different degrees of fibrosis and cirrhosis. In addition to reduction in HBV DNA, spontaneous 

seroconversion to anti-HBe antibodies can occur in 10-20% of patients. HBeAg-negative chronic 

infection (immune control phase): This phase is characterized by the absence of HBeAg, presence 

of anti-HBe, moderate to high titers of serum HBV DNA, and normal liver enzyme levels. Patients 

in this phase are usually older with advanced liver disease. In patients with CHB, virus-specific 

Th- and cytotoxic T-cell (CTL) responses in blood are substantially weaker and less functional, 

when compared to patients who resolve AHB (14). The dysfunction of T-cells is mainly attributed 

to high levels of HBV antigens, especially HBsAg, which can tolerize virus-specific T-cells, more 

commonly referred to as T-cell exhaustion (24). Furthermore, inhibitory receptors including PD-

1, CTLA-4, and TIM-3 are highly expressed on functionally exhausted HBV-specific T-cells. The 

interaction of PD-1 with programmed PD-L2 and PD-L2 on APCs has been described (18). The 
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intrahepatic T-cell population, as well as their antiviral functions, vary among symptomatic and 

asymptomatic chronic carriers of HBV, with lower levels of cytokines produced by impaired 

(exhausted) T-cells in the symptomatic carrier population (26). Similar to T-cells, chronic 

exposure to HBV antigens results in impaired antibody production and B-cell deletion. 

Neutralizing anti-HBs antibodies are mostly undetectable or, when detectable, are complexed with 

HBsAg which is present at high loads in patients with CHB (6).  

1.3 Antiviral therapy for chronic hepatitis B patients 

Prophylactic HBV vaccination, as recommended by the WHO, is currently the most 

effective way of preventing HBV infection. In an effort to reduce new cases of chronic HBV 

infection, the global coverage of the triple dose vaccination regimen has increased to 84% in 2015 

(1). However, there is no cure available for patients who are already chronic carriers of HBV. 

Current antiviral therapies for treatment of CHB are either effective in only a small subset of 

patients or require prolonged or even life-long administration with relapse upon treatment 

discontinuation. These treatment options approved by the US Food and Drug Administration 

(FDA) include immunomodulatory compounds (conventional IFNα-2b and pegylated (PEG) 

IFNα-2a) and direct acting antivirals (DAAs), including nucleos(t)ide analogs (NUCs) (25). 

Administration of PEG-IFNα (once per week, subcutaneously) for one year has shown sustained 

off-treatment antiviral response in approximately 30% of treated patients, with a HBsAg loss rate 

of only 10% (4). The low response rate and the adverse effects associated with PEG-IFNα makes 

this drug a personalized treatment option depending on the disease status of the patient and several 

other factors including age, HBeAg-positive or negative status, HBV genotype, and serum HBV 

rc-DNA and alanine aminotransferase (ALT) levels. IFN treatment can control HBV replication 
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(Figure 1.5) by direct effects on HBV cccDNA and also stimulate NK-cell activity  (27). The five 

NUCs approved for the treatment of CHB include lamivudine (3TC), adefovir dipivoxil (ADF), 

entecavir (ETV), telbivudine (TLB), tenofovir disoproxil fumerate (TDF), and tenofovir 

alafenamide fumerate (TAF). ETV, TDF, and TAF are recommended as the first line of treatment 

option due to their high potency and lower rates of drug resistance (25). Long-term treatment with 

NUCs (single pill, daily, orally) is well tolerated in patients and can reverse cirrhosis, but low rates 

of HBsAg loss and seroconversion and the high risk of relapse upon treatment discontinuation 

limit their use (25). The antiviral property of NUCs is associated with their ability to mainly inhibit 

the reverse transcription of HBV pgRNA to the negative strand of HBV DNA (Figure 1.5). Since 

these drugs do not have a direct effect on HBV cccDNA, the nuclear genome reservoir of the virus, 

NUC treatment is life-long for most patients (28).  

The options available to treat CHB, especially with NUCs, are safe and effective as 

described above, but do not result in a sustained virus response (i.e., long-term, low-level HBV 

DNA (< 2000 IU/mL), HBeAg-negativity, seroconversion to anti-HBe antibodies, and normal 

ALT levels) after treatment discontinuation. NUC treatment also rarely achieves a ‘functional 

cure’, which is defined as sustained HBsAg loss after treatment cessation with undetectable HBV 

rc-DNA but persistent, inactive HBV cccDNA (25). Furthermore, the recent discovery of HBV 

DNA integrated into chromosomal DNA of the host as a source of HBsAg production has 

challenged the efforts of achieving functional cure and reducing the risk of HCC development 

(29). Several DAAs other than NUCs that target different steps of the HBV life cycle (Figure 1.5) 

and immune-based therapies that enhance the immune response specific for the virus (Figure 1.6) 

are currently developed as novel drug targets. These include: Entry inhibitors: The effect of 
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peptide- or antibody-based entry inhibition is two ways – first, to prevent spreading of HBV via 

de novo infection and second, to eventually reduce subsequently the HBV cccDNA pool within 

the nucleus. Furthermore, these compounds can be effective against hepatitis delta virus (HDV) 

co-infection, since HDV uses the HBV envelope and thus the same entry receptor as HBV. Apart 

from antibodies to HBsAg that are used for preventing infection during liver transplantation and 

from vertical transmission, other peptide-based entry inhibitors include Myrcludex B, cyclosporin 

A, and Ezetimibe (28). Myrcludex B, which is the leading compound in this group, has been shown 

to prevent HBV reinfection and to reduce the cccDNA pool within the nucleus of hepatocytes (30). 

This compound is currently tested in phase I and II clinical trials, alone and in combination with 

PEG-IFN-α in patients with HBV-HDV co-infection. Core assembly modulators: The core protein 

has multiple functions in the HBV replication cycle, including HBV pgRNA encapsidation and 

nucleocapsid formation. Inhibition of these two major functions has drastic effects on mature 

virion production and eventually reduces virus replication over time. Different classes of 

compounds inhibiting the encapsidation of pgRNA, nucleocapsid formation, or both, are being 

developed and show an increased selectivity and wider range of activity against all HBV genotypes 

(28, 31). Additionally, in vitro experiments have tested the application of capsid inhibitors in 

combination with NUCs. Viral transcript inhibitors: Gene silencing via small interfering (si) RNA 

has been explored for targeting HBV transcripts. Degradation of viral transcripts is achieved either 

by RNA-induced silencing or by using antisense oligonucleotides to block protein expression (31). 

More recently, small molecules of dihydroxyquinoline (DHQ) have been identified that can 

degrade viral RNA similar to siRNAs. These approaches, however, have still to address delivery 

issues and toxicity-associated concerns. cccDNA inhibitors: HBV cccDNA is the ultimate target 
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for achieving cure, which remains a major challenge considering the presence and persistence of 

this viral molecule in the nucleus of infected hepatocytes. Recent technologies have helped in the 

development of a few strategies to target this HBV genome reservoir, including the use of 

sequence-specific endonucleases, clustered regularly interspaced palindromic repeats (CRISPR)/ 

CRISPR-associated protein 9 (Cas9) system, upregulation of apolipoprotein B mRNA editing 

enzyme, catalytic polypeptide-like (APOBEC) 3A/B for non-cytolytic cccDNA degradation and 

epigenetic regulation (31). The limited understanding of the mechanisms involved in cccDNA 

formation and persistence affects the clinical potential of these approaches, along with other 

concerns regarding compound delivery and off-target effects. Modulation of innate immunity: 

IFN treatment in patients with CHB is associated with severe side-effects and narrow responder 

rates, but has provided a rationale for exploring the innate immune system for therapy. Small 

agonist molecules targeting PRRs that sense viral nucleic acids, including TLR7, TLR8, TLR9, 

RIG-I, and NOD2, have been developed and are currently evaluated in clinical trials, as reviewed 

recently (32). Agonistic activation of such receptor not only induces type I IFNs, but also produces 

a wide range of cytokine-mediated effects that are necessary for an orchestrated interplay between 

innate and adaptive immune cells (8). The pre-clinical studies of selected agonists tested in the 

woodchuck model of CHB are described in detail in chapter six. Modulation of adaptive 

immunity: Considering T- and B-cell exhaustion as a major barrier in patients with CHB, novel 

approaches to overcome this immune response block are developed as treatment options. This 

includes the use of checkpoint inhibitors, adoptive transfer of engineered HBV-specific T-cells, 

and therapeutic vaccines (31). The results from pre-clinical studies evaluating these approaches 

are encouraging and these compounds are moving forward into patients. Some of the challenges 
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to address include the potency of therapeutic vaccines and the scalability of engineered T-cells for 

the adoptive immune transfer approach (31). 

1.4 Woodchuck model of acute and chronic hepatitis B 

The natural host of HBV infection, apart from humans, include chimpanzees and other apes 

such as gibbons and orangutans, and eventually the tree shrew species, Tupaia belangeri. HBV 

infection in chimpanzees was previously used as a reliable animal model to understand host 

response against the virus, especially the cellular immune response, and to test safety and efficacy 

of vaccines, therapeutic agents, and antiviral drugs (33). However, chimpanzees are not permitted 

any longer in research due to ethical reasons. The tupaia model has shown evidence of HBV 

replication in vitro in hepatocytes, but its use is limited due to only transient HBV infection in vivo 

(33). Recent work in macaques has demonstrated that hepatocytic expression of human NTCP 

enables their susceptibility to HBV infection, but the infection is only transient so far (34). The 

restricted access to chimpanzees and the narrow range of hosts for HBV justifies the use of other 

animal models. HBV-related hepadnaviruses that were identified in the late 1970s or early 1980s 

include woodchuck hepatitis virus (WHV), ground squirrel and arctic squirrel hepatitis virus 

(GSHV and ASHV), and duck hepatitis B virus (DHBV). At present, WHV infection in 

woodchucks is most relevant to HBV infection in humans and justifies significantly increased 

application of this animal model.  

WHV infection in woodchucks was first described by Summers J., et al., in 1978 (35) in a 

colony of woodchucks maintained at the Penrose Zoo (Philadelphia, PA), with high rates of CHB 

and liver cancer. and was later developed as a laboratory animal model for HBV in 1980 at Cornell 

University (Ithaca, NY) (36). Since then, WHV infection in these Eastern woodchucks (Marmota 
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monax) have been extensively used by groups at Cornell University and Georgetown University 

(Washington, DC), (and by a few other groups) for understanding the immunopathogenesis of 

HBV infection and for the pre-clinical evaluation of the safety and efficacy of novel antiviral drugs 

to treat CHB in patients. Well characterized inocula containing WHV strain 7 (WHV7) (37) were 

used for standard experimental infection of woodchucks by the groups at Cornell University and 

Georgetown University for study comparability, and thus was also used in the studies summarized 

in this thesis. The genome organization, structure, and replication cycle of WHV is similar to those 

of HBV, as described above. Immunopathogenesis and disease progression associated with 

experimental WHV infection of woodchucks parallels the human HBV infection more than in any 

other animal model currently applied for HBV research. The outcome of WHV infection is also 

age dependent, where 60-75% of WHV infections in neonatal woodchucks at three days of age 

progress to chronicity, while less than 5% of WHV-infected adult woodchucks develop chronic 

infection (37). This provides a unique opportunity to model both acute and chronic hepatitis in this 

animal. Acute, self-limited WHV infection is characterized by a transient elevation in WHV 

viremia and antigenemia, viral clearance by cellular and humoral immune responses, and acute 

liver injury associated with a transient elevation in liver enzyme activity (36). In contrast, 

established chronic WHV infection involves prolonged replication (with high titers of WHV rc-

DNA  and surface and e antigens), with virtually 100% of hepatocytes infected, reduced acute liver 

injury/inflammation, absence of effective cell-mediated immune response, and a fast progression 

towards the development of HCC in all carrier woodchucks (36). Furthermore, the transcriptomic 

analysis of CHB in the woodchuck model has also revealed limited induction of type I IFN-
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associated genes and enhancement of T-cell exhaustion markers, similar to chronic HBV infection 

in humans (38).  

 Current antiviral therapies approved for treatment of CHB (NUCs and IFN-α), along with 

other experimental NUCs (such as Clevudine), have been developed and/or tested in the 

woodchuck model of CHB (36). These pre-clinical studies were critical in determining the 

efficacy, but more importantly the safety, of antiviral drug candidates before administration to 

patients, and for a better understanding of host immune responses associated with treatment. 

Similarly, in the current era of immunomodulatory drug development against HBV, 

immunocompetent animal models, such as the woodchuck, are a prerequisite for pre-clinical 

evaluation of these novel therapeutics. GS-9620, a TLR7 agonist developed by Gilead Sciences, 

induced sustained antiviral response and seroconversion to WHV surface antigen in woodchucks 

with CHB (39). More recently, other small agonist molecules developed by pharmaceutical 

companies that target viral nucleic acid sensing receptors, such as TLR8, TLR9, RIG-I, and NOD2, 

were tested in woodchucks (32) and are summarized in chapter six. Furthermore, blockade of 

inhibitory ligands, such as PD-L1, enhanced the ability of a therapeutic vaccine to induce WHV-

specific T-cell response in woodchucks (40). Applications of the woodchuck model for HCC is 

evolving, especially with novel anti-tumor drug candidates and new routes of tumor treatment (41-

43).   

The woodchuck model of CHB has several advantages over other animal models for HBV, 

as woodchucks are a natural host of a hepadnavirus, display all major steps of HBV replication, 

are naturally immune competent, are used to study both acute and chronic WHV infection 

outcomes, and are mimicking the disease pathogenesis of human HBV infection. Additional 
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benefits in regard to pre-clinical studies, when compared to other animal models of HBV, include 

longer durations of treatment and follow-up periods, the possibility of obtaining frequent liver 

biopsies, and standardized measurement of clinical chemistry and hematology parameters. The 

availability of woodchucks from a commercial source and the lack of woodchuck-specific, protein-

based reagents are a couple of limitations that need to be addressed in the future. However, the 

recent identification of the woodchuck genome and transcriptome will greatly support the latter 

efforts (38, 44). 
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Figure 1.1. Prevalence of hepatitis B virus infection.  

 

Global frequency of CHB and distribution of major HBV genotypes.  

 

Reprinted with permission from Elsevier, The Lancet,  Trepo C., et al., Hepatitis B virus infection, 

284(9959), 6-12, Copyright (2014) (45). 
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Figure 1.2. Hepatitis B virus morphology and genome.  

HBV is an enveloped virus with a partial double stranded rc-DNA bound to the viral polymerase 

protein, and enclosed within a nucleocapsid. The four overlapping ORFs are P encoding for the 

HBV polymerase protein, PreS1/PreS/S encoding for the HBsAg proteins, PreC/C encoding for 

the HBcAg and HBeAg proteins, and X encoding for the HBx protein.  

 

Top panel: Adapted from Antimicrobe, Hepatitis B virus, Gonzalez A.S., Copyright (2010-2017) 

(46).  

Bottom panel: Reprinted with permission from Nature Reviews Disease Primers, Yuen M.F., et 

al., Hepatitis B virus infection, 4, 18035, Copyright (2018) (4).   
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Figure 1.3. Hepatitis B virus life cycle.  

HBV replicates primarily within hepatocytes with many RNA and DNA replication intermediates.  

 

Reprinted with permission from Nature Reviews Gastroenterology and Hepatology, Thomas E. 

and Liang J.T., Experimental models of hepatitis B and C – new insights and progress, 13, 362-

374, Copyright (2016) (47).  
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Figure 1.4. Kinetics of viremia, antigenemia and liver enzymes during acute and chronic 

hepatitis B.  

Top panel: course of acute hepatitis B; bottom panel: stages of chronic hepatitis B. 

 

Reprinted with permission from Immunology and Cell Biology, Chang J.J. and Lewin S.R., 

Immunopathogenesis of hepatitis B virus infection, 85, 16-23, Copyright (2007) (6). 
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Figure 1.5. Strategies to target the HBV life cycle.  

DAAs targeting different steps of the HBV life cycle include entry inhibitors, core assembly 

inhibitors, viral transcript inhibitors, and cccDNA inhibitors. 

 

Reprinted with permission from Hepatology, Liang J.T., et al., Present and future therapies of 

hepatitis B: from discovery to cure, 62, 1893-1908, Copyright (2015) (28).  
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Figure 1.6. Targeting innate and adaptive immune responses.  

Immune modulating strategies to enhance innate and adaptive immune responses. 

 

Figure adapted from Current Opinion in Infectious Diseases, Bertoletti A. and Rivino L., Hepatitis 

B: future curative strategies, 27(6), 528-534, Copyright (2014) (48) with open access license 

https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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CHAPTER TWO: MATERIALS AND METHODS  

2.1 Woodchucks and woodchuck hepatitis virus infection 

The five naïve (uninfected) adult woodchucks investigated in the acute infection studies 

(chapter three and four) were part of a larger animal cohort that was experimentally infected with 

1.66x108 genomic equivalents (GE) or copy numbers of WHV strain 7 as described recently (49). 

Following the inoculation, all woodchucks were monitored for approximately 18 weeks with 

serum, blood, and liver samples collected prior to infection (week -2) and again at the end of the 

study (week +18). In addition, serum was collected weekly, whole blood was obtained bi-weekly, 

and additional liver biopsies were taken at weeks +5, +9, and +13 post-inoculation. For blood 

collection and percutaneous liver biopsy procedures, woodchucks were anesthetized by 

intramuscular injection of ketamine (50 mg/kg) and xylazine (5 mg/kg). Prior to euthanasia, 

woodchucks were anesthetized as described above and euthanized by an overdose of pentobarbital 

(80-100 mg/kg) administered by intracardiac injection, followed by bilateral intercostal 

thoracotomy. Woodchucks were maintained at Northeastern Wildlife, Inc. (Harrison, ID) and 

received humane care as outlined in the NIH Guide for the Care and Use of Laboratory Animals. 

Woodchucks with CHB that were used in the studies described in chapter four for 

comparison with woodchucks showing AHB and in chapter five for primary woodchuck 

hepatocyte cultures (PWHs) were obtained from Northeastern Wildlife, Inc. (Harrison, ID). 

Woodchuck pups infected with WHV7 inoculum after 3 days of birth, developed CHB within a 

year. Most of these woodchucks were used as untreated controls in studies described in chapter six 

or in comparable studies. All woodchucks were tested for WHV DNA, WHsAg, and antibodies to 

WHsAg (anti-WHs antibodies) to confirm as established chronic carriers of WHV. Absence of 
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liver tumors was confirmed by low serum gamma-glutamyl transferase (GGT) levels and by 

ultrasonography. 

2.2 Measurement of woodchuck hepatitis virus replication parameters in vivo 

2.2.1 Serum woodchuck hepatitis virus DNA 

WHV rc-DNA was extracted from serum as described recently (49). A 50 uL aliquot of 

serum from each woodchuck was mixed with 450 µL of lysis buffer (0.01 M Tris-HCl, pH 8.0, 

0.01 M EDTA, 0.1 M NaCl, and 0.2% SDS) containing 1 mg/mL of Pronase (Sigma-Aldrich, MO) 

and incubated at 370C for 2 hours. Following incubation, DNA was extracted using an equal 

volume of phenol and then with chloroform-isoamyl alcohol mixture. DNA was precipitated using 

two volumes of 100% ethanol, 2 µL of dextran, and 0.1 volume of 3.0 M sodium acetate (pH 5.5). 

Isolated DNA was used to measure WHV rc-DNA (GE/mL) by quantitative PCR (Applied 

Biosystems, Foster City, CA) against a known WHV standard genome plasmid using TaqMan 

Gene Expression Master mix (Applied Biosystems, Foster City, CA) and primers listed in Table 

2.1. All primers and probes were purchased from Integrated DNA Technologies (IDT) (Coralville, 

IA). The lower limit of detection (LLOD) of this assay was approximately 200-400 GE/mL. In the 

studies summarized under chapter six, WHV DNA was also quantified by dot blot hybridization, 

in addition to real-time PCR, as described previously (50). 

2.2.2 Hepatic woodchuck hepatitis virus parameters 

For measuring WHV replication markers described in chapter three and four, WHV RI-

DNA, cccDNA, and pgRNA were extracted from liver and subsequent quantitative PCR was 

performed as described (49), with a LLOD of approximately 10-20 GE/µg. In the studies described 

under chapter six, intrahepatic WHV replication markers were determined using Southern  and 
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Northern hybridization assays for the quantitation of WHV RI-DNA and WHV cccDNA or WHV 

RNA, respectively, as described previously (50). 

For isolating total DNA, liver tissue was homogenized in Tris-EDTA (TE) buffer (pH 8.0) 

and incubated further in TE buffer, 4 mg/mL of Pronase, and buffer containing 10 mM Tris HCl, 

10 mM EDTA, and 0.2% SDS, for 2 hours at 370C. DNA was extracted twice using an equal 

volume of phenol-chloroform mixture and precipitated with an equal volume of 100% ethanol. 

The pellet obtained after centrifugation at 13,000 rpm for 30 minutes at 40C was washed with 

100% ethanol and resuspended in RNase-/DNase-free water before use in the quantitative PCR 

assay.  

For isolating WHV cccDNA, 210 uL of liver tissue homogenate was mixed with TE buffer 

and 10% SDS and vortexed thoroughly. 2.5 M KCl was further added to the mixture, vortexed, 

and incubated at room temperature for 30 minutes. The supernatant obtained after centrifugation 

of this mixture at 13,000 rpm for 30 minutes at 40C was extracted first with phenol and then with 

phenol-chloroform. The aqueous phase obtained after the second extraction was precipitated with 

two volumes of 100% ethanol and dextran (10 µg/uL) and resuspended in RNase-/DNase-free 

water. The pellet obtained by overnight incubation at room temperature and subsequent 

centrifugation, was resuspended in RNase-/DNase-free water and washed twice with 70% ethanol 

and once with 100% ethanol. This sample was further incubated overnight at 370C in a reaction 

mixture (containing 1X New England Biolabs buffer 4, 1 mM ATP, 40 µg/mL of RNase A and 

50U of plasmid-safe ATP-dependent DNase) to cut linear DNA. cccDNA was extracted first with 

phenol and then with phenol-chloroform followed by 100% ethanol precipitation. The resuspended 
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cccDNA was subjected to a quantitative PCR assay as described above by using TaqMan Gene 

Expression Mater Mix and WHV cccDNA specific primers listed in Table 2.1.  

Total RNA was isolated from liver tissue using TRI reagent (Molecular Research Center, 

Cincinnati, OH) according to manufacturer’s instructions and treated with Turbo DNase (Life 

Technologies, Carlsbad, CA) to eliminate WHV DNA RIs. Isolated RNA was converted to 

complimentary (c) DNA (cDNA) using WHV reverse primer (#24) (Table 2.1) and the High 

Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). This WHV 

specific cDNA was used to measure the levels of WHV pgRNA by quantitative PCR as described 

above for WHV rc-DNA. 

2.3 Serology, hematology, clinical chemistry, and immunohistochemistry 

2.3.1 Serology 

Serum level of WHsAg (LLOD: 5 ng/mL) and titer of antibodies to WHsAg (anti-WHs 

antibodies; LLOD: 100 standard units (StdU)/mL) were measured by enzyme-linked 

immunosorbent assays (ELISAs) described previously (51). Serum levels of WHeAg and 

antibodies to WHeAg were determined using cross-reactive ELISA assays (DiaSorin, 

Minneapolis, MN). Results were obtained as an optical density (OD) read out. An OD value of 

≥0.047 indicated presence of WHeAg, while an OD value of ≥0.767 indicated presence of 

antibodies to WHeAg (anti-WHe antibodies). Results were multiplied by factor 100 for better 

presentation of the data.  

Serum activity (international units (IU)/L) of three liver enzymes, aspartate transaminase 

(AST), sorbitol dehydrogenase (SDH), and GGT was determined by the Animal Health Diagnostic 

Center of Cornell University (Ithaca, NY). The serum levels of these liver enzymes were measured 
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in samples collected at weeks 0, +4, +8, +12, and +18 and used as markers of hepatocellular injury 

(52). 

2.3.2 Liver histology 

Aliquots of liver biopsy specimens obtained at weeks -2, +5, +9, +13, and +18 were fixed 

in phosphate-buffered formalin, embedded in paraffin, sectioned (5 micron), and stained with 

hematoxylin and eosin (H&E) by the Histopathology & Tissue Shared Resource (HTSR) 

Laboratory at Georgetown University for histopathological analysis. The liver tissue sections were 

then read by a board-certified pathologist, Dr. Bhaskar Kallakury from the Department of 

Pathology at Georgetown University. Samples were examined for sinusoidal and portal 

hepatitis/inflammation. The composite hepatitis score was obtained using a 0-6 scale, where 0= 

absent, >0-2= mild, >2-4= moderate, and >4= marked hepatitis/inflammation. 

2.3.3 Immunohistochemistry 

Immunohistochemistry staining was performed by the HTSR Laboratory at Georgetown 

University. Liver tissues were stained with a cross reactive antibody to Ki67 (Dianova, Hamburg, 

Germany), a cellular proliferation marker, to measure hepatocyte proliferation/liver replenishment. 

