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Abstract

The clinical course of infections with the hepatitis B
virus (HBV) substantially varies between individuals, as
a consequence of a complex interplay between viral,
host, environmental and other factors. Due to the high
genetic variability of HBV, the virus can be catego-
rized into different HBV genotypes and subgenotypes,
which considerably differ with respect to geographical
distribution, transmission routes, disease progression,
responses to antiviral therapy or vaccination, and clini-
cal outcome measures such as cirrhosis or hepatocel-
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lular carcinoma. However, HBV (sub)genotyping has
caused some controversies in the past due to misclas-
sifications and incorrect interpretations of different
genotyping methods. Thus, an accurate, holistic and
dynamic classification system is essential. In this re-
view article, we aimed at highlighting potential pitfalls
in genetic and phylogenetic analyses of HBV and sug-
gest novel terms for HBV classification. Analyzing full-
length genome sequences when classifying genotypes
and subgenotypes is the foremost prerequisite of this
classification system. Careful attention must be paid
to all aspects of phylogenetic analysis, such as boot-
strapping values and meeting the necessary thresh-
olds for (sub)genotyping. Quasi-subgenotype refers to
subgenotypes that were incorrectly suggested to be
novel. As many of these strains were misclassified due
to genetic differences resulting from recombination,
we propose the term “recombino-subgenotype”. More-
over, immigration is an important confounding facet of
global HBV distribution and substantially changes the
geographic pattern of HBV (sub)genotypes. We there-
fore suggest the term “immigro-subgenotype” to dis-
tinguish exotic (sub)genotypes from native ones. We
are strongly convinced that applying these two pro-
posed terms in HBV classification will help harmonize
this rapidly progressing field and allow for improved
prophylaxis, diagnosis and treatment.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Hepatitis B virus (HBV) eradication could be
achieved through three important points: (1) efficient
universal vaccination; (2) accurate diagnostic assays;
and (3) effective treatment of HBV carriers. Undoubt-
edly, these critical measures are not possible without
fully understanding the genetics of the virus and be-
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ing able to differentiate the isolates. In this review
article we provide an update of HBV virology, focusing
on classification and its impact on diagnosis, clinical
outcomes, therapy, prophylaxis, evolution and epide-
miology. Subsequently, the role of correct classification
in describing HBV is highlighted, and misclassifica-
tions together with their causes are recounted. Finally,
through the proposal of novel terms, HBV strains are
reclassified.
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POSSIBLE ERADICATION OF HEPATITIS
B VIRUS; MULTI-FACTORIAL

COMPLICATIONS
Undoubtedly, the World Health Organization’s (WHO)

announcement in 1980 that smallpox virus was eradi-
cated through vaccination represented one of the ex-
traordinary human breakthroughs in the battle against
infectious diseases'”. Unfortunately, it seems that vac-
cination alone is not enough for hepatitis B virus (HBV)
eradication.

HBV was discovered by Blumberg e a/” (1925-2011)
in 1965. Five years later, the first HBV vaccine and di-
agnostic blood test were developed. The HBV vaccine
is considered to be the first widely used vaccine against
cancer and a chronic disease. In contrast to other vac-
cines, the clinical trial of this vaccine was short, and the
vaccine was quickly approved by the United States Food
and Drug Administration (FDA)®. Multiple studies have
confirmed that the incidence of acute hepatitis, chronic
liver disease as well as hepatocellular carcinoma (HCC)
is decreased in the HBV-vaccinated population. Owing
to the administration of more than one billion doses of
HBYV vaccines since 1982", the worldwide mortality rate
of HBV has diminished signiﬁcantlyl7].

The WHO and other alliance organizations estab-
lished the annual World Hepatitis Day in 2008. July 28"
was selected for this particular day in honor of Prof.
Blumberg’s birth date. The experts and healthcare orga-
nizations put their efforts into raising global awareness
of viral hepatitis, especially about HBV and hepatitis
C virus (HCV). The experts educate people all around
the world about prevention, transmission, diagnosis and
treatment against viral hepatitis infection. Undoubtedly,
like smallpox eradication and its global preventative
program, the World Hepatitis Day also moves up the
knowledge of the global strengthening of preventive and
control measures against viral hepatitis. Consequently, it
is anticipated that increasing HBV vaccination coverage
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wotldwide will definitely have positive impact on HBV
eradication in the near future.

Despite advances that have resulted in several genera-
tions of HBV vaccines, a series of viral screening assays
and effective treatment options, HBV is still considered
a dangerous, life-threatening illness and a serious public
health problem. The WHO estimates that at least two
billion people (one fourth to one third of the world’s
population) had been infected with the virus; 400 million
people are infected chronically®”, HBV-related disecases
are currently ranked ninth on the global list for causes of
mortality, and HBV is the fifth most important infectious
agent, resulting in about one million deaths annually”,
Due to the significant public health risk that HBV poses,
it is important to compile comprehensive knowledge of
both viral and host properties to enable elimination of
HBYV infection in the near future.

Host-related complications

The existence of a large reservoir of chronically in-
fected HBV carrier patients hampers eradication of the
virus"”. The prevalence of chronic infection varies from
region to region, such that different geographical parts
of the wotld exhibit different sero-epidemiological pat-
terns of HBV infection. The highest seroprevalence (8%0)
is found in Asia and the South Pacific region, which is
considered a highly endemic region. In Sub-Saharan
Africa, Alaska, the Mediterranean region and India,
HBYV seroprevalence is between 2% and 7%, which is
considered an intermediate endemic range. In European
countries and some parts of Central and South America,
HBYV seroprevalence is less than 2%, which is consid-
ered low'".

Patients chronically infected with HBV have a greater
than 100-fold chance of developing HCC compared to
uninfected people“zl. From a global perspective, HBV is
the leading cause of HCC and causes one million deaths
annuallyml. Although the eradication of hepatitis B by
means of universal vaccination seems technically achiev-
able, this task is made difficult by the fact that hundreds
of millions individuals are already chronically infected
with HBV. The elimination of hepatitis B will only be
successful when this group of chronically infected pa-
tients is cured naturally or through antiviral treatments.
Only accurate and continuously improved diagnostic
policies will identify the pool of carriers for appropri-
ate treatment. To further complicate diagnosis, different
types of chronicity like normal obvious infection (overt)
or masked infection (occult) increase the complexity of
the diagnostic algorithms[14’1sj. Vaccinating patients in
high-risk groups, which come in contact with infected
people, would decrease the infectivity and risk of trans-
mission to the healthy population and should therefore

be considered a priorityH’GJ.

