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ABSTRACT

Since its widespread introduction, the hepatitis B vaccine has become an essential part of infant immunization
programmes globally. The vaccine has been particularly important for countries where the incidence of hepatitis B virus-
related hepatocellular carcinoma is high. Effective treatment options for individuals with chronic hepatitis B infection
were limited until 1998 when lamivudine, the first nucleoside analogue drug, was introduced. As a single treatment
agent, however, lamivudine has a significant drawback: it induces lamivudine-resistant hepatitis B virus strains that may
pose a risk to the global hepatitis B immunization programme. Mutations associated with drug treatment can cause
changes to the surface antigen protein, the precise part of the virus that the hepatitis B vaccine mimics. However, the
emergence of antiviral drug-associated potential vaccine escape mutants (ADAP-VEMs) in treated patients does not
necessarily pose a significant, imminent threat to the global hepatitis B immunization programme. Nonetheless, there is
already evidence that current treatment regimens have resulted in the selection of stable ADAPVEMs. Treatment is
currently intended to prevent the long-term complications of hepatitis B virus infection, with little consideration given to
potential adverse public health impacts. To address individual and public health concerns, trials are urgently needed to
find the optimal combination of existing drugs that are effective but do not induce the emergence of ADAP-VEMs. This
paper examines the mechanism of antiviral drug-selected changes in the portion of the viral genome that also affects the
surface antigen, and explores their potential impact on current hepatitis Bimmunization programmes.
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INTRODUCTION

Since its widespread introduction in 1983, the hepatitis B vaccine has become an essential part of infant
immunization programmes globally, and is the key component of the global hepatitis B control
programme for the World Health Organization (WHO) [1]. Infection with hepatitis B virus (HBV) can
cause acute liver disease, as well as chronic infection that may lead to liver failure or hepatocellular
carcinoma. The vaccine has been particularly important for countries where the incidence of HBV-related
hepatocellular carcinoma is high. In effect, the hepatitis B vaccine was the world’s first anticancer vaccine.
Effective treatment options for individuals with chronic hepatitis B infection were limited until 1998
when lamivudine, the first nucleoside analogue drug, was approved for treatment. Newer agents have
been developed, but lamivudine remains the mainstay therapy in many countries with high HBV
prevalence because of its safety, efficacy and low cost. As a single treatment agent, however, lamivudine
has a significant drawback: monotherapy has resulted in the appearance of lamivudine-resistant HBV
strains, a phenomenon that has been observed with single-drug regimens used to treat other infections
such as tuberculosis and HIV infection [2]. The emergence of these drug-resistant strains limits
therapeutic options for individuals chronically infected with HBV; moreover, the spread of these strains
may pose a risk to the global hepatitis B immunization programme. Mutations associated with drug
treatment can cause changes to the surface antigen protein, the precise portion of the virus that the
hepatitis B vaccine mimics. This article examines the mechanism of antiviral drug-selected changes in the
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part of the viral genome that also affects the surface antigen, and explores their potential impact on
current hepatitis B vaccine programmes (Box 1).

FEATURES OF THE VIRUS

HBV is an envelope, partly double-stranded DNA virus containing a compact, circular genome of
overlapping reading frames (Fig. 1). Human HBV causes both acute and long-term infections, including
chronic and neoplastic liver disease. The virus exists as eight genotypes labelled A to H, with varied
geographical distributions. Differences between genotypes involve approximately 8% of the genomic
sequence [3-5] HBV uses an encoded enzyme reverse transcriptase to replicate its viral genome. Reverse
transcription is an errorprone process that generates a large number of nucleotide changes within the
viral genome. This process results in new, closely-related viral species; as a result, at any given time in a
particular host the viral population consists of a swarm of similar but discrete viruses [6,7].