The average percentage of cytoplasmic WHV core antigen (cytWHcAg) has been described 

recently for the five adult woodchucks used in the acute WHV infection (49) and in chapter three. 

Similarly, the average percentage of cytoplasmic WHV surface antigen (cytWHsAg) was 

determined by staining the liver tissue with an antibody to WHsAg. Liver tissues were also stained 

with cross-reactive antibodies to markers of cell subsets and cytokines, including CD3 

(Novocastra/Leica Biosystems, Richmond, IL), CD4 (Abcam, Cambridge, MA), macrophage 

(LifeSpan BioSciences, Seattle, WA), and IFN-γ (Invitrogen, Carlsbad, CA).  
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The slides from each staining experiment were used to photograph ten random sections of 

each liver tissue at a 40-fold magnification using a brightfield microscopy equipped with a digital 

camera and images were digitally stored. The average percentages of stained cells were obtained 

by manual count, except for IFN-γ, where the average mean intensity of staining was measured 

using the ImageJ software (National Institutes of Health, Bethesda, MD). The maximum average 

mean staining intensity for IFN-γ in a set of liver tissues collected from an individual woodchuck 

was set at 100% and the relative percentages from other tissues were subsequently calculated. 

2.4 Peripheral and intrahepatic gene expression 

For measuring peripheral gene expression, whole blood was collected into PAXgene blood 

tubes (Qiagen, Redwood City, CA) every two weeks during the acute infection study and stored 

at -80°C until use. Total RNA from these blood samples was isolated with on-column DNase I 

digestion using the PAXgene Blood miRNA kit (Qiagen) according to the protocol provided by 

the manufacturer and described recently (53). Liver biopsy samples mentioned in chapters three 

and four, and PWHs generated for the in vitro studies in described in chapter five, were used to 

measure transcript levels of selected genes. Isolation of total RNA from both liver tissues and 

PWHs was performed using the RNeasy Mini kit (Qiagen) with on-column DNase I digestion 

using RNase-free DNase according to the manufacturer’s instructions. In case of PWHs, buffer 

RLT (provided in the RNeasy Mini kit) with 1% β-mercaptoethanol was used to harvest the cells 

at selected timepoints (24 to 96 hours post-treatment). RNA concentrations were measured using 

a Nano DropTM 8000 spectrophotometer (Thermo Scientific, Waltham, MA). 

Blood, liver, or PWHs derived mRNA was then reverse transcribed using random primers 

and the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). cDNA samples 
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were amplified on a 7500 Real Time PCR System (Applied Biosystems) as described recently (54) 

by using TaqMan or SYBER Green Gene Expression Master mix (Applied Biosystems) and 

woodchuck-specific primers and probes listed in Table 2.1. Target genes investigated (Table 2.2) 

included markers for type I IFNs and interferon stimulated genes (ISGs), NK-cells, APCs, Th-

cells, CTLs, and Tregs, in chapter three; nucleic acid sensing receptors from families of RIG-I like 

receptors (RLRs), nucleotide-binding oligomerization domain containing (NOD) like receptors 

(NLRs), TLRs, cytosolic DNA sensors (CDSs), and inflammasomes, adaptor molecules including 

mitochondrial antiviral signaling protein (MAVS), myeloid differentiation primary-response 

protein 88 (MyD88), and stimulator of IFN genes (STING), and transcription factors such as IFN-

regulating factor (IRF) 3 and 7 in chapter four and IFN-γ inducible protein 16 (IFI16), Z-DNA-

binding protein 1 or DNA-dependent activator of IFN-regulatory factors (ZBP1/DAI), and absent 

in melanoma 2 (AIM2) receptor pathway molecules in chapter five. 18S rRNA expression was 

used to normalize target gene expression. Transcription levels of target genes were obtained by the 

formula 2-ΔCt, where ΔCt indicates the difference in the threshold cycle between 18S rRNA and 

target gene expression. Furthermore, transcript levels of target genes were calculated as a fold-

change relative to the pre-inoculation (baseline) level in blood and liver at week -2 (or at week 0 

prior to inoculation in blood of woodchuck F7394 and woodchucks M7392 and M7249 for selected 

genes) described in chapter 3. In experiments involving PWHs from woodchucks with CHB, the 

fold-change of gene expression in treated cultures was obtained relative to untreated control 

cultures at each timepoint. A fold-change of ≥2.1 from baseline was considered a positive result 

for the presence of increased target gene expression.  
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2.5 Generation of primary woodchuck hepatocytes and primary blood mononuclear cells 

The detailed protocol for isolation and maintenance of PWHs was described recently in a 

book chapter (54). Following euthanasia of a woodchuck with CHB, liver was aseptically removed 

and transported to the lab in a sterile container with Hank’s HBSS medium (Gibco, Gaithersburg, 

MD) containing 0.5 M EDTA. PWHs were isolated using the collagenase perfusion method (54). 

Cells were plated in 48-well plates (105 cells/well) pre-coated with collagen and maintained for 

four days at 370C and 5% CO2 in 500 µL of complete Williams Media E (WME) medium (Gibco) 

(containing 5% FBS, 10 mM HEPES, 100 µg/mL gentamicin, 2 µg/mL glucagon, 1% ITS+1 

solution, and 2 mM L-glutamine), with a medium change every second day, before using in the 

experiment (Figure 2.1). PWHs generated from five woodchucks with CHB (F5021, M5036, 

F6056, M1811, and M1864) were used for agonistic activation of viral nucleic acid sensing 

receptors described in chapter five. 

Primary blood mononuclear cells (PBMCs) were isolated using the Ficoll-Paque density gradient 

centrifugation method as described previously (55). Cells (2.5 million cells per well) were plated 

in 24-well plates (Corning, Tewksbury, MA) and cultured at 370C and 5% CO2 in complete AIM-

V medium (Thermo Fisher Scientific, Waltham, MA). For the WHV-specific T-cell proliferation 

assay described in chapter three, a previously established protocol was adapted (55). PBMCs were 

cultured for 5 days in the presence of AIM-V medium (negative control), lipopolysaccharide 

(positive control; Sigma-Aldrich), or pools of peptides covering the entire WHcAg or WHsAg 

(Life Technologies). Cell viability was measured after 5 days using CellTiter-Glo One Solution 

(Promega, WI, USA) via a luminescent signal that was proportional to the amount of adenosine 

triphosphate (ATP) present by using a Centro LB960 luminometer (Berthold Technologies, Bad 
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Wildbad, Germany). A stimulation index (SI) was derived relative to the negative control as a 

measure of T-cell responses to specific antigenic stimuli. The SI was calculated by dividing the 

luminescence of the test antigen with the luminescence of the negative control. 

2.6 In vitro treatment with nucleic acid sensing receptor agonists 

PWHs were treated with 2 µg/mL of HSV-60 and 1 ug/mL of poly(dA:dT) (both from 

Invivogen, San Diego, CA) at T0 and again after 48 hours in serum-free WME medium using 

Lipofectamine 3000 transfection reagent (Thermo Scientific, MA, USA) and OptiMEM (Gibco) 

as per manufacturer’s protocol. The cell transfection lasted for 6 hours and PWHs were 

subsequently cultured in complete WME medium. PWH cultures treated with transfection medium 

containing OptiMEM and Lipofectamine 3000 but without the agonist compounds served as 

untreated controls. Medium was changed every two days. Cell supernatant was collected, and 

hepatocytes were harvested every 24 hours over the time course of 96 hours. Separate sets of 

PWHs under each treatment condition were used to determine cell viability and agonist-associated 

cell cytotoxicity at each timepoint. For this, cell supernatant was removed, 100 µL of CellTiter-

Glo One Solution (Promega) was added before incubation in the dark at room temperature to 

stabilize the luminescence signal. The Glo One solution was then transferred to opaque 96-well 

plates (Greiner, Bio-One, NC, USA), and the number of viable cells assessed via a luminescent 

signal that was proportional to the amount of ATP present by using a Centro LB960 luminometer 

(Berthold Technologies). 

PBMCs treated with 1 uM TLR7 agonist, GS-9620 (or Vesatolimod) (39) or 0.2% DMSO 

(as a negative control) in complete AIM-V medium were maintained at 370C and 5% CO2. PBMC 

supernatant (i.e., conditioned media (CM)) was collected and cells were harvested in lysis buffer 
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(RLT buffer provided in the RNeasy Mini kit plus 1% β-mercaptoethanol) at 8 and 24 hours after 

treatment and stored at -800C. The CM was used to treat PWHs from woodchucks with CHB at a 

1:10 ratio in complete WME medium (one volume of CM plus 9 volumes of WME), either alone 

or in combination with agonists as described above. 

2.7 Measurement of woodchuck hepatitis virus replication markers in vitro 

PWHs were harvested with lysis buffer (RLT buffer provided in the RNeasy Mini kit plus 1% β-

mercaptoethanol) for total RNA isolation or with homogenizing buffer (50 mM Tris-HCl pH 8.0, 

1 mM EDTA pH 8.0, 0.15 M NaCl, and 0.2% SDS) for DNA isolation. Total RNA was isolated 

using the RNeasy Mini kit (Qiagen) with on-column DNase I digestion using RNase-free DNase. 

Isolation of WHV cccDNA from PWHs followed the same protocol as described above for WHV 

cccDNA isolation from liver tissue. The supernatant collected at each time point was used for 

isolation of secreted WHV rc-DNA using the QIAamp Ultrasens Virus kit (Qiagen) by following 

the manufacturer’s protocol.  

WHV cccDNA and rc-DNA were assayed quantitatively in a real-time PCR assay using a 

known WHV standard genome plasmid as described above. Total RNA was used to obtain WHV 

specific cDNA using WHV reverse primer (#24) (Table 2.1) for subsequent determination of 

WHV pgRNA and to reverse transcribe host mRNAs using random primers with High Capacity 

cDNA Reverse Transcription kit (Applied Biosystems) as described above. 18S rRNA expression 

was used to normalize both WHV pgRNA and gene transcript levels. WHV replication markers 

and gene expression were further normalized to the cell number within individual samples. By 

setting the untreated control sample at 100%, the percentage-change in WHV pgRNA, cccDNA, 

and rc-DNA load in the receptor agonist-treated samples was calculated for each time point. 
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Similarly, the fold-change in gene expression was obtained in comparison to the untreated control 

for each time point.  
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Figure 2.1 Generation of primary woodchuck hepatocyte cultures (PWHs).  

(A) Liver obtained from a woodchuck with CHB. (B) collagenase perfusion method used for 

isolation of hepatocytes from liver in a temperature-controlled culture pan, (C) Concentrated 

hepatocytes in complete WME medium. (D) Plating isolated hepatocytes in a 48-well plate coated 

with collagen. The figure is adapted from (5); i.e. Murreddu G. M., Suresh M., Gudima O.S., and 

Menne S. Measurement of antiviral effect and innate immune response during treatment of primary 

woodchuck hepatocytes. Methods Mol Bio; 2017. 
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Table 2.1 Oligonucleotides used for analysis of WHV replication markers, innate and 

adaptive immune markers and nucleic acid sensing receptor pathways in woodchuck liver, 

blood, and PWHs. 

Gene Primers and Probe Sequence 

WHV rc-DNA 

F (#23) 5’- AGAAGACGCACTCCCTCTCCT -3’ 

R (#24) 5’- TGGCAGATGGAGATTGAGAGC -3’ 

P (#25) 5’- AGAAGATCTCAATCACCGCGTCGCAG -3’ 

WHV cccDNA 

F (#290) 5’- GGTCCGTGTTGCTTGGTCT -3’ 

R (#291) 5’- GGACATGGAACACAGGCAAAAACA -3’ 

P (#292) 5’- AATGGGAGGAGGGCAGCATTGATCCT -3’ 

18S rRNA 

F 5’- GTAACCCGTTGAACCCCATT -3’ 

R 5’- GGGACTTAATCAACGCAAGC -3’ 

P 5’- GCAATTATTCCCCATGAACG -3’ 

IFN-α 

F 5’- CTCAAGCTGTTGCTGTCCTC -3’ 

R 5’- CTTCTGGGTGCTGAAGAGGT -3’ 

P 5’- CCAGATGACCCAGCAGATCCTCA -3’ 

IFN-β 

F 5’- GAATGAAAGGCCTGCAGAGT -3’ 

R 5’- GAATGTTTGATCTCCTTGGG -3’ 

P 5’- CTTGAAGTCCATCCTGTCACTGAGGC -3’ 

OAS1 

F 5’- GACCCAGCCCCCAGATCT -3’ 

R 5’- AACTCGCCCTCTAGCTGCC -3’ 

P 5’ -TGTCAAGCTCATCGAGGAGTGCACCT -3’ 

Viperin 

F 5’- TCTCCACGTGGTTCTTCTTTCCTT -3’ 

R 5’- TTGGACATTCTCGCCATTTCCTGT -3’ 

P 5’- ACGGCCAATAAGGACGTTGACTTCCT -3’ 

NCR1/NKp46 
F 5’- CTACAGATGCTTTGGCTCCTA -3’ 

R 5’- TGCAAGACTGCTGTTCCC -3’ 

NCAM/CD56 
F 5’- GCAGGAGATGCCAAAGATAA -3’ 



35 

 

Gene Primers and Probe Sequence 

R 5’- TCATCGATATTGGCGTTGTAG -3’ 

KLRF1/NKp80  
F 5’- AGTCACAGGCCAGATTAAAGAG -3’ 

R 5’- GCCTGCTGTGGATGAAGAA -3’  

IFN-γ 

F 5’- ATCCAAAGGAGCATGGACAC -3’ 

R 5’- TGAACTTGAGACACCTTTAGGAA -3’ 

P 5’- CAACAGCAGTACCAATAAGCTGCAGGA -3’ 

KLRK1/NKG2D 
F 5’- ACAGTAGAGTGGAACAGGATTT -3’ 

R 5’- GTTGGTTGGGCAAGAGAATG -3’ 

KLRC1/NKG2A 
F 5’- CTGTCATGGGTTGGAGTCTTT -3’ 

R 5’- AGTACAGCATAGCACAGTTACG -3’ 

HNK-1/CD57 
F 5’- GTCAACCTGAGGCTCATTCTAC -3’ 

R 5’- TTTCCTGGTAGCCTCCTTTCACGC -3’ 

CD16 
F 5’- CTCTGTGTACAGCAACCTCATC -3’ 

R 5’- GGAAACAGAGAGTTGGGAGAAG -3’ 

CD79B 

F 
5’- ACCCTCCTCATCATCCTCTT -3’ 

R 
5’- CAATGTCCAGGCCCTCATAG -3’ 

P 
5’- ATCGTGCCCATCTTCCTGTTGCT-3’ 

IL3RA/CD123 

F 5’- GTTCGTGGGAATCGTCTCAT -3’ 

R 5’- GAGGATGTTCAGCCACTTCA -3’ 

P 5’- AAGCTGCCTCCTGAGCTCTTGTTT -3’ 

EMR1/F4/80 

F 5’- AGTGCTTTCCTGCTTTCTCATA -3’ 

R 5’- GTGGAATCTTGCATCTCCATAG -3’ 

P 5’- AGAAGGGAAATCAGACCAGGCTCC -3’ 

CD3 
F 5’- CGGAGTTCGCCAGTCAAGA -3’ 
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Gene Primers and Probe Sequence 

R 5’- TTGGTGGTTTCCTTGAAGACG -3’ 

P 5’- CTTCAGACAAGCAGACTCTGTTGCCCAA - 3’ 

CD4 

F 5’- AGGTCTCAAAGCCCGAGAAGA -3’ 

R 5’- GTAGGCACTGCCACATCCCT -3’ 

P 5’ - ATTCGGGTGCCAAACCCCAAGG - 3’ 

CD8 

F 5’-TGGACTTCGCCTGTGATATCTACA -3’ 

R 5’- GTTTCCGGTGGTGACAGATGA -3’ 

P 5’- TGCGCGGTCCTTCTGTTGTCACTG - 3’ 

GZMB 

F 5’- TGACATCATGTTATTGGAGCTAG -3’ 

R 5’- CCCAGGCTTCACCTTGTCC -3’ 

P 5’- TGCAGCCTATCAAGCTGCCCAGG -3’ 

PRF1 

F 5’- CCACCGAGCCTGACTACCTC -3’ 

R 5’- CCAGCTCCACGGACCGGA -3’ 

P 5’- CATCCACAACTACGGCA 

FASL 

F 5’- ATCCCCAGGACCTGGTGC -3’ 

R 5’- GGCCCACATCTGGCCA -3’ 

P 5’- TGGAGGGCAAGATGATG -3’ 

TGF-β 

F 5’- GGTAAAAGCCGAACAGCAC -3’ 

R 5’- CTCCTGCGTGTTACTGGG -3’ 

P 5’- AATTCCTGGCGCTACCTCAGCA -3’ 

PD-1 

F 5’- GGGTGACCTGGTTGCTG -3’ 

R 5’- CAGCTGAAGAGGCTTGAGG -3’ 

P 5’- CCTGTTGGAGGACTCTAGGAGCCATC -3’ 

PD-L1 
F 5’- ACAGCTGAATTGGTCATCCC -3’ 
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Gene Primers and Probe Sequence 

R 5’- CACCAAAGCAAAACAGGACAG -3’ 

P 5’- AAAGGACTCACTTTGTGAAGCTGGGA -3’ 

PD-L2 

F 5’- GGACTACAAGTACCTGACTGTG -3’ 

R 5’- ATGTGAGTTCCACCTCATCTG -3’ 

P 5’- CCTGTGACCTTGAGGATGCCAGT -3’ 

RIG-I 

F 5’- ACTTTGGATGGTGCCTGAAA -3’ 

R 5’- AGTGGGATACGGCGTAGAA -3’ 

P 5’- TTTCGTTGTAGGACTGGGTTGGTCC -3’ 

MDA5 

F 5’- GGCCAGGACATGGAGAATAA -3’ 

R 5’- CTGCCCATGTTGCTGTTATG -3’ 

P 5’- AGTTTGGCAGAAGGAAGTGTCAGCT -3’ 

LGP2 

F 5’- TCATCCCTGCAATGTTCTGACTCAA -3’ 

R 5’- TGGACCAAGGCTTATTCCCAGAGAAA -3’ 

P 5’- GCAGTAGAGTCCACAACAGCCATCAT -3’ 

NOD2 

F 5’- CTGTACGGCTTATGCCATCTT -3’ 

R 5’- ACATATCTGTGGTGGTCTTTGG -3’ 

P 5’- TCATGGATGGTGTCCAGATGCCAC -3’ 

NLRC5 

F 5’- ATGTCTGTGCCTCACCAATCATGT -3’ 

R 5’- ATGTGGCACTTACATGGGACTTGT -3’ 

P 5’- ACCCAGGCCATTGACATGGGACACAT -3’ 

TLR3 

F 5’- GACCAGGTGTCTCTAAAGTTCC -3’ 

R 5’- CAGGTACAATCAAACGGGTTAAAG -3’ 

P 5’- CAGTTGAAAGAATGTGTTTGGGCCAGT -3’ 

TLR7 
F 5’- GGCACATTCTGAAGAGAGTTACTG -3’ 



38 

 

Gene Primers and Probe Sequence 

R 5’- TGATCTAAGTGGAAATTGCCCTCG -3’ 

P 5’- TGTTCCATTTCCTTGCACACCTTGTGA -3’ 

TLR8 

F 5’- CAATGGCAATGGCCAAGTATTTA -3’ 

R 5’- CAGTTCACGGAGAGCATTGT -3’ 

P 5’- TCCAAGTATTTGACCTGAGGCACAGC -3’ 

TLR9 

F 5’- CGCCTCTGTTTGGATGAGA -3’ 

R 5’- CAGCCACAGAGATGCTGTA -3’ 

P 5’- CTCCTGGACTTGCTTCGGCTTCTC -3’ 

ZBP1/DAI 

F 5’- CCCAGATGTGTAGATGAGGAAC -3’ 

R 5’- AAACAGGGACGTAGCCAAA -3’ 

P 5’- CCCAGTGTGAATCCTCCCATGTCA -3’ 

IFI16 

F 5’- CCGAAGATCCATCAGGCAAA -3’ 

R 5’- CTACTGGATGATGCTGGAGATG -3’ 

P 5’- TCATCCAGAGGAATCCAGGGTCCT -3’ 

DHX9 

F 5’- CGGATCACAACAGGAGCTTTA -3’ 

R 5’- GACTGTGCTGCCAATTTCTTATT -3’ 

P 5’- TATCAAGCAGCTGGGCAGAAGGAT -3’ 

DHX36 

F 5’- TGGAAACAGCACTGGATACC -3’ 

R 5’- GGAGCCACTGAAGGATGATT -3’ 

P 5’- CTCCAGAGTCGGTTGCCAAGGAAA -3’ 

cGAS 

F 5’- GGAGTCCTGCTGTAACACTTG -3’ 

R 5’- TTGCTCCAAGCCAGTTATTGA -3’ 

P 5’- TGGCCTGCTAACACACAGAAAGGT -3’ 

AIM2 
F 5’- CACTGATGAGGAACTGGATAGG -3’ 



39 

 

Gene Primers and Probe Sequence 

R 5’- TGGCTAACTCTGTCCTGTTTG -3’ 

P 5’- CACGATTGCCAAGAGCAAACTGCA -3’ 

NLRP3 

F 5’- CGATCAACAGGAGAGACCTTTAT -3’ 

R 5’- CTCCTCTTCGATGCTGTCTTG -3’ 

P 5’- ATAACGCTCATGTTTCCGGTCCCA -3’ 

MyD88 

F 5’- CATCTTCCACCTCACTTTCTCTAC -3’ 

R 5’- CCAAGAGAGCCAGAGCAATAC -3’ 

P 5’- AGCTGTGTTCAAACCACT -3’ 

MAVS 

F 5’- CTTGGCTTCTGTAGAGGAGATTG -3’ 

R 5’- GGCAGTAAGCTGGTAGTTGTT -3’ 

P 5’- ACTGCCATCTGCTCTAGTGATGCA -3’ 

STING 

F 5’- CTATGAGCTTCTGGAGAATGGG -3’ 

R 5’- CTCTGCCATCCTGTGACATG -3’ 

P 5’- CTGTGTCCTGGAGTATGCCACCC -3’ 

TBK1 
F 5’- CTTATCTATGAAGGACGACGCTTA -3’ 

R 5’- CCCGGCTTACAACGAAGATAG -3’ 

ASC 
F 5’- GGATATGACCACATTCGTAGGG -3’ 

R 5’- GGTCACAGTCTTCGAGTATTCTT -3’ 

IRF3 

F 5’- TAGGCAGCTTAGTACACGTTTC -3’ 

R 5’- GACACTATCTGGACAGCCAATAA -3’ 

P 5’- TAGCCCATCACTCCTCTGTCTGTCA -3’ 

IRF7 

F 5’- ACCTTCACTTGCTGAGTTATCC -3’ 

R 5’- CTTGGCTGCTACTCTTCTTACTT -3’ 

P 5’- TGACCTTGGTTTACACTG -3’ 
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Gene Primers and Probe Sequence 

IL-18 
F 5’- CCTGTCCTTCTGGTTTGTTTA -3’ 

R 5’- GGGAAGGAAGAGAAGACAAGAG -3’ 

ISG15 

F  5’- CTGTTCTGGCTGAGCTTCG -3’ 

R 5’- GCAGGTTCAGAAACACAGTGC -3’ 

P 5’- GGGAGTATGGACTCACCCCT -3’ 

MX1 

F  5’- GCTGGACGAAGGAAAGGC -3’ 

R 5’- AGTGGCAGGGATTTACAGATG -3’ 

P 5’- AGCTCAGTGGTCAGTCTCTCCGC -3’ 

F: forward primer; R: reverse primer; P: probe.  
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Table 2.2 Genes investigated for analysis of innate and adaptive immune markers and 

nucleic acid sensing receptor pathways in woodchuck liver, blood, and PWHs. 

