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ABSTRACT 
The hepatitis B and C virus (HBV, HCV) both presents a global health challenge, with 
an estimated 350 million individuals chronically infected with HBV and over 200 
million infected with HCV. Reported cases of HBV and HCV have declined 
significantly due to screening of blood products and the availability of HBV 
vaccination. The chronic infection with HBV and HCV can lead to life threatening 
conditions such as cirrhosis, liver failure and hepatocellular carcinoma. Both HBV and 
HCV are blood-born diseases. Around 95% of the adults infected with HBV 
spontaneously clear the infection while 90% of children younger than one year develop 
a chronic infection. For HCV, 60-80% of all those infected fail to clear the virus and 
develops chronic infection. Treatment is available for chronic infections, with response 
varying between genotypes. HBV treatment stops viral replication but does not 
completely eradicate the infection. HCV treatment with IFN-α and ribavirin has an 
approximate 50% cure rate, with considerate side effects to the patient. The need for 
new therapeutic strategies against both diseases is of great importance. 
 
The immunogenic properties of the HBV core antigen (HBcAg) have been well 
documented and many of these may promote weak immunogens. The inherent 
immunogenicity of the native HBcAg B-cell epitopes could be successfully 
"transferred" by placement of heterologous epitope to the immunodominant regions of 
HBcAg. Preexisting immunity and poor assembly hampers the use of the human 
HBcAg-based platform. To address this, an alternative vaccine carrier based on the 
WHcAg platform was developed with a combinatorial capability. WHcAg appears to 
tolerate insertions of foreign epitopes better than human HBcAg. Importantly, 
additional C-terminal modifications allowed previously unsuccessful epitopes to be 
inserted. Many of the anti-epitope responses generated using the WHcAg platform 
clearly recognize the full-length proteins suggesting that they may also be functional in 
vivo. Thus, our data suggests that WHcAg may be a platform that is superior to human 
HBcAg.  
 
In human HBV infections, the HBcAg is thought to be the major target for specific 
cytotoxic T cells (CTLs). Using DNA immunization, we characterized the 
immunogenicity of endogenously expressed HBcAg. We immediately noted 
differences when comparing HBcAg DNA to HCV NS3/4A DNA. NS3/4A-DNA 
effectively primes CTL responses at both low (<1 μg) and high doses (100 μg) of 
DNA. In contrast, HBcAg only primed CTL responses when administered at high 
doses. A major factor that improved immunogenicity was to increase the expression 
levels of HBcAg. This was effectively achieved by combining codon optimization of 
HBcAg DNA with in vivo electroporation (EP). However, the effects of codon 
optimization and in vivo EP on HBcAg did still not help in priming an efficient CTL 
response at DNA doses of <5 μg. This suggests clear differences when compared to 
NS3/4A DNA. Thus, the efficiency of DNA immunization is highly dependent on the 
used protein.  
 
The HCV avoids immune recognition through several ways during chronic infection, 
resulting in an inability of T cells to eradicate infected cells. It has been shown that a 



strong T cell response is vital to clear acute HCV infections. We now wanted to apply 
our knowledge from HBcAg to improve on a therapeutic vaccine against HCV. The 
idea here was to target the priming of heterologous T cells to the same site as the 
activation/reactivation of impaired T cells. We generated a HCV NS3/4A-transgenic 
mouse simulating HCV-specific T cell dysfunction seen in human HCV-infection. 
Depletion of CD25+ regulatory T cells restored T cell fuction showing that the 
dysfunction, like in humans, is reversible and actively maintained. Paper I showed that 
presence of Th cells provided by HBcAg particle improved immunogenicity of an 
inserted epitope. We therefore tested various DNA constructs co-expressing coNS3/4A 
and coHBcAg DNA in mice. We first found that endogenous HBcAg antibody 
responses were TLR7 dependent. To determine the best way of transferring the 
adjuvant effect of HBcAg to NS3/4A, various fusion genes were generated consisting 
of different post-translational processing of HBcAg (paper III). Importantly, the 
immunization of NS3/4A-HLA-A2-Tg mice with coNS3/4A-HBcAg DNA fusion 
genes effectively restored NS3-specific T helper and CTL responses. Thus, recruiting 
healthy heterologous HBcAg-specific T cells can help restoring dysfunctional NS3-
specific T cell responses in a transgenic mouse model representing the human infection. 
 
Overall, HBcAg is a highly immunogenic particle, which can be used in various 
vaccine combinations. The presence of HBcAg-specific T cells can improve the 
immunogenicity of inserted epitopes and help restoring a dysfunctional T cell response. 
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1 INTRODUCTION TO VIRAL HEPATITIS 
Currently, five hepatotropic viruses of clinical interest have been discovered in humans, 
the hepatitis A, B, C, D, and E. These viruses cause a wide range of hepatic pathology, 
from transient to chronic infections and from subclinical to fulminant liver disease, 
liver cirrhosis and hepatocellular carcinoma. 
 
Epidemiological studies have shown that hepatitis virus transmits through two routes: 
enteric via oral ingestion of fecal material from infected individuals (HAV and HEV) 
and parenteral via exposure to body fluids (HBV, HCV and HDV). The enteric 
transmitted HAV and HEV generally cause a self-limited hepatitis followed by 
complete recovery. In contrast, the parentally transmitted hepatitis viruses HBV, HCV, 
HDV and HGV can persist and cause long term liver damage resulting in hepatocellular 
carcinoma. 
 
Other viruses have been isolated causing hepatic inflammation but are not specifically 
hepatotropic. These include cytomegalovirus, Epstein-Barr virus, human 
immunodeficiency virus (HIV), herpes simplex virus, varicella zoster virus (VZV).  
 
1.1 HEPATITIS A VIRUS 

The hepatitis A virus (HAV) was identified in 1973 using electron microscopy [1] 
which lead to a rapid expansion in the research of this virus. HAV belongs to the 
Picornaviridae family, and is therefore a non-enveloped virus with a single-stranded 
RNA (ssRNA) genome of positive polarity approximately 7.5 kilobase (kb) in length. 
The virus spreads through the fecal-oral route with an incubation time of two to six 
weeks. The factor deciding tissue tropism for the liver is still unknown. The patients are 
largely asymptomatic during the incubation period and acute hepatitis will develop 
abruptly (within 24 hours) with symptoms of jaundice, fever and diarrhea. Recovery is 
slow, but most infections will resolve to complete recovery. Currently no specific 
treatment for acute hepatitis exists but there is inactivated HAV vaccine administered 
for long-term immunity. A bivalent vaccine containing inactivated HAV and purified 
recombinant HBsAg vaccines (Twinrix) protecting against both HAV and HBV 
infection has been approved. 
 
1.2 HEPATITIS B 

The hepatitis B virus (HBV) belongs to the Hepadnaviridae family under the 
Orthohepadnavirus genus. It has global prevalence with approximately 2 billion people 
having had contact with the virus, and of these are 350 million chronically infected. 
The virus is transmissitted through blood or other bodily fluids, with the most common 
mode of transmission being sexual transmission. The major cause for chronic infections 
is mother-to-child transmission at birth. Most healthy adults will clear, or more 
correctly control, the infection while most children infected at younger than 1 year are 
unable to resolve the infection. Chronic HBV infection may lead to cirrhosis and 
eventually develop into hepatocellular carcinoma (HCC). Laboratory diagnosis of acute 
or chronic infection uses the presence of hepatitis B surface antigen (HBsAg) in blood, 
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and persistence of HBsAg (> 6 months) as an indication of chronic infection. There are 
several protective vaccines against HBV on the market.  Also, treatment of chronic 
infection can to reduce the risk of cirrhosis and liver cancer [2] 
 
1.3 HEPATITIS C 

The hepatitis C virus (HCV) belongs to the Flaviviridae family under the Hepacivirus 
genus. The virus is transmitted through contaminated blood or blood products and 
evolves into a chronic infection in 60-80% of those infected. With approximately 200 
million carriers worldwide, HCV is responsible for more than 50% of adult liver 
transplantations in the western world. As with most RNA viruses, the lack of 
proofreading polymerase causes the genome to exhibits high genetic diversity. 
Importantly, HCV seems to lack many of the constraints on variability that are seen for 
most of its close relatives, which do not display a great heterogeneity in nature. HCV 
variability is so great that numerous quasispecies appear within single infected 
individuals [3]. Current treatment for chronic infection is the combination of pegylated 
interferon alpha (PEG-IFN-α) with ribavirin (RBV). There are currently no protective 
or therapeutic vaccines against HCV. 
 
1.4 HEPATITIS D 

The hepatitis D virus (HDV) is classified as a satellite virus to HBV, meaning it 
requires co-infection with HBV for its replication. The explanation for this is that HDV 
lacks its own gene for an envelope protein and therefore use HBsAg from HBV. When 
discovered by Rizetto, the unknown antigen was initially believed to be a previously 
unrecognized hepatitis B-specific antigen and was classified as delta antigen [4]. It was 
later properly identified as a separate virus, hepatitis delta virus (HDV), and the disease 
it caused designated type D hepatitis. HDV has a circular single stranded RNA genome 
with the virus particle enveloped by the HBV HBsAg. Transmission route is through 
blood. Coinfection of HBV and HDV is usually an acute, self-limited infection while in 
contrast; HDV infection of an individual chronically infected with HBV 
(superinfection) causes a generally severe acute hepatitis and is usually associated with 
fulminant hepatitis. Chronic HDV infection is associated with the most severe and 
progressive form of chronic liver disease, often leading to cirrhosis. The 
epidemiological relevance of HDV has significantly diminished as result of the success 
of universal vaccination programs against hepatitis B in industrialized regions of the 
world. 
  
1.5 HEPATITIS E 

The hepatitis E virus (HEV) is a single stranded positive sense RNA virus and is the 
sole member of the genus hepevirus in the Hepeviridae family. It is transmitted by 
fecal-oral route and as with HAV causes self-limited acute hepatitis. There are no 
vaccines against HEV infection and interdiction is achieved by improved personal and 
public hygiene, especially access to clean water. It is still not clear whether animals 
serve as a significant reservoir of HEV for infection of humans, but rare hepatitis E 
cases in Japan has been documented, resulted from eating raw meat from an infected 
Sika deer [5]. 
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2 THE HEPATITIS B AND C VIRUS 
2.1 HISTORY 

  
Human hepatitis has since the beginning of recorded history been known as the 
inflammation of the liver, causing jaundice and fever.  The cause of hepatitis by a 
transmissible agent was recognized in the eighth century A.D., when the Pope proposed 
the isolation of patients with jaundice. It was not until an outbreak of jaundice in dock 
workers, documented by Dr. Lurman in 1885 Germany, when the transmission of 
hepatitis was determined to be a filterable agent prepared from “human lymph” 
administered to the dock workers by injection.  
 
Studies performed on human volunteers during WWII confirmed the viral cause of 
epidemic jaundice, or hepatitis A, and proved it different from serum jaundice, another 
form of hepatitis characterized by a longer incubation period. In 1942 a mass 
vaccination with a Yellow fever vaccine produced using human plasma resulted in 
50,000 cases of jaundice among US military [6]. MacCallum would later introduce the 
term hepatitis A and hepatitis B to categorize these diseases [7]. These terms were 
adopted by the World Health Organization (WHO) to replace the many other 
descriptions that had previously been used.  
 
The discovery of the Australia antigen (e.g. HBV surface antigen) by Blumberg [8] 
later allowed for screening of contaminated blood to detect hepatitis B virus (HBV), 
and the development of a protective vaccine against HBV. Studies on the Australia 
antigen also led to the discovery of the Dane particle (e.g. HBV virion) in 1970 [9]. 
Treating the Dane particle with detergent revealed the viral nucleocapsid containing the 
viral DNA genome as well as an endogenous DNA polymerase [10, 11]. Research on 
the viral DNA polymerase led to the discovery of several HBV-like viruses, including 
the woodchuck hepatitis virus (WHV) [12-14], duck hepatitis B virus (DHBV) [15] and 
ground squirrel hepatitis virus (GSHV) [16]. These HBV-like viruses share remarkable 
similarities in genome organization and replication strategy with human HBV. The 
hepatitis B viruses can therefore be divided into two genera, for which (human) HBV is 
the prototype. This family contains two genera, the orthohepadnaviruses, infecting 
mammals, and the avihepadnaviruses, infecting birds, with both genera belonging to 
the Hepadnaviridae family. 
 
With blood banks routinely screening for HBV, the presence of a second form of serum 
hepatitis was evident. It was classified as nonA-nonB (NANB) hepatitis. Research was 
hampered by the lack of cell culture model and an inability to transfer the infection to 
any species other than the chimpanzee. The virus susceptibility to lipid solvents and 
still being infectious after passage through 50 to 80 nm filters suggested a small 
enveloped virus [17]. The development of sensitive and powerful molecular biology 
techniques allowed cloning and characterization of the viral genome as a single-
stranded positive-sense RNA molecule in 1988. The cause of NANB hepatitis was 
termed the hepatitis C virus (HCV), a virus belonging to the Flaviviridae family under 
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the new Hepacivirus genus [18-20]. Other Hepaciviruses are the GB viruses A, B and C 
[21-23].  
 