VACCINE ESCAPE MUTANTS

The hepatitis B vaccine is an effective means of preventing HBV infection, producing protective levels of
antibodies in up to 95% of recipients [8]. The envelope gene of HBV produces proteins of three different
lengths: two larger proteins, preS1 and preS2, as well as the smaller S protein. The commercially available
hepatitis B vaccine used in most programmes is a yeast-derived recombinant surface antigen of the small
S protein alone. Antibodies elicited by the hepatitis B vaccine specifically target the “a” determinant of the
surface antigen (Fig. 1). It has been recognized that the administration of hepatitis B vaccine can increase
the mutation rate of the virus. In high-prevalence countries such as China, Thailand as well as Province of
Taiwan, China, monitoring for more than a decade has shown that hepatitis B immunization programmes
have increased the incidence of HBV variants with mutations in the surface antigen protein [9,10] even as
they reduce the overall burden of chronic hepatitis B infection [11] Mutations in and around the “a”
determinant may lead to an alteration in the antigenicity of the surface antigen protein so that antibodies
directed against the surface antigen protein may fail to neutralize the virus [12-20] Infection of
immunized individuals with a vaccine escape mutant (VEM) [20] is therefore possible. VEMs are typically
characterized by the presence of single-amino-acid changes in the S protein [12,21] Some of these
variants are associated with high levels of viraemia and have persisted in the host for more than 10 years,
suggesting they are stable and transmissible variants. In addition, the antibody responses against the
surface antigen protein elicited by the recombinant yeastderived vaccine now in use are weaker and
more specific than those achieved with the previous plasma-derived surface antigen vaccine [22-24] In
Province of Taiwan, China, up to 28% of children with chronic hepatitis B infection also harbour hepatitis
B surface antigen mutants. So VEMs capable of causing infection in fully immunized individuals are not
uncommon in countries with high rates of endemic HBV infection and universal hepatitis B infant
immunization programmes [12,20] However, to date the emergence of VEMs has not had a known
negative impact on any country’s immunization programme [25].

TREATMENT OF INFECTION

Five oral antiviral agents have been approved by the United States Food and Drug Administration for the
treatment of chronic hepatitis B infection: lamivudine, adefovir, entecavir, telbivudine and tenofovir
[26,27] The same agents are licensed in the United Kingdom and Europe. Each of these nucleoside
analogue drugs has an excellent safety and efficacy profile. Effective long-term suppression of HBV
replication by these agents is associated with histological and clinical improvement. Before the approval
of these direct antiviral agents, interferon, an immune potentiator, had been used to treat chronic
hepatitis B infection [28]. However, interferon was not consistently successful when used as
monotherapy [26,27] More recently, standard interferon has been replaced by interferon conjugated with
polyethylene glycol (PEG-IFN). This combination administered for 48 weeks achieves a sustained
response rate in about 30% of patients [29,30] The combination of PEG-IFN plus lamivudine [29,30] does
not improve the virological response compared with PEG-IFN alone. However, compared with lamivudine
monotherapy, this combination was more effective in preventing the emergence of lamivudine-resistant
HBV [31]. The combination of PEG-IFN with more potent nucleoside and nucleotide analogues such as
entecavir or tenofovir needs to be tested.

Box 1. Glossary of terms related to hepatitis B viral replication
ADAP-VEM

Antiviral drug-associated potential vaccine escape mutant.

“a” determinant
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A specific region of the hepatitis B virus surface antigen. Neutralizing antibodies that recognize this
antigen must form for the vaccine to provide protection against the disease.

Code

The verb “to code for” denotes the process of providing the genetic template for a specific protein.

Codon

Groups of three amino acids (nucleotides) that together form a unit of genetic code in a DNA or RNA
molecule.

Envelope gene

A gene which codes for the surface antigen (envelope) of the hepatitis B virus.

Genome

The complete set of genes or genetic material (DNA and RNA) present in a cell or organism.

Genotype

The genetic constitution of an organism.

Monotherapy

Treatment with a single therapeutic agent.

Polymerase

An enzyme that acts in the polymerization of new DNA or RNA during the processes of replication and
transcription.

Reading frame

A non-overlapping set of three-nucleotide sequence codons in DNA or RNA. There are three possible ways
to read a nucleotide sequence, depending upon whether reading starts with the first, second or third base
in the sequence. For example, with the nucleotide sequence TGCTGCTGC, the three possible reading
frames are TGC TGC TGC, GCT GCT GCT and CTG CTGCTG.