Marker Group Genes 

Type I IFNs and cytokines 

IFN-α = Interferon-alpha 

IFN-β = Interferon-beta 

IL-18 = Interleukin-18 

ISGs 

OAS1 = 2’-5’- oligoadenylate synthetase 1 

Viperin (RSAD2) = Radical S-adenosyl methionine containing domain protein 2 

ISG15 = Interferon-stimulated gene 15 

MX1 = Interferon-induced GTP-binding protein 

NK-cells 

NCR1/NKp46 = Natural cytotoxicity triggering receptor 1 

NCAM/CD56 = Neural cell adhesion molecule 

KLRF1/NKp80 = Killer cell lectin-like receptor F1 

IFN-γ = Interferon-gamma 

KLRK1/NKG2D = Killer cell lectin-like receptor K1 

KLRC1/NKG2A = Killer cell lectin-like receptor C1 

CD57 (HNK-1) = Human natural killer-1 receptor 

CD16 = Cluster of differentiation 16 

APCs 

CD79B = Cluster of differentiation 79B, B-cell marker 

IL3RA/CD123 = Interleukin 3 receptor A or CD123, plasmacytoid dendritic cell marker 

EMR1/ F4/80 = EGF-like module-containing mucin-like hormone receptor like-1, 

macrophage marker 

Th-cells 

CD3 = Cluster of differentiation 3, T-cell co-receptor 

CD4 = Cluster of differentiation 4, T-cell co-receptor 

CTLs 

 CD8 = Cluster of differentiation 8, T-cell co-receptor 

GZMB = Granzyme B or cytotoxic T-lymphocyte-associated serine esterase 

PRF1 = Perforin 

FASL = Fas ligand 
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Marker Group Genes 

Tregs 

TGF-β = Transforming growth factor-beta 

PD-1 = Programmed cell death-1 receptor 

PD-L1 = Programmed cell death-1 ligand 1 or CD274 

PD-L2 = Programmed cell death-1 ligand 2 or CD273 

RIG-I like receptors (RLRs) 

RIG-I = Retinoic acid-inducible gene-I 

MDA5 = Melanoma differentiation-associated protein 5 

LGP2 = Laboratory of genetics and physiology 2 

NOD-like receptors (NLRs) 

NOD2 = Nucleotide-binding oligomerization domain containing protein 2 

NLRC5 = NOD-like receptor family CARD domain containing 5 

Toll-like receptors (TLRs) 

TLR3 = Toll-like receptor 3 

TLR7 = Toll-like receptor 7 

TLR8 = Toll-like receptor 8 

TLR9 = Toll-like receptor 9 

Cytosolic DNA sensors 

(CDSs) 

ZBP1/DAI = Z-DNA-binding protein 1 or DNA-dependent activator of interferon 

regulatory factors 

IFI16 = Interferon-gamma inducible protein 16 

DHX9 = DExH-box helicase 9 

DHX36 = DEAH-box helicase 36 

cGAS = Cyclic GMP-AMP synthase 

Inflammasomes 

AIM2 = Absent in melanoma 2 

NLRP3 = NOD-like receptor protein 3 or NOD-like pyrin domain containing 3 

Adaptor molecules 

MyD88 = Myeloid differentiation primary response protein 88 

MAVS = Mitochondrial antiviral signaling protein 

STING = Stimulator of interferon genes 

TBK1 = Tank binding kinase 1 

ASC = Apoptosis-associated spike-like protein coding CARD 

Transcription factors IRF3 = Interferon-regulating factor 3 
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Marker Group Genes 

IRF7 = Interferon-regulating factor 7 
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CHAPTER THREE: INNATE AND ADAPTIVE IMMUNITY 

ASSOCIATED WITH RESOLUTION OF ACUTE HEPATITIS B IN 

WOODCHUCKSa 

3.1 Introduction 

More than 95% of HBV infections in adults are self-limited where individuals usually 

develop AHB and resolve thereafter, with long-lasting control of viral replication by humoral and 

cellular immune responses (56). In contrast, the same percentage of newborns and infants infected 

with HBV develops CHB (3). Although the mature and robust immune system of adults is thought 

to be mainly responsible for the high rate of resolution, specific viral and/or host factors and 

mechanisms contributing to the acute versus chronic outcome of HBV infection in newborns have 

been investigated (57, 58), but remain largely unknown. The course of acute HBV infection is 

characterized by an initial peak in viral DNA and proteins, such as HBsAg and HBeAg. This is 

followed by a rise in liver enzymes, with mainly ALT assayed, but also others, including SDH and 

AST. Anti-HBc antibodies can be detected before the onset of clinical symptoms. The reduction 

in HBV DNA and the loss of HBsAg achieved during resolution is accompanied by the generation 

of anti-HBs antibodies (3). HBeAg is also cleared by anti-HBe antibodies. However, in individuals 

who acquire HBV infection via vertical transmission or during early childhood, and who 

predominantly develop chronic infection later in life, HBV DNA and antigens continue to persist 

at high levels, without detectable anti-HBs antibodies, eventually leading to chronicity and varying 

stages of  liver disease. 

 
a This chapter is summarizing a paper published in PLoS Pathogens - Suresh M., Czerwinski S., 

Murreddu G.M., Kallakury V.B., Ramesh A., Gudima O.S., and Menne S. Innate and adaptive 

immunity associated with resolution of acute woodchuck hepatitis virus infection in adult 

woodchucks. PLoS Pathog. 2019;15(12). 
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Understanding the complex immune response mediating resolution of acute HBV infection 

is an important approach to characterize in more detail the immunodeficiencies present in chronic 

conditions, and to understand what future treatments based on immunomodulation need to achieve 

for bringing out an antiviral effect. In previous studies, the analysis of blood samples from patients 

who developed AHB has provided insight into many aspects of the immune response, including 

the role of NK cells during the early stages of infection, the importance of cytokines such as IL-

12, IL-18, TNF-α, and IFN-γ during acute infection, and the broad and multi-specific responses of 

Th-cells and CTLs during resolution (13, 14, 18, 59). However, studying AHB in humans remains 

a challenge since the early weeks after HBV infection are mostly asymptomatic, and hence there 

is limited data available on the immune response during the early pre-clinical phase of infection. 

Our current knowledge on AHB in humans is mainly derived from blood samples, and the kinetics 

of innate and adaptive immune responses in liver are less characterized due to the difficulty of 

obtaining multiple liver biopsies from the same individual. 

WHV infection in adult woodchucks almost always leads to an acute, self-limited outcome, 

similar to HBV infection in adult humans. Thus, acute WHV infections in woodchucks is a suitable 

model for studying innate and adaptive immune responses associated with resolution (36). 

Previous studies in woodchucks have investigated selected aspects of the immune response and 

showed that resolution of WHV infection is associated with strong T-cell proliferation and IFN-γ 

and TNF-α expression during the early phase of infection, and with seroconversion to virus-

neutralizing antibodies targeting WHsAg, while progression to chronicity involves deficiencies in 

these T- and B-cell responses (60-62). The investigation of intrahepatic immune markers, however, 

has provided sometimes contrasting results regarding the activation of innate immune response by 
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WHV during the early stages of infection (63, 64). Thus, a single study with comprehensive 

analysis and comparison of innate and adaptive immunity in both the periphery and liver during 

resolution of WHV infection is warranted. Here, the kinetics of WHV replication, associated 

responses of WHV-specific T- and B-cells, and the expression of immune response markers were 

investigated in five adult woodchucks. The overall results revealed that the coordinated interplay 

of innate and adaptive immunity, mainly in liver, drives resolution of WHV infection in 

woodchucks, and further indicated an important role of NK-cell associated IFN-γ response in the 

initial viral control following infection. 

3.2 Results 

3.2.1 Course of acute, self-limited woodchuck hepatitis virus infection in the periphery and 

liver of woodchucks 

The five woodchucks of the present study were a subgroup of animals that were 

experimentally infected with an equal dose of serum-derived WHV (49) and were selected based 

on the duration of infection, and thus allowed to dissect in more detail the kinetics of innate and 

adaptive immune responses. Following the inoculation, the course of acute, self-limited (i.e., 

resolving) WHV infection in these animals was determined in blood and liver as largely described 

(49) and presented here. In the periphery (Figure 3.1), serum WHV DNA was detectable in all 

woodchucks as early as week 1 or 2, and peak viremia was observed during weeks 3-5, except for 

animal M7249, in which viremia was maximal at week 9. Thereafter, viremia declined, but did not 

become undetectable in most woodchucks by the end of the study at week 18, except for F7394 

with absent WHV rc-DNA at this time. Serum WHsAg was less frequently detectable than WHV 

rc-DNA, but peak antigenemia was noted during weeks 2-9 in all animals around the time of 



47 

 

maximum viremia. Serum anti-WHs antibodies were elicited in all woodchucks starting as early 

as week 3, and peak antibody response was observed during weeks 13-16. The mounting antibody 

response, as reflected by increasing titers, coincided with the initial and then marked decline in 

viremia in most woodchucks. The peak in serum WHeAg was observed during weeks 6-13 (Figure 

3.1A), and thus later than the maximum in WHsAg in all animals. Following the decline in 

antigenemia, anti-WHe antibodies were noted in most animals, starting as early as weeks 8-14, 

with a peak during weeks 12-15 (Figure 3.1A). T-cell responses to WHsAg and WHcAg were 

developed in all woodchucks (Figure 3.1B). WHcAg-specific T-cell response was considered 

present in F7238 at week 6, as the change from baseline was above 2.1. All other woodchucks 

presented with WHV-specific T-cell responses starting at week 12. Peak T-cell responses were 

observed at week 12 in M7392 and F7238, at weeks 12 and 18 in F7394 and F7386, and at week 

18 in M7249 (fold-change: 2.3-5.3), and correlated with the marked decline in viremia in most 

animals.  

In the liver (Figure 3.2), WHV RI-DNA, cccDNA, and pgRNA were detectable in all woodchucks 

at week 5. Peak WHV replication was observed during weeks 5-13. Thereafter, viral DNA and 

RNA molecules declined in liver, but did not become undetectable by the end of the study. 

Correlating with the hepatic WHV replication and expression of WHcAg (49), hepatocytes 

positive for the cytoplasmic (cyt) location of WHsAg were present in all woodchucks at week 5 

(Table 3.1 and Figure 3.3). Peak WHsAg expression was observed during weeks 9-13 (range: 

5.6-18.3% of hepatocytes positive for cytWHs). Thereafter, WHsAg expression declined and 

became absent during weeks 13-18, except for F7249, in which about 3% of hepatocytes were still 

positive for this antigen at the end of the study. Correlating further with the peripheral decline in 
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viremia, but temporally more associated with the initial and then marked reduction of hepatic 

WHV DNA and RNA, serum activity of SDH increased starting at weeks 8-12 and/or was maximal 

elevated during weeks 8-18 (range: 128-432 international units (IU)/L) (Figure 3.1). Similarly, 

the peak in serum AST levels was observed between weeks 8-12 in all animals, with only minor 

increases in F7394 and M7249 (Table 3.2). The serum GGT level was unchanged in all animals, 

except for F7238 with a transient increase at week 4 (18 IU/L) (Table 3.2). Peak serum activity of 

liver enzymes was temporally associated with moderate to marked sinusoidal and portal 

hepatitis/inflammation in liver, all of which is indicative of AHB in woodchucks (Table 3.1). Liver 

cell proliferation, as determined by staining for the cellular proliferation marker Ki67, peaked 

during this time as well (range: 1.9-6.7% of hepatocytes positive) (Table 3.1 and Figure 3.4), 

indicating increased replenishment of liver with hepatocytes. Although individual variability in 

the kinetics (and levels) was noted for the above viral and host markers, especially for M7249, 

which experienced a longer-lasting viremic phase than all other animals, the overall results 

suggested that the five outbred woodchucks followed in this study developed an acute, self-limited 

WHV infection, which eventually resolved. 

3.2.2 Kinetics of immune markers in liver and periphery associated with resolution of 

woodchuck hepatitis infection in woodchucks 

Type I interferons (IFNs) and interferon-stimulated genes (ISGs) - Type I IFNs 

secreted by immune and non-immune cells play an important role in the host defense against viral 

infection via subsequent induction of antiviral ISGs (65). For characterizing the innate immune 

response in woodchucks induced by WHV, the expression of type Ⅰ IFNs (IFN-α/β) and two ISGs 

(viperin (RSAD2) and 2’-5’-oligoadenylate synthetase 1 (OAS1)) in liver and periphery was 
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determined using real-time PCR. In the liver (Figure 3.5A), peak expression of IFN-α and IFN-β 

was observed during weeks 5-18 in F7394 and F7386 (fold-change: IFN-α, 2.2-8.1; IFN-β, 2.8-

3.4). Although sometimes detectable, type I IFN expression in the other animals was considered 

absent, as the change from baseline was below 2.1. Nevertheless, OAS1 expression was induced 

in these animals and peaked during weeks 9-18 in M7392, F7394, M7249, and F7238 (fold-

change: 2.5-5.6). Peak expression of viperin was noted during weeks 9-18 in the same animals 

(fold-change: 3.2-14.3). ISG expression in F7386 was detectable as well, especially at weeks 13-

18, but considered absent, because the fold-change was below 2.1. Since the induction of type I 

IFNs and subsequently of ISGs is typically transient, and thus difficult to measure, it is likely that 

their peak expression was missed in some of the woodchucks due to the timing of liver tissue 

collection. In the periphery (Figure 3.5B), the peak expression of type I IFNs was observed during 

weeks 8-16 in M7392, F7394, M7249, and F7238, with IFN-β predominantly induced (fold-

change: IFN-α, 6.5-13.4; IFN-β, 6.5-52.2), but not in F7386, despite of IFN-α/β expression in liver. 

Viperin expression was maximal during weeks 4-12 in M7392, F7394, M7249, and F7238 (fold-

change: 4.4-8.2). OAS1 expression was considered detectable only in F7238 at week 4 (fold-

change: 2.6). The expression kinetics of these and most other immune response markers tested, 

did not show a correlation between liver and blood, except for NK-cells and IFN-γ (see below). It 

further appeared that the investigated innate immune response markers were not markedly induced 

by WHV immediately after the inoculation in both compartments of most woodchucks. 

NK-cell markers - For further characterizing the immune response in woodchucks after 

WHV inoculation, NK-cells were included, since this cell subset presents a major component of 

the innate immunity, which plays an important role in IFN-γ production along with immune 
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surveillance by identifying and killing virus-infected cells (66, 67). Thus, the expression of a set 

of commonly tested NK-cell markers, including natural cytotoxicity triggering receptor 1 (NCR1 

or NKp46), neural cell adhesion molecule (NCAM or CD56), killer cell lectin-like receptor F1 

(KLRF1 or NKp80), and human natural killer-1 receptor (HNK-1 or CD57) was were assayed in 

blood and liver. In the liver (Figure 3.6A), peak expression of NCR1/NKp46 was noted during 

weeks 9-13 in all animals (fold-change: 2.3-14.9), except for F7386 at week 18 (fold-change: 

11.1). NCAM/CD56 expression peaked at week 9 in M7249 (fold-change: 7.1) and at week 13 in 

M7392, F7394, F7238, and F7386 (fold-change: 4.8-8.3). KLRF1/NKp80, another NK-cell 

activation marker, showed peak expression during weeks 9-18 in M7392 and M7249 (fold-change: 

2.8-4.9) and at week 5 in F7238 (fold-change: 3.1). In F7394 and F7386, expression of this receptor 

remained close to baseline. HNK-1/CD57 expression was maximal at week 5 in F7394 (fold-

change: 4.7), at week 9 in M7392, M7249, and F7238 (fold-change: 2.3-3.7), and at week 13 in 

F7386 (fold-change: 4.4). Of note is that expression increases of the NK-cell activation receptors 

NCR1/NKp46 and KLRF1/NKp80 and the NK-cell surface receptor HNK-1/CD57 were already 

observed at week 5 in M7392, M7249, F7238, and F7386 (fold-change: 2.3-5.3), in M7249, F7238, 

and F7386 (fold-change: 2.1-3.1), or in M7392, F7394, F7238, and F7386 (fold-change: 2.1-4.7), 

respectively. In addition to these commonly tested NK-cell markers the expression of a second set 

of less frequently tested NK-cell markers, including activation receptors (killer cell lectin-like 

receptor K1 (KLRK1 or NKG2D) and cluster of differentiation (CD) 16 (CD16)) and one 

inhibitory receptor (killer cell lectin-like receptor C1 (KLRC1 or NKG2A) (Figure 3.7A) were 

measured that are also well-described markers for NK-cells (68). This second set of NK-cell 

markers showed peak expression in liver during the marked decline of WHV replication. In blood, 
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testing of all NK-cell markers was not possible for all timepoints due to insufficient RNA amounts 

for some of the animals; however, nearly complete data sets are presented for four woodchucks 

(M7392, M7249, F7238, and F7386). The expression of NCR1/NKp46 and NCAM/CD56 was 

maximal during weeks 10-16 in these four animals (fold change: NCR1/NKp46, 2.1-4.3; 

NCAM/CD56, 2.2-36.9). KLRF1/NKp80 expression stayed close to baseline in all animals, except 

for F7238 at week 4 (fold-change: 2.6). HNK-1/CD57 expression peaked during weeks 2-12 in 

M7392, M7249, and F7238 (fold-change: 10.2-62.0). Similar to liver, the additional NK-cell 

markers measured in blood (Figure 3.7B) showed peak expression during the marked decline of 

serum viremia. Although the magnitude of (peak) expression differed between liver and blood, the 

kinetics of NK-cell markers obtained in both compartments were overall comparable for most 

woodchucks.  

Antigen presenting cell (APC) markers - APCs such as DCs, macrophages, and B-cells 

are responsible for initiating and shaping the adaptive immune response (69), and thus were 

included in the analysis. The kinetics of these immune cells were determined by the intrahepatic 

and peripheral expression of selected markers, including CD79B for B-cells, interleukin 3 receptor 

A (IL3RA or CD123) for plasmacytoid DCs (pDCs), and EGF-like module-containing mucin-like 

hormone receptor like-1 (EMR1 or F4/80) for macrophages. In the liver (Figure 3.8A), CD79B 

expression peaked during weeks 9-13 in M7392, F7394, and M7249 (fold-change: 4.0-8.9), 

although the first animal also had a pronounced expression at week 18. In the other two 

woodchucks, CD79B expression was nearly unchanged. Peak IL3RA/CD123 expression was 

observed during weeks 9-18 in M7392, M7249, and F7238 (fold-change: 2.1-4.0). The other two 

animals had absent marker expression. EMR1/F4/80 expression was maximal during weeks 9-18 
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in all woodchucks (fold-change: 2.2-3.9). The changes in the percentage of macrophages, as 

determined by immunostaining, correlated well with the kinetics of EMR1/F4/80 expression in 

most woodchucks, except for F7238, in which peak expression was noted at week 13, while the 

highest percentage of macrophages was obtained at week 9 (Figure 3.8A and Figure 3.9). 

Contrary to the findings in liver, APC marker expression in blood was rarely positive (Figure 

3.8B). Exceptions included the expression of CD79B at week 12 in M7249 (fold-change: 2.1), 

IL3RA/CD123 at week 4 in F7238 (fold-change: 2.6), and EMR1/F4/80 at week 10 in M7392 

(fold-change: 2.6). In F7386, based on the timepoints analyzed, expression of IL3RA/CD123 and 

CD79B appeared maximal at weeks 4 or 10, respectively (fold-change: 2.5 and 2.4). Data on 

peripheral APC markers were not available for F7394. Overall, a correlation of APC marker 

expression in liver and blood was not apparent, and especially not for peripheral CD79B 

expression and the elicitation of anti-WHs and anti-WHe antibodies. 

T-cell markers - The induction of adaptive immunity, including the activation of T-cells, 

is critical for mounting a strong antiviral immune response against HBV (24). CD4+ Th-cells and 

CD8+ CTLs are the key effector cells involved in recognizing and killing of virus-infected 

hepatocytes. Furthermore, Th-cells produce a wide range of cytokines upon activation, which are 

responsible for keeping the antiviral immune response active, and which influence the maturation 

of B-cells (24). In the liver (Figure 3.10A), the peak in CD3 expression was observed during 

weeks 9-13 in M7392, F7394, M7249, and F7238 (fold-change: 2.2-9.8). CD3 expression stayed 

close to baseline in F7386. Maximum CD4 expression was noted during weeks 9-18 in all 

woodchucks (fold-change: 4.9-19.3), while CD8 expression peaked during weeks 9-13 in these 

animals (fold-change: 2.4-12.9). The changes in the percentage of CD3- and CD4-positive cells, 
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as determined by immunostaining, correlated well with the transcription levels of both T-cell 

markers in liver, and more so for CD3 than for CD4 (Figures 3.10A, 3.11, and 3.12). CD8-positive 

cells could not be stained, because a cross-reactive antibody has not been identified yet. 

Intrahepatic peak expression of the above T-cell markers coincided with the initial, and more so 

with the marked decline of WHV replication. Due to the applied assay and the lack of an anti-CD8 

antibody, T-cells specific for WHcAg and WHsAg (Figure 3.1) could not be further differentiated 

into CD4+ and CD8+ T-cells. In the periphery (Figure 3.10B), T-cell marker expression was 

nearly unchanged, except for peak CD3 expression at weeks 2 and 18 in F7394 or F7386, 

respectively (fold-change: 2.4-2.5), for peak CD4 expression at weeks 2 and 14 in F7238 or F7394, 

respectively (fold-change: 4.3-2.2), and for peak CD8 expression at week 16 in F7394 and F7238 

(fold-change: 2.3-2.9). 

CTL markers - For further investigating the role of CD8+ T-cells in WHV resolution, the 

effector function of mainly CTLs (but also of NK-cells) was analyzed. These cells can release 

cytotoxins, such as GZMB and PRF1, or interact with the Fas receptor on virus-infected 

hepatocytes with their Fas ligand (FASL) (70). Thus, the expression of cytolytic effector molecules 

was determined and correlated with the CD8 transcript levels described above. In liver (Figure 

3.13A), GZMB expression stayed close to baseline in all woodchucks, except for M7249 with a 

peak at week 13 (fold-change: 4.2). Expression of PRF1 and FASL was more frequently detected, 

and was maximal during weeks 9-13 in M7392, F7394, F7249, and F7238 (fold-change: PRF1, 

8.9-12.4; FASL, 2.4-6.1). Peak expression of both markers correlated well with that of CD8, and 

again coincided with the decline in WHV replication. In the periphery (Figure 3.13B), the 

expression of GZMB in blood was maximal during weeks 10-16 in F7394, M7249, F7238, and 
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F7386 (fold-change: 2.2-5.4). During the same time, peak expression of PRF1 was observed in 

M7392, M7249, F7238, and F7386 (fold-change: 2.3-4.6). PRF1 expression in F7394 was not 

determined due to insufficient RNA amount. Contrary to liver, FASL expression was nearly 

unchanged in all animals, except for F7386 with peak expression at week 16 (fold-change: 2.4-

fold). 

Regulatory T-cell (Treg) markers - For counteracting and balancing the effector function 

of T-cells against viruses, the immune system has developed specific regulatory mechanisms. 

Molecules involved in regulating the T-cell response include the transforming growth factor-beta 

(TGF-β) that controls cell growth, differentiation and proliferation, the PD-1 receptor that is 

expressed on activated effector T-cells, and the PD-L1 and PD-L2 that are expressed mainly on 

APCs, but also on other non-immune cells (especially PD-L1) (14, 71). In liver (Figure 3.14A), 

peak TGF-β expression was observed during weeks 9-13 in all woodchucks (fold-change: 2.1-6.0), 

except for F7386. The inhibitory receptor, PD-1, showed maximal expression during weeks 9-18 

in all animals (fold-change: 18.2-94.5). Furthermore, peak expression of the ligands, PD-L1 and/or 

PD-L2, was noted during weeks 9-13 in almost all woodchucks (fold-change: PD-L1, 2.4-9.7; PD-

L2, 2.4-13.9). The only exception was F7386, with a PD-L2 expression close to baseline. Overall, 

maximum Treg marker transcript levels correlated with the maximum expression of cytolytic 

effector molecules, elevated liver enzyme activity in serum, and pronounced hepatis/inflammation 

in liver, indicating that Tregs are a part of the overall immune cell infiltration in liver and/or have a 

role in regulating the liver injury induced by the adaptive immune response. In the periphery 

(Figure 3.14B), the expression of Treg markers was rarely positive, except for PD-1 at week 8 in 
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F7394 (fold-change: 2.7) and at week 12 in M7249 and F7238 (fold-change: 2.1-2.9) and for PD-

L2 at week 14 in M7249 (fold-change: 2.3). 

3.2.3 Comparison of NK- and T-cell markers in liver 

For further delineating the sequence of immune response events involved in WHV 

resolution, the induction of NK- and T-cells within liver was compared and correlated with the 

intrahepatic expression of IFN-γ and the serum activity of SDH (Figure 3.15). Expression of 

NCR1/NKp46, an activation receptor commonly used for identifying NK-cells, increased at week 

5 in M7392, M7249, F7238, and F7386. At this time, CD3, a marker for identifying T-cells in 

general, was unchanged in all woodchucks and expression stayed close to baseline. Serum SDH 

levels fluctuated somewhat, however were not elevated in any animal at this time. The expression 

increases in NCR1/NKp46, together with other NK-cell markers (see Figure 3.6) coincided with 

the presence of elevated IFN-γ transcript levels at week 5 in M7392, M7249, F7238, and F7386 

(fold-change: 2.1-3.5). Liver tissues were also stained for IFN-γ for determining cytokine presence 

at the protein level, and the increases in the average mean and in the relative percentage of IFN-γ 

staining intensity correlated well with the increases in transcript level in all animals at this time 

(Figure 3.15 and Figure 3.16). In blood (Figure 3.17), IFN-γ expression started to increase during 

weeks 2-4 in all animals (fold-change: 2.1-3.1). Since the increase in intrahepatic IFN-γ at both 

the transcript and protein levels was observed around the peak, and then more so during the initial 

decline in WHV replication, this may indicate the presence of a non-cytolytic mechanism of viral 

clearance by NK-cells that mainly secrete this cytokine. Other cell subsets secreting IFN-γ include 

CTLs that were absent at this time based on unchanged CD3, CD8, and cytolytic effector molecule 

expression (see Figure 3.10 and Figure 3.13), and NKT-cells (72). The latter cell subset was not 
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tested in the present study. Following week 5, NCR1/NKp46 expression continued to increase and 

peaked during weeks 9-18 in all woodchucks, as also observed for other NK-cell markers (see 

Figure 3.6). CD3 expression became also elevated by week 9 and/or peaked during weeks 9-13 in 

most animals, as also noted for the expression of CD8 marker and cytolytic effector molecules 

(see Figures 3.10 and Figure 3.13). Serum SDH levels markedly rose starting at weeks 8-12 

and/or were maximal elevated during weeks 8-18 (Figures 3.1 and Figure 3.15). Since the peak 

serum activity of SDH in individual woodchucks was temporally associated with the maximum 

expression of T-cell markers and cytolytic effector molecules, as well as with the marked decline 

in WHV replication, peak WHV-specific T-cell responses (see Figure 3.1), pronounced 

hepatitis/liver inflammation, and increased replenishment of liver with hepatocytes (Table 3.1), 

this may indicate the presence of a cytolytic mechanism of viral clearance by mainly CTLs. 