 
2.2 EPIDEMIOLOGY 

2.2.1 Hepatitis B 

Hepatitis B is a global disease that causes between 500�000 and 1-2 million deaths per 
year worldwide [24], and is a leading cause of liver cancer. It is estimated that two 
billion people have been infected with the hepatitis B virus (HBV), and of these 350 
million have chronic (long-term) liver infections. A chronic infection increases the risk 
of death from liver cirrhosis and liver cancer. The world can be divided into three 
distinct patterns based upon carrier rate and prevalence of HBV markers– high, 
intermediate and low. HBV prevalence is the highest in East and South/East Asia and 
Africa, where up to 20% of the population can be chronically infected with HBV [25]. 
Since the start of vaccinations in the 1980s of newborns and high-risk populations, 
together with the screening of blood donors, the reported cases of HBV have declined 
tremendously [26]. HBV is currently divided into eight genotypes, A through H, and 
the genotypes are classified as having >8% divergence in the full nucleotide sequence. 
Genotype A is found in western and northern Europe as well as in Africa (Figure 2.2.1).  
 
 

     High: over 8% prevalence        Medium: between 2 to 7%       Low:  less than 2% 
 
Figure 2.2.1. Geographic distribution of Hepatitis B prevalence, 2005, with different 
viral strains. Source WHO Guide Hepatitis B2006, adapted with permission from WHO. 
 
2.2.2 Hepatitis C 

The hepatitis C (HCV) is mainly transmitted through blood-to-blood contact and has a 
global distribution with an estimated 200 million persons (3% of the world population) 
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being infected with the virus (Figure 2.2.2.). Approximately 60-80% of these are 
chronic infections. The highest prevalence has been reported in Egypt (14,5%) [27]. 
Nosocomial transmission has a major route of infection in the Western world but has 
decreased significantly with the development of diagnostic tests. This still remains a 
major route of infection in regions of the world where the blood supply is not tested 
and/or where medical procedures may still be unsafe. In developed countries, the major 
cause has therefore been associated with intravenous drug use through the sharing of 
contaminated tools. Other modes of transmission like vertical (mother-child) or sexual 
are possible but not as frequent, with less than 5% of long-term sexual partners being 
infected [28].  
 
The HCV is currently categorized into six main genotypes and numerous subtypes (a, 
b, c etc.) named after order of discovery [29-31]. The different genotypes are spread 
through the world but only genotypes 1 and 3 are globally distributed [32]. The most 
common genotype is type 1, which accounts for approximately 50% of all infections. 
Determining the incidence of HCV infection (i.e., the rate of newly acquired infections) 
is difficult because most acute infections are asymptomatic and chronic liver disease 
may develop many years after infection, so the past incidence is a major determinant of 
the future burden of HCV-associated complications [33].  
 

 
Figure 2.2.2. Geographic distribution of Hepatitis C prevalence, 1999.  
Source: WHO Guide Hepatitis C 2002, adapted with permission from WHO. 
 



 

 6 

2.3 CLINICAL FEATURES 

2.3.1 Hepatitis B 

HBV is transmitted through contact with infectious blood or body fluids. The most 
likely cause for the high global prevalence is sexual transmission. In Asian countries, 
vertical transmission from mother-to-child during childbirth is the most common form 
causing chronic infections [34, 35]. In western Europe, the main modes of transmission 
are contaminated blood products and re-use of needles from intravenous drug abuse, 
but sexual transmission represents 40% of the new cases of acute hepatitis B [36]. 
Healthy adults will most likely clear an infection with only 5% developing chronic 
infection. In contrast, >90% of children infected at an age of less than 1 year are 
generally unable to resolve the infection. Around 30-60% of children infected between 
one and five years of age develop chronic infection [37, 38]. Neonatal infections are the 
greatest cause of new chronic HBV infections worldwide, especially in developing 
countries with a high chronic incidence and where the mothers have a high viral load. 
In countries like Italy and Taiwan, universal HBV vaccination and routine screening of 
pregnant women have significantly reduced the incidence of HBV infection, as well as 
the prevalence of chronic HBsAg carriers and the incidence of HCC [39-41]. Acute 
hepatitis has a 1-6 months of incubation period, possibly corresponding to the spread 
into the liver. The infection is then resolved by the immune system and clinical 
symptoms appear at the time of the liver being cleared of infection. Symptoms are loss 
of appetite, nausea, vomiting, fatigue, and abdominal pain. With clearance of infected 
hepatocytes, serum alanine aminotransferese (ALT) levels may be elevated 100 times 
and patients may also present with jaundice. Key diagnostic markers for acute hepatitis 
are presence of HBsAg/HBeAg and IgM antibodies against HBcAg in blood [42] 
(Figure 2.3.1). Acute hepatitis is self-limiting and characterized by the clearance of 
HBsAg and HBeAg together with the presence of antibodies to HBsAg (anti-HBs) and 
HBeAg (anti-HBe) and expansion of HBV-specific T cells. Although patients who 
recover from acute and chronic infections (clearance of HBsAg) they have not 
completely eradicated the virus. The presence of HBV and low-level viral replication 
(covalently closed circular DNA, cccDNA) in the liver may be life long even after 
HBsAg clearance [43, 44]. Chronic infection is diagnosed when HBV infection is not 
resolved within 6 months and most chronically infected remain asymptomatic for many 
years. During chronic infections, the persistent injury due to T cell-mediated 
inflammation and killing of hepatocytes leads to build up of fibrous tissue that can 
evolve to cirrhosis if not controlled by antiviral therapies [45, 46]. Moreover, an 
ongoing HBV replication together with elevation of ALT levels constitutes a significant 
risk of disease progression toward hepatocellular carcinoma (HCC) [47-49].  
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Figure 2.3.1. Hepatitis B viral antigens and antibodies detectable in the blood of a 
chronically infected person. 
 
 
2.3.2 Hepatitis C 

Studies on infected patients indicate that the incubation period for HCV ranges from 2-
26 weeks [50]. Although most acute cases are asymptomatic, some present with acute 
viral hepatitis and symptoms like malaise, nausea, and right upper quadrant pain, 
followed by dark urine and jaundice. These symptoms make it impossible to distinguish 
from acute HAV or HBV hepatitis and modern diagnostic methods are required for an 
accurate diagnosis including immunoassays for anti-HCV and detection of HCV RNA. 
 
HCV causes a persistent infection in about 60-80% of infected patients [50-52]. 
Persons with a chronic infection have a continuing viremia and have antibodies present 
against multiple HCV proteins. The danger with chronic HCV infection is an elevated 
risk of severe liver disease, including steatosis, progressive fibrosis, cirrhosis, and 
HCC. Chronic HCV infection is considered persistent if HCV RNA is present for at 
least six months [53]. Histological studies of the liver biopsies from asymptomatic 
chronic infected patients show a range of normal liver histology to active hepatitis and 
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fibrosis [53, 54]. The lack of liver damage in every patient suggest that the virus is not 
directly cytopathic for hepatocytes and much of the liver disease is more likely caused 
by immune responses to the chronic infection. The extent of liver damage caused by 
HCV is highly variable and may be associated with several other factors (gender, age, 
alcohol consumption, immune suppression, and other infections). The progression of 
liver inflammation and fibrosis is characterized by infiltration of lymphocytic cells and 
in more aggressive cases by necrosis of hepatocytes. But the relationship between 
virus-specific cellular immunity and liver damage in chronic hepatitis C is not fully 
understood.  
 
A persistent liver inflammation will lead to fibrosis, the formation or development of 
excess fibrous connective tissue in the liver. Steatosis is a condition that often 
accompanies chronic HCV infections of the liver and has been associated with HCV 
genotype 3 [55, 56]. The core protein appears to play an important part in steatosis and 
since it has been observed in older transgenic C57BL/6 mice expressing the HCV core 
protein [57]. Continued replacement of damaged tissue resulting from fibrosis and 
steatosis will lead to loss of liver function – cirrhosis. HCC or liver cancer is strongly 
linked to HCV infections and cirrhosis [58]. However, the progression of HCV 
infection to cancer remains unclear. 
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2.4 VIRAL STRUCTURE AND GENOME 

2.4.1 Hepatitis B 

The HBV viron (Dane particle) is an enveloped nucleocapsid approximately 42 nm in 
outer diameter. The nucleocapsid is covered with a lipid membrane containing three 
forms of the viral envelope protein (HBsAg), large (L), middle (M), and small (S). The 
nucleocapsid of the virus is assembled by dimers of the core protein (HBcAg). The 
nucleocapsid contains a single copy of the partially double-stranded DNA genome 
(Figure 2.4.1-1). 
 
The small 3.2 kb genome consists of a partial double-stranded DNA (complete minus 
strand and incomplete plus strand) harbouring four overlapping open reading frames 
(ORF) that encodes in the same direction. The ORFs are all controlled by four 
independent promoters and a single common polyadenylation signal [59]. The single-
stranded gap in the plus strand is filled in by the viral reverse transcriptase (RT), which 
is covalently attached to the 5’ end of minus-strand DNA. The transcription leads to the 
production of four overlapping viral RNAs. The P-ORF encodes the reverse 
transcriptase and the X-ORF the X protein. The C-ORF encodes for the capsid protein 
(HBcAg), and the e antigen (HBeAg) initiated by an upstream start codon. The S-ORF 
encodes for the three envelope proteins: HBsAg Small, by the S region, Middle coded 
by the Pre-S2 + S region and Large coded by Pre-S1 + Pre-S2 and S region. Such an 
organisation has similarities with retroviruses. The HBV genome exhibit high genetic 
stability evident when comparing the genomic sequence between other members of 
hepadnaviridae like the woodchuck hepatitis B virus, ground squirrel hepatitis B virus 
and the (peking) duck hepatitis virus [60]. 
 
 

 
Figure 2.4.1-1. A) HBV genome structure and B) the Dane particle 
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The hepatitis B core antigen (HBcAg) 
The C-ORF encodes for two proteins, the e antigen (HBeAg) and the core antigen 
(HBcAg). Translation from the first start codon results in a precursor polypeptide with 
a N-terminal signal sequence to direct the precore polypeptide to the secretory pathway. 
N- and C-terminal processing results in the secreted 16 kDa HBeAg composed of 10 
precore amino acids (aa) and aa 1-149 of the core protein [61, 62]. The function of 
HBeAg is unknown, but is has been proposed to be involved in inducing and 
maintaining T cell tolerance to HBeAg and HBcAg [63]. 
 
The HBcAg is a 21 kDa protein (183 aa) serving as the building block of the viral 
capsid, with 180 or 240 identical subunits (T=3 or T=4). The core protein consists of a 
capsid assembly domain (aa 1-149) and a C-terminal protamine-like RNA binding 
domain (aa 150-183) [64] (Figure 2.4.1-2). The C-terminal is often truncated at aa 149 
for higher levels of bacterial expression with no obvious change to secondary structure 
or particle morphology [65, 66]. Expressed core protein is retained in the cytoplasm 
where is self-assembles into the nucleocapsid. Cryoelectron microscopy and x-ray 
crystallography helped reveal the structure of nucleocapsids produced in Escherichia 
coli [67-69]. The capsid monomer of core is stabilized by a hydrophobic core, which is 
highly conserved among human viral variants and will form dimer subunits forming the 
protruding spikes from the underlying shell domain [68]. 

 
Figure 2.4.1-2. Structure of the HBV capsid monomer derived from the truncated 
HBcAg aa 1-149. Reprinted from Molecular Cell, Vol 3, Wynne SA et al, The Crystal Structure of the Human 

Hepatitis B Virus Capsid, Pages No. 771–780, Copyright (1999, with permission from Elsevier 
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2.4.2 Hepatitis C 

The hepatitis C virus (HCV) is the prototype member of the Hepacivirus genus of the 
Flaviviridae family. It is a small enveloped positively stranded RNA virus about 50-65 
nm in size [70, 71]. The viral genome is approximately 9.6 kb that contains a single 
large open reading frame (ORF) to encode a polypeptide precursor (~ 3000 aa), post-
translationally cleaved into four structural and six non-structural proteins [72] [73] 
(Figure 2.4.2-1). The ORF is flanked by the 5’ and 3’ non-translated regions (5’ NTR 
and 3’NTR), being the structural RNA elements together with a downstream portion of 
core coding sequence forming the internal ribosomal entre sites (IRES) [74-76]. The 
structural proteins consist of core (c), envelope (E) 1, E2 and p7. The non-structural 
(NS) proteins are NS2, NS3, NS4A, NS4B, NS5A and NS5B [77, 78].  
 
 

 
Figure 2.4.2-1. Schematic illustration of HCV genome and polyprotein post 
processing. 
 