Surface antigen

The outer envelope protein of the hepatitis B virus.

Transcriptase

An enzyme that catalyzes the formation of RNA from a DNA template during transcription.

Reverse transcription

Genetic copying in the reverse direction in a small number of species (e.g. human immunodeficiency and
hepatitis B viruses) compared with transcription in other species.

Vaccine escape mutant

A viral strain that has undergone changes in antigenicity that make the vaccine-generated antibody
response ineffective in vivo.

PROBLEMS WITH DRUG THERAPY

The HBV genome is circular and organized into four open reading frames that overlap with each other. As
a consequence of this arrangement, the part of the polymerase gene that codes for the reverse
transcriptase enzyme - the target of antiviral therapy - overlaps the neutralization domain of the surface
gene that codes for the S protein - the target of antibodies elicited by the hepatitis B vaccine (Fig. 1).
Treatment of HBV-infected individuals with nucleoside analogues results in mutations in the polymerase
gene, many of which are associated with alterations in the “a” determinant of the surface antigen [32-34]
Resistance to lamivudine is, in fact, common in patients on monotherapy, rising from 15% after the first
year of treatment to 67% when used continuously for 4 years [35]. The genomic changes can be stable,
and in at least one case a drug-resistant strain has been transmitted to another individual [36]
Consequently, in populations where lamivudine has been widely used to treat patients continuously for
periods of several years, viruses with alterations in the surface antigen are likely to occur relatively
frequently, and some will be antiviral drug-associated potential vaccine escape mutants (ADAP-VEMs).
Although drug-driven changes in the S protein have been well described, the effect of these changes on
the antigenicity of the surface antigen has been little studied [37,38].