Furthermore, IFN-γ became predominantly expressed and maximal during weeks 9-13 in all 

animals (fold-change: 5.9-73.9). The relative percentage of intrahepatic IFN-γ staining also 

increased further and/or peaked during weeks 9-13 (Figure 3.17). In blood (Figure 3.17), peak 

IFN-γ expression was noted during weeks 10-12 in M7392, M7249, and F7238 (fold-change: 5.7-

7.7). Based on the time points analyzed, IFN-γ transcript levels appeared maximal at week 4 for 

F7386 and at week 8 for F7394 (fold-change: 3.2-5.5). Overall, the kinetics of IFN-γ expression 

in liver and blood correlated well in most woodchucks. Since the peak IFN-γ transcription and 

secretion within liver was temporally associated with the maximum expression of NK-cell and 

CTL markers, this may suggest an overlap of non-cytolytic and cytolytic mechanisms of viral 

control by both immune cell subsets during this time.    
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3.3 Discussion 

Experimental infection of naïve, adult woodchucks with an equal dose of WHV resulted in 

acute, self-limiting infection in all five animals, which eventually resolved (49). WHV rc-DNA 

was detected in serum as early as 1-2 weeks post-inoculation; this was followed by the appearance 

of WHsAg and WHeAg. These three serum markers reached peak levels thereafter, and then 

markedly declined (Figure 3.1A). Comparable to studies in patients with AHB, viral surface 

antigen was present in all woodchucks before e antigen became detectable (19). Correlating with 

the decline in antigenemia, anti-WHs antibodies were first elicited, followed by anti-WHe 

antibodies, and the humoral response remained present until the end of the study (Figure 3.1A). It 

has been reported for patients with AHB that the peak in ALT level is observed during the rapid 

decline of HBV DNA in serum (13, 20). Similarly, serum SDH (and AST) activity in all 

woodchucks was nearly unchanged at the time of peak viremia and antigenemia, indicating the 

non-cytopathic nature of WHV, but increased later, when a marked decline in viral replication was 

noted, suggesting acute liver injury (i.e., AHB) in these animals (Figure 3.1A and Table 3.2). 

This was associated with pronounced hepatic inflammation, increased replenishment of liver with 

new hepatocytes, and peripheral WHV-specific T-cell responses (Table 3.1 and Figure 3.1B). 

The kinetics of WHV replication markers in liver, including RI-DNA, cccDNA, and pgRNA, 

followed a similar pattern of increase and subsequent decline, as observed for serum WHV rc-

DNA (Figure 3.2) (49). Initial and then marked inhibition of WHV replication correlated with the 

expression of NK-cell markers and IFN-γ, followed by increases in the transcript levels of CTL 

markers, and subsequent maximum expression of both cell subsets, as well as cytolytic effector 

molecules and IFN-γ (see Figures 3.6, 3.7, 3.13, and 3.15). Although there was individual 
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variation in the course of acute, self-limited WHV infection, despite inoculation with the same 

WHV dose, as also observed in previous studies (37, 62, 73, 74), the overall changes in viremia, 

antigenemia and AHB were similar between the five outbred animals, and thus comparable to 

those reported in patients (20).  

For a detailed characterization of immune response during WHV resolution, selected innate 

and adaptive immune cell markers were assayed in blood and liver by using the sequence 

information derived from the woodchuck transcriptome and genome (38, 44). Previous studies in 

cell cultures and animal models, including woodchucks and chimpanzees, have shown that HBV 

and WHV apparently fail to induce an innate immune response during the early stages of infection, 

indicating a stealth-like behavior of hepadnaviruses (11, 16, 63, 75). In addition, only low serum 

levels of IFN-α were found in a study on early immune response in patients with AHB (13). 

Consistent with these findings, almost all woodchucks of the present study did not display marked 

changes in the intrahepatic or peripheral expression of type I IFNs and ISGs during the initial 4-5 

weeks post-inoculation, and despite already marked or even maximum viral replication in both 

compartments during this time (Figure 3.5). 

An increased frequency of activated NK- and NKT-cells was observed during the early 

HBV incubation period in the periphery of patients who later developed AHB (19, 59), and these 

cell subsets, likely including MAITs (14), may control HBV infection by producing IFN-γ. All 

woodchucks of the present study also exhibited markedly increased IFN-γ expression in liver 

(Figure 3.15) and periphery (Figure 3.17), and elevated cytokine secretion in liver (Figure 3.16), 

during the initial and more so during the subsequent and pronounced reduction in viral replication. 

Furthermore, intrahepatic presence of IFN-γ at week 5 correlated with an expression increase of 
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NK-cell activation receptors and markers, including NCR1/NKp46, KLRF1/NKp80, and HNK-

1/CD57 in most animals (Figure 3.6 and Figure 3.15), suggesting an important role of this 

immune cell subset in initially limiting WHV infection via IFN-γ. Although this cytokine can be 

secreted by other cell subsets, such as CTLs, increases in the intrahepatic expression of T-cell 

markers (i.e., CD3 and CD8) and cytolytic effector molecules (i.e., GZMB and PRF1) and in the 

peripheral WHV-specific T-cell response were observed later at weeks 9 or 12, respectively 

(Figure 3.10 and Figure 3.13). Since the increase in IFN-γ expression was noted prior to any 

elevation in liver enzyme activity and hepatitis/liver inflammation, this may indicate the presence 

of a non-cytolytic mechanism of initial viral control mediated by NK-cells. During WHV 

resolution, however, it was difficult to differentiate between immune cell subsets that secrete IFN-

γ based on changes in transcript levels. Hence, an overlap in peak expression of T- and NK-cell 

markers and cytolytic effector molecules and IFN-γ, as well as maximum WHV-specific T-cell 

response, peak in liver enzyme activity, and pronounced hepatic inflammation and liver 

replenishment was observed during this time. This may indicate the presence of a cytolytic 

mechanism of later viral control mediated by CTLs and/or NK-cells. 

Activated APCs release cytokines, such as IL-12 and IL-18, that stimulate IFN-γ and TNF-

α production in NK-cells and MAITs, and promote intrahepatic HBV-specific T-cell expansion 

(14). In this study, the intrahepatic peak expression of pDC and macrophage markers, and the 

maximum of infiltrating macrophages in liver (Figure 3.8 and Figure 3.9), during weeks 9-18 

coincided with increased and maximum NK- and T-cell transcript levels in all woodchucks. 

The role of CD4+ and CD8+ T-cells in resolution of HBV infection has been extensively 

described (14). The finding that a comparable adaptive immune response is absent in patients with 
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CHB as a result of T-cell anergy and exhaustion, only reasserts the importance of both immune 

cell subsets (24). This has also been described for woodchucks where animals progressing to CHB 

had absent or incomplete WHV-specific T-cell responses, suggesting that the onset of chronic 

HBV infection in humans may be associated with deficiencies in the primary T-cell response to 

acute HBV infection (61). Furthermore, this immune tolerance at the T-cell (and B-cell) level can 

be therapeutically reversed in woodchucks with established CHB via prolonged nucleoside 

treatment, and restored by WHsAg vaccination to an adaptive immune response profile 

comparable to that observed in WHV resolution (55). Among the viral factors responsible for the 

cellular immune tolerance observed in CHB, maternal HBeAg has been implicated, since this 

soluble viral protein may be able to cross the placenta of HBV transgenic mice for inducing 

tolerance in utero, which subsequently manifests at the T-cell level (76). After vertical transfer in 

transgenic mice, maternal HBeAg further mediates HBV persistence via macrophage-dependent 

suppression of CTL responses (77). In support of these studies, experimental infection of neonatal 

woodchucks with an inoculum containing a precore WHeAg-minus mutation significantly reduced 

the chronic outcome of WHV infection (37). 

In patients with AHB, a peak in peripheral T-cell response was observed, when serum HBV 

DNA started to decline and ALT level increased, suggesting a role of Th-cells and especially of 

CTLs in controlling the infection and leading to AHB (20, 59). Furthermore, a correlation between 

intrahepatic HBV-specific CD8+ T-cells and AHB was revealed in patients (78). Mirroring these 

observations in humans, increased WHV-specific T-cell responses in blood (Figure 3.1B), 

augmented expression of Th-cell and CTL markers in liver and blood (Figure 3.10 and Figure 

3.13), and increased infiltration of CD3+ and CD4+ in liver (Figure 3.11 and Figure 3.12), 
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correlated with the marked decline in WHV replication and elevation in liver enzyme activity 

(Figure 3.1A and Table 3.2) in woodchucks. The effector function of woodchuck CTLs appeared 

to be mainly mediated by perforin and Fas receptor-ligand interaction in liver, but with dominant 

perforin and granzyme B expression in the periphery (Figure 3.13). NK-cells have also been 

shown to use cytotoxic granules, such as perforin and granzyme B, for their cytolytic effector 

function (72, 79). As mentioned above, the overlap in peak expression of CTL and NK-cell 

markers and cytolytic effector molecules, especially in liver, did not allow to determine if CTLs 

were primarily responsible for the cytolytic mechanism of viral clearance during WHV resolution.  

The interaction of the PD-1 receptor with one of its ligands (i.e., PD-L1) has been shown 

to limit the function of CTLs in vitro by using blood cells from patients with AHB (80). This 

interaction may be essential for balancing the cytopathic, antiviral function of the host immune 

response. The intrahepatic expression of PD-1 and PD-L1 in woodchucks, together with PD-L2 

and TGF-β, correlated with a subsequent dampening of liver injury, based on reduced levels of 

SDH in serum and of hepatitis/inflammation in liver. Upregulated  expression of these regulatory 

molecules has been previously observed in neonatal woodchucks which resolved AHB (63).  

The immune response mounted against WHV infection based on the above results is 

delayed, but complex and coordinated, and warrants further delineation for exploring new 

treatment options based on immunomodulation for patients with CHB in this animal model. 

Antiviral efficacy has been shown for treatment with an antibody against PD-L1, interferon-α, as 

well as with agonists of innate immune receptors in animal models of HBV (32, 40). The 

intrahepatic presence of NK-cell associated IFN-γ response 5 weeks after WHV infection indicates 

an involvement of this cytokine in the initial control of viral replication. Recent studies have shown 
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that activation of TLR8 indirectly induces the secretion of IFN-γ by NK-cells and MAITs via IL-

12 and IL-18 (78, 81). Immunomodulation by the activation of TLR8, therefore, appears a 

promising approach for inducing the antiviral cytokine IFN-γ in liver during CHB (32, 82). Since 

the knowledge on immune response during the early stages of HBV infection and subsequent 

resolution in patients is most often restricted to the periphery, mainly due to the asymptomatic 

nature of disease onset and the lack of liver biopsies, future studies in immunocompetent animal 

models of HBV can address these limitations. The results described in this chapter, however, 

emphasize the resemblance of innate and adaptive immune responses associated with WHV 

resolution in woodchucks with those obtained during acute, self-limited HBV infection in humans.  
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Figure 3.1. Course of resolving WHV infection in the periphery.  

(A) Kinetics of serum viremia (WHV rc-DNA), antigenemia (WHsAg and WHeAg), antibody 

responses (anti-WHs and anti-WHe antibodies), and activity of liver enzymes (SDH). Changes in 

WHV rc-DNA, WHsAg, and anti-WHs antibodies are plotted on the left y-axis, while changes in 

SDH, WHeAg, and anti-WHe antibodies are plotted on the right y-axis. StdU, standard unit; IU, 

international unit, ODU, optical density unit. (B) Kinetics of T-cell responses (specific to WHcAg 

and WHsAg). Changes in WHcAg- and WHsAg-specific T-cell responses are plotted on the right 
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y-axis. WHV-specific T-cell response was considered present when the fold-change above 

baseline was ≥2.1, which is represented as a dotted line. FC, fold change in T-cell proliferation 

from unstimulated controls.  
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Figure 3.2. Course of resolving WHV infection in the liver.  

Kinetics of hepatic WHV replication markers (RI-DNA, cccDNA, and pgRNA) and peak serum 

activity of liver enzymes (SDH). Changes in WHV replication markers are plotted on the y-axis. 

Peak serum SDH activity is indicated by an asterisk.  
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Figure 3.3. Percentages of WHsAg-positive cells in liver.  

Liver tissues of woodchucks collected at the indicated weeks before and after WHV inoculation 

were stained with an antibody to WHsAg. One representative image is shown for each timepoint. 
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Figure 3.4. Percentages of Ki67-positive cells in liver.  

Liver tissues of woodchucks collected at the indicated weeks before and after WHV inoculation 

were stained with a cross-reactive antibody to Ki67. One representative image is shown for each 

timepoint. The percentages of Ki67-positive cells are provided below each image.  
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Figure 3.5. Intrahepatic and peripheral expression of type I IFNs and ISGs.  

Changes in the expression of IFN-α, IFN-β, OAS1, and viperin in the (A) liver and (B) periphery 

with WHV rc-DNA kinetics. The fold-change in transcript level of genes from baseline is plotted 

on the right y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. 
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Fig 3.6. Intrahepatic and peripheral expression of NK-cell markers.  

Changes in the expression of NCR1/NKp46, NCAM/CD56, KLRF1/NKp80, and HNK-1/CD57 

in the (A) liver and (B) periphery. The fold-change in transcript level of genes from baseline is 

plotted on the right y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. 
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Figure 3.7. Intrahepatic and peripheral expression of NK-cell receptors and surface 

markers.  

Changes in the expression of KLRK1/NKG2D, KLRC1/NKG2A, and CD16 in the (A) liver and 

(B) periphery. The fold-change in transcript level of genes from baseline is plotted on the right y-

axis, while serum WHV rc-DNA loads are plotted on the left y-axis.  
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Figure 3.8. Intrahepatic and peripheral expression of APC markers.  

Changes in the expression of CD79B (B-cell), IL3RA/CD123 (pDC), and EMR1/F4/80 

(macrophage) in the (A) liver and (B) periphery with WHV rc-DNA kinetics. The fold-change in 

transcript level of genes from baseline is plotted on the right y-axis, while serum WHV rc-DNA 

loads are plotted on the left y-axis. Changes in the percentage of macrophages in liver are provided 

at the bottom of the top graphs.  
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Figure 3.9. Percentages of macrophages in liver.  

Liver tissues of woodchucks collected at the indicated weeks before and after WHV inoculation 

were stained with a cross-reactive antibody to MAC2, a macrophage marker. One representative 

image is shown for each timepoint. The percentages of MAC2-positive cells are provided below 

each image.  
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Figure 3.10. Hepatic and peripheral expression of T-cell markers.  

Changes in the expression of CD3, CD4, and CD8 in the (A) liver and (B) periphery with WHV 

rc-DNA kinetics. The fold-change in transcript level of genes from baseline is plotted on the right 

y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. Changes in the percentage 

of CD3- and CD4-positive cells in liver are provided at the bottom of the top graphs. 
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Figure 3.11. Percentages of CD3-positive cells in liver.  

Liver tissues of woodchucks collected at the indicated weeks before and after WHV inoculation 

were stained with a cross-reactive antibody to CD3. One representative image is shown for each 

timepoint. The percentages of CD3-positive cells are provided below each image. 



75 

 

 
Figure 3.12. Percentages of CD4-positive cells in liver.  

Liver tissues of woodchucks collected at the indicated weeks before and after WHV inoculation 

were stained with a cross-reactive antibody to CD4. One representative image is shown for each 

timepoint. The percentages of CD4-positive cells are provided below each image. 
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Figure 3.13. Intrahepatic and peripheral expression of CTL markers.  

Changes in the expression of CD8, GZMB, PRF1, and FASL in the (A) liver and (B) periphery 

with WHV rc-DNA kinetics. The fold-change in transcript level of genes from baseline is plotted 

on the right y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. 
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Figure 3.14. Intrahepatic and peripheral expression of Treg markers.  

Changes in the expression of TGF-β, PD-1, PD-L1, and PD-L2 in the (A) liver and (B) periphery 

with WHV rc-DNA kinetics. The fold-change in transcript level of genes from baseline is plotted 

on the right y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. 
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Figure 3.15. Comparison of intrahepatic expression of NK- and T-cell markers and IFN-γ 

with serum SDH activity.  

The fold-change in liver transcript level of NCR1/NKp46, CD3, and IFN-γ from baseline and the 

change in serum levels of SDH are plotted on the right y-axes, while serum WHV rc-DNA loads 

are plotted on the left y-axis. By setting the maximum average mean intensity at 100% (also 

indicated by an asterisk), the relative percentages of IFN-γ staining intensity in liver are provided 

at the bottom of each graph. *, serum SDH activity was 432 IU/L. IU, international unit. 
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Figure 3.16. Mean intensities of IFN-γ staining of cells in liver.  

Liver tissues of woodchucks collected at the indicated weeks before and after WHV inoculation 

were stained with a cross-reactive antibody to IFN-γ. One representative image is shown for each 

timepoint. The average mean intensity of IFN-γ staining and the relative percentages of staining 
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intensity are provided below each image. The maximum of average mean staining intensity is 

indicated by an asterisk.  
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Figure 3.17. Peripheral expression of IFN-γ.  

The fold-change in blood transcript level of IFN-γ from baseline is plotted on the right y-axis, 

while serum WHV rc-DNA loads are plotted on the left y-axis. 
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Table 3.1. Kinetics of hepatic WHsAg expression, liver hepatitis/inflammation, and 

hepatocyte proliferation in woodchucks. 

a Percentage of hepatocytes positive for cytoplasmic (cyt) WHsAg. 
b Composite score for sinusoidal and portal hepatitis/inflammation. Peak serum SDH activity is 

indicated by an asterisk. 
 c Percentage of hepatocytes positive for the cellular proliferation marker Ki67.  

  

  Marker change in liver at the indicated weeks during the course 

of WHV resolution 

Woodchuck Marker -2 5 9 13 18 

M7392 Cyt WHsAga 0 0.6 8.1 7.1 0 

F7394  0 1.3 13.7 3.6 0 

M7249  0 0.8 1.1 16.7 3.3 

F7238  0 1.2 12.3 18.3 0 

F7386  0 1.8 5.6 1.3 0 

       

M7392 Hepatitisb Mild Absent Moderate Moderate* Moderate 

F7394  Absent Absent Marked* Moderate Absent 

M7249  Absent Absent Absent Moderate Moderate* 

F7238  Absent Absent Moderate Moderate*  Mild 

F7386  Absent Mild Moderate* Moderate Absent 

       

M7392 Ki67c 0.2 0.4 3.1 2.6 0.4 

F7394  0.3 0.3 1.9 0.7 0.1 

M7249  0.3 0.2 0.8 2.6 6.0 

F7238  0.2 0.6 6.7 5.2 1.0 

F7386  0.3 0.9 2.3 1.0 0.3 
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Table 3.2. Kinetics of serum AST and GGT activity in woodchucks. 

 
IU, international units. 
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CHAPTER FOUR: KINETICS OF NUCLEIC ACID SENSING 

RECEPTORS DURING RESOLUTION OF ACUTE HEPATITIS B IN 

WOODCHUCKSb 

4.1 Introduction 

The host innate immune system can recognize viral infections via PRRs that identify 

unique motifs called PAMPs, including viral nucleic acids and proteins (7). The widely described 

families of PRRs include TLRs, RLRs, NLRs, CDSs, and inflammasomes. The subcellular 

localization of these receptors in both immune and non-immune cells is either extracellular on 

plasma membranes or intracellular on endosomal membranes, within the cytoplasm, and nucleus. 

Activation of these receptors triggers their downstream signaling cascade involving adaptor 

molecules, transcription factors, and type I IFNs or pro-inflammatory cytokines leading to cell 

intrinsic and antiviral immune responses (83). 

Chronic HBV infection is associated with an inadequate immune response to the virus, that 

contributes to the progression of liver disease. The surge in viral proteins during HBV replication 

interferes with the effector function of virus-specific adaptive immune response (14). Regarding 

innate immune response, previous and more recent studies in animal models have indicated that 

HBV and WHV do not induce type I interferons during the early weeks of infection, displaying a 

stealth-like behavior (11, 12, 22). However, the role of various PRRs during HBV infection is not 

completely explored in both humans and animal models. The potential of PRRs to sense HBV and 

to limit viral replication, and the various mechanisms developed by HBV to overcome this 

 
b This chapter is summarizing a manuscript submitted to Hepatology – Suresh M., Li B., Murreddu 

G.M., Gudima O.S., and Menne S. Involvement of virus nucleic acid sensing receptors in 

resolution of acute hepatitis B in woodchucks and implication for treatment of chronic hepatitis B. 

March 2020. 
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restriction, especially by interfering with type I IFN production, has been described in previous 

studies (84). Contrary to this, a recent study using whole liver biopsy specimens from patients with 

CHB showed that persistent HBV does not interfere with or actively inhibits innate immune 

response, but that HBV is invisible to PRRs (16).  

The current antiviral therapy options for CHB (NUCs and PEG-IFN-α) rarely lead to 

immunological control of HBV infection (i.e., functional cure) and are further associated with the 

development of severe side effects and viral relapse after treatment discontinuation. The antiviral 

immunodeficiencies present in CHB have shifted the focus of drug development to 

immunomodulation as a therapeutic strategy for retrieving the impaired immune response in 

patients chronically infected with HBV (85). Strategies currently explored include blocking of 

checkpoint molecules or inhibitory receptors associated with T-cell exhaustion via antibodies (e.g., 

against PD-1), engineered HBV-specific T-cells for adoptive transfer, therapeutic vaccination, and 

agonistic activation of PRRs as discussed in chapter three (86).  

Understanding the immune responses during resolution of acute HBV infection for the 

control of AHB, and comparing those with the immune responses during chronic HBV infection 

can identify the main immunodeficiencies resulting in the loss of antiviral control and progression 

to CHB. Although selected PRRs have been identified as antiviral drug targets and are under pre-

clinical development or clinical evaluation for the treatment of CHB in patients, the involvement 

of various other viral nucleic acid sensing receptors in the resolution of AHB is unknown. Main 

reasons are that studying the early phase of HBV infection and AHB in patients is challenging due 

to the asymptomatic nature of the infection and the limited opportunity of obtaining liver biopsies. 

Thus, fully immunocompetent woodchucks are an invaluable animal model for both studying early 
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viral events and host immune responses, especially in liver, following WHV infection, and for 

testing the safety and antiviral efficacy of candidate drugs for the treatment CHB (36). In previous 

work on acute, self-limited WHV infection in adult woodchucks, as described in chapter three, it 

was found that the coordinated interplay of innate and adaptive immune responses mediates 

resolution of AHB, with an early presence of NK-cell associated IFN-γ production in blood, and 

even more so in liver (22). However, the presence of PRRs and eventual receptor activation during 

AHB resolution was not investigated. In this chapter, the expression kinetics of various viral 

nucleic acid sensing PRRs in the liver and periphery of five adult woodchucks that resolved WHV 

infection are described. The peak intrahepatic expression of key PRRs during AHB are compared 

to their expression in the setting of CHB, revealing a strong involvement of viral DNA sensing 

receptors in the resolution of acute WHV infection. 

4.2 Results 

The five adult woodchucks investigated in this chapter are the same animals described 

earlier in chapter three. As mentioned before, these woodchucks were experimentally infected with 

an equal number of genome equivalents of WHV strain 7 and followed for 18 weeks (49). The 

course of WHV infection in blood and liver has been described recently (22), including serum 

viremia (WHV rc-DNA), antigenemia (WHsAg and WHeAg), antibody response (anti-WHs and 

anti-WHe antibodies), and viral replication markers in liver (WHV pgRNA, RI-DNA, and 

cccDNA).  

 

 



87 

 

4.2.1 Kinetics of viral nucleic acid sensing receptor expression during resolution of acute 

woodchuck hepatitis virus infection in woodchucks.  