Virus related complexity

HBYV is the prototypic species of a family of DNA vi-
ruses called Hepadnaviridae. The HBV genome is approxi-
mately 3200 bp long, circular, and consists of four genes
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and seven open reading frames (ORFs). HBV itself
evolves inter- and intra-genetically in reservoirs. Since
the reverse transcriptase enzyme lacks proofreading ac-
tivity, the nucleotide substitution rate for HBV is higher
than that of other DNA viruses'". During persistent,
long-term HBV infection and under different selective
pressures, variants of HBV can emerge. Some variants
are able to evade diagnostic, prophylactic and therapeutic
measures. This extraordinary genomic diversity, together
with a high replication capacity, allows HBV to adapt
to different hosts!"”. Based on evolutionary analysis,
HBV has cight confirmed genotypes (named A to H)
and two tentative genotypes (called I and J), and almost
forty subgenotypes (Figure 1A, Phylogenetic and
evolutionary analyses of complete genome sequences
have classified HBV into these eight distinct genotypes;
each has an intergroup nucleotide divergence greater
than 7.5%"". “Subgenotypes” are subgroups within the
same genotype that meet two particular criteria. First,
they have a nucleotide divergence between 4% and 7.5%
over the full-length genomem, and secondly, there is
high phylogenetic bootstrap support. “Clades” further
divide subgenotypes, and have less than 4% nucleotide
diversity based on the complete genome sequencesm.
Prior to molecular analyses (genotype, subgenotype and
clades), classification of HBV strains was based on the
immunological heterogeneity of HBsAg, which led to
the categorization into different HBV serotypes (sub-
types). The development of DNA sequencing revealed
that amino acid changes in the major hydrophilic region
(MHR) region of the HBsAg are responsible for this
classification. This serotype-based classification is still
used, and epidemiological studies describe associations
between serologic subtypes and genotypes[zo’m.

HBV CLASSIFICATION METHODS

Phylogenetic analysis of the nucleotide sequences of

the whole HBV genome represents the most conclusive
method for HBV genotypingm]. This method is con-
sidered the “gold standard” approach for genotyping
and subgenotyping, though it is relatively expensive and
time-consuming. Fortunately, sequencing is becoming
cheaper and faster, so it may serve as a common mo-
lecular method in the very near future even for clini-
cal routine purposes. Phylogenetic analysis can also be
performed on individual genes instead of the complete
genome, in particular on the HBV envelope (S) genem].
The results obtained from the partial sequence (HBV S
gene) may be useful for determining the HBV genotype,
but it will not be appropriate for determining the HBV
subgenotype.

Online methods to genotype HBV

Bioinformatics is currently used in many fields of sci-
ence, and numerous bioinformatics software tools atre
available online. Genotyping of microorganisms has
also become readily available, particularly for viruses,
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since they carry small genomes compared to eukaryotic
organisms. One of the most popular online systems is
a sequence similarity algorithm, such as BLAST, which
1s available through the National Center for Biotechnol-
ogy Information (NCBI). BLAST analysis can be used
to identify the sequences that are most similar to the
sample by comparing the sample sequence to sequences
archived in GenBank. NCBI has generated additional
online tools specifically to determine the sequence of
certain genotypes and subgenotypes of viruses. Thus,
HBYV and several other viruses can currently be geno-
typed using the NCBI web-based HBV genotyping
tool™. To further facilitate HBV genotype determina-
tion, several experts in the field have introduced differ-
ent online HBV genotyping tools, such as the hepatitis
B virus database (HBVdb)™, HBV STAR®", BioAfrica-
Oxford HBV Automated Subtyping Tool™, HepSEQ
Genotyper[zg’m and the jumping profile Hidden Markov
Model (jpHMM)P",

French experts developed the HBVdb online genotyping
system, allowing researchers not only to genotype HBV but
also to create virus recombination and drug resistance
profiles. A group from the United Kingdom designed
the HBV STAR online tool to genotype HBV based on
a statistically defined, position-specific scoring model.
This tool is able to predict recombinant and non-human
primate isolates. The HBV STAR tool also supports
human immunodeficiency virus-1 (HIV-1) subtyping,
Another group established a rapid high-throughput-
genotyping system called BioAfrica-Oxford Automated
Subtyping Tool, which is able to genotype and subtype
several viruses, including HBV. The tool employs a
phylogenetic approach to genotype viruses and uses
bootscanning methods to detect recombination””. The
HepSEQ Genotyper online tool is an international pub-
lic health repository for hepatitis B developed by British
scientists, which provides molecular, clinical and epide-
miological information regarding HBV. HepSEQ Geno-
typer is capable of determining the HBV genotype and
classifying clinically relevant mutations within the HBV
genome such as vaccine escape, precore or antiviral-re-
sistant mutations. This tool uses only HBV polymerase/
surface genes for genotype computation and is therefore
less accurate for detecting recombination. The jpHMM
online tool was developed to subtype/genotype two
viruses: HIV-1 and HBV. This tool uses a probabilistic
approach to compare a sequence to a multiple alignment
of a sequence family and can also be extended to detect
recombination.

Molecular-based methods to genotype HBV

Several molecular approaches have been developed to
characterize HBV genotypes, including polymerase chain
reaction-restriction fragment length polymorphism (PCR-
RFLP)">, genotype-specific primers in a single or a
multiplex-PCR set™, oligonucleotide microarray chip
(DNA Chip), restriction fragment mass polymorphism
(REFMP), mass spectrometry (MS), PCR-invader assay, re-
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Figure 1 Neighbour-joining phylogenetic tree was conducted based on hepatitis B virus full-length genomes of all proposed genotypes and subgeno-
types before (A) and after (B) reclassification. HBV genome sequence that used are listed below: JN182318: A1; HE576989: A2; AB194951: A3; AY934764:
Ad4; FJ692613: A5; GQ331047: A6; FN545833: A7; AB642091: B1; FJ899779: B2; GQ924617: B3; GQI24626: B4; GQI24640: B5; JN792893: B6; GQ358137: B,
GQ358147: B8; GQ358149: BY; AB697490: C1; GQ358158: C2; DQ089IBO1: C3; HMO011493: C4; EU410080: C5; EU670263: C6; GU721029: C7; AP011106: C8;
AP011108: C9; AB540583: C10; AB554019: C11; AB554025: C12; AB644280: C13; AB644284: C14; AB644286: C15; AB644287: C16; GU456636: D1; GQ477452:
D2; EU594434: D3; GQ922003: D4; GQ205377: D5; KF170740: D6; FJ904442: D7; FN594770: D8; JN664942: D9; FN594748: E; FJ709464: F1b; DQ899146: F2b;
AY090459: F1a; DQ899142: F2a; AB036920: F3; AF223965: F4; GU563556: G; AB516393: H; FJ023659: I1; FJ023664: 12 ; AB486012: J and AY226578: Woolly

monkey as an out-group. HBV: Hepatitis B virus.