PUBLIC HEALTH RISK OF ESCAPE MUTANTS

The use of nucleoside and nucleotide analogues in the treatment of chronic hepatitis B infection results in
mutations in the HBV genome that can have an impact on public health (Fig. 2). However, the emergence
of such ADAP-VEMs in treated patients does not necessarily pose a significant, imminent threat to the
global hepatitis B immunization programme. For instance, some ADAP-VEMs selected by lamivudine have
been shown to be less fit virologically; that is, they are rapidly replaced when the drug is removed and are
unlikely to be a dominant or co-dominant viral population in terms of virus transmission.29 For a new
viral species to pose a threat to an immunization programme, we propose that it must display the
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following characteristics: (i) it must be a stable mutant, (ii) the changes in antigenicity must be sufficient
to prevent the antibody generated by the vaccine from neutralizing it (i.e. it must be a true ADA-VEM),
(iii) it must be transmissible, cause infection in immunized individuals and have opportunities to spread,
and (iv) it must cause acute or chronic disease in infected individuals. Of these four characteristics, to
date we have evidence that three have been fulfilled, although we do not know if ADAP-VEMs have the
same propensity to cause disease as do strains of HBV that are already circulating. However, given the
high rate of HBV drug resistance and the discovery of ADAP-VEMs in individuals who have received
lamivudine therapy, we suggest at least two features of HBV treatment programmes may increase the
likelihood that an ADAP-VEM of public health importance will emerge. The first feature of such
programmes that can increase the risk is the type of antiviral agent. Lamivudine, although it is relatively
inexpensive, has been shown to rapidly result in the selection of primary antiviral drugresistant
polymerase variants. These variants in turn also select for compensatory mutations, some of which may
have altered surface antigens [33,34,39]. In contrast, the likelihood that mutants will be generated seems
to be much lower for newer agents such as entecavir, and for combination therapies including PEG-IFN,
although the risk is not zero [30,35,38,40]. All of these newer medications, however, are more expensive
and their long-term efficacy is still being established. Consequently, for the foreseeable future many
countries, especially in the Asia-Pacific region, will probably continue to treat chronic hepatitis B
infection with lamivudine even though it is no longer considered the first-line treatment, and despite the
fact that drug resistance may rapidly emerge [41] The proliferation of medications and substandard
drugs, as has occurred with treatments for malaria (for instance), is an additional risk as treatment
programmes expand in developing countries. The second potentially problematic feature of current
treatment programmes is the way patients are selected. Antiviral drugs are the only long-term treatment
option for chronic hepatitis B infection,40 and many investigators have argued that all patients who are
viraemic should be treated. Because of the strong correlation between HBV viral load and the likelihood
of developing cirrhosis and hepatocellular carcinoma, reducing viral replication as early as possible after
infection is likely to be beneficial. In addition to being costly, this approach may generate antiviral drug
resistance since current agents never lead to eradication of the virus, but only to control of replication.
This effect, in turn, can complicate second-line therapies and may favour the appearance of ADAPVEMs.
Treatment in industrialized countries is therefore usually reserved for patients likely to respond to
therapy and those who have advanced disease.41 However, there is no consensus globally regarding
which patients to treat, and WHO has not yet produced international recommendations to guide therapy
(Daniel Lavanchy, personal communication, 2008). Inappropriate inclusion criteria, improper application
of these criteria or lack of compliance with treatment could greatly influence the emergence of both drug
resistance and ADAP-VEMs. The public health risk of treatment programmes in different populations may
also depend upon features of the circulating viral genotype. There is evidence that the genotype of the
virus influences the speed and frequency of development of resistance to treatment, which may in turn
influence the likelihood that ADAP-VEMs will emerge. For example, genotype A-1 (common in north-
western Europe and North America) more frequently develops surface protein changes with lamivudine
therapy than genotype D-1 (concentrated in Mediterranean countries but distributed globally) [42]. The
viral genotype also influences how frequently infected individuals develop antibodies to the hepatitis B
“e” antigen (HBeAg). During the natural history of chronic hepatitis B, persons infected with genotype D-1
are more likely to become HBeAg-negative than those infected with genotype A-1 [43]. In general, when
HBeAg is detectable in the blood, the infection is more transmissible. Among children born to mothers
who are HBeAg-positive, 90% will become infected whereas only 10% of children born to HBeAg-
negative mothers will become infected. The disease process can also be more active and more rapidly
progressive in HBeAg-positive individuals,43 although disease progression may also be influenced more
by the underlying HBV genotype than by HBeAg status alone [44,45]. The proportion of infected
individuals who are HBeAg-positive could therefore influence the total numbers of persons treated with
antiviral medications, the risk of generating ADAP-VEMs and the subsequent risk of secondary
transmission of these mutants. Given these features, the likelihood that escape mutants will emerge as a
result of HBV treatment programmes is probably greatest in settings of high HBV prevalence, where
treatment is widely available and where regimens are inappropriate or adherence is uneven. Escape
mutants may also appear in settings where HIV/HBV co-infection is prevalent since HIV is known to
increase HBV replication [46] but it has not been confirmed that co-infection alters the rate of developing
resistance. Within these settings there may be subgroups of particular interest. For example, the
efficiency of transmission from an HBeAg-positive mother to her child during the perinatal period creates
a very high risk for chronic hepatitis B infection. This risk makes it important to monitor for ADAPVEMs
among treated women of childbearing age, especially if lamivudine is used as monotherapy, since neither
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hepatitis B immunoglobulin nor active immunization would prevent infection with an ADAP-VEM
transmitted from mother to child. In addition, the child may then spread the ADAP-VEM to other children,
immunized or not. Subsequent treatment of chronic hepatitis B in all persons infected when young is also
complicated if they have been infected with a drug-resistant strain. On the other hand, it has been
estimated that the proportion of all HBV infections acquired among children more than 5 years of age
ranges from 10% where prevalence of hepatitis B infection is high to as much as 90% where prevalence is
low [47] These numbers suggest that monitoring for ADAP-VEMs may be needed in other populations in
addition to HBV-infected HBeAgpositive women of childbearing age. Geographical sites of high risk for the
emergence of ADAP-VEMs of public health importance should be mapped. To this end, official and
unofficial treatment programmes that already record the type of antiviral treatment, treatment criteria
and the extent of substandard medications could be combined with descriptive epidemiology (e.g. high
burden of disease, viral genotype, proportion of HBV-infected individuals with surface antigen positivity)
to identify high-risk settings.