PRRs that sense viral nucleic acids and trigger downstream signaling pathways for the 

induction of an antiviral immune response include rather diverse families of receptors, such as 

RLRs, NLRs, TLRs, CDSs, and inflammasomes. The function of several receptors, especially 

those of the TLR family (i.e., TLR7/8/9) and RIG-I/NOD2, has been identified and explored as 

antiviral drug targets for the treatment of CHB (32). However, sensing of HBV by other PRRs and 

their involvement in resolution of HBV infection has not been described. Furthermore, the 

potential of these other PRRs to serve as drug targets for HBV has not been evaluated as of yet. 

For investigating the kinetics of viral nucleic acid sensing receptors during resolution of acute 

WHV infection, their expression in the liver and blood of woodchucks was determined prior to 

and following WHV inoculation. Complete liver and nearly complete blood data sets are available 

from 5 or 4 woodchucks, respectively. Only selected PRRs and time points could be analyzed in 

blood of F7394 due to insufficient RNA amounts. Furthermore, M7392 did not show expression 

changes for almost all PRRs in blood, except for DHX9. 

RIG-I like receptors (RLRs) - This PRR family includes RIG-I, melanoma differentiation-

associated protein 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2), which are 

expressed in the cytosol of non-immune cells, including hepatocytes, and that sense viral single-

stranded (ss) RNA (RIG-I and MDA5) and double-stranded (ds) RNA (LGP2). Upon recognizing 

viral RNA, the caspase recruitment domain (CARD) of RIG-I and MDA5 interacts with the CARD 

domain of the adaptor molecule, MAVS. This interaction then activates the receptor downstream 

signaling pathway involving nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
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κB) and IRF3 as transcription factors to produce type-I IFNs, especially IFN-β (87). LGP2 is a 

less understood receptor of this family, and is sometimes considered to influence the function of 

RIG-I and MDA5. The expression of these three PRRs was determined in liver and blood during 

resolution of acute WHV infection. In the liver (Figure 4.1A), peak RIG-I expression was 

observed at week 9 for M7392, at weeks 13 and 18 for M7249, and at week 18 for F7386 (fold-

change: 2.3-2.7), although the latter animal also presented with upregulated receptor expression at 

week 5. MDA5 expression revealed no changes that were considered significant (i.e., >2.1-fold 

from the pre-inoculation baseline), except for M7249 at week 18 (fold-change: 2.1). LGP2 

displayed increased expression at week 9 for M7392 and F7394, and at week 18 for M7249 (fold-

change: 3.1-6.0). In the blood (Figure 4.1B), increased expression of RLRs was observed for RIG-

I during weeks 2-18 in M7249, F7238, and F7386 (fold-change: 2.1-2.9) and for LGP2 at weeks 

2, 10, and 18 in F7386 (fold-change: 2.5-2.7). 

NOD-like receptors (NLRs) - The PRR family of NLRs is characterized by a CARD 

domain at the amino- (N-) terminal end, followed by the conserved NOD domain and leucine-rich 

repeat (LRR) motifs at the carboxy- (C-) terminal end that recognize PAMPs. Most NLRs are 

located in the cytosol of both immune and non-immune cells, except for NOD-like receptor family 

CARD domain containing 5 (NLRC5) that is known to also translocate into the nucleus (88). 

Members of this PRR family include NOD2, NLRC5, and NOD-like receptor protein 3 or NOD-

like pyrin domain containing 3 (NLRP3), which is described later with the inflammasome family. 

NOD2 senses ssRNA and induces type I IFNs via the MAVS-IRF3 signaling pathway (88). 

NLRC5 was initially reported to be a negative regulator of IFN-β, but is now considered as a 

receptor that is induced by IFN-α and IFN-γ (88). In woodchuck liver (Figure 4.2A), peak 
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expression of NOD2 was observed at week 9 in F7394 and at week 18 in M7249 (fold-change: 2.2 

and 3.5). NOD2 expression stayed close to the baseline in the other three animals. Maximum 

NLRC5 expression was observed during weeks 9-18 in all five woodchucks (fold-change: 3.0-

29.0). In woodchuck blood (Figure 4.2B), NOD2 expression stayed unchanged, except for F7386 

with a peak expression at weeks 2 and 4 (fold-change: 2.3). NLRC5 expression was maximal 

during weeks 12-18 in M7249, F7238, and F7386 (fold-change: 2.7-4.6). 

Toll-like receptors (TLRs) - TLRs are a widely studied PRR family in regard to HBV 

infection, since the receptor function can be inhibited in vitro by viral proteins, but also be activated 

in vitro and in vivo by small agonist molecules for bringing out antiviral effects (89). TLRs are 

usually expressed in immune cells as surface receptors or transmembrane receptors within the 

endosome (90). The viral nucleic acid sensing receptors TLR3 (senses both ss and dsRNA), TLR7 

and TLR8 (sense only ssRNA), and TLR9 (senses cytosine and guanine triphosphate 

deoxynucleotides (CpG) motifs on dsDNA) are expressed on endosomal membranes and produce 

mainly IFN-α via MyD88 as the adaptor molecule and downstream pathways involving the 

transcription factors IRF3/7 (90). In woodchuck liver (Figure 4.3A), TLR3 expression peaked at 

week 5 in M7392, at week 13 in F7238, and at week 18 in M7249 (fold-change: 2.8-5.5). 

Maximum expression of TLR7/8/9 was observed during weeks 9-18 in M7392, F7394, M7249, 

and F7238, with TLR9 predominantly expressed (fold-change: TLR7, 2.7-18.0; TLR8, 2.6-6.4; 

TLR9, 3.1-22.6). In F7386, TLR9 expression peaked at weeks 9 and 18 (fold-change: 3.1); 

however, TLR7/8 expression was nearly unchanged. In woodchuck blood (Figure 4.3B), changes 

in TLR3 expression were only observed for F7238 at week 4 (fold change: 2.2) and for F7386 at 

weeks 10 and 18 (fold-change: 2.4 and 6.2). Contrary to the liver, peripheral expression of 
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TLR7/8/9 was mostly unchanged, except for peak TLR7 expression at week 2 in F7386 (fold-

change: 2.5), for TLR8 at weeks 12 and 4 in M7249 or F7238, respectively (fold-change: 2.4), and 

for TLR9 at weeks 14 and 4 in M7249 or F7386 respectively (fold-change: 2.3 and 2.6). M7249, 

however, also had a 3-fold increase in TLR9 expression at T0 (week 0) prior to WHV inoculation. 

Cytosolic DNA sensors (CDSs) - Recent studies have identified proteins in the cytosol of 

both immune and non-immune cells that sense viral dsDNA and induce type I IFNs, especially 

IFN-β (91). The downstream signaling pathways of these PRRs, although not completely 

characterized, have been described to involve the STING as the adaptor molecule and to signal via 

TANK-binding kinase 1 (TBK1) and IRF3 for type I IFN production. These receptors include 

ZBP1/DAI, IFI16, cGAS, DEAH-box helicase 36 (DHX36), and DExH-box helicase 9 (DHX9). 

In the liver (Figure 4.4A), IFI16, and even more so ZBP1/DAI, were predominantly expressed in 

almost all woodchucks, with peak expression during weeks 9-18 (fold-change: IFI16, 3.6-7.2; 

ZBP1/DAI, 7.0-13.3). The only exception was F7386, with no significant IFI16 expression. 

Changes in cGAS expression were only observed in M7392 and M7249, with a maximum 

expression at weeks 9 or 18, respectively (fold-change: 2.3 and 6.0). Expression of DHX36 and 

DHX9 was unchanged in most woodchucks, except in M7249 for DHX9 at weeks 13 and 18 (fold-

change: 2.2). In woodchuck blood (Figure 4.4B), peak expression of ZBP1/DAI was observed at 

week 4 in F7238 and F7386 (fold-change: 3.8 and 5.5) and at week 10 for F7394 (fold-change: 

17.0). Maximum expression of IFI16 was noted at week 4 in F7238 (fold-change: 2.3). DHX36 

expression peaked at week 4 in F7238 and at week 10 in F7386 (fold-change: 2.1 and 2.2). In 

M7392 and F7238, DHX9 expression peaked at weeks 2 or 4, respectively (fold-change: 2.5 and 

3.4). cGAS expression in blood could not be determined due to insufficient RNA amounts. 
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Inflammasomes - Cytosolic nucleic acids from viral replication or produced as damage-

associated molecular patterns (DAMPs) are sensed by PRRs which trigger the formation of 

multiprotein complexes called inflammasomes that are located within the cytoplasm, as well as 

the nucleus, of immune and non-immune cells (92). The main inflammasomes found in liver 

include AIM2 and NLRP3. After binding to their PAMP, both inflammasomes form a complex 

with the adaptor molecule, apoptosis-associated speck-like protein containing CARD (ASC). This 

activates caspase-1 and results in the production of the pro-inflammatory cytokines IL-1β and IL-

18 (92). In the liver (Figure 4.5A), peak expression of both inflammasomes was observed during 

weeks 9-18 in all woodchucks (fold-change: AIM2, 2.3-13.7; NLRP3, 3.7-34.9). The only 

exception was an unchanged NLRP3 expression in F7386. In the blood (Figure 4.5B), however, 

inflammasome expression was not apparent in most woodchucks, except for M7249 at week 2 for 

NLRP3 (fold-change: 2.1) and F7238 with a peak expression of AIM2 and NLRP3 at week 16 

(fold-change: 2.3 and 4.3). 

Adaptor molecules and transcription factors. Following the recognition of viral RNA or 

DNA, PRRs initiate downstream signaling via receptor-specific adaptor molecules, including 

MyD88, MAVS, STING, and ASC (93). These adaptor proteins activate then common 

transcription factors, such as IRF3 and IRF7, or form inflammasome complex which ultimately 

mediate the production of type I IFNs and pro-inflammatory cytokines (7). The expression of 

MyD88 and MAVS in liver (Figure 4.6A) did not show significant changes from baseline during 

acute WHV infection in all five woodchucks. However, peak expression of STING (Figure 4.6A) 

was observed during weeks 9-13 in most animals (fold-change: 2.3-6.2), except for F7386, with 

an unchanged expression. Similarly, peak expression of ASC (Figure 4.6A) was observed at week 
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9 in F7238 (fold-change: 2.4) and at week 13 in M7249 (fold-change: 2.4). Significant increases 

in the expression of IRF3 and IRF7 was only observed in M7249 (Figure 4.6B), with a peak 

expression at week 13 (fold-change: IRF3, 2.1; IRF7, 2.2). Due to insufficient RNA amounts, the 

above adaptor molecules and transcription factors could not be analyzed in blood. The kinetics of 

type I IFNs and selected ISGs in liver and blood are described in chapter three (see Figure 3.5). 

4.2.2 Differential expression of PRRs in liver during acute and chronic woodchuck hepatitis 

virus infection in woodchucks. 

The increase in the hepatic expression of various PRRs during the course of acute, self-

limited WHV infection indicated their involvement in the resolution of AHB. In the setting of 

human CHB, previous in vitro studies have suggested that high amounts of HBV surface and e 

antigens (HBsAg and HBeAg) interfere with the function of certain PRRs (84, 94). For 

determining in vivo differences in the expression of PRRs that may depend on the antigenemia 

levels present during acute or chronic WHV infection, the expression of key receptors during AHB 

and CHB was compared to their baseline expression in WHV naïve/uninfected woodchucks (i.e., 

in the liver samples obtained from the 5 animals with AHB prior to WHV inoculation). This 

comparison (Figure 4.7) revealed that the expression of viral RNA sensing receptors, including 

RIG-I, MDA5, NOD2, TLR3, TLR7, and TLR8, is significantly upregulated in woodchucks 

during resolution of AHB (P values are between < 0.05 and < 0.01 by unpaired Student’s t-test 

with equal variance), but downregulated in animals with CHB (percentage-change: peak AHB, 

+19.0-320.0%; CHB, -6.0-55.0%). Contrary, the expression of viral DNA sensing receptors was 

upregulated in woodchucks with AHB and CHB (percentage-change: peak AHB, +70-629%; 

CHB, +3.97-121%), except for cGAS, which showed a downregulated expression during CHB 
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(percentage-change: -29.54%). However, when compared to CHB, the peak expression of the 

above viral DNA sensing receptors was significantly higher during resolution of AHB (P values < 

0.05 by Student’s t-test). Furthermore, when compared to the uninfected controls, the expression 

increases of the above viral nucleic acid sensing receptors during peak AHB were significant (P 

values < 0.05 by Student’s t-test), except for MDA5, TLR3, and cGAS. Similarly, the expression 

declines and increases of these receptors during CHB were significant (P values < 0.05 by 

Student’s t-test), except for RIG-I, TLR3, AIM2, and NLRP3. 

4.3 Discussion 

PRRs distinguish between self (host) and non-self (foreign, such as viral) nucleic acid 

molecules and initiate an innate immune response against viral infections following their activation 

(93). The presence of viral nucleic acid sensing receptors during HBV infection and their 

involvement in viral control is not completely understood. In the present study, the expression 

kinetics of receptors from various PRR families during acute, self-limited WHV infection 

demonstrated their presence in woodchuck blood and liver and involvement in the resolution of 

AHB. The peripheral and intrahepatic expression of most PRRs did not change during the initial 

five weeks of infection, suggesting a stealth-like behavior of WHV that is similar to HBV (11, 32). 

Thereafter, PRR expression increased, with a peak expression of most receptors during weeks 9-

18 in all woodchucks that correlated with the marked decline in WHV replication markers in serum 

and liver, as described in chapter three (see Figure 3.2) and reported recently (22, 49). The 

magnitude of intrahepatic peak expression of RNA sensing receptors, including TLR7, TLR8, and 

NLRC5, and of DNA sensing receptors, including TLR9, IFI16, ZBP1/DAI, AIM2, and NLRP3, 

was significantly higher (i.e., more than four-fold) in most woodchucks, when compared to the 
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pre-inoculation baseline. This finding indicated the involvement of these PRRs in the resolution 

of WHV infection and correlated further with the induction and peak of innate and adaptive 

immune responses in the same woodchucks, as described in chapter three (see Figures 3.5 to 3.8, 

3.10, 3.11, and 3.13) and reported recently (22).  

Another important finding was that a single PRR or mainly members of one PRR family 

were not predominantly upregulated during acute, self-limited WHV infection. Except for MDA5, 

DHX36, and DHX9, all other tested receptors from various PRR families showed increased 

expression during resolution of AHB, indicating their requirement for successful viral control. 

However, a recent study demonstrated that MDA5 is involved in the sensing of hepatitis delta virus 

(HDV) infection and activates IFN-β/λ in vitro (95). The present study, however, could not 

distinguish between direct receptor activation by WHV nucleic acid molecules or indirect 

activation via type I IFNs produced by specific/selected PRRs. For example, although PRRs of the 

TLR family are known to be located predominantly on or within immune cells, such as antigen 

presenting cells (APCs), a correlation between peak expression of TLRs and markers for pDCs 

and B-cells was not apparent in liver and blood for most woodchucks, as described in chapter three 

(see Figure 3.8) and reported recently (22). It is therefore conceivable that TLRs 3/7/8/9 within 

liver resident APCs were mainly upregulated by the innate immune response against WHV that 

was mediated by other PRRs.  

The inefficiency of the antiviral immune response present during chronic HBV infection 

in patients has been described extensively, especially for the adaptive immune response (96). The 

possibility of HBV influencing the innate immune system is still controversial; however, in vitro 

studies have demonstrated that HBV proteins can affect type I IFN production by inhibiting the 
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function of downstream adaptor molecules and transcription factors of various PRRs (84). In the 

present study, the intrahepatic expression of selected viral RNA and DNA sensing receptors during 

AHB and CHB was compared to their baseline expression in WHV naïve/uninfected woodchucks. 

The expression of both viral RNA and DNA sensing receptors is significantly upregulated in the 

liver of woodchucks during AHB resolution, when compared to their expression during CHB 

(Figure 4.7). It is noteworthy that viral DNA sensing receptors, such as IFI16, ZBP1/DAI, AIM2, 

and NLRP3, display a comparable or even higher magnitude of peak expression during AHB 

resolution, when compared to the viral RNA sensing receptors. This indicates an important role of 

these cytosolic PRRs sensing viral DNA that are located in immune cells, such as 

macrophages/Kupffer cells, but also in non-immune cells, such as WHV-infected hepatocytes, in 

the overall viral control and justifies their exploration as possible drug targets for the treatment of 

CHB. The expression of DNA sensing receptors in human hepatocytes is considered relatively 

low, when compared to blood-derived macrophages(75). While this study indicated that viral DNA 

sensing pathways can only be poorly activated in hepatocytes by agonists in comparison to 

macrophages, another study described that the receptor levels present in human hepatocytes are 

sufficient for responding to HBV PAMPs (97). Therefore, the presence and activation of viral 

DNA sensing PRRs was tested in woodchuck hepatocytes, along with their potential to serve as 

antiviral drug targets for the treatment of CHB, as described in the next chapter. 

Of note is also the finding that all PRRs sensing viral RNA were downregulated in the liver 

of woodchucks with CHB, when compared to WHV naïve/uninfected animals (Figure 4.7). This 

could indicate that the impaired immune response present in chronic WHV infection is associated 

with a lack of WHV RNA recognition and/or subsequent receptor activation, as also suggested by 
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the downregulated expression of the adaptor molecules MyD88 and MAVS (preliminary data not 

shown). The above comparison between acute and chronic WHV infection can be extended in a 

future study to include type I IFNs and ISGs with anti-viral properties. This would then allow to 

determine, if the upregulated expression of viral DNA sensing PRRs and the adaptor molecule 

STING (preliminary data not shown) in the liver of woodchucks with CHB, when compared to 

WHV naïve/uninfected animals, correlates with an underlying, low-level antiviral immune 

response that however is insufficient to control the virus, but may contribute to the progressing 

liver disease.  
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Figure 4.1. Intrahepatic and peripheral expression of RIG-I like receptors (RLRs).  

Changes in the expression of RIG-I, MDA5, and LGP2 in the (A) liver and (B) periphery with 

kinetics of WHV rc-DNA. The fold-change in transcript level of RLRs is plotted on the right y-

axis, while serum WHV rc-DNA loads are plotted on the left y-axis. 
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Figure 4.2. Intrahepatic and peripheral expression of NOD-like receptors (NLRs).  

Changes in the expression of NOD2 and NLRC5 in the (A) liver and (B) periphery with kinetics 

of WHV rc-DNA. The fold-change in transcript level of NLRs is plotted on the right y-axis, while 

serum WHV rc-DNA loads are plotted on the left y-axis. 
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Figure 4.3. Intrahepatic and peripheral expression of Toll-like receptors (TLRs).  

Changes in the expression of TLR3, TLR7, TLR8, and TLR9 in the (A) liver and (B) periphery 

with kinetics of WHV rc-DNA. The fold-change in transcript level of TLRs is plotted on the right 

y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. 
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Figure 4.4. Intrahepatic and peripheral expression of cytosolic DNA sensing receptors 

(CDSs).  

Changes in the expression of ZBP1/DA1, IFI16, DHX36, and DHX9 in the (A) liver and (B) 

periphery with kinetics of WHV rc-DNA. The fold-change in transcript level of CDSs is plotted 

on the right y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. 
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Figure 4.5. Intrahepatic and peripheral expression of inflammasomes.  

Changes in the expression of AIM2 and NLRP3 in the (A) liver and (B) periphery with kinetics of 

WHV rc-DNA. The fold-change in transcript level of inflammasomes is plotted on the right y-

axis, while serum WHV rc-DNA loads are plotted on the left y-axis. 
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Figure 4.6. Intrahepatic expression of adaptor molecules and transcription factors.  

Changes in the expression of (A) adaptor molecules, MyD88, MAVS, STING, and ASC, and (B) 

transcription factors, IRF3 and IRF7, in the liver with kinetics of WHV rc-DNA. The fold-change 

in transcript level of adaptor molecules and transcription factors is plotted on the right y-axis, while 

serum WHV rc-DNA loads are plotted on the left y-axis. 
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Figure. 4.7. Comparison of intrahepatic nucleic acid sensing receptor expression between the 

resolved and chronic outcomes of WHV infection in woodchucks.  

Expression of key viral RNA (top panel) and DNA (bottom panel) sensing PRRs in the liver of 

woodchucks during resolution of AHB and during CHB was compared to their expression in 

uninfected control liver (i.e., in the liver tissues obtained from the five woodchucks of the present 

study prior to WHV inoculation). The PRR expression in liver tissues from five woodchucks was 

averaged for each setting (i.e., uninfected control, peak AHB, and CHB). The percentage 

increase/decrease in transcript level of PRRs, when compared to the uninfected control, is plotted 

on the left y-axis. Statistical significance of PRR upregulation during AHB compared to CHB was 

determined by Student’s t-test with P values represented as * for <0.05 and as ** for <0.01. 

Compared to the uninfected controls, the PRR upregulation during peak AHB was significant (P 

< 0.05), except for MDA5, TLR3, and cGAS, while the PRR down and upregulation during CHB 

was significant (P< 0.05), except for RIG-I, TLR3, AIM2, and NLRP3. 
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CHAPTER FIVE: ANTIVIRAL EFFECTS MEDIATED BY AGONISTIC 

ACTIVATION OF NUCLEIC ACID SENSING RECEPTORS IN PRIMARY 

HEPATOCYTES FROM WOODCHUKS WITH CHRONIC HEPATITIS Bc 

5.1 Introduction 

The results described in chapter four demonstrate that viral nucleic acid sensing PRRs are 

not triggered immediately after WHV infection in the liver of woodchucks, but that their 

expression is upregulated in a coordinated fashion during resolution of AHB. Contrary, the 

expression of these PRRs was downregulated in the liver of woodchucks with established CHB, 

when compared to their peak expression in animals with AHB. These observations raise important 

questions: (i) Are WHV/HBV actively suppressing the function of PRRs during the early phase of 

infection and again during established, persistent infection? (ii) Can these PRRs be activated in 

the setting of CHB? (iii) If activation is possible, does PRR stimulation mediate antiviral effects 

against CHB? As discussed earlier, the possibility of HBV affecting the function of PRRs is still 

controversial. A recent study using whole liver biopsy specimens from patients with CHB showed 

that the baseline levels of type I IFNs and important antiviral ISGs were not different to those from 

uninfected individuals (16). However, it is important to note that control samples were obtained 

from HBV-uninfected patients with underlying liver diseases that were mainly mediated by the 

excessive use of alcohol. As type I IFNs and ISGs were induced following stimulation of TLR3 

with the poly(I:C) agonist in liver specimens from control individuals and patients with CHB at 

comparable kinetics and magnitudes, the study concluded that HBV does not interfere with the 

 
c This chapter is summarizing the manuscript submitted to Hepatology (March 2020) – Suresh 

M., Li B., Murreddu M.G., Gudima S.O., and Menne S. Involvement of virus nucleic acid sensing 

receptors in resolution of acute hepatitis B in woodchucks and implication for treatment of chronic 

hepatitis B. 
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innate immune response and that PRRs can be activated under CHB conditions (16). Similarly, in 

vitro studies with primary human hepatocytes (PHHs) and hepatoma cell lines have shown that 

HBV does not induce an innate immune response following de novo infection and that the lack of 

recognition by the innate immunity is not due to active inhibition of viral nucleic acid sensing 

PRRs (75, 97). The above studies further examined the presence of viral DNA sensing PRRs in 

PHHs and hepatoma cells, and the possibility of activating their downstream signaling pathways 

with known PAMP ligands (i.e., receptor agonists). One study reported that the transcription 

profile of viral DNA sensing PRRs, such as cGAS, STING and IFI16, is lower in human 

hepatocytes, when compared to their expression in differentiated human acute monocytic leukemia 

cell line (THP-1) macrophages. In addition, the production of IFN-β, IFN-λ1, and ISG15 in 

response to agonistic activation of IFI16 in hepatocytes and hepatoma cells is much lower than in 

THP-1 macrophages (75). In contrast, another study indicated that viral DNA sensing PRRs, such 

as cGAS and its downstream signaling pathway, including the adaptor molecule STING, is 

activated in PHHs upon recognition of HBV PAMPs, such as HBV rc-DNA at relatively high 

amounts (97). 