al-time PCR, hybridization strips as INNO-LiPA, reverse
dot blot assay and sequencing"”

Among them, PCR-RFLP is widely used to genotype
HBYV since it is simple and inexpensive. Nevertheless,
there are many reports that indicate this technique is not
always accurate and may often result in an ‘untypable’
genotype’. Genotype-specific primers in single and
multiplex PCR sets are also utilized to distinguish dif-
ferent genotypes. This method is rapid and inexpensive
and widely used for large population studies; however,
any mutation in the genome may alter the result of the
assay due to primer-DNA hybrldlzauon mlsmatchlng
Recently, the DNA Chip method™, invader assays" ],
real-time PCR""*, hybridization and dot blot meth-
ods™ have been employed for HBV genotype detec-

on, These techniques are highly sensitive; however,
fidelity can be affected by any mutation within the HBV
genome. Mass spectrometry’ and REMP™ can also be
used for genotyping of HBV. These methods can detect
drug resistant variants, but fidelity is also affected by
mutations, and the methods themselves are costly and
require specialized equipment. Despite the emergence
of many methods to genotype HBV, sequencing is still
considered the “gold standard” method for genotyping,
followed by phylogenetic and evolutionary analysis. This
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method is the most reliable, since it is able to determine
the whole genome sequence of HBV.

Methods to determine HBV subtypes

Three decades ago, HBV subtyping was introduced as the
first classification system for hepatitis B, in which categories
were assigned based on the amino acid sequences at the
surface antigen region™*". This sero-molecular taxonomy
based on the specific motifs of HBsAg led to 10 different
sero-subtypes of HBV. Different HBV subtypes can be
distinguished based on enzyme-linked immunosorbent
assay (ELISA) or enzyme immunoassays (EIA) using
specific monoclonal antibodies against pre-S2 and S
regions'*’. Since sequencing of the HBV HBsAg region
reveals subtype-specific motifs, serological subtyping
(serotyping) of HBV can also be predicted by HBsAg
amino acid sequence mapping™.

The relationship between particular subgenotypes
and subtypes has already been demonstrated™". Also
different impacts of HBV subtypes on results of sero-
logical assays for HBsAg have been demonstrated™. Lit-
tle is known about the driving forces behind the diver-
gence of HBV genotypes, subgenotypes and subtypes.
We believe that they are the result of long-term adapta-
tion to the host’s genetic background of certain human
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populations where they circulated. Subtypes distributed
consistently with the pre-historic human migrationm].
Genotype, subgenotype and subtype-specific variability
is stably transmitted within the host population and is
considered to stay constant from the beginning of the
infection in an individual ™.

Methods to determine HBV subgenotype

Although all aforementioned methods are able to detect
HBYV genotype, no molecular method has been intro-
duced to determine HBV subgenotypes accurately. There
are several studies that used PCR-based approaches to
distinguish subgenotypes of HBV, however, they were
designed to differentiate only limited subgenotypes. For
instance, investigators introduced multiplex-PCR or
semi-nested PCR assays to differentiate between HBV
subgenotypes B1, B2, C1 and C2"" or Ba and Bj"”.
Therefore, sequencing is still the only method that is able
to determine subgenotypes of HBV accurately following
careful phylogeny analysis. Based on our own expetience
in the field of HBV epidemiology, we would like to ex-
plain in more detail how the HBV subgenotype can be
accurately determined.

Introducing “HBV subgenotyping guidelines”

To determine HBV subgenotype, several rules must be
strictly applied: (1) Analyzing the full-length genome is
the foremost prerequisite for determining the accurate
subgenotype. This is necessary for the analysis of entire
genes and ORFs at the nucleotide level. It also allows for
accurate subgenotyping, even if mutations or recombi-
nations occur in the particular strain of interest. In the
past, using only the partial genome has led to several mis-
classifications of HBV subgenotypes. The preeminent
example is the introduction of the subgenotypes A4 and
A5 through partial genome analysis by Olinger ez al in
2006. Further analysis revealed that these strains should
not be considered independent subgenotypes™. The
partial genome is inadequate for HBV subgenotyping,
because of the particular genomic structure in which
four genes and seven proteins are arrayed in a concise
genome. Furthermore, analysing partial genes instead
of the full-length genome can sometimes lead to false
epidemiological signals from distant geographical
regions. For instance, Khedive e a/*” analysed 681 bp of
isolated strains from HBV carriers in Iran and reported
five strains with HBV subgenotypes D5 and D8, which
is inconsistent with the known geographical distribu-
tion of subgenotypes. According to all epidemiological
studies from Iran, D1 is the most frequent subgenotype
of HBYV, followed by a minor population of D2. Moreo-
ver, recent analysis showed that Iran is the most prob-
able location of the common ancestor of subgenotype
D1-D3"". Also, there is no accurate evidence of other
subgenotypes of genotype D in Iran or its neighbour-
ing countries. Thus, the reported identification of D5
and D8 is not geographically congruent with previous
studies from Iran. Also, in other studies, like searching