 
The amino terminal segment of the polyprotein is cleaved by host signal peptidases to 
yield the structural proteins with core forming the nucleocapsid of the virus and being 
highly conserved between HCV strains compared to other HCV proteins [79]. The core 
protein is also associated with lipid droplets during viral replication [80-82] and is 
involved in the maturation of viral particles and in pathogenesis of the viral infection 
[83]. The E1/E2 proteins form the envelope proteins used for cell receptor binding and 
cell fusion during viral entry [84-86]. The most variable regions are found within the 
E2 protein, also referred as the hyper variable regions (HVRs) 1 and 2. There is debate 
on whether to classify the p7 as a structural or non-structural protein, but studies show 
p7 being potentially an ion channel and has more importantly needed for production of 
infectious virions in vitro [87, 88]. The junction between NS2 and NS3 is cleaved by a 
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cis-acting protease activity contained within the carboxy terminal segment of NS2 and 
amino terminal segment of NS3 [89].The cis-acting NS2/NS3 protease activity is 
poorly understood but as NS3 plays critical roles in subsequent processing of the 
nonstructural precursor polyprotein and in viral RNA replication, processing at the 
NS2/NS3 junction may have important regulatory properties. The NS3 is a 
multifunctional protein with serine protease activity residing within its NH2-terminal 
180 residues that is responsible for processing at the NS3/NS4A, NS4A/N4B, 
NS4B/N5A, and NS5A/N5B junctions [90]. NS3 protease activity has a chemotrypsin-
like fold metal ion distal to the active site [91]. The COOH-terminal 442 aa domain of 
NS3 contains NTPase and helicase activities that are essential for replication [92, 93]. 
The NS3 helicase efficiently unwinds duplex RNAs possessing a 3’ overhang. 
Although it is essential, the exact role of the helicase in viral replication remains 
uncertain. It is also not known why the protease and helicase activities are so intimately 
physically linked with each other but it is suggested to contribute to the genetic stability 
of the protein. NS4A is an essential cofactor for full expression of NS3 protease 
activity, and intercalates into the amino terminal sequences of NS3 to anchor the NS3 
protein to the ER membrane, since NS3 lacks a transmembrane domain [91, 94]. Not 
much is known about the function of NS4B, but is thought to be involved in the 
formation of a structured compartment, the membranous web, for RNA replication [95-
97]. NS5A is a multifunctional protein that is an essential component of the replicase 
complex [98]. Efficient replication of HCV RNA replicons in cultured cells typically 
requires “cell culture adaptive” mutations within NS5A [99, 100]. In addition to its role 
in replication, NS5A has important interactions with multiple antiviral signalling 
pathways. NS5B is a membrane-bound RNA-dependent RNA polymerase (RdRp) and 
serves as the catalytic component of the HCV replication. The NS5B has the typical 
palm, finger, and thumb subdomain structure of other polymerases [101, 102] (Figure 
2.4.2-2). There is also the recently discovered ARFP (alternative reading frame 
protein), a small protein encoded by ribosomal frame shift in the core-coding region. 
Although being expressed during normal HCV infection, the functions of ARFP is 
unknown but is suggested as an important RNA element, since ARFP defective clones 
have low viremia in chimpanzee [103, 104]).  
 
 

Figure 2.4.2-2. ER membrane association of HCV proteins.  
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2.5 VIRAL LIFECYCLE 

2.5.1 Hepatitis B 

The mechanism by which the HBV infects hepatocytes is still unknown but 
involvement of the large S protein and endocytosis has been suggested [37, 105, 106]. 
The lack of an infectious cell line for cultivating HBV has limited studies to the use of 
primary hepatocytes cultures (PHC) that only allows infection during the first few days 
removed from liver tissue [107, 108]. The virus is uncoated after entry and the naked 
DNA is transported into the nucleus via nuclear localisation signal (NLS) where the 
pre-genome is converted to covalently closed circular DNA (cccDNA) by nuclear DNA 
repair enzymes. The cccDNA serves as the template for messenger RNA (mRNA) and 
RNA pre-genomes that are packed into newly produced nucleocapsids. Inside the new 
particles the viral reverse transcriptase produce minus strand DNA resulting in a new 
double-stranded relaxed circular DNA genome [109, 110]. New virions are secreted out 
of the hepatocytes through the Golgi transport system. HBV-infected hepatocytes 
release spherical and filamentous subviral lipoprotein particles in a vast excess over 
virions. It is believed that initial HBV replication is not very efficient directly after an 
infection [111]. The high amount of virions released during an established infection 
means that sometimes 100% of the hepatocytes can be infected in vivo [112, 113] 
 
2.5.2 Hepatitis C 

The exact mechanisms of the hepatitis C viral lifecycle is not fully known, since we 
until recently lacked an efficient infectious cell culture model. The known details have 
been worked out using predominantly molecular studies of recombinant expressed 
HCV proteins and by comparing with other members of Flaviviridae and positive 
stranded RNA viruses (Figure 2.5.2). 
 
Viral entry is mediated by the envelope proteins E1/E2, binding to at least four 
identified receptors on the host cell membrane. Many molecules have been suggested 
as the receptor for HCV entry, and CD81 was the first co-receptor to be identified and 
proven significant in HCV cell culture (HCVcc) virus infection [114, 115]. Other 
proposals are the low-density lipoprotein receptor (LDLr), lectins L-Sign and DC-Sign, 
glycosaminoglycans [83, 116-118] and more recently the now widely accepted 
receptors scavenger receptor B1 (SR-B1), Claudin-1 and Occludin [119]. Once 
attached to the cell surface, the virion enters via clathrin-mediated endocytosis [120] 
and the lowered pH inside the endocyte is believed to mediate the release of capsid into 
the cytoplasm [120-122]. As the HCV genome is plus stranded RNA, it can 
immediately be read as mRNA in the cytosol. Translation of the genomic RNA is 
dependent on the IRES located within the 5’ NTR and produces one continuous 
polyprotein that is both co- and post-translationally cleaved by host and viral encoded 
proteases into at least 10 viral proteins. Host proteases are responsible for cleaving the 
structural proteins, the NS2/3 auto-protease cleaves the NS2/3 site and the NS3/4A 
cleaves all the downstream junctions from NS3 to NS5B [83]. Lipid droplets (LDs) 
have been suggested to be important for viral replication since LDs associates with core 
protein, which recruits the non-structural proteins and the replication complex together  
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Figure 2.5.2. HCV life cycle. After entry into the cell and uncoating, the HCV genome 
functions in three main roles: translation, replication and packaging into nascent 
virions 
 
with the LDs-ER-associated membranes [81]. Studies with subgenomic replicons have 
shown that only NS3 to NS5 are required to maintain the replication of viral RNA in 
cells 
[123]. The polymerase RdRp is regulated by interaction with the other components of 
the replicon complex, especially the NS3 helicase, which seems to promote negative 
strand 3’ NTR of the viral RNA to produce positive stranded RNA [124]. The NS3/4A 
helicase/NTPase unwind and strand separates the double stranded replication 
intermediate for RNA synthesis [125, 126]. The manner of capsid assembly and viral 
release is also as unclear as the viral entry. How the newly synthesized RNA reaches 
the core protein to be assembled into nucleocapsid, and how the nucleocapsid reaches 
the appropriate membranes with envelope protein remains to be seen. Newly assembled 
viral particles are thought to be released through the golgi complex via the secretory 
pathways [83, 127]. 
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2.6 IMMUNE RESPONSES 

 
2.6.1 Innate immune response 

Innate immunity or non-specific immunity is the first defence against a viral infection 
[128, 129]. The pathogen needs to pass the physical barrier of skin or mucous 
membrane to reach the blood and into the liver, which is the largest blood reservoir in 
the body. Innate immune responses in the liver is comprised by Toll-like receptors 
(TLRs), natural killer T cells (NKT), natural killer cells (NK) and specialized 
macrophages named Kupffer cells. The NKT and NK cells are activated in the liver, 
where rapid expression of IFN-α and IFN-inducible genes are extremely high during 
the early phase of hepatitis virus infection [130] (Figure 2.6.1).  
 
The host response is triggered when a pathogen-associated molecular pattern (PAMP) 
presented by the infecting virus. TLRs are a class of proteins that play a key role in the 
innate immune system. The TLRs recognize and bind PAMPs [131, 132]. TLRs are 
expressed both intra- and extracellular on immune cells and non-immune cells. TLR-1, 
2, 4, 5 and 6 are expressed on the cell surface and recognize mainly bacterial products. 
TLR-3, 7, 8 and 9 are intracellular expressed for detecting virus infections and are very 
sensitive for dsRNA, ssRNA and CpG-DNA motifs in viral DNA [133, 134]. TLR-3 
agonists will induce an IFN-α/β response through the “TRIF - IRF-3 - NF-κB” 
pathway for exogenous dsRNA while endogenous dsRNA activate an independent 
pathway through the retinoic-acid-inducible gene I (RIG), which starts the “RIG-I - 
Cardif - IRF-3 - NF-κB” pathway to induce IFN production [135-137]. 
 
Interferons (IFNs) belong to the large class of cytokines secreted by specific cells of the 
immune system [138, 139]. The IFNs share several common effects; they are antiviral 
agents, immunostimulatory agents and can fight tumors. They function as warning for 
neighbouring cells during viral infection, and upregulate major histocompatibility 
complex molecules, MHC I and MHC II, thereby increasing the recognition and killing 
of infected cells by T cells. Lastly, IFNs activate macrophages and NK cells. IFNs are 
divided into two classes: type I (IFN-α, IFN-β) and type II (IFN-γ) [140]. Most cells 
are able to produce type I but type II IFN-γ is limited to antigen presenting cells 
(APCs), NK, CTL and Th1 cells. The receptor for IFN on the cell surface trigger the 
IFN signalling pathway (JAK-STAT ) upon activation and induce expression of many 
interferon stimulating genes (ISGs) [141] to start the cellular antiviral response [142].  
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Figure 2.6.1. A simplified illustration of the innate immune response for TLR3 and IFN 
receptor activation. Crosses indicates paths where a HCV protein interferes/cleaves to 
block the cellular antiviral response. 
 
 
2.6.2 Adaptive immune response 

The adaptive immune response is mediated by CD4+ T helper cells (Th), CD8+ 
cytotoxic cells (Tc) and B cells. Infectious agents are processed by antigen presenting 
cells (APCs) and presents the infectious antigen via contact to an existing pool of T and 
B cells. Cells recognizing the presented antigen will then clonally expand and improve 
the immune response (Figure 2.6.2). 
 
During a viral infection, the host cell produces viral proteins that are processed the 
same way as an endogenous protein. Viral proteins are randomly tagged for 
proteasomal degradation into short eight- to ten-mer peptides. Peptides are transported 
through the rough endoplasmatic reticulum (RER) with the transporter associated with 
antigen processing (TAP) to be loaded on the major histacompability complex (MHC) 
class I molecule and transported to the cell surface for interaction with CD8+ T cells. In 
humans, the MCH complex is called the human leukocyte antigen (HLA) [143]. 
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Bacterial proteins, necrotic cells and debris are engulfed by APCs, processed into 
polypeptides and presented through the exogenous pathway, as 13-18 mer long 
peptides to the MHC class II molecule in a endocytic vesicle where it replaces the 
bound CLIP (invariant chain residue). The peptide loaded MHC II molecule is 
transported to the cellular membrane for presentation to CD4+ T cells. The CD4+ T 
cells plays a vital role in activating antigen specific B cells, macrophages and 
producing cytokines to activate cytotoxic CD8+ cells [144] Activation of CD4+ T cells 
differentiates the T cells into a Th1 or Th2 phenotype [145], with separate cytokine 
secretion profiles. The Th1 response favours a cellular immune response by activating 
CD8+ and NK cells, needed for clearing a viral infection. Th2 differentiation activates 
the production of cytokines stimulating the humoral response (IL-4, IL-5, IL-6, IL-10), 
with B cell activation and antibody production [144].  
 
 

Figure 2.6.2. The antigen presentation pathway in MHC class I and class II. 
  
 
The specific killing of a virus infected cell is mediated by the cytotoxic CD8+ T cell, 
through the recognition of a viral peptide on MHC I, presented through the endogenous 
pathway of the host cell. The CD8+ T cell induce apoptosis [146] in infected cells 
through the release of perforin to induce caspase cascade into apoptosis or expressing 
Fas ligand (Fas-L) to interact with the Fas receptor on host cell to activate Fas death 
domains to induce apoptosis [147, 148]. Cross presentation is a direct interaction 
between the CD8+ T cell and a macrophage/dendritic cell presenting via the MHC I 
pathway an exogenous antigen from processed cell debris or apoptotic bodies [149]. 
The CD8+ T cells also secrete INF-γ and TNF-α to suppress viral replication [150]. 
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2.6.3 Viral immune response 

The innate immune response is the first line of defence, with the adaptive immune 
response following up with priming and expansion of CD4+, CD8+ T cells and B cells. 
As with any evolutionary pressure, virus infecting the liver has developed strategies in 
evading the host specific immune response. 
 
2.6.3.1 HBV immune response  
Following a HBV infection, there is a lack of innate immune response, with the typical 
early production of IFN-α/IFN-β [151, 152]. A reason for this could be that early HBV 
replication in hepatocytes is not very efficient, as evidenced by that HBV DNA and 
HBV antigens are not detectable in serum or liver until four to seven weeks post 
infection [111]. This suggests that very few hepatocytes are initially infected or that the 
liver is not the primary organ to be infected [153]. Contributing factors to this 
avoidance of innate immune response is that the, viral transcriptional template remains 
in the nucleus, the viral mRNA are similar to cellular transcripts (capped and 
polyadenylated) and finally that HBV replication takes place inside the viral 
nucleocapsid and not freely in the cytoplasm to induce a response [154]. NK cells are 
believed to be responsible for early control of HBV infection and studies in 
chimpanzees show that a strong IFN-γ and TNF-α/β production, that activates NK 
cells, correlates with a rapid decrease in HBV replication [112], but more studies are 
needed to evaluate the NK/NKT cells role in controlling the initial outcome of HBV 
infection. 
 
The HBV core protein is a 21 kDa polypeptide, with the inherent ability to 
spontaneously assemble into a particulate structure [67-69]. The HBcAg particle is 
extremely immunogenic in all vertebrate hosts and function both as a T cell dependent 
and T cell independent antigen in mice [155]. Only nanogram amounts without 
adjuvant elicit potent antibody responses in immunized mice. Of all the HBV proteins, 
the HBcAg elicits the strongest B, Th and CTL responses in humans [156]. Studies 
have shown that the immunodominant region for B cells is localized around aa 75-83 of 
HBcAg [156, 157].  The immunogenic properties of the HBcAg particle are attributed 
to the capsid structure. The particle may be optimal for simultaneously binding and 
cross-linking of the B cell antigen receptors (BCRs) resulting in a downstream 
signalling cascade leading to B cell activation [158] and it has also has been shown that 
HBcAg cross-links a high frequency of resting murine B cells [159].  
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2.6.3.2 HCV immune response 
With the high replication rate of HCV, only a small amount of infectious particles are 
needed to establish an infection in the liver. The outcome of HCV infection is 
determined within six months of exposure to the virus. Acute infection is often 
unrecognized because symptoms are usually mild or absent, which if not controlled will 
persist and become a chronic infection. 
 