Small agonist molecules targeting TLR7/8/9 and RIG-I/NOD2 have been developed, with 

several candidate compounds tested in animal models of HBV and subsequently in patients with 

CHB (32). These studies have shown that the agonistic activation of the above viral nucleic acid 

sensing PRRs mediates antiviral effects against HBV/WHV replication in vivo and that these 

receptors can be used as drug targets for the treatment of CHB. The results from these pre-clinical 

studies are described in more detail in chapter six. Besides these PRRs, other studies in mouse 

models have reported the activation of TLR3 and STING by poly(I:C) or dimethylxanthenone-4-
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acetic acid (DMXAA), respectively, resulting in the production of type I IFNs (98, 99). However, 

additional studies are needed, since the safety and antiviral efficacy of both agonists were not 

evaluated. Furthermore, the role of other receptor members within various PRR families, 

especially those of viral DNA sensing PRRs, during HBV infection still needs to be elucidated, as 

well as their exploration as potential drug targets for the treatment of CHB. Based on the 

comparison of intrahepatic expression of PRRs in chapter four, it appears that viral DNA sensing 

receptors are somewhat activated in woodchucks with CHB, but to a much lesser degree than in 

animals with AHB, suggesting that the low-level receptor stimulation during chronic WHV 

infection is insufficient for inducing an antiviral immune response that is able to control WHV. If 

this assumption is correct, agonism of viral DNA sensing receptors, such as IFI16, ZBP1/DAI, and 

AIM2, should mediate antiviral effects against WHV that can be further explored for the treatment 

of HBV. Consequently, in the present study, the antiviral effects mediated by mono and 

combination treatment with two agonists targeting viral DNA sensing receptors (IFI16, 

ZBP1/DAI, and AIM2) were determined in primary hepatocytes obtained from woodchucks with 

CHB.  

5.2 Results 

5.2.1 Antiviral effects induced by agonistic activation of viral DNA sensing receptors in 

primary hepatocytes from woodchucks with chronic hepatitis B 

The molecular characterization of woodchuck IFI16 and AIM2 has been described (100), 

but any antiviral efficacy associated with the activation of these receptors in the setting of CHB 

remains unknown. Thus, PWH cultures generated from the liver of five woodchucks with CHB 

(i.e., animals F5021, M5036, F6056, M1811, and M1864) were treated with HSV-60 and 
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poly(dA:dT) to activate the receptors IFI16 or ZBP1/DAI and AIM2, respectively. HSV-60 

treatment at T0 and again after 48 hours at a dose of 2 µg/mL resulted in increased expression of 

the IFI16 receptor, the STING adaptor molecule, and the IFN-β cytokine (Figure 5.1). Despite 

variation in individual PWH cultures, the average peak expression of receptor and downstream 

molecules was observed 24 to 48 hours after the second treatment dose at the 72- or 96-hour time 

points (fold-change: IFI16, 3.3; STING, 3.2; IFN-β, 96.0). The upregulation of the IFI16 receptor 

pathway correlated well with the pronounced decline in WHV replication (WHV pgRNA and 

cccDNA) and secretion (WHV rc-DNA). By setting these WHV markers at 100% in the untreated 

control PWH cultures obtained from individual animals at each time point, the maximum average 

reduction observed at 72 hours was 66.9% for WHV pgRNA and 82.2% for WHV cccDNA. 

Secretion of WHV rc-DNA into the cell supernatant was reduced by 86.7% at this time point. 

When compared to the untreated control cultures, WHV replication and secretion were 

significantly reduced in the HSV-60 treated cultures at all timepoints (P values are between < 0.01 

and < 0.001 by unpaired Student’s t-test with equal variance). Treatment with poly(dA:dT) at T0 

and again after 48 hours at a dose of 1 µg/mL increased the expression of ZBP1/DAI and AIM2, 

as well as their respective downstream adaptor molecules, TBK1 and ASC, and effector cytokines, 

IFN-β and IL-18 (Figure 5.2). Comparable to IFI16 stimulation, the average peak expression of 

receptors and cytokines was observed after the second treatment dose at the 72- or 96-hour time 

points (fold-change: ZBP1/DAI, 36.5; AIM2, 22.3; TBK1, 99.8; ASC, 1,030.8; IFN-β, 64,406.5; 

IL-18, 1,497.3). Marked declines in WHV replication and secretion were also obtained, and the 

average reduction was 79.0% for WHV pgRNA and 86.5% for WHV cccDNA at the 72-hour 

timepoint. Secretion of WHV rc-DNA into the cell supernatant declined by 94.6% at this time 



108 

 

point. The antiviral effect on WHV rc-DNA following poly(dA:dT) stimulation appeared longer-

lasting, since the average WHV secretion in HSV-60 treated PWHs increased at the 96-hour 

timepoint, but was still suppressed by 86.7%, while the average WHV secretion in poly(dA:dT) 

treated PWHs continued to decline and was reduced on average by 96.3% at this time point 

(compare Figure 5.1 and Figure 5.2). Although variability was noted for the magnitude of 

receptor and downstream pathway expression in individual PWH cultures, it appeared that 

treatment with poly(dA:dT) at the selected dose mediated a greater antiviral effect on WHV than 

did treatment with HSV-60, most likely due to the activation of two receptors (ZBP1/DAI and 

AIM2) rather than of one receptor (IFI16) that was associated with an approximately 10-fold 

higher IFN-β production, in addition to IL-18 production. WHV replication and secretion were 

significantly reduced in poly(dA:dT) treated cultures, when compared to the untreated control 

cultures (P values are < 0.001 at each time point by unpaired Student’s t-test with equal variance). 

Treatment of PWHs with poly(I:C), a widely used TLR3 agonist, served as a positive 

control for agonistic activation of PRRs in woodchuck hepatocytes. PWHs from animals F5021 

and M5036 were treated with 10 µg/mL of poly(I:C) at T0 and again after 48 hours (Figure 5.3A). 

The average peak expression of TLR3 and IFN-β was observed 24 hours after the first treatment 

dose (fold change: TLR3, 3.7; IFN-β, 130.1). Expression of another viral RNA sensing PRR that 

can be activated by poly(I:C), NLRC5, and the downstream adaptor molecule, MyD88, remained 

close to the baseline in both animals. The maximum average reduction in WHV pgRNA upon 

treatment with poly(I:C) was 45.3% that was observed at the 48-hour time point. Other WHV 

replication markers (WHV cccDNA and RNA) were not determined in this and in the following 

study. Direct treatment of PHHs with the TLR7 agonist GS-9620 that activates mainly TLR7 but 
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also TLR8 at high concentrations, does not induce ISGs and thus does not mediate antiviral activity 

in HBV-infected hepatocytes (Congrong Nui, personal communication). Therefore, as a negative 

control, PWHs from animals F5021 and M5036 were treated directly with GS-9620 at T0 and 

again after 48 hours at a concentration of 1 µM (Figure 5.3B). Changes in the expression of 

TLR7/8 and downstream signaling molecules, including MyD88 and type I IFNs, remained close 

to the baseline, with no significant antiviral effect on WHV pgRNA (maximum percentage-

change: F5021, 12.0%; M5036, 7.4%). Since TLR7/8 are present in mainly APCs, such as DCs 

and B-cells, the absence of PRR and downstream pathway upregulation indicated highly pure 

cultures of PWHs, with no contaminating immune cells. 

5.2.2 Enhanced antiviral effects by parallel agonistic activation of viral DNA sensing 

receptors in primary hepatocytes from woodchucks with chronic hepatitis B 

While combination or sequential treatment with PRR agonists and NUCs (i.e., ETV and 

TDF) have shown added antiviral benefit against CHB in woodchucks and patients (101-103), 

treatment with two (or more) receptor activating compounds has not been investigated for chronic 

HBV infection so far. Activating more than one receptor is justified by the results described within 

chapter four demonstrating a coordinated PRR upregulation that is apparently needed for 

resolution of AHB in woodchucks. The distinctive receptor pathways of IFI16, ZBP1/DAI, and 

AIM2 and their different effector cytokines, together with the antiviral effects obtained during 

mono treatment with HSV-60 or poly(dA:dT), make them suitable candidates for combination 

treatment. This concept was tested in PWHs derived from the liver of three woodchucks with CHB 

(i.e., animals F6056, M1811, and M1864) that were also utilized in the above mono treatment 

studies. Receptor agonism at T0 and again after 48 hours in these three PWH cultures with HSV-
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60 and poly(dA:dT) at the same doses used before for mono treatment resulted in an average PRR 

and cytokines expression that was more pronounced during combination than mono treatment 

(Figure. 5.4). The peak expression of IFI16 (fold-change: HSV-60, mono, 4.5; combo, 19.2) and 

ZBP1/DAI (fold-change: poly(dA:dT), mono 17.3; combo, 41.4) was observed at the 96-hour time 

point. AIM2 peak expression was noted during 72-96 hours (fold-change: poly(dA:dT), mono 

22.7; combo, 50.6), while IFN-β expression was maximal during 48-96 hours (fold-change: HSV-

60, mono, 66.0; poly(dA:dT), mono, 3,188.0; combo, 10,887.0). IL-18 expression peaked during 

72-96 hours (fold-change: poly(dA:dT), mono, 1,497.3; combo, 33,031.0). The maximum antiviral 

effect of mono treatment and the added antiviral benefit of combination treatment on WHV 

replication was observed at the 72-hour time point, and WHV pgRNA (percentage-change: HSV-

60, mono, 65.4%; poly(dA:dT), mono, 75.6%; combo, 86.2%) and WHV cccDNA (percentage-

change: HSV-60, mono, 87.7%; poly(dA:dT), mono, 86.2%; combo, 94.6%) markedly declined. 

Secretion of WHV rc-DNA into cell supernatant was also maximal reduced during 72-96 hours 

(percentage-change: HSV-60, mono, 88.1% at 72 hours; poly(dA:dT), mono, 96.5% at 96 hours; 

combo, 98.6% at 96 hours). When compared to mono treatment, the upregulated expression of 

receptors and the higher production of their effector cytokines correlated well with the additional 

declines in WHV replication and secretion noted during combination treatment. For determining 

if these antiviral effects can be further enhanced, additional type I IFNs were provided during 

combination treatment in form of supernatant from woodchuck PBMCs treated with the TLR7 

agonist, GS-9620. It has been reported that human PBMCs treated with GS-9620 induce type I 

IFNs and ISGs, and that the in vitro treatment of HBV-infected PHHs with such conditioned 

medium (CM) mediates an antiviral effect on viral replication (104). Therefore, triple combination 
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treatment consisting of HSV-60, poly(dA:dT), and GS-9620 CM was tested in PWHs derived from 

the liver of two animals with CHB (i.e., animals M1811 and M1864) that were also used in the 

above mono and combination studies.  

PBMCs obtained from animals M1811 and M1864 were treated with GS-9620 at a 

concentration of 1 µM for 8 and 24 hours (Figure 5.5). At both time points, PBMCs were harvested 

for the isolation of RNA and cell supernatant (i.e., GS-9620 CM) was collected and combined for 

the treatment of PWHs, alone and in combination with HSV-60 and/or poly(dA:dT). Maximum 

induction of IFN-α, IFN-β, and ISG15, as determined by their transcript levels, was observed 8 

hours after GS-9620 treatment in PBMCs from both animals (fold change: M1811, IFN-α, 179.6; 

IFN-β, 2,098.5; ISG15, 640.3; M1864, IFN-α, 129.8; IFN-β, 87.4; ISG15, 504.7). In PWHs treated 

with GS-9620 CM at T0 and again after 48 hours, maximum reduction of WHV replication and 

secretion was observed during 72-96 hours in both animals (percentage-change: pgRNA, M1811, 

35.1%; M1864, 27.3; cccDNA, M1811, 18.0%; M1864, 17.0%; rc-DNA, M1811, 29.5%; M1864, 

18.5%).  

Treatment of PWHs from both animals with the triple combination of HSV-60, 

poly(dA:dT), and GS-9620 CM at T0 and again after 48 hours induced higher expression of IFI16, 

ZBP1/DAI, and AIM2, when compared to the double combination of HSV-60 and poly(dA:dT) 

(Figure 5.6). The peak expression of PRRs for both the double and triple combination treatments 

was observed 96 hours after the first treatment dose in M1811 (fold-change: IFI16, double combo, 

40.5; triple combo, 53.5; ZBP1/DAI, double combo, 94.8; triple combo, 248.7; AIM2, double 

combo, 112.1; triple combo, 144.1) and during 72-96 hours in M1864 (fold-change: IFI16, double 

combo, 10.2; triple combo, 12.8; ZBP1/DAI, double combo, 13.1; triple combo, 33.3; AIM2, 
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double combo, 15.6; triple combo, 24.8). However, triple combination treatment did not increase 

the expression of the effector cytokines IFN-β and IL-18, when compared to the double 

combination treatment of PWHs from both animals, except for IFN-β in M1864 with relatively 

low levels following double combination treatment (fold-change: IFN-β, M1811, double combo, 

31,911.8; triple combo,19,132.6; M1864, double combo 2,375.5; triple combo, 4,688.3; IL-18, 

M1811, double combo, 89,600.0; triple combo, 27,113.1; M1864, double combo, 23,149.1; triple 

combo, 11,141.0). In addition, triple combination treatment did not further reduce WHV 

replication in PWHs from M1811 (percentage-change: pgRNA, double combo, 90.0%; triple 

combo, 87.2%; cccDNA, double combo, 97.0%; triple combo, 95.4%; rc-DNA, double combo, 

98.0%; triple combo, 98.0%) and in M1864 (percentage-change: pgRNA, double combo, 95.0%; 

triple combo, 87.0%; cccDNA, double combo, 99.7%; triple combo, 99.5%; rc-DNA, double 

combo, 98.4%; triple combo, 98.5%). The high levels of both cytokines already achieved during 

double combination treatment could explain the lack of additional antiviral effects on WHV 

replication and secretion by triple combination treatment. 

For testing that the high (i.e., saturating) cytokine levels in the above study did not permit 

an additional antiviral effect by exogenously provided IFN-β, PWHs from both animals were also 

treated with the double combination of HSV-60 and GS-9620 CM or of poly(dA:dT) and GS-9620 

CM. Contrary to the triple combination of HSV-60, poly(dA:dT), and GS-9620 CM, treatment of 

PWHs with HSV-60 and GS-9620 CM at T0 and again after 48 hours with the same doses used in 

the triple combination treatment resulted in a higher expression of the IFI16 receptor signaling 

pathway, and also mediated an additional antiviral benefit, when compared to HSV-60 mono 

treatment (Figure 5.7). In animal M1811, peak expression of IFI16 (fold change: HSV-60, 7.8; 
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HSV-60+GS-9620 CM, 17.2) and STING (fold change: HSV-60, 2.3; HSV-60+GS-9620 CM, 4.6) 

was observed during 72-96 hours after the first dose, while the maximum expression of IFN-β 

(fold change: HSV-60, 175.2; HSV-60+GS-9620 CM, 969.2) was seen during 24-48 hours. The 

maximum reduction in WHV pgRNA (HSV-60, 55.0%; HSV-60+GS-9620 CM, 83.0%), WHV 

cccDNA (HSV-60, 90.0% and HSV-60+GS-9620 CM, 90.0%), and secretion of WHV rc-DNA 

(HSV-60, 94.4; HSV-60+GS-9620 CM, 98.9%) was noted during 72-96 hours. Similarly, in 

animal M1864, peak expression of IFI16 (fold change: HSV-60, 3.9; HSV-60+GS-9620 CM, 9.6), 

STING (fold change: HSV-60, 3.2; HSV-60+GS-9620 CM, 15.7), and IFN-β (fold change: HSV-

60, 28.5; HSV-60+GS-9620 CM, 361.9) was observed at the 96-hour time point. At the same time 

point, maximum reductions in WHV pgRNA (HSV-60, 83.4%; HSV-60+GS-9620 CM, 88.3%), 

WHV cccDNA (HSV-60, 98.0%; HSV-60+GS-9620, 99.5%), and secretion of WHV rc-DNA 

(HSV-60, 90.9; HSV-60+GS-9620 CM, 98.4%) were noted. Treatment of PWHs with 

poly(dA:dT) and GS-9620 CM also showed a higher expression of PRRs (ZBP1/DAI and AIM2), 

when compared to poly(dA:dT) mono treatment, but only in M1811 (fold-change: ZBP1/DAI, 

poly(dA:dT), 21.9; poly(dA:dT)+GS-9620 CM, 73.0; AIM2, poly(dA:dT), 36.7; 

poly(dA:dT)+GS-9620 CM, 80.5) and not in M1864 (fold-change: ZBP1/DAI, poly(dA:dT), 19.0; 

poly(dA:dT)+GS-9620 CM, 10.8; AIM2, poly(dA:dT), 20.5; poly(dA:dT)+GS-9620 CM, 14.4) 

(Figure 5.8). However, similar to the triple combination of HSV-60, poly(dA:dT), and GS-9620 

CM, no additional increases in the peak expression of the effector cytokines IFN-β (M1811, 

poly(dA:dT), 9,403.9; poly(dA:dT)+GS-9620 CM, 6,407.3; M1864, poly(dA:dT), 2,811.3; 

poly(dA:dT)+GS-9620 CM, 1,050.9) and IL-18 (M1811, poly(dA:dT), 1,919.4; poly(dA:dT)+GS-

9620 CM, 3,047.5; M1864, poly(dA:dT), 2,558.3; poly(dA:dT)+GS-9620 CM, 936.4) was 
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observed in both animals, except for IL-18 expression in M1811. Therefore, no added antiviral 

benefit was obtained in both animals in regard to the reductions in WHV pgRNA (M1811, 

poly(dA:dT), 71.0%; poly(dA:dT)+GS-9620 CM, 50.0%; M1864, poly(dA:dT), 92.0%; 

poly(dA:dT)+GS-9620 CM, 82.0%), cccDNA (M1811, poly(dA:dT), 82.0%; poly(dA:dT)+GS-

9620 CM, 80.8%; M1864, poly(dA:dT), 99.6%; poly(dA:dT)+GS-9620 CM, 98.0%), and rc-DNA 

(M1811, poly(dA:dT), 98.2%; poly(dA:dT)+GS-9620 CM, 98.3%; M1864, poly(dA:dT), 99.0%; 

poly(dA:dT)+GS-9620 CM, 97.0%) (Figure 5.8). Overall, these results indicated that saturating 

levels of IFN-β induced by poly(dA:dT) at the used (optimal) dose are sufficient for a maximum 

antiviral effect. However, IFN-β induced by HSV-60 at the used (sub-optimal) dose can be 

increased via addition of exogenous cytokine (GS-9620 CM) or via stimulation of more than one 

receptor (ZBP1/DAI and AIM2) for additional endogenous cytokine production (poly(dA:dT)). 

5.3 Discussion 

The ability to mount an efficient antiviral immune response early after viral infection 

appears to be a key factor in deciding over the acute, self-limited versus chronic outcome of 

HBV/WHV infection. WHV infection in adult woodchucks as described previously (22) and in 

chapters three and four, essentially resonates the importance of the innate immune response during 

resolution of AHB. It is evident that the intrahepatic expression of viral RNA and DNA sensing 

PRRs is downregulated in woodchucks with established CHB, when compared to their peak 

expression in woodchucks with AHB. Therefore, it is conceivable that the activation of these PRRs 

during CHB can induce an antiviral immune response against WHV. In the studies described in 

this chapter, primary hepatocytes generated from woodchucks with CHB were treated with HSV-

60 or poly(dA:dT) that activate the IFI16 or ZBP1/DAI and AIM2 receptor signaling pathways, 
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respectively. Considering a fold-change of >2.1 a biologically relevant increase in gene 

transcription over baseline level, the in vitro peak expression of receptors, their adaptor molecules, 

and effector cytokines observed during 72-96 hours after the first dose of mono treatment with 

HSV-60 or poly(dA:dT) was significant, when compared to the untreated controls (Figure 5.1 and 

Figure 5.2). In addition, the percentage reduction in WHV replication was significant during mono 

treatment, when compared to the untreated controls. Furthermore, mono treatment with 

poly(dA:dT) induced a higher expression of IFN-β, and mediated greater reductions in WHV 

replication and secretion in comparison to HSV-60, indicating that the in vitro activation of more 

than one receptor (i.e., IFI16 versus ZBP1/DAI and AIM2) can have an additional antiviral benefit. 

In addition, one study indicated that treatment with poly(dA:dT) can activate the RIG-I receptor 

after transcription into dsRNA by RNA polymerase III (75). Moreover, combination treatment 

with HSV-60 and poly(dA:dT) induced an even higher expression of receptors and IFN-β, and 

thus mediated more pronounced and sustained antiviral effects in comparison to the respective 

mono treatments (Figure 5.4). Therefore, parallel treatment with more than one PRR agonist 

enhances the antiviral effect that is (mainly) a consequence of higher levels of IFN-β. The 

possibility that IFI16 and ZBP1/DAI also produce IFN-α has not been tested in the present study, 

and the contribution of IL-18 to the antiviral effect is unknown. However, the short-term antiviral 

effect cannot be enhanced indefinitely once saturating levels of type I IFNs are produced within 

hepatocytes and/or secreted into the cell supernatant. 

PBMCs treatment with GS-9620 induced type I IFNs and administration of GS-9620 CM 

to PWHs resulted in transient expression of IFI16, ZBP1/DAI and AIM2, and in a modest 

reduction in WHV replication and secretion (Figure 5.5). However, the addition of exogenous 
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type I IFNs via GS-9620 CM to HSV-60 treated PWHs improved the antiviral effect, while 

addition of these cytokines to poly(dA:dT) treated PWHs was unable to enhance the antiviral effect 

further (Figure 5.7 and Figure 5.8). The latter was also observed for the triple combination of 

HSV-60, poly(dA:dT), and GS-9620 CM where treatment induced a higher expression of IFI16, 

ZBP1/DAI, and AIM2, but was generally unable to increase the levels of IFN-β and IL-18 (Figure 

5.6). Increases in PRR expression by exogenously provided type I IFNs was also observed in 

woodchucks following systemic administration of recombinant IFN-α (105). Compared to HSV-

60 mono treatment at the dose used, combination treatment with GS-9620 CM increased the 

expression of both IFI16 receptor and IFN-β, together with further reductions in WHV replication 

and secretion (Figure 5.7). In this case, the IFN-β level induced by HSV-60 mono treatment was 

not saturated, and therefore, further activation of IFI16 produced and secreted additional IFN-β. 

In contrast, the dose of poly(dA:dT) used to activate the ZBP1/DAI and AIM2 receptor signaling 

pathways produced saturating levels of effector cytokines, and the addition of GS-9620 CM to 

poly(dA:dT) was unable to produce more IFN-β and IL-18, and thus could not enhance the 

antiviral effect on WHV (Figure 5.8). However, it is important to note that in the above treatment 

studies with HSV-60 and poly(dA:dT), the induction of IFN-α by both agonists and of IL-1β by 

poly(dA:dT) was not tested and hence their contribution towards saturating levels of effector 

cytokines and antiviral effect remains unknown. These studies indicated that once IFN-β levels are 

saturated, eventual increases in receptor expression do not produce additional effector cytokines. 

In summary, viral DNA sensing PRRs, including IFI16, ZBP1/DAI and AIM2 are present 

in hepatocytes and can be agonistically activated in PWH cultures generated from woodchucks 

with CHB. This further confirms that the innate immune response can be stimulated in woodchuck 
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liver in the setting of chronic WHV infection, and that WHV, like HBV, does not actively suppress 

the signaling pathways of these PRRs. Small agonist molecules that are currently tested in patients 

with CHB or that are preclinically evaluated in animal models of HBV most often target viral RNA 

sensing PRRs (except for TLR9 and STING agonists), but the antiviral effects associated with the 

activation of viral DNA sensing PRRs is less investigated. In addition, the above small agonist 

molecules mainly trigger a single receptor pathway, except for SB 9200, that activates both RIG-

I and NOD2 receptors. Treatment of PWHs with poly(dA:dT) that activates at least two different 

PRRs (i.e., ZBP1/DAI and AIM2), in addition to RIG-I (75), displayed greater antiviral effects 

than HSV-60 that targets only a single PRR (i.e., IFI16) at the agonist doses used. Unsurprisingly, 

parallel activation of IFI16, ZBP1/DAI, and AIM2 via combination treatment with HSV-60 and 

poly(dA:dT) increased the expression of all effector cytokines and provided an additional antiviral 

benefit. Therefore, future immunotherapies for patients with CHB should consider the activation 

of more than one viral nucleic acid sensing PRR to induce optimal (i.e., saturating or antiviral 

efficacious) levels of effector cytokines that mediate maximal antiviral immune responses required 

for controlling HBV/WHV infection. Considering the presence of these viral DNA sensing PRRs 

within WHV/HBV-infected hepatocytes, the antiviral effect induced by agonistic activation will 

act directly at the site of viral replication. Also, effector cytokines produced intracellularly and 

then secreted upon PRR stimulation will trigger the antiviral function of innate immune cells 

located locally or accumulating within liver for subsequently shaping the adaptive immune 

response. In comparison to most small agonist molecules targeting viral RNA sensing receptors, 

the above features of viral DNA sensing receptor agonism should allow shortening the treatment 

duration, and thus increasing the safety of future immunomodulation in patients with CHB.  
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Figure 5.1. In vitro activation of IFI16 by HSV-60 and antiviral effect on WHV replication 

and secretion.  