Baishidenge ~ WJG | www.wjgnet.com

for the common source of HBV infection, full-length
genome analysis provides strong evidence"™*™; (2)
Adherence to the ranges of intra-genotypic nucleotide
divergence (more than 4.5% and less than 7.5%) that de-
fine distinct subgenotypes is the second most important
factor for correctly identifying subgenotypes of HBV.
Disregarding this rule in several cases, like with A5 and
A7, has resulted in misclassification of strains'®*""; (3)
Bootstrap values greater than 75% are necessary to sup-
port the monophyletic tree to introduce a cluster as an
independent subgenotype. There are several subgeno-
types that have been introduced without considering this
critical rule. Shi ez a/* misclassified the B3 subgenotype
and Huy ¢z a/*) misclassified C2 of HBV due to ignoring
this criteria; (4) Recombinant strains should be excluded
from any subgenotyping analysis as much as possible
because they can disrupt the topology of a phyloge-
netic tree and falsely increase nucleotide divergence. For
example, subgenotypes D8, D9, CD1 and CD2 have
been misclassified"****". The impact of recombination
on HBYV strain analysis will be discussed in more detail
below; (5) To introduce novel subgenotypes, strains
harbouring specific nucleotide and amino acid motifs
should be identified. Some investigators have demon-
strated this particular criteriaon for subgenotypes of Al,
A3 and A6"; and (6) To avoid sampling bias, a mini-
mum of three purported novel strains, together with
all available subgenotype strains belonging to the same
genotype, should be subjected to evolutionary and phy-
logeny analysis. Using random reference sequences, as
opposed to selecting some particular reference sequence,
1s highly recommended for subgenotyping phylogeny
analysis.

Since recombination is an inevitable part of HBV’
s evolution, most subgenotypes that belong to a HBV
genotype (such as genotype B) show a trace of recom-
bination”". However, in several cases, the level of re-
combination is significant and the strain should not be
classified as a subgenotype. This is discussed below in
more detail. Table 1 presents examples of misclassified
subgenotypes, their methodological errors, and the pro-
posed correct subgenotype classification of HBV.

IMPORTANCE OF HBV CLASSIFICATION

Before passing away in 2011, the Nobel Prize winner
Professor Blumberg emphasized the importance of elim-
inating HBV. He believed eradication could be achieved
through three important points: (1) efficient universal vac-
cination; (2) accurate diagnostic assays; and (3) effective
treatment of HBV carriers!!. Undoubtedly, eradicating
HBV is not possible without fully understanding the
genetics of the virus and being able to differentiate the
isolates. Thus, before delving into HBV classification
and current methodological drawbacks, we first present
a comprehensive overview of differences in HBV strains
in terms of virological, epidemiological, clinical and
evolutionary aspects.
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Table 1 The misclassifications detected in hepatitis B virus subgenotyping

Genotypes Subgenotypes Reasons (R) for misclassification Suggested resolution New proposed subgenotypes reclassification
old classification
A Al, A2 Al, A2
A3, A4, A5 R1 R2 R3 R5 Quasisubgenotype-A3 QS-A3
A6 A4
A7 R2 R3 R5 Quasisubgenotype-A3 QS-A3
B B1, B2 B1, B2
B3, B5, B7, B8, B9 R2 R3 Quasisubgenotype-B3 QS-B3
B4 B4
B6 B5
C C1 C1
Cc2 R3 Quasisubgenotype-C2 Qs-C2
c3 C3
(@] R4 Trace recombination RS-C4
c5 R4 Trace recombination RS-C5
C6-C13 C6-C13
Cl4 R2 Quasisubgenotype-C2 Qs-C2
C15, C16 C15, C16
C/D1, C/D2 R4 Inter-genotypic recombinant Not considered as subgenotype
D D1, D2, D3 R2 Not decided yet
D4, D5, D6, D7, D8, D9 R4 Recombino-subgenotype RS-D4, RS-D5, RS-D6, RS-D7, RS-D8, RS-D9

Number (R1-R5) indicates the reason of problems in classification. R1: Applying partial gene in introducing subgenotype; R2: < 4% nucleotide divergence;

R3: Weak bootstrap value or no monophyletic cluster; R4: Recombination; R5: Bias in reference collection. QS: Quasi-subgenotype; RS: Recombino-sub-

genotype.

Genotypic virological differences

It has been proposed that genotypic virological differences
have evolved and adapted through long-term evolution,
as well as through sequence insertions and deletions in
the HBV genome. The HBV prototype strains comprises
3215 nucleotide base-pairs (bp), which are found in HBV
genotypes B, C and F and H. The length of HBV strains
varies from 3182 bp in the shortest genotype (genotype D)
to 3248 bp in the longest one (genotype G)"'". Particular
genetic characteristics are present in some genotypes. For
example, because of the existence of two stop codons in
the core region of genotype G of HBYV, this strain does
not have the ability to secrete hepatitis B e antigen (or
HBeAg)WOJ. Also, the G1896A precore (PC) mutation,
which also ablates HBeAg expression due to a stop
codon in the precore region, is rare in genotypes A, F
and H, while this mutation has the highest prevalence
in genotype D" Some reports have demonstrated
the high prevalence of the PC mutation in non-Japanese
subgenotypes of genotype B (B2-B5) compared to
subgenotype B1™. Also, A1762T and G1764A/T basal
core promoter (BCP) mutation, which is significantly
associated with advanced liver diseases, is more preva-
lent in genotypes A and H of HBV"™. Moreover,
nucleotide variation and deletion in the pre-S region are
particularly prevalent in distinct genotypes, such as geno-
type C in comparison with genotype B, Studies re-
vealed that diversity within the HBV genome is directly
associated with cirrhosis as well as HCC incidence and
outcome!”. Moreover, heterogeneity and substitution
rates are dissimilar in different HBV genotypes. Based
on intra-genotype genetic diversity, some genotypes like
genotypes A, B, C, D, and F have been classified into
different subgenotypes, while genotypes of E, G and H
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do not contain enough heterogeneity to be subdivided
into subgenotypeslml.

Genotype epidemiological distinctions

In addition to virological aspects, epidemiological stud-
ies revealed that HBV genotypes are associated with
differences in geographical distribution and route of
transmission.

Geographical distribution: Different genotypes of HBV
show distinct geographical distribution patterns. For ex-
ample, genotype A is dominant in Northwest Europe
and North America. Also, some strains of genotype A
have been found in the Philippines, Hong Kong and in
some parts of Africa and Asia. Genotypes B and C are
mainly prevalent in Southeast Asia and can be also found
in the Pacific islands”". Genotype D is the most globally
distributed genotype, and it can be found from South-
ern Europe and Africa to India. It can be also detected
among intravenous drug users on all continents’". Gen-
otype E is mainly dominant in West Africa’™, Genotype
F is found in South and Central America”. Genotype G
was first discovered in France and the United States™,
and it has recently been reported in Belgium®™. Geno-
type H has been described in America and Japan®™, Re-
cently, two controversial genotypes (I and J]) have been
proposed in South Asia”™™ which will be discussed
comprehensively later in Section 6 (recombination).