As the HCV virus very quickly starts replicating large amounts of virions, the innate 
immune response is in turn quick to respond with NK, NKT cell and the production of 
antiviral cytokines. This initial response together with a successful activation and 
expansion of antiviral CD4+ (helper) and CD8+ (cytotoxic) T cells is associated with 
control of acute primary viral replication. Detectable levels of virus specific antibodies 
can be found in sera approximately seven to eight weeks after infection. Whether virus 
specific antibodies neutralize HCV infectivity is still not fully understood. There is a 
need to do further research on this subject since HCV infectivity for chimpanzees has 
been neutralized by in vitro treatment with antibodies [160] but they do not prevent 
against reinfection of immune chimpanzees or humans [161]. 
 
Since acute hepatitis is often asymptomatic, viremia, or presence of HCV RNA 
genomes in the bloodstream, is therefore used as a surrogate for intrahepatic HCV 
replication and disease progression. Compared to a HBV infection where viral DNA is 
not detected until four weeks after infection [112, 152], HCV RNA appears in plasma 
in a matter of days regardless of outcome [162-164]. A pattern of poorly controlled 
viremia predicts persistence, symptoms of a poor HCV specific CD4+ and CD8+ T cell 
response [165-167]. Several reasons have been suggested to cause an impaired adaptive 
immune response and failure to clear infection. They include T cell failure, exhaustion, 
dysfunction, viral escape mutations and many other factors. It has been observed that a 
weak HCV specific CD4+ and CD8+ T cells responses in acute phase develop chronic 
infections [168-170].  The reason for a dysfunctional T cell response can be clonal 
deletion, failure to recognize HCV epitopes or over-activation leading to exhaustion is 
still unclear. The role of regulating T cells (Tregs) in a suppressive role in the liver 
during infection cannot be overlooked [171-173] or the inhibitory receptor, 
programmed death 1 (PD1) in the possibility to turn the CD8+ T cells to exhaustion 
[174, 175].  
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2.6.4 Viral evasion strategies 

2.6.4.1 HBV 
The difference in the adaptive immune response between persistent HBV infection and 
those that resolve infection is thought to be dependent on the initial response. 
Successful activation of NK response will result in recruitment and activation of CD4+ 
and CD8+ T cells specific against HBV. The activated HBV specific CD4+ cells 
secrete cytokines that is needed for CD8+ T cell proliferation and expansion to function 
as cytotoxic T lymphocytes (CTLs). It is the antiviral CTLs that seems to play the 
major role in control of HBV infection through the ability to identify and kill virus 
infected cells via Fas induced apoptosis or inhibit viral replication through production 
of effector molecules like perforin or TNF-β. [176-182] 
 
How exactly the HBV persistence is achieved is still not understood. HBV specific 
immunosuppression and several other factors must be involved for the establishment of 
a chronic infection and several studies show that CD4+ and CD8+ T cells are greatly 
impaired [180, 183-185]. Immune evasion can be achieved through insufficient priming 
of CD8+ T cells or exhaustion of effector cells and it is suggested that the inhibitory 
receptor programmed death (PD-1) is involved to put the CD8+ T cells in an exhausted 
state [186, 187]. A previous study using Lymphocytic choriomengitis virus (LCMV) 
shows that expression of PD-1 would predict CD8+ T cell exhaustion. By blocking the 
interaction between PD-1 and its ligand PD-L1 in vitro led to an enhanced CD8+ 
proliferation, further confirming the role of PD-1 in T cell exhaustion [179, 180, 183-
185] 
 
As a target for CTLs, the HBcAg and HBeAg proteins represent important epitopes for 
immune recognition of HBV. However the complete role of secreted HBeAg is still 
unclear. It has been shown in mice that HBeAg can cross the placenta during pregnancy 
and induce HBV specific immune tolerance in the fetus [63] and since in humans, 90% 
of all neonatals born to HBV infected mothers develop a persistent infection, it is 
hypothesized that secreted HBeAg could function as a T cell tolerogen in utero [63] 
HBcAg transgenic mice shows similar tolerance, suggesting that a leakage of HBcAg 
from the liver is sufficient to establish T cell tolerance in these mice [188]. B cell 
tolerance through clonal deletion is still unresolved and debated [63, 188].  
 
 
2.6.4.2 HCV 
The ways in which HCV subverts adaptive immunity to establish and maintain a 
persistent infection is poorly understood. But it is clear that interference with the innate 
immune system, including interferon signaling pathways and DC or NK cell function, 
could explain weak or undetectable adaptive cellular immunity in HCV-infected 
subjects. 
All positive-strand RNA viruses possess an error-prone RNA replicase (RdRp), and 
HCV exhibits a genetic diversity that is extremely high even for an RNA virus. It has 
an estimated evolution rate of 10–3 per nucleotide per generation), and a replication rate 
of ~1012 virions per day in humans [189]. This diversity generates an explosive 
expansion of the virus after infection and numerous quasispecies in each infected 
individual as an efficient strategy for evading the immune system [190-192].  
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Since there has only been recent development in infectious cell culture models 
supporting a full HCV replication cycle, the mapping of neutralization epitopes in E2 is 
incomplete, making the study of antibody-mediated neutralization very difficult. 
Moreover, selection pressures acting outside of HVR-1 are probably the predominant 
force in evolution of the HCV quasispecies [193, 194]. 
 
Viral genes or functions involved in resistance to host defensive mechanisms have been 
identified in a number of flaviviruses [195-198]. All are nonstructural protein genes 
(NS2A, NS4A, NS4B, and/or NS5), and the mode of action is inhibition of interferon 
(IFN) α/β promoter-driven transcription involving JAK-STAT signaling pathway. The 
HCV NS3/4A has the ability to block RIG-I activation and INF-production through the 
cleavage of Cardif, a vital intermediary step in the IFN signaling cascade (figure 2.6.1) 
[199-202]. The NS3/4A also cleavages TRIF and disrupts the TLR-3 mediated 
activation through the IRF-3 IFN pathway [203]. The generation of transgenic mice 
with stable expression of NS3/4A in liver shows that NS3/4A confer a protection to a 
lethal dose of TNF-α, an observation that may represent a new evasion strategy for the 
establishment of chronic infection in the liver [204]. 
 
 
2.7 TREATMENT 

The hepatitis B and C virus are viruses that establish persistent infections. Worldwide 
there are 350 million people with chronic HBV infection and an estimated 200 million 
are chronically infected with HCV. Development of new therapies are therefore of an 
utmost importance, but the lack of simple infectious models have hampered the 
development of new antiviral drugs and vaccines. 
 
2.7.1 HBV treatment 

Treatment of chronic HBV infection (CHB) can be divided into two approaches. The 
first is pegylated interferon (PEG-IFN) therapy, which is antiviral and stimulates the 
immune system and the second is nucleoside or nucleotide analogs (NAs) that inhibits 
HBV replication by blocking reverse transcriptase. The NAs can be further categorized 
according to degree of potency and threshold of developing resistance. Lamivudine, 
adefovir and telbivudine have low potency and are likely to cause resistance whereas 
the newer agents entecavir and tenefovir are highly potent and show a high genetic 
barrier [205]. By contrast, immune-based therapies such as PEG-IFN have both 
antiviral and immune-modulating activity.  
 
The effect of therapy is measured by decrease in levels of HBV DNA, ALT and 
HBeAg. Individuals that are HBeAg positive have a 20% seroconversion rate after 1 
year of treatment (anti-HBe being a marker for sustained effect) while for HBeAg 
negative patients, long-term (possibly indefinite) therapy is required. Prolonged therapy 
with NAs increases the risk of antiviral resistance, resulting in virological rebound, 
biochemical flares, and histological progression of liver disease [46] 
 
PEG-IFN therapy does not seem to select for mutational resistance like NAs. 
Additionally, PEG-IFN also achieves higher HBeAg seroconversion rates than NAs 
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and has a shorter treatment time of six to 12 months. Although PEG-IFN is effective in 
suppressing viral infection, there are severe side associated with this treatment. They 
include influenza-like syndrome, fatigue, depression and immunosuppression. PEG-
IFN supplanted the older version of IFN-α, since addition of polyethylene glycol (PEG) 
polymer chains prolongs absorption and reduces the injections to once a week instead 
of daily injections. Best results are achieved when combining PEG-IFN with 
lamivudine [206]. 
 
 
2.7.2 HCV treatment 

The hepatitis C virus induces chronic infection in 60-80% of infected persons. 
Approximately 50% of these do not respond to therapy, depending on the infecting 
HCV genotype (gt) [207] and those who clear does not relapse even after strong 
immunosuppressive therapy, indicating that the virus is completely eradicated. [208] 
Since HCV is an RNA virus, it cannot integrate into host genome and has to keep 
replicating to persist in the liver. Therefore HCV RNA levels in sera (IU/ml) are an 
accurate measurement of infection. The current standard therapy of chronic hepatitis C 
is the combination of pegylated (PEG)-IFN-α-2a or -2b subcutaneously once a week, 
along with twice-daily oral administration of ribavirin [209]. Ribavirin with PEG-IFN 
is essential since ribavirin monotherapy does not lower HCV RNA in blood [210, 211]. 
HCV gt 1 and 4 has the lowest response rate to the combination therapy with up to 40-
50% cure rate, while gt 2 och 3 has a cure rate of up to 85%. [209].  
Ribavirin is a broad-spectrum antiviral agent, administered as a prodrug and is 
metabolized in the liver into a nucleoside analogue, but its mechanism of action 
remains unknown. 
 
As mentioned earlier, IFN therapy has several severe side effects and ribavirin adds to 
the problem with the additional side effects of haemolytic anaemia. This makes IFN-
ribavirin therapy difficult to adhere and non-responders should after consideration be 
taken off treatment, since no further benefits would be gained by adhering to this 
regimen.  
 
There are several new directly acting antiviral (DAA) compounds being developed for 
HCV. The first of these to become approved in combination with PEG-IFN and 
rbavirin are two protease inhibitors, Telaprivir and Boceprivir [212]. These are 
expected to improve the sustained responses in genotype 1 patients from 45% to up to 
65%. These two first will be followed by numerous new antivirals targeting the 
protease, polymerase and even NS5A, for which the function is still unknown. 
 
HCV infected patients should be vaccinated against HAV and HBV, since co-infection 
is associated with a more severe liver disease progression. 
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2.8 MODEL SYSTEMS 

Research on the hepatitis viruses has been difficult due to the lack of in vitro cell 
culture systems and small animal models. The need for an infectious cell model is to be 
able to characterize in detail the steps of viral lifecycle such as entry, replication, 
assembly, and release. Not only is a model system needed for identifying viral 
components but also to understand disease progression and the host immune response 
against the viral infection. Currently, there is no single model, except for the 
chimpanzee, that can replicate all the above for both viruses. Instead there are several 
models each simulating different stages of infection and for the different viruses. 
 
2.8.1 In vivo models  

Until recently, the chimpanzee was the only other animal besides humans to propagate 
hepatitis B and C. Humans and chimpanzees share a common ancestry and we are 
98.8% genetically identical. [213]. With such a close relationship, the chimpanzees 
have been an important part in generating valuable data to help us understand the viral 
infection, replication and immune responses during infection. HBV infection develops 
into acute hepatitis as in humans [214, 215] without establishing persistence. In contrast 
HCV infection establishes persistence in almost 40% of all infected animals, but with 
milder necroinflammatory lesions than in humans [216]. Many successful studies have 
been done in chimpanzees, however there are several ethical issues in using 
chimpanzees. 
 
Small animal models are more easily to work with than chimpanzees, but a small 
primate or mouse model has not been available with a robust HCV replication [217]. 
The SCID/Alb-uPa model (chimeric human/ mouse liver) described 1990 [218] has 
been found to be a useful model. This model expresses the murine urokinase gene 
under control of an albumin promotor. Transgene overexpression of urokinase-type 
plasminogen activator (uPa) causes defects in the coagulation system of the liver liver, 
resulting in endogenous hepatocytes death. Crossing the Alb-uPa mice with a severe 
combined immunodeficiency mouse strain then generates a mouse model that tolerates 
xeno-transplantation of liver cells. Transplanting human hepatocytes has resulted in a 
50% chimeric liver that is susceptible for HCV infection with virus titers up to 106 
copies/mL blood [219], and continuous production up to 15-17 weeks. The limitations 
with the SCID/Alb-uPa mouse model are the extremely laborious process to generate 
even with specialist competence and since the mice are immunodeficent, no 
immunological studies can be performed. 
 
Several transgenic mouse models have been generated that express partial or complete 
copies of HBV and HCV genomes. These mouse models have enabled studies of in 
vivo effects of viral proteins. The HCV Core [57, 220-222], core-E2 [223-226], core-p7 
[227, 228], core-NS2 [229], E1-E2 [230], E2 [221], NS3/4A [204], NS4B [231], NS5A 
[232] and full length HCV [204, 227-233] (see Table 2.8.1).  
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Transgenic mouse models for HBV and HCV allows for the study of pathological 
effects of one or multiple viral proteins. The transgenic full length HCV gt 1b lineage 
induced steatosis and HCC, which is also seen in chronic human HCV infection [227]. 
 