Fig. 1. Genome structure of the hepatitis B virus showing overlapping reading frames of the polymerase
and surface antigen

HBV Genome

AF '~|_,|l"1"i.'1“.:-4

Enh I gions of nterest

196 1 i gy —
E
Fal ] ]
DR1, direct repeat sequence 1; DR2, direct repeat sequence 2; EcoR1, the cut site of the restriction

endonuclease EcoR1 derived from E. coli; X, X gene encoding the HBV X protein; PreS1 and PreS2, large
envelope proteins; S, the small envelope protein.

Fig. 2.Potential impact of hepatitis B VEMs and ADAP-VEMs on public health
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DISCUSSION

In this article we raise the possibility of a threat to the global hepatitis B immunization programme
because of the use of lamivudine and other nucleoside or nucleotide analogue therapeutic agents to treat
individuals with chronic hepatitis B infection. Although the threat is theoretical, there is already evidence
that current treatment regimens have resulted in the selection of stable ADAP-VEMs. Even though the
transmission of ADAP-VEMs to individuals immunized with HBV vaccine has been observed in only one
case, 36 VEMs generated by hepatitis B vaccine have spread more widely and caused infection in
previously immunized individuals. Knowing this, what should our response be now? At the very least, we
must learn more about ADAP-VEMs, their transmissibility and their potential to cause infection and
disease in immunized individuals. This will require virological surveillance and clinical follow-up of
infected individuals and those undergoing treatment, and also, possibly, surveillance of their close
contacts. The initial focus of these activities should be high-risk settings until the level of risk is defined
and understood better. Incident cases of HBV in these situations could also be examined for VEMs,
especially if a new case is epidemiologically linked to an individual undergoing treatment for chronic
hepatitis B infection. Follow-up of such cases of HBV, however, would depend on the availability of
testing, and currently no suitable commercial tests are available. At present, treatment aims to prevent
the long-term complications of HBV infection, with little consideration given to potential adverse public
health impacts. The number of potent antiviral agents is limited, their development by manufacturers is
episodic and trials that have evaluated combination therapies are lacking. Because of these factors,
monotherapy remains the usual practice in most settings. As with other infections, more potent
combination therapies for HBV would reduce the chance of drug-resistance and lead to early and longer-
lasting control of HBV replication. Such therapies would not only benefit the individual but would also
simultaneously reduce the likelihood that ADAP-VEMs of global public health significance will emerge.
Trials are urgently needed to identify the optimal combination of existing drugs that can address both
individual and public health needs. International therapeutic guidelines for chronic hepatitis B such as
those issued by the Asian-Pacific Association for the Study of the Liver [48] the European Association for
the Study of the Liver International Consensus Conference [49] and the American Association for the
Study of Liver Disease [50] should ideally consider both of these elements, and will need to be refined as
more is learned about ADAP-VEMs. More effective novel agents are clearly needed that target other parts
of the virus. It is still essential to prevent the spread of wild, vaccine-sensitive strains of HBV. Well-tested
measures such as safe sex and avoiding the risks associated with injection drug use will also help to
reduce horizontal transmission of both the wild virus and VEMs. Hepatitis B immunization for infants of
mothers with HBV will reduce perinatal transmission of the wild virus but may not prevent transmission
of VEMs. The global hepatitis B immunization programme will continue to reduce new incident infections
of hepatitis B and the burden of chronic HBV disease globally, although it is simultaneously generating
VEMs. One simulation has predicted that the spread of VEMs selected out by immunization would result
in relatively few new infections for the foreseeable future [50]. However, it is not yet clear whether the
emergence of ADAP-VEMs in a population will be speeded up by the simultaneous use of both the vaccine
and treatment. Of course, hepatitis B vaccines that incorporate HBV proteins not altered by immunization
or drug therapy are the ultimate solution to prevent the appearance of viral escape mutants generated by
vaccines or antiviral drugs.
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