Transmission route: Generally, HBV is transmitted
through contaminated body fluids. Various routes of
transmission include blood transfusions from infected
patients, sexual intercourse, unsafe injections and moth-
er-to-neonate transmission. Recently, tears, urine, saliva,

June 21, 2014 | Volume 20 | Issue 23 |



Pourkarim MR et a/. Hepatitis B virus classification

bites and broken skin have also become accepted as
probable modes of transmission”. Since HBV is able to
survive on surfaces for up to seven days, direct transmis-
sion through contaminated surfaces to persons that have
frequent contact with HBV carriers has been also re-
ported[w. To complicate matters, the transmission routes
largely depend on the regional prevalence of chronic
carriers of HBV-infected individuals™. Differences in
the natural history of infection with different genotypes
have also impacted the modes of HBV transmission’”.
The local prevalence of HBV with its geographical dis-
tribution, regional and social cultures, as well as taboos
can help to draw an informative transmission pattern for
each genotype“o]. In highly endemic areas (prevalence
rate > 8%), such as South Asia where genotypes B and
C are dominant, perinatal (mother-to-child) transmission
1s most common. It has been proposed that genotype C
is primarily transmitted perinatally in this region, since
the seroconversion of HBeAg to anti-HBe took longer
in these patients, which is consistent with the fact that it
takes longer for genotype C than for other genotypes[w.

In European countries with a low prevalence of
HBV (prevalence rate < 2%), where genotype A and D
are dominant, sexual transmission and unsafe injection
practices are the main modes of HBV transmission.
Nosocomial transmission and unsafe injection practices
are considered responsible for more than 60% of HBV
infections in Central Europe[87]. Though genotype E is
transmitted by heterosexual relations in Africa, genotype
A and particularly genotype G were isolated from men
who have sex with men in Europe and Canada®"™. In
West Asia and in the Middle East (where genotype D is
dominant), the route of transmission and HBV serop-
revalence depend on the region. For instance, Iran has a
low HBV endemicity (atound 2%), and intravenous drug
injections, tattooing and phlebotomy are considered the
major potential risk factors and transmission routes of
HBYV infection in the country. Furthermore, socioeco-
nomic status, life style, occupation, and cultural attitude
in different ethnic groups greatly impact the route of
HBV transmission™"

Genotypes’ impact on clinical outcomes

Increasing evidence suggests that HBV genotyping is
important for determining HBV disease progression
and designing appropriate antiviral treatment. Some
genotypes are more associated with particular kinds of
prognoses, such as acute forms of disease™. Several
reports showed that genotype A evolves more rapidly in
patients than genotype D does, which poses problems
for treatment' . Also, patients infected with genotype
C progressed to end stage liver disease earlier than
those infected by genotype B!, Interestingly, it has
been shown that patients infected with genotype F have
higher mortality rates than those infected with genotype
A or D", In India, genotype D is associated with more
severe liver complications than other genotypeslgsj. In
the United States, it has been shown that genotype D
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1s an independent risk factor for fulminant hepatitism].

Interestingly, however, patients infected with genotype
F have a higher rate of liver-related mortality than those
infected with genotype D!,

Genotype C and D generally tend to be related to
more severe liver disease than genotype A and B and
are more frequently associated with HCC". In HBeAg-
positive patients treated with standard interferon-alpha,
the post-treatment HBeAg seroconversion and normal-
ization of serum ALT levels are considerably better in
those infected by genotype A and B than patients infect-
ed with genotypes C and D", Furthermore, following
pegylated interferon-alpha therapy, HBeAg seroconver-
sion and a substantial decrease in serum titer of HBsAg
was observed in genotypes A and B but not in patients
infected with genotypes C and prel
antiviral therapy, it has been shown that genotype B is

. In the case of

more frequently associated with lamivudine-resistant
variants than genotype C. Likewise, in some studies, it
has been observed that genotype A develops antiviral-
resistant variants earlier than genotype D™,

Genotypes’ impact on prophylaxis measures

Current HBV vaccines are recombinant peptides that
cover a “super antigenic” and highly conserved motif
of HBsAg. Protective serum titers of anti-HBs (greater
than 10 TU/L) develop in 95%-99% of healthy infants,
children"""" and young adults"™. Many studies have
demonstrated that HBV vaccination has dramatically de-
creased the HBV chronicity rates and HBV-related com-
plicationsm. The current vaccine is derived from geno-
types A and D of HBV". Despite its success in most
cases, there are several reports of vaccination failure
due to genotype complicationsms]. In one case, a Ger-
man patient who was vaccinated and showed production
of formally protective anti-HBs antibodies developed
acute hepatitis B following infection with genotype F of
HBV"". In a similar report from Europe, an Irish man
was vaccinated, but developed infection by genotype
F'"". Both patients received HBV vaccines produced
using the S gene of HBV genotypes A and D, which are
the most common genotypes in Europe. Furthermore,
in both reports, the HBV isolates did not carry typi-
cal vaccine escape mutations. Several investigators have
described S gene variations isolated from vaccine failure
cases' '™, The frequency of these mutations varies in
different genotypes. Of note, some of these mutations
are considered wild type motifs in another genotype[m(ﬂ.
Such instances of failure serve as reminders that our
current vaccination program is imperfect. Future efforts
should be directed towards developing vaccines that pro-
tect against all genotypes of HBV and also account for
vaccine escape mutations.

Evolutionary differences of genotypes

Phylogenetic analysis has demonstrated that genotype H
is closely related to genotype F, though there is enough
inter-nucleotide divergence between these two particu-
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Figure 2 The time line of identification and designation of hepatitis B virus subgenotypes.

lar genotypes to distinguish them as distinct genotypes.
Phylogenetic analysis also revealed that these two geno-
types (“New World human genotypes”) lie on the branch
of the Woolly Monkey, which suggests cross-speciation
between non-human and human genotypes of HBV",
This scenario was teiterated after evolutionary relation-
ship analysis between genotypes D and E. Furthermore,
they showed different evolutionary rates (number of
substitution per site per year)*’.