PWH cultures generated from the liver of five woodchucks with CHB (F5021, M5036, F6056, 

M1811, and M1864) were treated with HSV-60 at T0 and again at 48 hours. The fold-change in 

transcript level of IFI16, STING, and IFN-β (top panel) during treatment is shown, when compared 

to the transcript level of untreated control PWH cultures at each time point from individual animals 

that was set at 1.0 and is indicated by the dotted line. The antiviral effect (bottom panel) on WHV 

replication (WHV pgRNA and WHV cccDNA) and secretion (WHV rc-DNA) during treatment 

with HSV-60 at each time point is presented as a percentage-change from untreated control PWH 

cultures from individual animals that was set at 100% and is indicated by the dotted line. The 

average fold-change in gene transcript level or average percentage-change in WHV molecule load 

is presented by a solid line. Horizontal bars represent the standard error of the mean. Statistical 

significance of average increase in receptor pathway molecules or reduction in WHV replication 

and secretion, when compared to the untreated control, was determined by Student’s t-test, with P 

values represented as * for <0.05, ** for <0.01, and *** for <0.001. The maximum percentage 

reduction in WHV pgRNA and WHV rc-DNA at 72 or 96 hours, respectively, was significant (P 

value <0.05), when compared to the reductions at 24 and 48 hours for WHV pgRNA and at 24 

hours for WHV rc-DNA. There was no significant difference (P value >0.05) between the 

maximum percentage reduction in WHV cccDNA at 72 hours and other time points.  
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Figure 5.2. In vitro activation of ZBP1/DAI and AIM2 receptors by poly(dA:dT) and 

antiviral effect on WHV replication and secretion.  

PWH cultures generated from the liver of five woodchucks with CHB (F5021, M5036, F6056, 

M1811, and M1864) were treated with poly(dA:dT) at T0 and again at 48 hours. The fold-change 

in transcript level of ZBP1/DAI, TBK1, IFN-β, AIM2, ASC, and IL-18 (top and middle panels) 

during treatment is shown, when compared to the transcript level of untreated control PWH 

cultures at each time point from individual animals that was set at 1.0 and is indicated by the dotted 

line. The antiviral effect (bottom panel) on WHV replication (WHV pgRNA and WHV cccDNA) 

and secretion (WHV rc-DNA) during treatment poly(dA:dT) at each time point is presented as a 

percentage-change from untreated control PWH cultures from individual animals that was set at 

100% and is indicated by the dotted line. The average fold-change in gene transcript level or 

average percentage-change in WHV molecule load is presented by a solid line. Horizontal bars 

represent the standard error of the mean. Statistical significance of average increase in receptor 

pathway molecules or reduction in WHV replication and secretion, when compared to the 

untreated control, was determined by Student’s t-test, with P values represented as * for <0.05, ** 

for <0.01, and *** for <0.001. The maximum percentage reduction in WHV pgRNA and WHV 

cccDNA at 72 hours and in WHV rc-DNA at 96 hours was significant (P value <0.05), when 
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compared to the reductions at 24 and 48 hours for WHV pgRNA and WHV rc-DNA, and at 24 

hours for WHV cccDNA. 
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Figure 5.3. Positive and negative treatment controls used in the in vitro studies.  

PWH cultures generated from the liver of two woodchucks with CHB (i.e., animals F5021 and 

M5036) were treated with (A) poly(I:C) as a positive treatment control and (B) GS-9620 as a 

negative treatment control at T0 and again at 48 hours. The fold-change in transcript level of (A) 

TLR3, MyD88, IFN-β, and NLRC5 and of (B) TLR7, TLR8, MyD88, IFN-α, and IFN-β during 

treatment is shown, when compared to the transcript level of untreated control PWH cultures at 

each time point from individual animals that was set at 1.0 and is indicated by the dotted line. The 
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antiviral effect on WHV replication (WHV pgRNA) in PWH cultures during treatment with 

poly(I:C) or GS-9620 at each time point is presented as a percentage-change from untreated control 

PWH cultures from individual animals that was set at 100% and is indicated by the dotted line. 

The average fold-change in gene transcript level or average percentage-change in WHV molecule 

load is represented by a solid line. 
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Figure 5.4. Parallel in vitro activation of IFI16, ZBP1, and AIM2 receptors and antiviral 

effect on WHV replication and secretion.  

PWH cultures generated from the liver of three woodchucks with CHB (F6056, M1811, and 

M1864) were treated with HSV-60 and poly(dA:dT), alone and in combination, at T0 and again at 

48 hours. The fold-change in transcript level of (A) IFI16, ZBP1/DAI, and AIM2 and of (B) IFN-

β and IL-18 during treatment is shown, when compared to the transcript level of untreated control 

PWH cultures at each time point from individual animals that was set at 1.0 and is indicated by 

the dotted line. (C) The antiviral effect on WHV replication (WHV pgRNA and WHV cccDNA) 

and secretion (WHV rc-DNA) during mono and combination treatment at each time point is 

presented as a percentage-change from untreated control PWH cultures from individual animals 

that was set at 100% and is indicated by the dotted line. Horizontal bars represent the standard 

error of the mean. Statistical significance of average increase in receptor pathway molecules or 

reduction in WHV replication and secretion, when compared to the untreated control, was 

determined by Student’s t-test, with P values represented as * for <0.05, ** for <0.01, and *** for 

<0.001. During combination treatment, there was no significant difference (P value >0.05) 
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between the maximum percentage reduction in WHV pgRNA and WHV cccDNA at 72 hours or 

in WHV rc-DNA at 96 hours, respectively, and other time points. 
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Figure 5.5. Induction of type I IFNs and ISGs by treatment of PBMCs with GS-9620 and 

antiviral effects associated with the treatment of PWHs with PBMC supernatant (i.e., GS-

9620 conditioned medium).  

PBMC and PWH cultures were generated from two woodchucks (M1811 and M1864). PBMCs 

were treated with GS-9620 for 8 and 24 hours, and the GS-9620 conditioned medium (GS-9620 

CM) was further used to treat PWHs from each animal at T0 and again after 48 hours. The fold-

change in transcript level of (A) IFN-α, IFN-β, and ISG15 after 8 and 24 hours of GS-9620 

treatment in PBMCs and of (B) IFI16, ZBP1/DAI, and AIM2 in PWHs treated with GS-9620 CM 

is shown, when compared to the transcript level of untreated control PWH cultures at each time 

point from individual animals that was set at 1.0 and is indicated by the dotted line. (C) The 

antiviral effect on WHV replication (WHV pgRNA and WHV cccDNA) and secretion (WHV rc-

DNA) during treatment with GS-9620 CM at each time point is presented as a percentage-change 

from untreated control PWH cultures from individual animals that was set at 100% and is indicated 

by the dotted line. The average fold-change in gene transcript level or average percentage-change 

in WHV molecule load is represented by a solid line in (B) and (C). 
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Figure 5.6. In vitro activation of IFI16, ZBP1/DAI, and AIM2 receptor signaling pathways 

and antiviral effects associated with treatment of GS-9620 CM in combination with HSV-60 

and poly(dA:dT).  

PBMC and PWH cultures were generated from two woodchucks (M1811 and M1864). 

Supernantant from PBMCs treated with GS-9620 (i.e., GS-9620 CM) was used to treat PWHs 

from each animal together with HSV-60 and poly(dA:dT). The fold-change in transcript level of 

(A) IFI16, ZBP1/DAI, and AIM2 and of (B) IFN-β and IL18 in PWHs treated with the double 

(HSV-60+poly(dA:dT)) or triple combination (HSV-60+poly(dA:dT)+GS-9620 CM) is shown, 

when compared to the transcript level of untreated control PWH cultures at each time point from 

individual animals that was set at 1.0 and is indicated by the dotted line. (C) The antiviral effect 

on WHV replication (WHV pgRNA and WHV cccDNA) and secretion (WHV rc-DNA) at each 

time point is presented as a percentage-change from untreated control PWH cultures from 

individual animals that was set at 100% and is indicated by the dotted line. 
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Figure 5.7. Treatment with GS-9620 CM in combination with HSV-60 and antiviral effects 

on WHV replication and secretion.  

PWH cultures generated from the liver of two woodchucks (M1811 and M1864) were treated with 

HSV-60 in combination with supernatant from PBMCs treated with GS-9620 (i.e., GS-9620 CM). 

The fold-change in transcript level of IFI16, STING, and IFN-β (top panel) is shown, when 

compared to the transcript level of untreated control PWHs at each time point from individual 

animals that was set at 1.0 and is indicated by the dotted line. The antiviral effect on WHV 

replication (WHV pgRNA and WHV cccDNA) and secretion (WHV rc-DNA) at each time point 

is presented as a percentage-change from untreated control PWH cultures from individual animals 

(bottom panel) that was set at 100% and is indicated by the dotted line. 
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Figure 5.8. Treatment with GS-9620 CM in combination with poly(dA:dT) and antiviral 

effects on WHV replication and secretion.  

PWH cultures generated from the liver of two woodchucks (M1811 and M1864) were treated with 

poly(dA:dT) in combination with supernatant from PBMCs treated with GS-9620 (i.e., GS-9620 

CM). The fold-change in transcript level of (A) ZBP1/DAI and AIM2 and of (B) IFN-β and IL18 

is shown, when compared to the transcript level of untreated control PWHs at each time point from 

individual animals that was set at 1.0 and is indicated by the dotted line. (C) The antiviral effect 

on WHV replication (WHV pgRNA and WHV cccDNA) and secretion (WHV rc-DNA) at each 

time point is presented as a percentage-change from untreated control PWH cultures from 

individual animals (bottom panel) that was set at 100% and is indicated by the dotted line. 
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CHAPTER SIX: PRECLINICAL EVALUATION OF THE SAFETY AND 

ANTIVIRAL EFFICACY OF NOVEL NUCLEIC ACID SENSING 

RECEPTOR AGONISTS IN WOODCHUCKS WITH CHRONIC 

HEPATITIS B 

The expression of viral RNA and DNA sensing PRRs is downregulated in woodchucks 

with CHB, when compared to their peak expression during resolution of AHB, but the signaling 

pathway of selected PRRs can be activated in vitro using agonist compounds, as discussed in 

chapter five. The potential of PRRs to serve as an antiviral drug target for HBV was first evaluated 

by treatment with GS-9620 (Vesatolimod), a TLR7 agonist developed by Gilead Sciences, Inc., in 

patients with CHB (106). As mentioned in previous chapters, GS-9620 mediated sustained 

antiviral effects in preclinical studies in both the chimpanzee and woodchuck models of HBV (39, 

107). In the woodchuck model, GS-9620 treatment also induced a sustained anti-WHs antibody 

response in a subset of animals, in addition to the upregulated transcriptional signatures of 

intrahepatic CD8+ T-cells, NK-cells, B-cells, and type I and II IFNs (39). In a recently completed 

phase II clinical trial in patients who were naïve for antiviral treatment, GS-9620 provided once 

weekly at increasing doses for 12 weeks was considered well tolerated by patients, with >1 

treatment-emergent mild to moderate adverse effects in most individuals, but no significant effect 

on serum HBsAg levels was observed (108). However, treatment with GS-9620 induced antiviral 

ISGs and improved NK-cell and T-cell activity and function (109). Following the development of 

the Gilead TLR7 agonist, other small molecule compounds activating PRRs, including TLR7, 

TLR8, TLR9, RIG-I, and NOD-2 have been preclinically evaluated for safety and antiviral efficacy 

in the woodchuck model and are currently tested in patients with CHB. This chapter summarizes 

key results from these woodchuck studies that are relevant to the thesis topic to reflect on the 

translational value of agonists targeting viral nucleic acid sensing PRRs. 
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6.1 SB 9200: A RIG-I and NOD-2 agonist 

The data summarized under this section was published in two papers – (i) Korolowicz K.E., 

Iyer R.P., Czerwinski S., Suresh M., Yang J., Padmanabhan S., Sheri A., Pandey R.K., Skeli J., 

Marquis J.K., Kallakury B.V., Tucker R.D., and Menne S. Antiviral efficacy and host innate 

immunity associated with SB 9200 treatment in the woodchuck model of chronic hepatitis B. PLoS 

ONE, 2016; 11(8); (ii) Suresh M., Korolowicz K.E., Balarezo M., Iyer R.P., Padmanabhan S., 

Cleary D., Gimi R., Sheri A., Yon C., Kallakury B.V., Tucker R.D., Afdhal N., and Menne S. 

Antiviral efficacy and host immune response induction during sequential treatment with SB 9200 

followed by entecavir in woodchucks. PLoS ONE, 2017; 12(1). 

SB 9200 (Inarigivir) is an orally bioavailable prodrug of SB 9000 (a dinucleotide) 

developed by Spring Bank Pharmaceuticals, Inc., with both direct antiviral property and 

stimulation of innate immunity via the activation of RIG-I and NOD2 receptors. It has been 

extensively tested in vitro and in vivo against HBV, but also displays potent antiviral effects against 

RNA viruses, including hepatitis C virus, norovirus, and respiratory syncytial virus (110-112). In 

addition to the agonistic activation of innate immune receptors, the direct antiviral property of SB 

9200 is considered to interfere with the viral polymerase to engage with the pgRNA thereby 

inhibiting viral DNA synthesis (10).  

In the first study, treatment of chronic WHV carrier woodchucks with two oral doses of 

SB 9200 (lower dose: 15 mg/kg and higher dose: 30 mg/kg), daily, for 12 weeks (Figure 6.1), was 

well tolerated, with dose-dependent declines in serum WHV rc-DNA and WHsAg (Figure 6.2 A 

and B). The maximum mean reduction observed in the higher dose group was 3.7 log10 and 1.6 

log10 for serum WHV rc-DNA or WHsAg, respectively, which eventually relapsed to baseline 
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level during the follow-up period. Analysis in a subset of woodchucks demonstrated that SB 9200 

treatment induced long-lasting expression of RIG-I/NOD2 receptors and the downstream signaling 

(adaptor) molecules STING and IRF3 at the transcript level in liver (Figure 6.3). This further 

correlated with a sustained elevation of the RIG-I receptor at the protein level in liver, as 

determined by immunohistochemistry using a cross-reactive antibody (Figure 6.3), and with the 

prolonged expression of cytokines such as type I IFNs, C-X-C motif chemokine 10 (CXCL10), 

and IL-6 in blood (Figure 6.4 A and B). 

The second woodchuck study involved sequential treatment of SB 9200 and ETV (Figure 

6.1) for determining the most efficacious sequence of administering an immunomodulatory drug 

along with the standard care of treatment with NUCs in patients with CHB. Group 1 animals 

received 4 weeks of oral ETV (0.5 mg/kg/day) followed by 12 weeks of oral SB 9200 (30 

mg/kg/day), which resulted in a maximum average reduction of 5.3 log10 and 1.0 log10 in serum 

WHV rc-DNA or WHsAg, respectively (Figure 6.2 C and D). In Group 2 animals, treatment with 

oral SB 9200 at 30 mg/kg/day for 12 weeks and subsequently with oral ETV at 0.5 mg/kg/day for 

4 weeks, reduced serum WHV rc-DNA and WHsAg loads by 6.4 log10 or 3.3 log10, respectively 

(Figure 6.2 C and D). Following treatment cessation, rebound in viral replication was 

significantly delayed in Group 2 animals, when compared to Group 1 animals. The maximum 

reduction in viremia achieved in Group 2 was in the range of other previously tested immune 

modulators (IFN-α, GS-9620, and a combination of ETV and anti-PD-L1 antibody) in woodchucks 

(39, 40, 105). Similar to monotherapy, sequential treatment with SB 9200 and ETV induced host 

immune responses in blood and liver, with enhanced effects observed by pretreatment with SB 

9200 followed by ETV administration (Figure 6.4 C and D). By comparison, it appeared that pro-
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inflammatory cytokines, such as IL-6, induced by pretreatment with ETV have influenced the 

antiviral efficacy of subsequent SB 9200 administration to trigger a host immune response. The 

preclinical results from both studies in woodchucks, especially the one which tested sequential 

treatment, has contributed to adapting the Group 2 treatment regimen (SB 9200 followed by ETV) 

for a phase II clinical trial. In treatment-naïve patients with CHB, 12 weeks of SB 9200 

monotherapy using doses ranging between 25 and 400 mg, demonstrated dose-dependent 

reductions in serum HBV rc-DNA level that were more pronounced in HBeAg-negative than in 

HBeAg-positive individuals (103). Following SB 9200 monotherapy, 12 weeks of treatment with 

TDF (Viread, 300 mg/day) resulted in a >0.5 log10 reduction in HBsAg in nearly 26% of patients 

(103). The 400 mg/day dose of SB 9200 administered to patients comes close to the lower 

treatment dose tested in woodchucks. Unfortunately, Spring Bank Pharmaceuticals recently 

announced that it will suspend testing of the 400 mg/kg SB 9200 dose due to severe complications 

that occurred in another clinical trial in which parallel treatment with SB 9200 and TAF was 

evaluated in HBV-infected patients (113, 114). It is of note that parallel treatment of SB 9200 and 

ETV was not tested in woodchucks with CHB for safety and antiviral efficacy. 

6.2 APR002: A TLR7 agonist 

The results presented within this section were published recently – Korolowicz K.E., Li B., 

Huang X., Yon C., Rodrigo E., Corpuz M., Plouffe D.M., Kallakury B.V., Suresh M., Wu T.Y.H., 

Miller A.T., and Menne S. Liver-targeted toll-like receptor 7 agonist combined with entecavir 

promotes functional cure in the woodchuck model of hepatitis B virus. Hepatology 

Communications; 2019, 3(10), 1296-1310.  
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The pre-clinical studies with the Gilead TLR7 agonist, GS-9620, in chimpanzees and 

woodchucks have provided a compelling proof-of-concept for the therapeutic use of such 

compounds against HBV, but treatment of patients with CHB was associated with tolerability 

issues resulting in the use of suboptimal doses with no antiviral efficacy (106, 115). The dose-

limiting, treatment-associated toxicity could be attributable to the higher systemic exposure of the 

Gilead compound in the periphery, and therefore, there is a need to develop drug candidates and/or 

delivery systems that are more liver-specific. APR002 is an oral available TLR7 agonist that was 

developed by Apros Therapeutics, Inc., as a liver-specific moiety to induce local innate immune 

response and to widen the therapeutic window by reducing systemic exposure of the compound. 

Compared to GS-9620, APR002 showed a higher liver-to-serum ratio (~30 compared to 5.6 with 

GS-9620) in mice treated with a single, oral dose of both compounds (Figure 6.5). Furthermore, 

the cytokine profile obtained in blood following single, ascending, oral doses was distinct for 

APR002, with lower levels of pro-inflammatory cytokines, such as IL-6 and TNF-α, when 

compared to GS-9620 (Figure 6.5). In WHV-uninfected/naive woodchucks, APR002 exhibited 

dose-dependent increases in compound level in serum and liver, in addition to the induction of 

IFN-α and selected ISGs in liver (101). 

For investigating the clinical use of APR002, a safety and antiviral efficacy study in 

woodchucks with CHB was designed (Figure 6.6). Group 1 and Group 2 animals received 

monotherapy of ETV or APR002, respectively, while Group 3 and Group 4 animals received a 

lower or higher dose of APR002, respectively, in combination with ETV. Mono treatment with 

oral APR002 (15 to 30 mg/kg/week) for 12 weeks did not mediate pronounced reductions in serum 

WHV DNA (mean reduction: 1.10 log10), when compared to monotherapy with oral ETV at 0.1 
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mg/kg/day for 20 weeks (mean reduction: 7.72 log10). ETV monotherapy also reduced serum 

WHsAg (Figure 6.7) and WHeAg levels (data not shown). The decline in both WHV antigens was 

much lower in the APR002 mono treatment group, when compared to the ETV monotherapy group 

(101). However, serum viremia and antigenemia relapsed back to baseline levels in both groups. 

The combination groups treated with oral ETV (0.1 mg/kg/day) for 22 weeks and oral APR002 (5 

to 30 mg/kg/week) for 12 weeks had reduced serum viremia that was comparable to the ETV 

monotherapy group, with mean declines of 6.64 log10 and 7.33 log10 in Group 3 or Group 4, 

respectively (Figure 6.6). In the combination groups, however, two out of five animals in each 

group experienced sustained reductions in serum WHV DNA, WHsAg and WHeAg levels after 

treatment discontinuation, while the other animals in both groups displayed relapse in viremia and 

antigenemia. Furthermore, antibodies to WHsAg and WHeAg were elicited in the same four 

animals of Group 3 and Group 4 that were essentially absent in the monotherapy groups, except 

for one animal in Group 1, which showed a transient elevation in anti-WHe antibodies (Figure 

6.7). Compared to ETV monotherapy, animals treated with APR002 alone or in combination with 

ETV, had increased expression of the ISGs OAS and ISG15 in blood and liver (Figure 6.8). In 

animals with undetectable or suppressed WHV replication and anti-WHs and anti-WHe antibodies, 

peak expression of mainly ISG15 in blood correlated with the decline in WHsAg and WHeAg. 

These results in woodchucks support the continued evaluation of APR002 for safety and antiviral 

efficacy in patients with CHB. 
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6.3 GS-9688: A TLR8 agonist 

The results summarized under this section were presented at The International Liver 

Congress of the European Association for the Study of the Liver (EASL) in 2017 (82). The results 

are also included in a manuscript that was submitted to Hepatology (December 2019), and is 

currently under review (Daffis S., Balsitis S., Chamberlain J., Zheng J., Santos R., Rowe W., 

Ramakrishnan D., Pattabiraman D., Spurlock S., Chu R., Kang D., Mish M., Ramirez R., Li L., 

Lei B., Ma S., Hung M., Voitenleitner C., Yon C., Suresh M., Menne S., Cote P., Delaney W.E., 

Mackman R., and Fletcher S.P. Toll-like receptor 8 agonist GS-9688 induces sustained efficacy in 

the woodchuck model of chronic hepatitis B). 

GS-9688 (Selgantolimod) is a potent and selective small molecule agonist of human TLR8 

developed by Gilead Sciences, Inc. TLR8 is present in conventional DCs, monocytes, 

macrophages, neutrophils, and Tregs and upon activation induces IFN-α and other 

immunomodulatory cytokines, including IL-12 and IL-18 (116, 117). Activation of TLR8 can 

further influence the activity of immune cells, such as the cytotoxic function of NK-cells, 

production of IFN-γ by NK- and MAIT-cells, maturation of DCs, and enhancement of T-cell 

function (81, 118). In human embryonic kidney (HEK) cells transiently expressing woodchuck 

TLR7 and TLR8 reporter gene constructs, GS-9688 selectively activated woodchuck TLR8 (82). 

The antiviral efficacy and tolerability of GS-9688 was subsequently evaluated in woodchucks with 

CHB. Oral administration of GS-9688 for 8 weeks at 1 mg/kg or 3 mg/kg, once weekly, was well 

tolerated. Animals that received the lower dose of GS-9688 did not show antiviral effects; 

however, the higher dose of this agonist reduced both serum WHV rc-DNA (mean reduction: 5.1 

log10) and WHsAg levels (mean reduction: 3.7 log10) in 4 out of 6 animals (Figure 6.9). 
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Furthermore, the induced antiviral effect was sustained in 3 animals, with an anti-WHs antibody 

response indicating seroconversion and enhanced WHV-specific T-cell proliferation (Figure 

6.10). These responder animals also showed transient increases in liver enzymes (SDH and AST), 

which were associated with the WHV-specific T-cell response (82). Furthermore, responder 

animals had gene signatures in liver that were enriched for follicular T (TFH) cells, Tregs, and M1 

phenotype macrophages (data not shown). Emphasizing the translational value of the woodchuck 

model, the 3 mg/kg dose of GS-9688 was safe and generally well tolerated in a phase I clinical 

trial in healthy individuals. The TLR8 agonist is currently tested in a phase II clinical trial in 

patients with CHB.  

6.4 AIC649: A TLR9 agonist 

The results summarized within this section were presented at The Liver Meeting of the 

American Association for the Study of Liver Diseases (AASLD) in 2017 (119) and were included 

in a manuscript that was submitted to the Journal of Hepatology (February 2020) and that is 

currently under review (Paulsen D., Korolowicz K.E., Li B., Haung X., Suresh M., Yon C., Leng 

X., Kallakury B.V., Tucker R.D., Urban A., Sloot W., Pfaff T., Addy I., and  Menne S. AIC649 in 

combination with entecavir induces surface antigen loss in the woodchuck model of chronic 

hepatitis B). 