Chisari generated a transgenic mouse model in 1985, carrying the preS-S gene and 
expressing HBsAg in tissue from birth. Immunizations with human HBsAg could not 
elicit an anti-HBs response showing that these are immunologically tolerant to HBsAg. 
The HBsAg-Tg mouse model provided a model for the stage in HBV infection when 
viral DNA has integrated into the host genome [234]. 
 
A NS3/4A transgenic mouse model has been established on C57BL/6 background for 
investigating the immunomodulary role of NS3/4A. The NS3/4A transgenic mice 
showed no liver pathology but have an increased tolerance against tumour necrosis 
factor (TNF)-α mediated liver disease. These mice have a reduced response to dsRNA 
[202], and display, similar to humans, cleavage of the T cell protein tyrosine phoshatase 
(TC-PTP) [235]. This supports that NS3/4A affect the innate immune response. This 
mouse lineage was later backcrossed onto a HLA-A2 transgenic mouse to produce a 
double-transgenic lineage (paper III). This model may provide an even more “human-
like” model of the HCV infection. 
 
The disadvantage of models with germline integrated transgenes is that every 
eradicated cell will be replaced with a cell expressing the transgene. In the native 
infection, a killed HCV infected hepatocyte will be replaced by a non-infected 
hepatocyte. Therefore, a transiently transfected mouse model may be more appropriate 
for studies when the in vivo functionality of the primed T cell response is determined. 
In a transient transfection, every eradicated cell will be replaced with non-transgenic 
hepatocytes. The transfection is generated through an intravenous (i.v.) injection with a 
large volume of DNA vaccine to perfuse the liver, resulting in 10-30% transfection 
efficiency [236]. The transfection of the liver is dependent on two factors: the speed of 
injection and volume of injected DNA vaccine. The hydrodynamic pressure forces the 
sinusoidal fenestrae to enlarge, resulting in enhanced extravasion of the liver and higher 
permeability of hepatocytes [237]. Hydrodynamic injection with HBcAg DNA in mice 
with peripherally primed HBcAg specific CTLs showed that these T cells eliminate 
HBcAg protein-expressing hepatocytes (paper II). The disadvantage of this model is 
the damage caused by the high-pressure injection to the liver. 
 
Another alternative are the use of surrogate animal models. With the difficulties of 
adapting the human HBV and HCV to animals and cell cultures, the obvious alternative 
is to use natural occurring animal HBV- and HCV-like viruses. The woodchuck 
(woodchuck hepatitits virus: WHV) and the [12-14], Pekin duck (duck hepatitis virus: 
DHV) [15, 238] are good examples of naturally occurring HBV infections. As the virus 
have adapted to each host, the natural course of infection cannot be expected to be 
exactly the same as human hepatitis B. The woodchuck model develops HCC in almost 
all chronically infected animals [239] and has revealed much in HBV viral replication, 
chronic infection and HCC development. The duck model is rarely associated with liver 
disease and HCC despite viral replication, and has therefore been used for antiviral 
studies in vivo [240, 241]. 
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2.8.2 In vitro models 

The growth of authentic HBV and HCV virus particles in cell culture are essential for 
research into viral replication, infection and viral release. Gripon et al 1993 was the 
first to present a method to grow HBV with good replication in cultured cells [242].   
 
Although several systems have been developed to examine the interactions between 
HCV envelope protein 1 and 2 (E1, E2), a highly efficient system is the use of 
retrovirus pseudoparticles (HCVpp). This is achieved by transfecting cells with vectors 
encoding E1/E2, retroviral core proteins and retroviral packaging components 
containing a green fluorescent protein (GFP) gene. This method takes advantage of the 
fact that retroviruses, which bud from the plasma membrane, frequently and non-
specifically incorporate cell surface proteins into the viral membrane. Transfected cells 
secrete pseudo-particles at an average of 105 particles/mL [243]. 
 
The development of subgenomic replicon system was an essential step for a functional 
cell culture system [123]. The subgenomic replicon is a self-replicating partial HCV 
RNA, without production of infectious particles. It was soon discovered that mutations 
leading to cell culture adaptation occurred within most of the non-structural proteins 
that enhanced the RNA replication [244, 245]. Despite its limitations, the replicon 
system has proven to be an important tool for studying the HCV replication and testing 
for new antiviral drugs against HCV.  
 
In 2005, Wakita’s research group at Tokyo Institute for Neuroscience Japan, managed 
to obtain from a patient a genotype 2a HCV isolate with fulminant hepatitis (JFH-1) 
[246] and for reasons unknown the subgenomic replicons from JFH-1 cDNA did not 
require adaptive mutations for efficient replication in cell culture and produced 
moderate amounts of virus in cell culture [115]. In collaborations with Bartenschlager’s 
team at the University of Heidelberg Germany, Wakita et al were able to transfect 
Huh7 cells with full-length JFH-1 that produced viral particles that were found to be 
infectious in Huh7 cells and chimpanzees [115]. In a 2005, Wakita and Chisari’s team 
at Scripps Research Institute in San Diego USA collaborated together with an improved 
HCVcc system, using a more permissive cell-clone derived from Huh7 cells termed 
Huh7.5.1. Zhong et al used this Huh7.5.1 cell-line and showed that it yielded a 50-fold 
higher virus titer and new virus could efficiently infect the original Huh7.5 cells and 
more importantly, gradually reach the same high-level replication as Huh7.5.1 [247]. 
Rice’s research group at Rockefeller University USA, constructed a chimeric full-
length genome using the JFH-1 replicase and the core–NS2 region from a related 
genotype 2a strain J6. This new variant managed to reach robust levels of infectious 
virus (HCVcc), nearly 105 infectious units ml–1 within 48 h in Huh-7.5 cells [248]. The 
HCVcc has already provided much needed insight in the HCV viral infection. 
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3 VACCINES 
The first demonstrated example of protective vaccine was by Edward Jenner. By 
showing that inoculation with vaccinia virus could protect against smallpox, Jenner 
opened up a whole new field of research and possibilities. Today we have routine 
vaccination of children against the most common infectious children diseases. 
 
The principle of vaccination is to induce a 'primed' state in the host so that infection 
with a pathogen will result in a rapid secondary immune response. The goal is to 
eliminate or inhibit replication of the organism and protect from clinical disease is 
dependent upon memory T and B cells as well as neutralizing antibody in the serum.  

 
3.1 ATTENUATED, INACTIVATED AND SUBUNIT VACCINES 

Smallpox was eradicated in 1977 after a massive worldwide vaccination program, lead 
by the WHO, making smallpox the first and only human infectious disease to have been 
eradicated on purpose. 
 
Attenuated vaccines are produced by passage of the original pathogenic virus through 
animal host, such as embryonated chicken eggs or cell cultures, until the virus loses its 
pathogenic components. Live attenuated viral vaccines are the most efficient form in 
priming a host immune response, but have the disadvantage of potential of re-acquiring 
pathogenic factors or to obtain mutations. Attenuated forms of many viruses have been 
prepared for use as vaccines to control diseases such as polio, measles, and mumps. 
Inactivated virus vaccines and subunit vaccines are most efficient in priming a 
protective humoral response and do not have the safety issues with administering a live 
virus. But unlike live attenuated vaccines, they require repeated doses to maintain the 
immune status.  
 
The first recombinant antigen vaccine approved for human use was the hepatitis B 
vaccine, and was developed by expressing the HBsAg in yeast cells as VLPs, capable 
of activating a protective response through neutralizing antibodies (anti-HBs) [249]. 
Later improved versions of the vaccine were to include the pre-S regions [250, 251]. 
  
Due to the immunogenic nature of HBcAg VLPs, combined with the ability to tolerate 
foreign insert sequences, the HBcAg has exploited as a vaccine carrier for weak 
immunogens [157, 252-254]. A major problem with using human HBcAg is the high 
frequency of these already exposed to the virus [255]. This can be avoided by using 
HBcAg from a non-primate species, such as the woodchuck hepatitis B core as base for 
VLPs [256, 257]. Recent studies have also suggested that besides the orientation of the 
protein spike to cross-link B cell receptors, the presence of encapsidated ssRNA bound 
to the protamine-like domain within full-length rHBcAg, produced in E. coli or yeast 
expression systems has been shown to enhance Th1-type immune responses [258, 259]. 
Thus, HBcAg is certainly an attractive vaccine carrier or even as an adjuvant. 
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3.2 DNA VACCINES 

 
In the early 1990, DNA vaccines came into the focus of research when Tang and 
Johnston described that intradermal delivery of plasmid DNA generated antibody 
response against expressed protein, a possibility for genetic therapy [260]. A few years 
later, several independent studies would show that expressing transgenes through 
intramuscular or intradermal immunization with plasmid DNA encoding a foreign 
protein, and expressed in situ would elicit a protective immunity against the pathogen 
the protein is derived from [261-264] (Figure 3.2). Although different formulations, 
delivery techniques and plasmids were used, DNA vaccines were established as a 
future vaccine platform. Today, several DNA vaccine trials in humans have shown that 
it may not be as simple as originally envisioned [265]. 
 
DNA vaccines derived from bacterial cultures have many advantages. These include 
the ease and flexibility working with plasmids, scalable production capacity, transient 
expression, and most importantly no induction of anti-vector immunity. Although the 
advantages of DNA vaccines are evident, early clinical studies failed to prime high 
levels of vaccine specific immunity in humans. Several methods to increase 
immunogenicity have been developed. These include optimizing the transcriptional 
elements with a promoter for a constitutive high mRNA expression, most commonly 
the cytomegalovirus (CMV) promoter [266], modification to Kozak sequence for better 
initiation of protein synthesis [267] and the addition of a terminal poly-A tail for proper 
transcription ending and export of the mRNA from the nucleus. Species-specific codon 
optimization also results in increased protein production [268-270]. But the most 
important factor is the uptake of DNA vaccines by mammalian cells. We have found 
that different delivery methods can increase uptake and more importantly, significantly 
increase immunogenicity of the DNA vaccine when measuring T cell responses. 
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Figure 3.2. Induction of cellular and humoral immunity by DNA vaccines. 
 Reprinted by permission from Macmillan Publishers Ltd: Nat Rev Genet. Kutzler 2008 Oct;9(10):776-88. 
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3.2.1 Codon optimization 

Codon optimization is a recently developed method in molecular biology to increase 
foreign protein expression in a host cell. The method is based on the fact that each 
species has evolved a preferential codon usage in mRNA translation for each amino 
acid. By changing the genetic sequence of a foreign protein to match the codon usage 
profile to the host cell, the translation mechanism is optimized for higher protein 
expression levels [271]. This gives a clear advantage to DNA immunization, by 
increasing the levels of endogenously expressed antigen for MHC class I presentation 
to the adaptive immune system [268-270, 272]. Codon optimizing an HBV or HCV 
gene sequence might not have an obvious benefit, as one would expect that the virus 
should already have adapted to mammalian codon usage. However, it is believed that 
the interaction with the host cell and host immunological pressure does not allow for 
this to obtain optimal conditions for replication (Figure 3.2.4). Increased protein 
expression and immunogenicity due to codon optimized of (co) NS3/4A or coHBcAg is 
shown in [269, 273] paper I and III. 
 

 
 
Figure 3.2.4. A simplified overview of preferred codon usage bias. A) Each amino acid 
is represented by two or three codons in variable occurrence. B) Transcription of 
codon optimized mRNA from HCV in a human cell results in a higher protein 
expression. C) Human codon bias is more evenly distributed compared to HCV for 
aspartic acid (D) and glutamic acid (E). Table fields: [triplet] [aa] [frequency per 
thousand],  
Codon usage tables available at NCBI GenBank http://www.ncbi.nlm.nih.gov/genbank/GenbankOverview.html 
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3.2.2 Intramuscular injection of DNA 

Naked plasmid DNA in saline is immunized intramuscularly in tissue for uptake by 
surrounding cells (myocytes, keratinocytes or APCs) [274]. Intracellular expression of 
antigen is started at site of injection. Unless the host cell is an APC, the antigen 
presentation of foreign protein will be comparatively poorer than with a professional 
APC [143]. Although i.m. injections have produced promising results in mice [264], 
larger animals like chimpanzee and humans respond very poorly to i.m. injected 
plasmid DNA. The weak response is most likely a result of poor DNA uptake and 
resulting in lower levels of expressed antigen. 
  
 
3.2.3 Transdermal delivery of DNA (GeneGun) 

The concept of gene delivery through particle bombardment was originally used for the 
transfer of foreign genes into plant tissue [260, 275-277]. Gold particles are coated with 
plasmid DNA encoding the gene of interest. The coated particles are delivered into the 
epidermis with helium gas pressured gene gun device. Each administered dose with  
genegun requires approximately 100-fold less DNA compared to standard i.m. injection 
to achieve the same level of immune response [278]. This increased response thought 
to be provided by the abundant presence of APCs (Langerhans cells) in the skin, that 
are directly transfected by the DNA coated particles. The immune response to genegun 
immunization primes a Th2 (high IgG2a/low IgG1) or a mixed Th1/Th2 reaction, this 
is in contrast with i.m. needle injection which primes a predominant Th1 reaction (high 
IgG1) [269, 279]. 
 