SUBGENOTYPES ARE MORE DETAILED
GENOTYPES

For some HBV genotypes, several subgroups can be eas-

ily defined as when the intra-genotypic nucleotide diver-
gence stays between 4% and 7.5% over the full-length
genome. According to conventions of identification,
HBYV subgenotypes are differentiated by numbers cor-
responding to the order of discovery; the numbers do
not correspond to subgenotype evolution. For instance,
D1-D4 were identified by Norder ez a/*"! carlier than
D5"". However, D5 is the most ancient of all known
subgenotypes for genotype D''?. Also, it was noted that
AG (currently known as A4) is from a basal lineage that
diverged earlier than the other African subgenotypes of
genotype AP Figure 2 illustrates the updated time line
of HBV subgenotype identification. Uncovering the re-
lationship between subgenotypes and subtypes of HBV
has added significant value to molecular epidemiological
studies of HBV'™,

It should be noted that because of inappropriately
applied methods, some subgenotypes have been incos-
rectly classified in the past. One of the most common
mistakes is applying phylogenetic analysis over a partial
genome sequence instead of the full-length genome. Ex-
perts in the field have attempted to correct the errors in
numbering and misclassification (Figure 1B, Table 1), but

inaccurate subgenotyping of HBV is continuously being
[54,58,62,69,113-115]
reported .

JRaishideng®
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HBY subgenotypes and geographical distribution
Subgenotypes reflect properties and distributions of
genotypes. Figure 3 shows the geographical distribution
of genotypes and subgenotypes of HBV together with
the prevalence of HBsAg in different areas around the
wortld. For instance, subgenotype A2 is dominant in Eu-
rope, Al is prevalent in Asia and most of Africa, A3 is
found in Cameroon and Gambia, A6 (currently named
A4) and quasi-subgenotype A3 (which includes previous-
ly named A4 from Mali, A5 from Nigeria and A7 from
Cameroon) have been isolated from other regions®’.
Subgenotype B1 was isolated from Japan, while B2, B3,
B4, B5, B6, B7, B8 and B9 were isolated from Taiwan,
Indonesia, Vietnam, Philippines, the Arctic region,
Nusa Tenggara (a region from Eastern Indonesia) and
Indonesia, respectively[m]. Subgenotype C1 was isolated
from Taiwan, C2-C16 were isolated from China, Ocea-
nia, Australian Aborigines, Philippines, Papua-Indonesia
and Nusa Tenggara[lzm. Two recombinant mixed strains
C/D1 and C/D2 (combination of HBV genotype C and
D) were specifically reported in Tibet ™!, Although
the genotype D of HBV is distributed globally, its sub-
genotypes are locally confined to certain geographical
regions. For example, subgenotype D1 is restricted to
Iran and its neighboring countries ' *'* 1, Subgenotype
D2 is derived from East Europe and Russia, D3 was de-
tected in Serbia, South Africa and Alaska, D4 was found
in Oceania and Somalia, and D5-D9 were reported from
India, Indonesia Tunisia and Nigeria”. Genotype F is
also widely distributed: Fla is dominant in Costa Rica
and Salvador, F1b in Argentina, Chile and Alaska, F2a in
Venezuela and Brazil, F2b in Venezuela, F3 in Panama,
Venezuela and Colombia and F4 is circulating in Brazil,
Argentina and Bolivia "\

HBYV subgenotypes and ethnic origin

It has been demonstrated that in some cases, such as
for genotype B8, the distribution of HBV genotypes/
subgenotypes is related to the ethnic originms], or BO6 is
considered confined to indigenous populationsmg]. Inter-
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Figure 3 Geographical distribution of hepatitis B virus genotypes and subgenotypes in different regions of the world. Yellow arrows illustrate the directions
of HBV subgenotype dispersal through immigration from highly and intermediate endemic countries to low HBV endemic areas (map of hepatitis B surface antigen
(HBsAg) prevalence adapted from the website of the WHO). HBV: Hepatitis B virus; WHO: World Health Organization.

estingly, C4 can be detected in the Australian Aborigines
but nowhere else, which suggests that C4 independently
evolved from its ancestor in that region". Strains
isolated from indigenous populations, such as C3 and
C5-C10 from Indonesia and B6 from the Canadian Arc-
tic, proposed that HBV (sub)genotypes have evolved in
different streams of human immigration'’

HBYV subgenotypes and clinical outcome

HBYV subgenotypes also present differently in terms of
clinical outcome. It is possible to uncover more details
regarding the natural history of infection by comparing
genotypes. For example, subgenotype Al, which is prev-
alent in West and South Aftica, has a more severe clinical
outcome compared to subgenotype A2. Patients infected
with this subgenotype developed HCC at a young age in
West and South Africa, whereas those who were infected
with A2 and developed HCC in Europe were mainly old-
er patients"”", European patients infected with A2 had a
mild clinical outcome and high chance of clearing HB-
sAg and losing HBV DNA™. Furthermore, in Europe
more occult cases have been infected by Al comparing
with A2 or other (sub)genotypes. Nevertheless, it is
important to keep in mind that all these studies are ham-
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pered by the fact that it is difficult to adjust the studied
patient cohorts for all potential confounding factors.

Subgenotype B6 is commonly associated with a mild
clinical outcome in infected patients, while B1 can result
in fulminant and acute hepatitis B infection. Patients in-
fected with subgenotype B1 also developed advanced liver
disease at an older age compared to patients infected with
subgenotypes B2-B5""". Tn most studies in South Asia,
genotypes B and C were compared. Though there is a pau-
city of data of comparing the clinical findings of different
subgenotypes of genotype C, one study demonstrated an
increased risk for HCC in patients infected by subgenotype
C2 compared to C1 and genotype B subgenotypes' .
Interestingly, precore mutations have not been observed
in subgenotype F2, whereas subgenotype F1 frequently
carties precore mutations'’. In one large study, a higher
percentage of patients who developed HCC had been
infected by subgenotypes F2 or C2 compared to subgeno-
type A2, B or subgenotypes of genotype D",

CLASSIFICATION AND IMPORTANCE OF
ACCURACY

In order to accurately investigate the impact of different
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(sub)genotypes of HBV on different aspects of infec-
tion from prophylaxis, diagnosis and therapy, it is crucial
to agree to a holistic classification. Numerous HBV
strains have been described through PCR and sequenc-
ing, however, many disregarded well-established HBV
(sub)genotype definitions, which has resulted in several
misclassifications. Subsequently, experts in the field
agreed that the classification of HBV should be mended
and rectified™ """ There are several reviews or com-
mentary articles regarding the misclassification of HBV
that describe the history of identification of different
(sub)genotypes. However, the reclassification and reno-
vation of this system has been considered less often.
We, along with others, believe that recombination is the
main cause of misclassifications and major evolutionary
characteristics of HBV should be investigated to help
identify strains that require additional analysis for proper
classification'""”. Besides this factor, massive but gradual
conversion of geographical distribution of HBV should
be concomitantly investigated.