AIC649 is an inactivated parapoxvirus (iPPVO) particle preparation developed by AiCuris 

(Anti-Infective Cures GmbH) for the treatment of CHB. The antiviral property of AIC649 involves 

both TLR9-dependent and TLR-independent mechanisms that lead to the activation of innate and 

adaptive immune responses. A previous study in woodchucks with CHB has demonstrated a 

biphasic response pattern induced by 8 weeks of AIC649 monotherapy administered 
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intramuscularly (120). The follow-up study further evaluated the safety and antiviral efficacy of 

AIC649, alone and in combination with ETV, by using different routes of administration 

(intravenous followed by intramuscular) and longer treatment durations (36 weeks). The treatment 

regimen for each of the four experimental groups, including AIC649 and ETV mono or 

combination treatment, as well as a vehicle (control) group, is presented in figure 6.11. Similar to 

the observation in the previous woodchuck study, monotherapy with oral ETV at 0.2 mg/kg/day 

for 12 weeks markedly reduced serum WHV rc-DNA, while the declines in WHsAg were less 

pronounced (Figure 6.12). Monotherapy of woodchucks with AIC649 at a dose equal to the high 

dose administered to patients with CHB in a phase I clinical trial, given intravenously, twice 

weekly for 12 weeks, then intramuscularly, twice weekly for another 12 weeks, and thereafter 

intramuscularly, once weekly for a final 12 weeks, confirmed the previously observed biphasic 

pattern of initial increase and subsequent decline in serum WHV rc-DNA and WHsAg loads 

(Figure 6.12). However, AIC649 administration in combination with ETV using the same doses, 

routes of administration, and treatment durations, resulted in reductions in serum WHV rc-DNA 

that were enhanced and that delayed viral rebound during the final 12 weeks of the study (Figure 

6.12). Similarly, marked and sustained declines in WHsAg were observed in 4 out of 5 animals in 

the combination group, with undetectable antigen levels in 3 of these responder animals starting 

during weeks 9-13 (Figure 6.12). Furthermore, PBMCs isolated from treated woodchucks at 

various timepoints during the study were stimulated with peptides covering WHV antigens 

(WHsAg, WHcAg, and WHxAg). WHV-specific T-cell proliferation in response to WHsAg was 

observed mainly in AIC649 treated groups, with peak proliferation during weeks 6-12 (Figure 

6.13). Similar (or even stronger) T-cell responses were noted for WHcAg and WHxAg (data not 
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shown). The WHV-specific T-cell responses and the declines in WHsAg levels correlated with the 

development of an anti-WHs antibody response in 3 out of 5 animals, each in the AIC649 

monotherapy and combination groups (Figure 6.13). Antibodies to WHsAg were present in serum 

starting at week 12, and antibody titers peaked around week 21 in animals from both groups. 

Expression analysis of cytokines and immune cell markers in blood and liver was complicated by 

the number of surviving animals in the ETV monotherapy group; however, the expression of IFN-

γ in liver was induced in all AIC649-treated groups, and cytokine transcript levels stayed elevated 

until the end of the study in the combination group (data not shown). 

6.5. Discussion 

In addition to the primary endpoint of determining the safety and efficacy of PRR agonists, 

the woodchuck studies described above emphasize several factors that need to be taken in 

consideration when designing future pre-clinical studies in this animal model. These factors 

include the antiviral benefit of combination or sequential treatment with an immunomodulator and 

a NUC, liver-targeted delivery of agonistic compounds, selection of PRR agonists which produce 

specific effector cytokines with an effect on adaptive immune cells (for example, TLR7 agonist 

versus TLR8 agonist), and a suitable route of compound administration. In addition to the 

activation of the RIG-I and NOD2 signaling pathways, the direct antiviral property of SB 9200 is 

unique for this class of small agonist molecules. The antiviral effect and the delayed viral rebound 

observed with sequential treatment of SB 9200 followed by ETV was superior, when compared to 

the conventional treatment regimen of first reducing viral load with a NUC followed by 

immunomodulation. The sequential treatment tested in woodchucks and then adapted in a 

subsequent study in HBV-infected patients showed comparable results, indicating the translational 
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value of the woodchuck model of CHB and the predictivity of the pre-clinical studies in this 

immunocompetent animal species. Furthermore, the woodchuck study with SB 9200 hinted to a 

possibly negative effect of the pro-inflammatory liver environment caused by pre-treatment with 

ETV on the antiviral function of immunomodulatory drugs.  

The studies involving APR002 (TLR7 agonist) and AIC649 (TLR9 agonist) demonstrated 

that treatment in combination with ETV enhanced the antiviral effects, when compared to 

monotherapy, and a subset of animals that received the combination treatment regimen showed 

sustained reductions in viremia and antigenemia, along with seroconversion to antibodies to 

WHsAg and/or WHeAg. It is noteworthy that the liver-specific delivery of APR002 improved the 

therapeutic window of this TLR7 agonist and reduced the systemic immunotoxicity, which is a 

serious concern in the treatment with GS-9620. Contrary to the prolonged mono treatment with 

other PRR agonists described above, short-term (i.e., 8 weeks) treatment with GS-9688, a TLR8 

agonist, at a weekly dose of 3 mg/kg induced sustained antiviral effects and elicited anti-WHs 

antibodies in three out of six woodchucks. In addition, the knowledge gained from the pre-

treatment intrahepatic transcription profile in responder animals, and the role of TLR8 activation 

in shaping the adaptive immune response, are further helpful in designing future immunotherapies 

for inducing comparable or superior immune responses and antiviral effects. Treatment with viral 

nucleic acid sensing PRR agonists, alone (i.e., GS-9688) or in combination with ETV (i.e., 

APR002 and AIC649) induced a functional cure; however, only in a subset of animals. The key 

factors that contributed towards achieving functional cure in these animals following different 

treatment regimens include sustained reduction in serum WHsAg level (undetectable in most 

cases), seroconversion to antibodies to WHV antigens, and WHV-specific T-cell responses (most 
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likely of CD8+ T-cells). Therefore, it appears that both the induction of virus-specific innate and 

adaptive immune responses and suppression of viral replication are necessary, and probably need 

to act in coordination, for achieving functional cure.  

In summary, agonistic activation of viral nucleic acid sensing PRRs is a suitable strategy 

for immunotherapy against CHB and has the potential to induce pronounced antiviral effects, even 

leading to functional cure, when administered alone or in combination or in sequence with NUCs. 

Targeting the innate arm of the immune response results in the production of type I IFNs, antiviral 

ISGs, and effector cytokines that can activate NK-cells, APCs, and/or macrophages, but also 

triggers the development of virus-specific T- and B-cell responses. This further emphasizes that 

the interplay between innate and adaptive immune responses is crucial for achieving functional 

cure against CHB, as also observed during resolution of AHB (see chapters three and four). 

Therefore, future studies involving novel PRR agonists should incorporate certain aspects of the 

studies performed so far in woodchucks for mounting an optimal (i.e., efficacious) immune 

response against WHV/HBV infection in treated animals or patients. In addition, as can be 

concluded from the SB 9200 combination study with TAF in humans, the pre-clinical evaluation 

of the efficacy, and more importantly, the safety of such PRR agonists in immunocompetent 

animal models, such as the woodchuck, is paramount before moving forward into patients with 

CHB.   
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Figure 6.1. Study designs for treatment with SB 9200 in woodchucks with CHB.  

Mono treatment (top panel) with SB 9200 included two groups of 5 woodchucks each. Group 1 

animals were administered orally 15 mg/kg/day of SB 9200 and Group 2 animals received orally 

30 mg/kg/day of the agonist for 12 weeks. Sequential treatment (bottom panel) included 4 weeks 

of oral ETV at 0.5 mg/kg/day and 12 weeks of oral SB 9200 at 30 mg/kg/day in Group 1 animals 

and 12 weeks of SB 9200 and 4 weeks of ETV in Group 2 animals using the same doses and route 

of administration.  
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Figure 6.2. Serum viremia and antigenemia levels.  

Changes in the mean serum WHV rc-DNA (A and C) and WHsAg loads (B and C) during mono 

treatment with SB 9200 (top panels) and sequential treatment with ETV and SB 9200 (bottom 

panels). ge, genome equivalent. 
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Figure 6.3. Mono treatment with SB 9200 induces long-lasting activation of the RIG-I/NOD2 

pathways and results in the prolonged presence of elevated RIG-I protein levels in liver.  

(A) Changes in the mean transcript level of RIG-I, NOD2, STING, and IRF3 in a subset of 

woodchucks in response to the higher dose of SB 9200. (B) Changes in the immunohistochemistry 

(IHC) score for cytoplasmic RIG-I and NOD2 in animal F3032 from the higher dose group, and 

the corresponding staining images. ge, genome equivalent. 
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Figure 6.4. SB 9200 treatment induces pronounced and sometimes prolonged expression of 

type I IFNs, cytokines, and ISGs.  

Changes in the mean expression of INF-α, IFN-β, IL-6, CXCL10, OAS1, and ISG15 during mono 

treatment (A and B) with the higher dose of SB 9200 and during sequential treatment (C and D) 

with SB 9200 and ETV. ge, genome equivalent. 
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Figure 6.5. APR002 is highly retained in the liver of mice and induces low levels of pro-

inflammatory cytokines, when compared to GS-9620.  

Concentrations of (A) APR002 or (B) GS-9620 in serum and liver of mice over a 24-hour period 

following a single, oral dose (10 mg/kg). The mean levels of serum (C) IL-6 and (D) TNF-α 

following single, oral doses of APR002 and GS-9620 at increasing dosage. AUC, area under the 

curve; mpk, mg per kg. 

 



146 

 

 
Figure 6.6. Study design for treatment with APR002, alone and in combination with ETV, in 

woodchucks with CHB, and changes in serum viremia and antigenemia in individual groups.  

(A) The efficacy study in woodchucks included four groups of 5 animals each. Group 1 animals 

received orally 0.1 mg/kg/day of ETV for 4 weeks, then ETV in combination with oral vehicle 

APR for 12 weeks, and thereafter ETV alone for additional 4 weeks. Group 2 animals received 

orally vehicle ETV for 4 weeks, then vehicle ETV in combination with oral APR002 for 12 weeks 

(15.0 mg/kg/week for 6 weeks and 30.0 mg/kg/week for 6 weeks), and thereafter vehicle ETV 

alone for 4 weeks. Group 3 and Group 4 animals received orally ETV (0.1 mg/kg/day) for 4 weeks, 

then ETV in combination with oral APR002 for 12 weeks (Group 3: 5.0 mg/kg/week for 7 weeks, 

30.0 mg/kg/week for 5 weeks; Group 4: 15.0 mg/kg/week for 12 weeks), and thereafter ETV alone. 

Changes in the mean serum (B) WHV rc-DNA and (C)WHsAg levels in Groups 1-4. ge, genome 

equivalent. 
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Figure 6.7. Antibody response to WHV antigens and serum surface antigenemia levels in 

individual groups treated with APR002 and/or ETV.  

Changes in serum (A) anti-WHs and (B) anti-WHe antibodies induced by combination treatment 

with APR002 and ETV (Group 3 and Group 4) in a subset of woodchucks and in one animal from 

the ETV monotherapy (Group 1; only anti-WHe antibodies). Changes in serum (C) WHsAg levels 

induced by APR002 and ETV combination treatment and ETV monotherapy. StdU, standard units; 

ODU, optical density units.  
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Figure 6.8. Peripheral and intrahepatic expression of ISGs in individual groups treated with 

APR002 and/or ETV.  

Changes in the mean expression of OAS1 and ISG15 in blood (A and B) and liver (C and D) in 

woodchucks of Groups 1-4. 
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Figure 6.9. Viremia and antigenemia levels in woodchucks treated with GS-9688.  

Changes in serum (A) WHV rc-DNA and (B) WHsAg levels following mono treatment with GS-

9688 at 3 mg/kg/week. GE, genome equivalent. 
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Figure 6.10. Anti-WHs antibody response and WHV-specific T-cell proliferation in 

woodchucks treated with GS-9688.  

Changes in (A) anti-WHs antibody titers and (B) WHV-specific T-cell responses following mono 

treatment with GS-9688 at 3 mg/kg/week. 
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Figure 6.11. Study design of AIC649 treatment, alone and in combination with ETV, in 

woodchucks with CHB.  

Mono or combination treatment with AIC649 and ETV included four groups of 5 woodchucks 

each. For the initial 12 weeks of the study, AIC649 or vehicle AIC were administered by i.v. 

injection twice weekly in Group 2 and Group 4 (AIC649 groups) or Group 1 and Group 3 (vehicle 

AIC groups), respectively. ETV or vehicle ETV were administered orally daily to Group 3 and 

Group 4 (ETV groups) or Group 1 and Group 2 (vehicle ETV groups), respectively. Thereafter, 

treatment was changed to maintenance therapy including i.m. injections of AIC649 or vehicle AIC 

given twice weekly for additional 12 weeks (weeks 13 - 24), followed by i.m. injections of vehicle 

and agonists given once weekly for another 12 weeks (week 25 - 36). i.v., intravenous; i.m., 

intramuscular. 
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Figure 6.12. Serum viremia and antigenemia levels in woodchucks treated with AIC649, 

alone and in combination with ETV.  

Changes in serum (A) WHV rc-DNA and (B) WHsAg loads in the four experimental groups during 

treatment. The lower horizontal dotted line in (B) indicates the assay detection limit for WHsAg. 
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Figure 6.13. WHV-specific T-cell proliferation and B-cell antibody response in woodchucks 

treated with AIC649, alone and in combination with ETV.  

Changes in the group mean for (A) WHsAg-specific T-cell response and (B) titers of anti-WHs 

antibodies in the four experimental groups during treatment. StdU, standard units. 
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CHAPTER SEVEN: CONCLUSIONS 

HBV is recognized as a major public health concern by the WHO, as it presents the leading 

cause of viral hepatitis, with an increasing rate of HBV-related annual global mortality (2). The 

growing coverage of the triple-dose, prophylactic vaccine is highly effective in controlling new 

HBV infections; however, treatment of patients with established CHB and who are at high risk of 

developing liver disorders, including cirrhosis and primary liver cancer (HCC) continues to be a 

major challenge (1). The treatment options currently approved for CHB either require prolonged 

or even life-long administration of antivirals (i.e., NUCs) to maintain suppressed levels of HBV 

replication or are effective in only a subset of patients systemically treated with an 

immunomodulator (i.e., PEG-IFN-α). For achieving functional cure, which is defined as loss of 

HBsAg and with or without seroconversion, several hurdles need to be overcome, including the 

development of antiviral drugs that can directly or indirectly target HBV cccDNA, a better 

understanding of innate and adaptive immune responses during HBV infection, and more 

knowledge on HBV DNA integration events into chromosomal host DNA (121). Furthermore, the 

role of viral or host factors and the involvement of innate and adaptive immune responses in 

resolution versus persistence of HBV infection is not completely understood. The overall objective 

of the studies summarized in this dissertation is to understand the antiviral immunity, especially 

the innate immune response, during resolution of AHB in woodchucks, and to apply the findings 

towards modulating this response in the setting of CHB for bringing out an antiviral effect. The 

main outcomes of these studies, which contribute towards our understanding of innate immunity 

during HBV infection include - Role of NK-cells during resolution of AHB: WHV infection in 

adult woodchucks exhibited an increase in IFN-γ expression in the liver and periphery during the 
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initial, and more so during the subsequent, pronounced reduction in viral replication, along with 

elevated cytokine secretion in liver. The intrahepatic presence of IFN-γ at week 5 post-inoculation 

correlated with an increase in the expression of NK-cell activation receptors and markers, but not 

with T-cell markers, suggesting an important role of NK-cells in initially limiting WHV infection 

via IFN-γ production and secretion. The kinetics of a wide panel of NK-cell markers, including 

activation receptors (NCR1/NKp46, KLRF1/NKp80, and KLRK1/NKG2D), cell surface markers 

(NCAM/CD56, HNK-1/CD57, and CD16), and one inhibitory receptor (KLRC1/NKG2A) were 

not explored so far in HBV infection. In addition, this non-cytolytic mechanism of initial viral 

control mediated by NK-cells secreting IFN-γ was noted prior to the elevation of any liver enzyme 

activity, hepatitis/liver inflammation, and virus-specific T-cells. However, later during the 

infection at the time of WHV resolution, the overlap in peak expression of NK- and T-cell markers, 

cytolytic effector molecules and IFN-γ, and maximum liver enzyme activity and WHV-specific T-

cell response, as well as pronounced hepatic inflammation and liver replenishment, indicated the 

development and presence of a cytolytic mechanism of viral control that was mediated by CTLs 

and/or NK-cells. NK-cells with increased expression of the inhibitory receptor, NKG2A, are 

considered to have reduced secretion of cytokines (122, 123) and might be involved in regulating 

the secretion of IFN-γ in these cells. - Kinetics of viral nucleic acid sensing PRRs during 

resolution of AHB: Besides the widely studied viral nucleic acid sensing PRRs within the TLR, 

RLR, and NLR families, the role of other recently described viral RNA and DNA sensing PRRs 

during HBV infection remains unknown. Therefore, expression kinetics of receptors from various 

PRR families during acute, self-limited WHV infection in woodchucks was determined. Compared 

to the baseline level at pre-inoculation, the intrahepatic peak expression of viral RNA sensing 
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PRRs, including TLR7, TLR8, and NLRC5, and of viral DNA sensing PRRs, including TLR9, 

IFI16, ZBP1/DAI, AIM2, and NLRP3, was at least four-fold higher during resolution of AHB in 

most woodchucks. These results demonstrated the presence of various viral nucleic acid sensing 

PRRs in woodchuck blood and liver and their involvement in the resolution of AHB. - Differential 

expression of viral RNA and DNA sensing PRRs in the liver of woodchucks with AHB or CHB, 

when compared to uninfected controls: The intrahepatic expression of selected viral RNA and 

DNA sensing PRRs is significantly upregulated in woodchucks during resolution of AHB, when 

compared to their expression in animals with CHB. Viral DNA sensing PRRs, including IFI16, 

ZBP1/DAI, AIM2, and NLRP3, that are located in immune cells, such as macrophages/Kupffer 

cells, but also in non-immune cells, such as WHV-infected hepatocytes, displayed a comparable 

or even higher magnitude of peak expression during resolution of AHB, when compared to viral 

RNA sensing PRRs, such as RIG-I, MDA5, NOD2 and TLR3/7/8. This suggests an important role 

of these cytosolic PRRs in the overall control of viral infection and justifies their exploration as 

possible drug targets for the treatment of CHB. It is worth mentioning that all PRRs sensing viral 

RNA were downregulated in the liver of woodchucks with CHB, when compared to WHV 

naïve/uninfected animals. This may indicate that the impaired immune response present in chronic 

WHV infection is associated with a lack of WHV RNA recognition and/or subsequent receptor 

activation. It can be speculated that viral RNA sensing receptors, especially TLRs, which are 

located in APCs (i.e., mainly DCs and B-cells), may not have access to viral RNA, as WHV 

replication occurs in hepatocytes. Additionally, in animals with CHB, the intrahepatic expression 

of DCs and B-cell markers was downregulated, when compared to their expression during peak 

AHB (data not shown), indicating a weaker accumulation of these immune cells in liver under 
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chronic conditions. Studies in cell culture systems, murine models, and PBMCs obtained from 

patients with CHB provide evidence that HBV proteins can interfere with the functions of TLR 

and RLR receptor pathways (84). Contrary, woodchucks with CHB presented with somewhat 

upregulated PRRs sensing viral DNA, pointing again to a pivotal role of these cytosolic receptors 

in controlling the virus. Since most viral DNA sensing receptors are located in the cytosol of 

hepatocytes, these PRRs may recognize DNA, as shown recently in PHHs for cGAS activation  by 

HBV-derived DNA (97). - Antiviral effects associated with in vitro activation of IFI16, 

ZBP1/DAI and AIM2 receptors: HSV-60 and poly(dA:dT) treatment in primary hepatocytes 

generated from woodchucks with CHB agonistically activated IFI16 or ZBP1/DAI and AIM2 

receptors and their downstream signaling pathways, respectively, and was associated with a 

significant reduction in WHV replication and secretion. Furthermore, when compared to mono 

treatment, combination of both agonists enhanced the antiviral effect that was mediated by a 

pronounced expression of the effector cytokines, IFN-β and IL18, indicating that the activation of 

more than one PRR results in an additional antiviral benefit. Treatment of PWHs with conditioned 

medium obtained from PBMCs treated with GS-9620 (GS-9620 CM), which mainly contains type 

I IFNs, in combination with HSV-60 resulted in a higher expression of IFI16 and IFN-β, and was 

associated with an additional reduction in WHV replication and secretion. In contrast, treatment 

of PWHs with the combination of GS-9620 CM and poly(dA:dT) failed to increase the expression 

of effector cytokines, and therefore, no additional antiviral benefit over mono treatment with 

poly(dA:dT) was obtained. Hence, the short-term, in vitro antiviral effect cannot be enhanced 

indefinitely once saturating levels of type I IFNs are produced and/or secreted. 
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Overall, the results from the above studies provide new insights into the role of innate 

immune response during resolution of WHV infection and demonstrate the possibility of 

modulating viral DNA sensing PRRs for inducing an antiviral effect against CHB. These results 

further rise several important questions that can be answered in future studies. For example, the 

role of NK-cells in controlling HBV infection and their inhibitory functions during CHB were 

described in studies using cell culture systems and mouse models (8, 124, 125). In addition to the 

broader classification of NK-cells into CD56Bright (which produce higher levels of cytokines and 

show lower expression of lytic granules) and CD56Dim cells (which have greater cytolytic 

functionality and lower production of cytokines), there is a need to better characterize these subsets 

of NK-cells in the liver during different stages of acute and chronic HBV infection. Recent studies 

demonstrated that peripheral NK-cells in patients with AHB show an increase in the expression of 

activation receptors and a decrease in the expression of inhibitory receptors, when compared to 

patients with CHB (126). Furthermore, during the active hepatitis phase in patients with CHB, the 

increase in the intrahepatic activation receptor, NKG2D, was suggested to mediate a general NK-

cell activation and subsequent liver inflammation (127). In addition, there is also an interest in 

understanding phenotype changes of NK-cells that are associated with successful treatment of 

HBV-infected patients using NUCs and immunomodulatory compounds (109, 128). Therefore, the 

expression of activation and/or inhibitory receptors on NK-cells, as determined in this dissertation, 

can be used for further characterizing the above cell phenotypes, either at the transcript level or by 

using flow cytometry, when cross-reactive antibodies for woodchuck molecules become available. 

This will allow to characterize woodchuck NK-cells further and to understand their role in 

resolution or persistence of WHV infection. Furthermore, the effects of NK-cell depletion or 
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inhibition of selected NK-cell functions on controlling WHV replication can then be investigated, 

with the expectation that these manipulations will favor the chronic outcome of viral infection.  

In addition to meeting the safety requirements of current anti-HBV drugs, future therapies 

for CHB based on immunomodulation need to be designed for maximum efficacy within a 

relatively short treatment duration (i.e., 4 to 8 weeks that is needed for resolution of AHB in 

woodchucks). The results from the studies in PWHs demonstrated that the activation of more than 

one viral nucleic acid sensing PRR is beneficial in regard to the induced antiviral effect, when 

compared to the agonistic activation of a single PRR. Therefore, treatment with a single receptor 

agonist activating more than one PRR (viral RNA and/or DNA sensing receptors) or a combination 

of two or more agonists targeting multiple PRRs could be tested in future studies in woodchucks 

with CHB, with the goal of producing saturating levels of a variety of effector cytokines for 

maximizing the antiviral effect. Furthermore, mono or combination treatment with agonist(s) 

should target at least one PRR that is predominantly located in virus-infected hepatocytes (such as 

viral DNA sensing PRRs in the cytosol), as the liver is the site of HBV replication and disease. A 

second agonist could target a PRR located within resident immune cells, such as TLR7 or 8. 

However, immunotoxicities in the periphery that are sometimes associated with the systemic 

administration of TLR7/8 agonists in animal models of HBV or in HBV-infected patients need to 

be carefully monitored. The specific delivery of such agonists to hepatocytes and immune cells 

would then be expected to safely trigger antiviral effects inside virus-infected hepatocytes. The 

cytokines produced by resident immune cells would be expected to act locally within the liver for 

attracting T- and B-cells and activating their antiviral functions. A preliminary study in WHV 

naïve/uninfected animals already tested the single administration of poly(dA:dT) and found that 
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ZBP1/DAI and AIM2 receptors are upregulated in liver resulting in elevated levels of type I IFNs 

and IL-18. Since the approach of agonistic PRR activation was safe, the evaluation of the antiviral 

effect on WHV in woodchucks with CHB will be the next logical step. 

Of note is that the expression of PRRs tested in this dissertation, including IFI16, 

ZBP1/DAI, and AIM2, was transiently induced by treatment of PWHs with GS-9620 CM, which 

mainly contains type I IFNs. This indicates that PRR expression is induced by cytokines in a way 

comparable to the induction of antiviral ISGs, as also observed during systemic administration of 

IFN-α to woodchucks (105). Therefore, it would be interesting to determine if previous treatment 

of woodchucks with TLR7/8/9 or RIG-I/NOD2 agonists, which all produce type I IFNs, can 

upregulate other PRRs and their downstream signaling pathways. This detailed analysis would 

clarify if treatment with the above agonists activated additional PRRs and downstream signaling 

pathways, and thus contributed to the sustained antiviral effect observed in responder animals. 

Partial responder and non-responder animals would be expected to have less or no additional PRRs 

activated, respectively. The concept of agonistically activating multiple PRRs for bringing out an 

antiviral effect reflects on the observation of coordinated, upregulated expression of many 

receptors from different PRR families during resolution of AHB. Hence, studying the innate 

immune response during resolution of HBV/WHV infection is critical as it shows the broad 

spectrum of immunity that needs to be achieved for the control of the virus. This in turn will allow 

defining the limitations of the impaired innate immune response in viral control during CHB and 

support the development of an effective therapy based on immunomodulation for achieving 

functional cure in chronic WHV/HBV infections.   
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