 
3.2.4 Electroporation 

In vivo electroporation (EP) at the site of injection is a fairly recent method to increase 
plasmid DNA uptake and increase protein expression. The concept of electroporation 
was originally established as standard methods for transfecting plasmids into bacterial 
and mammalian cells, increasing transfection efficiency of plasmid into host cells 
through opening transient pores in the cell membranes [280]. In vivo electroporation 
causes a local tissue damage resulting in an inflammation that recruits T cells, thus, 
serving an adjuvant effect for the DNA plasmid [281-283]. For a successful 
electroporation, parameters such as voltage, pulses and duration must be carefully 
adjusted for optimal membrane permeability and to avoid excessive cell death. The 
addition of in vivo EP to DNA immunization has proven to enhance the 
immunogenicity leading up to that a 100-fold less DNA is needed to reach comparable 
levels of immunogenicity as standard i.m. injection with HCV NS3/4A DNA vaccine 
[283] and a ten-fold reduction with HBV HBcAg DNA vaccine (paper I). Since EP is a 
technique to improve the entry of foreign genetic material into the nucleus of host cells, 
concerns have been voiced about genomic integration of the DNA vaccine [284]. 
Despite some concerns, the frequency of integration is negligible [285]. In addition, 
every transfected cell, regardless of genomic integration, will present virus-associated 
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peptides on the MHC class I molecule and therefore cells with genomic integration will 
also be targets for specific CTL killing. 
 
 
3.3 ADJUVANTS 

Adjuvants (from Latin adjuvare, to help) are substances that, when mixed with an 
antigen and injected, serve to enhance the immunogenicity of that antigen. Adjuvants 
are often used to boost the immunogenicity of an antigen with low immunogenicity or 
when only a small amount is available. 
 
Aluminium potassium sulfate (alum) acts by increasing antigen persistence. Antigen 
mixed with alum salt will precipitate the antigen, providing a slow release of antigen 
from the injection site for a few days to several weeks. The precipitate also increases 
size, making it a better target for phagocytosis. Freund’s adjuvant is an water-in-oil 
emulsion and also works by prolonging antigen persistence. The so-called complete 
form (CFA or FCA) contains heat-inactivated Mycobacteria while the incomplete form 
(IFA) lacks the mycobacteria component. Other adjuvants are CpG-containing 
oligonucleotides and bacterial liposacharides (LPS), which stimulates non-specific 
lymphocyte proliferation. Recently, the M59 oil-in-water adjuvant was approved for 
human use. M59 contains squalene, originated from shark oil and is included in 
pandemic flu vaccine and malaria vaccine. 
 
Thus, the development of a protective or therapeutic vaccine is just one first step in 
fighting the disease. Socio-economic factors will then decide if eradication of disease is 
possible and if we can repeat the success with the smallpox vaccination program. 
 
 



 

 33 

4 AIMS OF THIS STUDY 
 
The overall aim was to characterize the immune responses to the hepatitis B virus core 
antigen and hepatitis C virus non-structural 3/4A antigen, and improve the 
immunogenicity of both for vaccine design. 
 
Specific aims in individual papers I-III 
 

I. To create a combinatorial platform, based on the woodchuck hepatitis B 
core antigen as a vaccine carrier for foreign immune epitopes  

 
II. Characterize the intrinsic immunogenicity of endogenously expressed 

hepatitis B core antigen  
 

III. To use the immunogenicity of HBcAg to prime healthy heterologous T 
cells that can help to restore a dysfunctional HCV NS3/4A-specific T cell 
response 
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5 COMMENTS ON MATERIALS AND METHODS 
 
5.1 MICE 

Inbred mice with different genetic background, C57BL/6 (H-2b), BALB/c (H-2d), were 
obtained from B&K Universal, Charles River Laboratories and Taconic. The knockout 
mice CD4-/- were obtained from the Animal Facility at the Department of 
Microbiology, Tumor and Cell Biology, Karolinska Institutet, and TLR-7-/- from Dr. R. 
Flavell (Yale University, New Haven, CT) respectively. The C57BL/6J mice transgenic 
for full-length wild-type HCV NS3/4A of genotype 1a (NS3/4A-Tg) has been 
described previously [204].  
 
Inbred HHD-C57BL/6 (HHD+ H-2Db-/- β2m-/-) mice transgenic for human leucocyte 
antigen (HLA)-A2.1 class I molecule, and deficient for both H-2Db and murine β2-
microglobulin (β2m) were kindly provided by Dr. F. Lemonnier (Institute Pasteur, 
Paris, France) [286]. The double transgenic mice HHD-NS3/4A mice were generated 
by backcrossing the NS3/4A-transgenic mice with the HHD mice for >10 generations. 
 
All mice were 6–8 weeks old at the start of experiments, and the committee on animal 
ethics approved all experiments. 
 
 
5.2 PLASMIDS 

The plasmid coNS3/4A-pVAX1 containing the full-length codon optimized (co) 
NS3/4A gene of HCV genotype 1a has been described previously [269]. A codon-
optimized HBcAg gene and nine fusion constructs of coNS3/4A and coHBcAg 
(coNS3/4A-coHBcAg) were made synthetically (Retrogen, San Diego, CA). All 
synthetic genes were cloned into the pVAX1 backbone (Invitrogen, Carlsbad, CA) 
using restriction sites EcoRI and XbaI.  
The woodchuck VLP plasmid was cloned in a pUC vector to create pUC-WHcAg. 
Insertions were accomplished by using the EcoRI-XhoI or SacI sites, with only the 
position of the insertion differing between constructs 
All the plasmids were grown in E.coli and purified for in vivo injection using Qiagen 
DNA purification columns (Qiagen GmbH, Hilden, FRG). 
 
 
5.3 GENE SYNTHESIS AND CODON OPTIMIZATION 

Improvements in oligonucleotide synthesis technology have made it commercially 
possible to have entire genes synthesized “de novo”. Shorter overlapping strands of 
opposite are chemically synthesized, and then using enzymatic techniques, the strands 
are ligated and multiplied. The synthesized gene is then cloned into a plasmid vector.  
 
With the research field of bioinformatics growing daily, gene design and protein 
engineering has gone almost exclusively in silico. Genetic databases of codon usage, 
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for the most common organisms used in research, are accessed to calculate the most 
efficient DNA sequences. The strategy is mainly to replace rare codons with the more 
commonly used according to different algorithms [287]. Further optimization is 
removing possible RNA secondary structure from the sequence. Codon optimization 
can increase protein expression around 10-100 fold. 
 
The coNS3/4A, coHBcAg and the variants of coNS3/4A-coHBc genes were all codon 
optimized and synthesized by Retrogen Inc., San Diego USA using their proprietary 
system. 
 
 
5.4 RECOMBINANT PROTEIN 

Recombinant HCV NS3 helicase (rNS3) and hepatitis B core antigen (rHBcAg) protein 
were kindly produced and provided by Darrell L Peterson, Department of 
Biochemistry, Commonwealth University, VA, USA. 
 
 
5.5 PRODUCTION OF WOODCHUCK VLP PLATFORM 

The pUC-WHcAg transformed bacteria were grown overnight at low temperature 
(28°C) to avoid inclusion body formation before the expression of the protein was 
induced by addition of IPTG (isopropyl-β- D-thiogalactopyranoside) (1 mM for 4 h). 
The bacteria were lysed in a lysozyme-salt solution containing protease inhibitors. The 
resulting supernatant was precipitated overnight in the cold with 10 to 50% ammonium 
sulphate. 
 
 
5.6 SCREENING AND CHARACTERIZATION OF HYBRID WHcAg 

The combinatorial platform of WHcAg has the potential to produce 374 gene 
constructs or hybrid particles (i.e., 17 insertion sites x 22 C termini) for each designated 
B-cell epitope. Therefore a screening procedure is needed for early selection of optimal 
constructs. Capture enzyme-linked immunosorbent assays (ELISAs) designed either to 
detect the WHcAg polypeptide by use of a monoclonal antibody (2221, Institute for 
Immunology, Tokyo University, Japan), specific for a peptide epitope (aa 129 to 140) 
on WHcAg (anti-pWHc) as a marker of protein expression or to detect the WHcAg 
particle by use of an antibody specific for a conformational epitope on WHcAg (anti-
nWHc) as a marker for assembly. This polyclonal BALB/c anti-nWHc antibody only 
binds particulate WHcAg. 
 
 
5.7 GENERATION OF TRANSIENTLY TRANSGENIC MICE 

Transiently transgenic hepatocytes with wtHBcAg or coHBcAg DNA were used to 
detect if peripherally primed T cells entered the liver and eliminated antigen-expressing 
hepatocytes. Two weeks after the last immunization, a total volume of 1.5–1.8 mL of 
Ringer’s solution containing 100 μg of HBcAg DNA was injected intravenously in the 
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tail vein within <10 s. After 24 and 72 h, mice were killed and livers harvested for 
analysis of HBcAg protein [202, 273]. 
 
 
5.8 DETECTION OF CTLS 

The 51Cr-release assay tests the ability of CD8+ T cells to eradicate peptide loaded 
RMA-S cells that have been labeled with 51Cr. Peptide sequence corresponds to the 
same antigen that the mice have been immunized against and the RMA-S cells are 
themselves unable to present endogenous peptides on the MHC class I molecule (TAP 
deficient). Specific lytic killing is measured by the release of radioactive 51Cr in media 
after 4 hours of incubation. Peptides used were MHC class I NS3 peptide 
GAVQNEVTL (H-2Db) or HBcAg peptide MGLKFRQL (H-2Kb) as described 
previously [288, 289]. 51Cr-activity was measured using a 1450 Microbeta Trilux 
scintillation counter, with the Microbeta Workstation Software 4.0, Perkin Elmer, 
Shelton, USA. This is an extremely sensitive assay since it includes a five-day re-
stimulation period where specific T cells are expanded before testing. Thus, this assay 
can be used to determine the inability of immunogens/delivery methods to induce 
CTLs. 
 
 
5.9 ELISPOT ASSAY 

Quantification of IFN-γ and IL-2 producing T cells, specific for either HCV NS3 or 
HBV HBcAg were measured using an enzyme linked immunosorbent spot (ELISPOT) 
assay [290, 291]. CTLs and Th cells taken from spleen and lymphnodes were detected 
in vitro after recall using MHC class I peptide or recombinant protein. Briefly 
described, cells were stimulated with antigen for 24-36 hours. During that time secreted 
IFN-γ or IL-2 captured by membrane bound anti-IFN-γ/IL-2-antibody and then after 
wash detect with a biotinylated antibody and bound with avidin-HRP, resulting in spots 
where activated cells have been resting. Spots were counted using the Aid ELISpot 
reader system Version 2.6, Autoimmun Diagnostika, Germany. This is a fairly accurate 
method to quantify T cell responses since the re-stimulation is short (e.g. 24-36 hours). 
Thus, the number of positive cells should reflect the number of cells primed in vivo. 
 
 
5.10 INTRADERMAL INJECTION (GENEGUN) 

The Helios GeneGun (Bio-rad Laboratories, Hercules, CA, USA) was used for 
transdermal delivery of NS3/4A and HBcAg DNA. The application uses helium gas to 
deliver plasmid coated 1 μm gold beads at a pressure of 500 psi. Gold beads were 
coated according to manufacturers specification. 
 
 
5.11 IN VIVO ELECTROPORATION (EP) 

The MedPulser® DDS electroporation system (Inovio Biomedical Corporation, San 
Diego, CA, USA) was used for in vivo electroporation immediately on the area of 
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injection. Applicator device was a two-needle electrode model for mice, delivering two 
electrical pulses with one second spacing. The area between needles generated an 
electric field of 246 V/cm during 60 milliseconds. These settings were used for every 
EP administration. 
 
 
5.12 STATISTICAL ANALYSIS.  

Statistical comparisons were performed using StatView (version 5.0, 3/20/98, Power 
PC version; SAS Institute), InStat (Graphpad Software), and Excel for Mac (version 
11.3.7; Microsoft) software packages for Macintosh. Frequencies were compared using 
the Fisher exact test (InStat). 
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6 RESULTS 
 
6.1 COMBINATORIAL APPROACH TO HEPADNAVIRUS-LIKE PARTICLE 

VACCINE DESIGN [PAPER I] 

 
As an effective alternative to the human HBcAg we explored whether the woodchuck 
hepatitisvirus core antigen (WHcAg) can serve as a vaccine carrier platform for weak 
immunogens, by combining different insertion sites, C-terminal modifications and 
insert charge (pI) to successfully form a virus-like particle. A clear advantage in using 
non-human HBcAg sequences as carriers, or adjuvants, is that these are not affected by 
the high global presence of HBV. Here both past and ongoing infections may pose a 
serious problem regarding safety and effect.  
 
Human HBcAg has been extensively explored as a vaccine platform. However, a major 
obstacle is that less than 50% of foreign sequences can be successfully inserted into 
HBcAg with particle formation retained. This is believed to be mostly due to 
destabilization of particle assembly caused by insertion of foreign sequences. To 
address this problem, a combinatorial approach was taken when developing an 
alternative vaccine carrier based on the WHcAg platform. This combinatorial technique 
depends on three parts (Figure 6.1).  
 
i) Identification of 17 insertion sites for foreign sequences. Varying insertion sites 
between amino acid positions 76-82 of WHcAg, and even outside this surface exposed 
loop allows for successful insert in combination with C terminal modifications. 
ii) A selection of 21 C terminal modifications with deleted RNA/DNA binding motifs, 
and changes to eliminating/conserving non-homologous regions between HBcAg and 
WHcAg to stabilize insertions at various positions. 
iii) Addition of linker residues to neutralize the destabilizing effect of insert to rescue 
particle assembly. We found that the insert charge (pI) affects particle assembly. By 
including glutamic acid (E) or aspartic acid (D) at each side of the insert sequence  
(reducing pI value) allowed hybrid particle assembly of previously failed versions. 
 
By varying these three factors, we managed to successfully insert 24 out of 26 
sequences from different viruses and antigens (table 2). This shows that it is possible to 
insert sequences that were previously not tolerated for particle assembly and in some 
cases increase immunogenicity specific for the foreign epitope. 
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Figure 6.1. Combinatorial vaccine carrier platform: WHcAg monomer. A) Insert 
positions: Tolerant (+), intermediate (+/-), and nontolerant (-) insertion sites are 
indicated, (B) Insert pI modifier and (C) C-terminal modifications. 
 