RECOMBINATION AND ITS ETIOLOGY

Recombination in HBV is principally the result of the
co-infection of a host with more than one strain from
different (sub)genotypes. Different HBV strains can
exchange their genetic material within the host cells.
Recombination is favoured in particular geographical
regions by three conditions: (1) two or more different
HBYV genotypes are circulating in the population; (2) the
chronicity of HBV is high; and (3) public health level
is low. Most recombinant strains have been reported
from East Asia or Africa, where the prevalence of HBV
infection is high and prophylaxis and control of infec-
tion is low. Due to the dense population, the chance of
co-infection is boosted so risk of recombination is sub-
sequently elevated. In contrast, HBV recombinant iso-
lates have been reported rarely within typical European
strains (such as subgenotypes A2, D2 and D3). This coz-
roborates the necessity of efficient health control and
prophylactic measures in order to decrease the risk of
infection, co-infection and eventually recombination.
Currently, more than 30 recombinant strains have
been described**". Sometimes recombination can
occur between strains with high genetic homology, in
which two different subgenotypes from a similar geno-
type are co-infected in a patient. Such recombination
has been reported between HBV subgenotype B2 with
B5 and between B1 with B6"*. Also, there are some
reports regarding recombination between two strains of
different genotypes' ™" Although more than 60%
of recombinant isolates have their breakpoint between
nucleotides that span 1640-1900 (which encompasses
the core region), recombinant strains with breakpoints
in the S gene (350-500, 3150-100 or 650-830) have also
been identified"". Markedly, the largest breakpoints
have been detected among HBV isolates from Tibet, in
which two different genotypes of C and D (subgeno-
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types C1 or C2 with D1 or D2) formed 50% of the

. . 135,136
recombination>"%.

Recombination as a source of HBV misclassification
Recombination is an inevitable event in evolution and
can cause errors in classification of HBV genotyping
or subgenotyping“s’w’l14’“5J. In many cases, recombi-
nant strains have been erroneously introduced as new
genotypes or subgenotypes. For instance, Ghosh ez al™"
introduced six HBV strains as a novel subgenotype of
HBV named D9. In the phylogenetic tree, subgenotype
D9 strains are grouped as a monophyletic and distinct
cluster with a maximum bootstrap value. Not surprising-
ly, according to their analysis, these recombinant strains
showed extraordinary nucleotide divergence from the
other subgenotypes of genotype D (from minimum 5.2
+ 0.3 with D1 to 6.7 £ 0.4 with D7 and DS8). This nu-
cleotide divergence was odd, because it did not meet the
threshold of genotype definition, yet it was much higher
than normal nucleotide divergence within well-classified
subgenotypes. More interestingly, there was a highly
diverse pattern of recombination in these strains. Al-
though all strains showed recombination with genotype
E in the HBV core and pol regions, there was no iden-
tifiable recombination pattern among all strains. Indeed,
different lengths of genotype D recombined with geno-
type E. Moreover, in some strains, some recombination
with genotype C was observable. If PCR and sequencing
had been perfectly carried out, subgenotype D9 strains
should be classified as a D/E recombinant strain. Ex-
actly the same scenario was suggested by another group
for the D8 subgenotype“gj. Similar concerns have been
raised regarding subgenotype D7, which was introduced
as a novel subgenotype of genotype D. However, these
strains harbored at least 900 nucleotides of genotype
E in the backbone of this genotype D strain™Y. Like-
wise, subgenotype D4 may have recombined with D7
or D8, which were grouped in an exclusive cluster in
the phylogeny tree”. The same concern was raised for
other HBV subgenotypes, like genotype C, in which the
recombinant strains C/D1 and C/D2 were suggested as
new subgenotypeslés’w.

Proposing the term “recombino-subgenotype”

Owing to the availability of sequencing and free online
phylogenetic software, novel subgenotypes of HBV are
continually being suggested by researchers that disregard
the fundamental definitions of HBV classification. To
address the misclassification of HBV subgenotypes that
lack enough nucleotide divergence and bootstrapping
value to definitively be considered subgenotypes, we
previously proposed the term of quasi-subgenotype®™.
This term has somewhat settled irregularities in sub-
genotyping of HBV and was respected by other stud-
jes!!POAMSLIBISINIE B 5 ddress the classification of
recombinant strains, which are being introduced as in-
dependent subgenotypes, we propose to call the indefi-
nitely recombinant strains as “recombino-subgenotype”
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rather than an independent subgenotype. According to
our proposed definition, the “recombino-subgenotype”
is a lineage that shows strong evidence of recombination
and its nucleotide divergence, together with supportive
bootstrap value, fall within the range necessary to define
subgenotypes. Although these strains are recombinant,
in a comprehensive phylogenetic tree (only based on
full-length genome), “recombino-subgenotypes” are
clustered around intra-genotype clusters and could have
supporting bootstrap value. While this new term can-
not prohibit the introduction of HBV recombinants as
novel subgenotypes, it can clearly differentiate the pure
subgenotypes from recombinant strains. Therefore, we
would like to offer the term “recombino-subgenotype”
to differentiate recombinant from non-recombinant
(sub)genotypes. We sincerely hope that this term will
help to remind scientists about recombination as a po-
tential pitfall in HBV classification as well as allow a
more accurate description of novel HBV isolates derived
by recombination in HBV taxonomy.

IMMIGRATION: INTRODUCING THE
TERM “IMMIGRO-SUBGENOTYPE"

While recombination is an important virological aspect

to be considered in classification, the epidemiological
profile of HBV is another valuable scope to study. Al-
though ancient dispersal of HBV alone has made the
HBYV pool a dynamic viral population, recent trends of
globalization and increasing human mobility are signifi-
cantly speeding up HBV distribution and recombination
between viral strains. Immigration and direct human
contact are the two main causes of changes in geo-
graphic dispersal of HBV genotypes and subgenotypes;
however, their profound impact has yet to be studied
in more detail. People typically emigrate from countries
with high HBV endemicity, which alters the geographical
distribution of HBV (sub)genotypes around the world,
notably in low sero-prevalence regions including Europe
and North America.

Recently, novel subgenotypes have been reported
from immigrants who are not living in their original
home areas. For instance, HBV subgenotype A6 (cur-
rently named A4) strains have been isolated from Afri-
can immigrants currently residing in Europe and North
America”"*""> " Tt has been predicted that within
the next few decades, HBV epidemiological patterns
will be completely modified by waves of immigration.
Thus, such “immigro-subgenotypes” may replace na-
tive strains in regions with high immigration. Their
integration might alter the local prevalence of carriers,
routes of transmission, and will have a great impact on
prophylactic, diagnostic and therapeutic measures. In a
recent study, Mitchell ez 2/ showed that roughly 53800
HBYV chronic carriers settled in the United States each
year between 2004 and 2008 from countries of interme-
diate or high HBV endemicity (2%-31%). In all states
of the United States, genotypes A, B, C and D have
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been identified in immigrants, who were born in HBV-
endemic areas'”. This is one of the clearest pieces of
evidence highlighting the direct impact of immigration
on the introduction of exotic genotypes to areas with
low endemicity. Therefore, we would like to propose the
term “immigro-subgenotypes® to differentiate native
strains from imported stains.

Effect of “immigro-subgenotype” on clinical outcome
The genotype-specific history of HBV strains should
be considered when studying imported strains'*”. In the
HBV-endemic area, the main route of transmission is
usually perinatal. It has been estimated that over 21% of
worldwide HBV-related mortality is associated with peri-
natal transmission!*". The risk of perinatal transmission is
100%, when the mother is HBeAg-positive and does not
take any antiviral medications or HBV immunoglobulins
(HBIg). The risk of chronicity of the infant will be 90%,
if prophylactic countermeasures are not administrated di-
rectly after birth"*). When the patient is HBeAg-positive,
viral load is usually high, which further increases the risk
of transmission. As a genotype-related characteristic in
HBYV endemic regions, the HBeAg test of mothers is
positive in the years of childbearing, and just after four
decades of life seroconversion might happen. This shows
the infectivity potential of HBV carriers infected by
(sub)genotypes circulating in endemic regions like East
Asia, Africa, Alaska and East Europe[lss]. In a recent inves-
tigation in Italy, the immigrant population (mostly from
Eastern European countries) showed a high prevalence
of HBeAg-positivity with a mean age of 31 years'™. Tn
another study, Dervicevic ¢z a'™” showed the integration
of exotic genotypes of HBV with HBeAg-positivity and
high viral load among antenatal women in the United
Kingdom. Dervicevic ¢/ a/'* emphasized the trend of
changing epidemiological patterns of HBV in the United
Kingdom, where an influx of immigration brings almost
6000 HBV carriers annually to this country. In numerous
studies in Belgium, exotic (sub)genotypes of HBV have
been identified and found to have integrated into the na-
tive population[ss’sg’gl’135’150]. In Bolivia, the exchange of na-
tive HBV subgenotype F4 and exotic ones (subgenotypes
B2 and C2) between Bolivian and Japanese immigrants
was clearly demonstrated by phylogenetic analysis" .
Interestingly, the exotic strains have different mutational
patterns in different ORFs of HBV"™, which would have
a different impact on the course of infection, therapeutic,
diagnostic and prophylactic measures’ 7,

Naturally occurring mutations associated with drug
resistance have been reported in native populations in
Asia and Europe[154]. Additionally, in a study conducted
by Bottecchia ef a/™, a primary drug resistance muta-
tion (rtM204V) was found in the course of treatment-
naive immigrants infected by (sub)genotype E and A3.
In a recent study from our group, we found that exotic
(sub)genotypes (A6) carried clinically important muta-
tions, which could help the virus to escape from diag-
nostic assays or prophylactic measures*"'™. Finally, it
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should be added that different disasters such as wars' "

7 can have direct and indirect im-
pacts on the epidemiology of HBV. Since virological and
clinical characteristics of HBV (sub)genotypes differ, it
is crucial to monitor changes in epidemiological patterns
of HBV infection as it relates to immigrationmsj.

- 15
or mass-casualties!

CONCLUSION

In this review, we attempted to provide strong and
up-to-date evidence about the impact of different
(sub)genotypes on prophylaxis, diagnosis, clinical out-
comes and treatment of HBV infection. Controlling
HBYV requires massive and unified efforts because
modern human measures like vaccination and antiviral
therapies have led to the rise of invasive strains, drug
resistant, vaccine and diagnosis escape variants. Further-
more, immigration has changed the distribution of HBV
and resulted in the emergence of exotic strains in desti-
nation territories. These strains, together with intra- and
inter-(sub)genotypes recombination, complicate diag-
nosis, treatment and classification. Elimination of HBV
infection requires concomitant vaccination, effective
treatment and a vigorous diagnostic scheme. To organize
all measures from prophylaxis to therapy, an accurate,
holistic and dynamic classification system is essential.
This system should be based on robust virological and
epidemiological facts to cover all existing strains, and
also have the capacity for newly identified strains in the
future. Analyzing full-length genome sequences when
classifying genotypes and subgenotypes is the foremost
prerequisite of this classification system. Careful atten-
tion must be paid to all aspects of phylogenetic analysis,
such as bootstrapping values and meeting the necessary
thresholds for (sub)genotyping. Quasi-subgenotype re-
fers to subgenotypes that were incorrectly suggested to
be novel. As many of these strains were misclassified
due to genetic differences resulting from recombination,
we propose the term “recombino-subgenotype”. We also
suggest to introduce the term “immigro-subgenotype”
to distinguish exotic (sub)genotypes from native ones;
immigration demonstrates a confounding facet of global
HBYV distribution. We are strongly convinced that apply-
ing these two proposed terms in HBV classification will
help harmonize this field and allow for improved pro-
phylaxis, diagnosis and treatment.
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