 
With a combinatorial system of at least 17 insertion sites, 21 C terminal modifications, 
and additional sequence variations, a rapid screening method was needed. We therefore 
developed antibody-based assays for detection of expressed core polypeptide, 
assembled core particle and antigenicity of various inserted epitopes. 
 
Importantly, many of the anti-epitope responses generated using the WHcAg platform 
clearly recognize the full-length proteins suggesting that they may also be functional in 
vivo. 
 
Thus, we could show that the WHcAg platform is more flexible than human HBcAg 
and that it can be made to accept most epitopes that are inserted. This strongly suggests 
that WHcAg may be a platform that is superior to human HBcAg. 
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    Table 6.1. Listing of model epitopes used* 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
* We have successfully inserted 24 of the 26 listed epitopes into the WHcAg platform (92.5%). 
Abbreviations include: AZ (β-amyloid), CE (choleteryl ester transfer protein), EGFR (epidermal growth 
factor receptor mutant VIII), HC (hepatitis C virus E2 protein), HIV and HV (HIV gp120 sequences), M  
(malarial P. falciparum CS repeat), MV (malarial P. vivax CS repeat type I), M2(-) (influenza A M2e 
extracellular domain mutant sequence lacking two cysteines), M2T (influenza A M2e extracellular 
domain tandem sequence), OMP-1 and OMP-2 (outer membrane protein P5 non typable Haemophilus 
Influenzae), SEB (staphylococcus enterotoxin B).  
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6.2 IMPROVING ON THE ABILITY OF ENDOGENOUS HEPATITIS B 
CORE ANTIGEN TO PRIME CYTOTOXIC T LYMPHOCYTE [PAPER II] 

Human HBcAg has been shown to be highly immunogenic as an exogenous antigen. 
However, much less is known about the immunogenicity of endogenous HBcAg. We 
therefore characterized the intrinsic immunogenicity of endogenously expressed 
HBcAg from a DNA plamid as immunogen .  
 
We immediately noted differences when comparing HBcAg DNA to HCV NS3/4A 
DNA. NS3/4A-DNA effectively primes CTL responses at both low (<1 μg) and high 
doses (100 μg) of DNA. In contrast, HBcAg only primed CTL responses when 
administered at high doses. Using a combination of dosage, codon optimization, 
different delivery methods and adjuvants, we tried to find the optimal way of inducing 
a HBcAg-specific CTL response in DNA immunized mice. Using a high (50-100 μg) 
DNA dose injected i.m. we found that HBcAg induced a strong CTL response. 
However, no CTLs were induced when using a low dose (<5 μg DNA) delivered i.m. 
or transdermally. The efficiency of the low dose response was not improved by the 
addition of CpG adjuvant.  
 
We found that CTL priming to HBcAg, unlike to NS3/4A, was CD4+ dependent. This 
led us to speculate that that a pre-existing pool of CD4+ Th cells might improve the 
priming of HBcAg specific CTLs. Mice were therefore primed with a known HBcAg 
Th peptide and then boosted with HBcAg DNA. This revealed that the CD4+ peptide 
effectively induced IFN-γ producing Th cells as determined by an in vitro recall assay 
using rHBcAg and the same Th peptide. However, these pre-existing CD4+ T cell still 
failed to induce an improved priming of a CTL response using transdermal delivery 
with low doses of HBcAg DNA. We did note that a repetitive immunization with 
HBcAg DNA at somewhat higher levels (6 µg), lead to functional HBcAg-specific 
CTLs capable of recognizing endogenously expressed HBcAg. We could also show 
that these CTL responses were functional in vivo, in that they mediated clearance of 
hepatocytes transiently transfected with HBcAg. 
 
A major factor that improved immunogenicity was to increase the expression levels of 
HBcAg. This was effectively achieved by combining codon optimization of HBcAg 
DNA with in vivo electroporation (EP). This could improve the immunogenicity of 
endogenously expressed HBcAg leading to a highly effective priming of CTLs at a 
single dose of 5 µg DNA. The improved priming resulting from codon optimization 
and EP of HBcAg did however not help in priming an efficient CTL response in DNA 
immunized mice at doses of <5 μg (Figure 6.2). This suggests clear differences from 
the abilities of NS3/4A DNA, where 0,5 µg DNA is enough to prime a CTL response 
[283]. Thus, it is clear that the efficiency of DNA immunization is dependent on the 
expressed protein. This needs to be taken into consideration in future vaccine designs 
for HBcAg-based therapeutic vaccines in humans. 
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     wtHBcAg/EP        coHBcAg/EP 
 

 
Figure 6.2. Codon optimization and in vivo electroporation improves the ability of 
hepatitis B virus core antigen (HBcAg) DNA to induce specific interferon (IFN) γ-
producing HBcAg-specific T cells at high doses. Responses determined two weeks after 
i.m. injection of 0.5, 5, and 50 μg of HBcAg-DNA 
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6.3 HETEROLOGOUS T CELLS CAN HELP RESTORE DYSFUNCTIONAL 
HEPATITIS C VIRUS NON-STRUCTURAL (NS) 3/4A-SPECIFIC T 
CELLS DURING THERAPEUTIC VACCINATION [PAPER III] 

During a chronic HCV infection, the virus escapes immune response by several ways, 
resulting in an inability of the T cells to recognize the virus-infected cells. In addition, 
the persistent presence of antigens has most likely impaired the function of specific T 
cells resulting in what has been called a “stunned phenotype”. It has been shown that a 
strong T cell response is vital for clearing an infection. We were therefore interested to 
test whether our knowledge from HBcAg could be applied to a therapeutic vaccine 
against HCV, through the priming of heterologous T cells to activate/reactivate the 
“stunned” T cells. 
 
An HCV-specific dysfunction in T cells was simulated through the use of HCV 
NS3/4A transgenic (Tg) mice on a C57BL/6 (H-2b) background. When NS3/4A-Tg 
mice were immunized with coNS3/4A DNA this resulted in a severely impaired NS3-
specific IFNγ-production as compared to non-Tg mice. However, repeated 
immunization, or depletion of Tregs in NS3/4A-Tg mice restored functional CTLs in 
vitro. This suggests that NS3/4A-Tg mice indeed have an impairment of T cell function 
that is not due to clonal deletion of NS3/4A specific T cells, but rather through an 
active process like in the human infection.  
 
In paper I we could show that exogenous HBcAg, can improve the immunogenicity of 
an inserted epitope. This is largely due to the presence of T-help provided by the 
HBcAg particle. We therefore tested whether endogenously co-expressed HBcAg could 
improve T cell priming to NS3/4A. To address this question, mice were immunized 
with various DNA constructs that co-expressed both the NS3/4A and HBcAg. We first 
tested if the TLR7-dependence of the antibody responses also applied to endogenous 
HBcAg. This was indeed the case since immunized TLR7 -/- mice had a reduced 
response to both HBcAg and to NS3, when present in the same DNA plasmid.  
 
In an effort to characterize the best way of transferring this adjuvant effect, we 
generated a set of fusion genes consisting of the codon optimized NS3, NS4 and 
HBcAg with some variations to the post-translational processing (Figure 6.3-1). The 
variations included were full-length polyprotein, each protein cleaved off separately 
and the introduction of NS3 cleavage sites in HBcAg. 
 
Using these fusion constructs we found that the presence of HBcAg has a weak 
adjuvant effect on T cells in wild type mice. However, these sequences effectively help 
to restore CTL responses in NS3/4A-Tg mice. To our surprise, both native and 
fragmented HBcAg improved the expansion of NS3-specific CTLs by 50-100% in 
NS3/4A-Tg mice. We finally wanted to determine if this improved activation was also 
seen in a more humanized CTL mouse model. A double transgenic mouse was 
therefore generated with expression of both HLA-A2 and HCV NS3/4A (HLA-A2-
NS3/4A-Tg). Similar to HCV infected humans, these NS3/4A-HLA-A2-Tg mice did 
also show an impaired HLA-A2-restricted CTL response towards NS3 (Fig 6.4). When 
immunized with coNS3/4A-HBcAg DNA, the NS3/4A-HLA-A2-Tg mice showed a 
restored NS3-specific T helper and CTL response (Fig 6.3-2). Thus, we conclude that 
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the presence of HBcAg can help in restoring “human” NS3-specific T cell responses in 
a transgenic mouse model 
 
 

 
Figure 6.3-1. Design of coNS3/4A and coHBcAg-containing DNA constructs with post 
translational processing variants (C3-C9). 
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Figure 6.3-2. Evaluation of the immunogenicity of two doses of coNS3/4A DNA and 
coNS3/4A + coHBcAg (C4) in HLA-A2 and HLA-A2 + NS3/4A-double Tg mice 
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7 DISCUSSION 
 
It can be assumed that the persistence of infection is somehow caused by the inability 
of the host immune system to recognize and clear the infection. Both HBV and HCV 
cause persistence with a maintained viremia. Although exact mechanisms by which 
they develop and maintain persistence are unknown, it is clear that they use different 
strategies. Both viruses do seem to disturb T cell function, which in a way may be 
termed immunological tolerance that co-exist with the chronic infection. Thus, it is 
clear that immunogenicity needs to be maximized in vaccines for both HBV and HCV 
(Papers I and II). Also, with tolerance induced, a vaccine based only on sequences from 
the infecting virus causing the T cell dysfunction might not be enough to prime or 
recruit healthy T cells. One alternative that was explored herein was to activate B and T 
cells in the presence using an unrelated antigen that may help in breaking tolerance and 
prime a successful immunological response (Papers I and III). 
 
The human HBcAg is a promising platform for transferring the high immunogenicity of 
HBcAg to foreign epitopes, thus, it may make non-immunogenic sequence 
immunogenic [159, 292-294]. Human HBcAg unfortunately has two major 
disadvantages. The first is the 2 billion cleared and chronic HBV infections, which we 
do not know how they will affect the immunogenicity towards the foreign epitope. 
Humans with previous exposure to HBV are likely to have anti-HBc antibodies and 
those antibodies might interfere with an HBcAg-based vaccine by binding VLPs. Also 
a vaccine based on human HBcAg may compromise current diagnostic test, since anti-
HBc antibodies are routinely used to detect HBV infection. More importantly, 
chronically infected HBV individuals (400 million globally) will have a T cell immune 
tolerance against HBcAg and thus have a severely impaired T cell response against 
HBcAg-based vaccines. The second problem can be termed the “assembly” problem. It 
has been found that many modifications to human HBcAg will disrupt particle 
assembly and thereby limit the immunogenic properties of the VLP [295].  
 
As a way to circumvent these two obstacles, we have shown in our first study that it is 
possible to transfer the immunogenic properties of the non-primate woodchuck 
HBcAg, WHcAg, to foreign epitopes by inserting the epitope within the 
immunodominant regions of WHcAg. This study also presents a combinatorial 
approach to successfully inserting foreign epitopes in WHcAg without losing the 
immunogenic properties of the hybrid particle. The fact that in the HBcAg is generated 
from woodchuck hepatitis virus is a very clear advantage since there will be very little 
cross-recognition from hosts with the immune response to human HBV infection [256].  
 
Using the WHcAg VLP, we generated a stepwise platform for creating successful 
VLPs with specific epitope immunogenicity. By creating a library of positional insert 
sites, the position with the least disruption of protein folding for each individual insert 
is used. We found that disruption is not only length dependent but also charge 
dependent. Adding negatively charged amino acids to the epitope may change the net 
charge of a positively charged insert that previously did not form a VLP, thus 
“rescuing” a failed insert. Even more significantly, we found that C-terminal 
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modifications (positions aa 150-188) of the native sequence drastically changed the 
particle assembly. Again, the destabilizing effects from foreign inserts can be negated 
by the changed particle assembly conditions brought on by the different C-terminal 
modifications.  
 
The whole process can streamlined using an antibody assay to determine both particle 
assembly and epitope insert, allows for a strategy where we can process a large amount 
of possible constructs and dismiss many suboptimal constructs early in the 
development. Thus, the WHcAg combinatorial VLP platform together with the 
antibody-based screening has significantly advanced the applicability of hepadnavirus 
core- based VLP vaccine design. 
 
As stated, it is widely accepted that exogenous HBcAg is highly immunogenic and can 
induce both humoral and cellular response [296-298]. This would make HBcAg a 
promising candidate to include in a therapeutic vaccine to treat chronically infected 
HBV patients [299, 300]. In particular, previous studies have shown that the presence 
of HBcAg-specific T cells is required in clearance of a chronic HBV infection [298]. 
However, to effectively activate both CD4+ and CD8+ T cells an endogenous 
production of HBcAg is most likely needed, since the priming of CTLs to exogenous 
HBcAg is mediated somehow through B cells [288]. This would suggest that an 
endogenous production of HBcAg should be needed for a robust priming of CTLs in a 
host with high levels of anti-HBc.  
 
In the second study, we show that endogenous HBcAg is a comparatively poor inducer 
of CTLs. We found that both codon optimization [269] and in vivo electroporation 
[283] were required for a successful priming of HBcAg specific T helper cells and 
CTLs (Paper I). HBcAg has an intrinsic ability to spontaneously form capsid like 
particles when expressed in vitro [159, 292]. These capsids have been shown to be 
extremely immunogenic, through cross-linking of surface bound Ig on B cells and 
mature into an activated APC [288, 292, 301]. It has been shown that exogenous 
HBcAg induce immune responses including antibodies, T helper cells and CTLs [302], 
but only little is known about the intrinsic immunogenicity of endogenous HBcAg. The 
lack of an infectious model for HBV has been a serious drawback in research of HBV 
infection. We therefore used in vivo transfection of mouse hepatocytes with HBcAg to 
evaluate the in vivo functionality of HBcAg specific T cells. When compared to 
endogenously expressed NS3/4A DNA, which effectively primes CTLs at single doses 
of 0,5 μg DNA [273, 303], HBcAg is less able to achieve this regardless of adjuvant or 
antigen expression levels. This is evidenced by the rapidly decrease of immunogenicity 
when comparing CTL response in mice immunized i.m. with 50 μg and 5 μg doses. At 
doses below 5 μg, HBcAg DNA seem to be unable to effectively activate IFN-γ-
producing T helper cells and CTLs even with codon optimization and in vivo 
electroporation. However, it should be noted that when using high doses of HBcAg 
DNA the priming of HBcAg-specific IFN-γ-producing T cells was highly effective. 
Transdermal gene delivery was also evaluated since we previously had delivered 
NS3/4A DNA by this approach with success [303]. NS3/4A DNA was able to prime in 
vivo functional CTLs after a single dose transdermally of 2 μg DNA compared to 
HBcAg DNA requiring three transdermal administrations of 6 μg DNA (total dose: 18 
μg). From this we conclude that HBcAg DNA efficient in priming CTLs as compared 
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to NS3/4A DNA. Even the presence of a pre-existing pool of HBcAg-specific T helper 
did not increase the CTL priming at low doses, further supporting that HBcAg is a 
comparatively poor inducer of CTLs. There are several possibilities in why endogenous 
HBcAg have a low capacity to induce a strong CTL response. The reasons for this are 
not clear but one could speculate that this could be due to poor proteosomal degradation 
and/or improper ubiquitination leading to a low level of MHC I presentation. Therefore, 
the importance of codon optimization and in vivo electroporation should not be 
overlooked when priming a HBcAg specific T cell response for future DNA based 
therapeutic vaccines.[303]. The NS3/4A sequence is well conserved within the highly 
variable HCV RNA genome. This can most likely be explained by the fact that the 
protein functions as a protease, NTPase and helicase, thus playing a vital part during 
viral replication. Subsequently, escape mutations drastically may lower the viral fitness 
of HCV. The role of NS4A cofactor in the immunogenicity of the complex cannot be 
discounted either, since it plays an important role of stabilizing the NS3 protein [303, 
304]. Previous studies have suggested that the inclusion of NS4A enhance the 
immunogenicity of the NS3 protein in DNA-based immunogens. All these factors 
contribute to that the NS3/4A complex is of interest when designing a therapeutic 
vaccine against HCV.  By combining the NS3/4A complex with the HBcAg to prime 
heterologous T cells against NS3, this may help to overcome the virus-induced T cell 
dysfunction against NS3 (Paper I, Paper II and Paper III). 
 
In the third study we combine the HCV NS3/4A together with HBV HBcAg in a fusion 
DNA construct to take advantage of the immunogenic properties of HBcAg to prime 
“healthy” heterologous T cells. In a transgenic mouse model simulating an human with 
tolerized NS3-specific T cells, the addition of HBcAg to NS3/4A could help restore a 
dysfunctional T cell response through DNA immunization [305]. 
 
Constant expression of viral genes is thought to cause dysfunctional recognition of 
HCV viral antigens [167, 170, 306, 307]. Thus, just adding more HCV antigens for 
priming of T cells might not solve the problem in a tolerant host where all virus-
specific T cells may be impaired [308]. We therefore introduced the human HBcAg as 
an unrelated antigen [309], forming a NS3/4A-HBcAg chimeric expression plasmid. 
The human HBcAg was chosen as a model antigen since it has well-studied 
immunogenic properties and reagents to study immunogenicity are available. Our goal 
is therefore to use HBcAg to recruit healthy heterologous T cells to the site of priming 
of NS3-specific T cells. It is hoped that the bystander effect from HBcAg overcomes 
the virus-induced tolerance against NS3-specific cellular response. A similar strategy of 
combining an unrelated antigen to recruit and activate a healthy T helper response has 
proved to work in a previous study where healthy non-responders to standard HBV 
vaccination were re-administered a combined hepatitis A and B vaccine (Twinrix, 
GlaxoSmithKline), resulting in 95% seroconversion of previous non-responders to 
HBsAg [309].  
 
With high global prevalence of HBV the addition of human HBcAg in a vaccine is not 
realistic. Future designs should therefore replace the human HBcAg with core 
sequences based on woodchuck or avian hepatitis B core antigens. These variants have 
very little to no cross specificity with human HBcAg while retaining the same 
immunogenic properties. 
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We could show that the NS3/4A-transgenic mouse model, similar to HCV infected 
humans, exhibit an impaired T cell response to NS3/4A. Importantly, the impaired T 
cell responses were due to dysfunctional T cells and not clonal deletion since depletion 
of regulatory T cells or repeated immunization partly restored NS3-specific IFN-γ-
production in transgenic mice. 
 
We have previously shown that HBcAg can adjuvant foreign sequences by 
encapsidation of ssRNA to activate TLR7 signalling [259]. We here show that this was 
also true for antibody priming when expressing HBcAg from a DNA plasmid. This is 
surprising since the source of the incorporated ssRNA needs to be resolved. 
Interestingly, native and fragmented HBcAg did not differ in adjuvant effect for 
NS3/4A-specific T cells. Whether this activity is also due to ssRNA and TLR7 needs to 
be resolved. 
 
We noted that the immunogenicity of NS3/4A was somewhat improved in wild type 
mice by the inclusion of HBcAg. Importantly, all chimeric immunogens could 
effectively prime NS3/4A-specific IFN-γ producing T cells in NS3/4A-transgenic mice 
after two immunizations, which NS3/4A was unable to do on its own. Thus, inclusion 
of HBcAg clearly improves the immunogenicity of HCV NS3/4A in a tolerant host 
mimicking a human with persistent presence of HCV antigen. This supports the 
concept of using heterologous T cells to restore a dysfunctional T cell response. 
 
Standard vaccines have been based on attenuated live or killed pathogen; recombinant 
expressed viral protein and neutralizing antibodies. These have mainly been used as 
protective vaccines, with the final result being the production of neutralizing antibodies. 
With a persistent infection, the virus has usually evolved an immune escape strategy, 
rendering the neutralizing antibodies unable to clear the infection. In these cases, 
humoral response is most likely not enough and a strong cellular response is needed to 
clear the infected host cells. DNA vaccination is a simple method that allows for 
antigen presentation through both the MHC I and MHC II pathways [260, 310]. The 
MHC I presentation of viral epitopes are central to clear a persistent viral infection.  
 
From paper I, we know that exogenous HBcAg can induce a very strong immune 
response and even function as adjuvant to foreign epitopes when cloned into the 
immunodominant tip of the HBcAg protein. Though this is a very powerful strategy to 
induce neutralizing antibodies, our main objective in therapy is to prime healthy virus 
specific T cells to mediate viral clearance. The question was therefore if endogenous 
expressed HBcAg would support this response? Papers II and III show that endogenous 
HBcAg effectively prime a functional T cell response in a CD4+ dependent pathway, 
which might also activate TLR7 signalling. In wild type mice, the NS3/4A-HBcAg 
fusion constructs did not show a major impact on the priming of NS3-specific T cells. 
However, in transgenic mice with dysfunctional T cells to NS3, the addition of HBcAg 
is essential in restoring both NS3-specific T helper and CTL responses. Thus, we can 
from these studies conclude that HBcAg can be effectively used to support both B and 
T cell responses to a foreign epitope and/or antigen. 
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8 CONCLUSIONS 
 

I. The woodchuck hepatitis core (WHcAg) can be used as an effective 
vaccine carrier platform that enable us to insert epitopes that normally 
would not allow successful virus like particle (VLP) assembly.  This 
platform can be used in areas with a high prevalence of HBV due to the 
lack of immunological cross-reactivity between WHcAg and human 
HBcAg. 
 

II. Endogenous HBV HBcAg is a comparatively poor CTL inducer when 
administered in low dose compared to HCV NS3/4A.  However, codon 
optimization and in vivo electroporation increases plasmid uptake and 
expression, and subsequently the immunogenicity of human HBcAg.  

 
III. The dysfunctional T cell response to HCV NS3 seen in human HCV 

infection can be quite accurately replicated in HCV NS3/4A-transgenic 
mice. Importantly, depletion of Tregs shows that the T cell response to 
NS3 can be restored and suggest that the dysfunction is maintained by an 
active process.  

 
IV. The presence of “healthy heterologous” HBcAg-specific T cells at the site 

of activation of a dysfunctional NS3-specific T cell response can help 
restore the functionality of NS3-specific T cells. This approach should be 
explored in chronic infections in humans. 
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9 POPULÄRVETENSKAPLIGT SAMMANFATTNING 
 
Hepatit B och C orsakas av två olika virus (HBV och HCV) som främst sprids via blod. 
HBV och HCV är globalt sett relativt vanliga med 350 miljoner HBV infekterade 
individer och 200 miljoner HCV infekterade individer med långvariga infektioner. 
Förekomsten av HBV och HCV är dock förhållandevis låg i Sverige. Överföring av 
virus via blodtransfusion förekom tidigare, men numera kontrolleras allt blod för 
hepatit B och C vilket har minimerat denna smittoväg. Både HBV och HCV orsakar en 
inflammation i levern. Av de individer som infekteras som vuxna läker de flesta ut 
infektionen och endast omkring 5% utvecklar en långvarig leverinflammation och 
dessa individer riskerar att överföra infektionen till andra. Risken för långvarig 
sjukdom är större ju yngre man är vid smittotillfället. Nyfödda individer löper >90 % 
risk att drabbas av en långvarig infektion. Individer som drabbas av HCV infektion har 
ofta inga tydliga sjukdomssymptom och minst 50% av alla nya infektioner leder till en 
långvarig leverinflammation. Dessa individer kan bära på virus under en mycket lång 
tid, ibland under stora delar av livet utan vetskap om infektionen. En del av de 
långvariga bärarna utvecklar så småningom en levercirrhos (skrumplever) eller 
levercancer. Det finns idag endast vaccin mot HBV infektion, men läkemedel mot både 
HBV och HCV som i många fall kan kontrollera eller bota den långvariga infektionen 
och förebygga komplikationer. Dessa behandlingar har dock mycket biverkningar. Det 
bästa skyddet mot HCV infektion skulle vara ett vaccin som skyddar mot infektion, 
men som även kan läka ut en långvarig infektion.  
 
Vi har utvecklat en plattform för att förstärka immunsvaret för nya vaccin. Plattformen 
är baserad på hepatit B virusets höljeprotein (HBcAg). HBcAg har unika egenskaper 
vilket stimulerar immunsvaret att producera stora mängder skyddande antikroppar mot 
sig själv. Genom att ”klippa & klistra” in delar från andra virus så kan vi även få 
antikroppar mot dessa främmande virusdelar. Dessa skyddande antikroppar cirkulerar i 
blodet och kan skydda oss från att drabbas av olika virusinfektioner. Till exempel så 
har vi lyckats ”klippa & klistra” in 24 olika delar från malaria, HIV och HCV i 
plattformen. Det unika med vår plattform är att introduktion av nya virusdelar förstör 
formen på vaccinet, vilket normalt vilket leder till att den skyddande effekten uteblir. 
Vaccinplattformen är baserad på hepatit B virus som enbart infekterar murmeldjur 
vilket betyder att människor som redan är vaccinerade eller infekterade med HBV inte 
känner igen detta nya vaccin och plattformen kan således även användas i dessa 
individer.  
 
Dagens standard vaccin tar normalt lång tid att producera och det färdiga vaccinet 
måste förvaras i kyla för att inte förlora sin effekt. Vi har utvecklat och testat ett vaccin 
mot HBV baserat på DNA (arvsmassa). Fördelen med DNA vaccin är att de är enklare 
att ta fram och producera i stor skala. Studier med detta vaccin i möss visar att höga 
doser DNA vaccin kan utplåna infekterade leverceller. DNA vaccin mot HBV och 
HCV har som främsta uppgift att aktivera vita blodkroppar som känner igen och kan 
utplåna infekterade leverceller, vilket är avgörande för att kunna läka ut en långvarig 
HBV och HCV infektion. Genom att stimulera området i muskeln där vaccin injicerats 
med två korta elchocker kan vi öppna upp små porer i musklerna som tillåter DNA 
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vaccinet att tas upp i cellerna och börja stimulera immunsvaret i mycket större 
utsträckning.  
 
När HCV etablerat långvarig infektion i kroppen så lurar den vårt immunförsvar att inte 
kunna känna igen virus. För att kunna utplåna infekterade leverceller så måste vi lära 
om immunförsvaret att känna igen HCV. Genom att kombinera två viktiga delar av 
HCV, NS3 och NS4A med HBcAg från hepatit B viruset i ett DNA vaccin så kan vi 
stimulera ett immunsvar mot HBcAg och samtidigt så hänger delarna NS3/4A med i 
den nya aktiveringen av immunförsvaret. Vi har visat att i möss där immunförsvaret 
mot NS3/4A är bedövat (e.g. liknande situation vid en långvarig HCV infektion) kan de 
vita blodkropparna väckas upp av det nya kombinerade DNA vaccinet och kan utplåna 
infekterade celler. Dessa resultat visar att det är kan vara möjligt att göra ett vaccin som 
kan läka ut en långvarig infektion för att förhindra allvarig leverskada. 
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