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Variability of Hepatitis C Virus

PETER SIMMONDS

The discovery and characterization of the main caus-
ative agent of non-A, non-B hepatitis (NANBH) repre-
sent a major success in the application of cloning tech-
niques in the identification of new infectious agents.’
The technique that led to the characterization and the
development of antibody tests for hepatitis C virus
(HCV)” has since been applied successfully to deter-
mine the etiological agent of other diseases, such as
hepatitis E virus, responsible for enterically transmit-
ted NANBH.? HCV contains a positive sense RNA ge-
nome approximately 10,000 bases in length. In overall
genome organization and presumed method of replica-
tion, it is most similar to members of the flaviviridae
family particularly in the coding for a single polypro-
tein that is then cleaved into a series of structural
proteins (nucleocapsid protein, two membrane glyco-
proteins) and nonstructural proteins, with presumed
enzymatic roles in virus replication.

Without a cell culture system to investigate differ-
ences in neutralization and cytopathic properties of
HCV, nucleotide sequence comparisons and typing
assays developed from sequence data have become the
principal techniques for characterizing different vari-
ants of HCV. This type of analysis is relatively easy
to perform, especially because viral sequences can be
amplified by the polymerase chain reaction (PCR) di-
rectly from clinical specimens. Sequence comparisons
of HCV have provided information about the virus at
several levels. It is possible to identify and classify HCV
into a series of distinct “genotypes,” which differ sub-
stantially in nucleotide sequence from one another and
show varied geographical and epidemiological distribu-
tions. In particular, the inferred amino acid sequences
of the envelope glycoproteins differ considerably, and
it is likely that antibody elicited by infection with one
genotype would fail to neutralize others. The extent of
variation observed within HCV is comparable with that
between serotypes of other RNA viruses, and may pose
problems in the development of vaccines for HCV.

Abbreviations: NANBH, non-A, non-B hepatitis; HCV, hepatitis C virus;
PCR, polymerase chain reaction; NCR, noncoding region; PT, prototype; RFLP,
restriction fragment length polymorphism.
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HCYV differs from most RNA viruses in its ability to
establish chronic infection and progressive disease in
a large proportion of those exposed. The mechanism for
HCYV persistence remains uncertain; most explanations
are based on the concept of “immune escape” in which
rapid sequence change in the envelope proteins alters
the antigenicity of the outer virus surface sufficiently
to avoid neutralization by the host humoral immune
system. Indeed, the relatively high rates of nucleotide
mis-incorporation on replication of HCV might contrib-
ute to the genetic plasticity of envelope proteins and
facilitate the generation of novel antigenic variants.
However, it remains unclear why “immune escape”
should occur specifically in HCV infection and not on
infection with other RNA viruses where mutation rates
are equally high, but where infection in immunocompe-
tent individuals is almost always transient and rapidly
eliminated after the appearance of a specific immune
response.

In this review I will attempt to describe different
areas of research concerning the sequence variability
of HCV, including the rationale for a proposed classifi-
cation into genotypes and the biological and serological
consequences of variability. The review also describes
possible selective pressures on the virus during persis-
tent infection that may restrict sequence variability
in certain regions of the genome, but perhaps favor it
elsewhere. Whether the routine identification of geno-
types of HCV infecting patients has any clinical utility
is currently uncertain. However, there is convincing
evidence for systematic differences in the course of
HCYV infection and response to antiviral treatment be-
tween genotypes, although the underlying mechanism
for these differences and whether genotype determina-
tion is the most appropriate pretreatment variable to
monitor in a patient are currently unknown.

SEQUENCE ANALYSIS OF HCV

Our present understanding of the genomic organiza-
tion and method of replication of HCV has been largely
inferred from analysis of its nucleotide sequence and
comparison with other positive strand viruses. The ge-
nome contains a single potential open reading frame
that would produce an extremely large protein (of more
than 3,000 amino acids). By analogy with flaviviruses
and picornaviruses, which show a similar genetic orga-
nization and where it is possible to study replication
experimentally, it is thought that the HCV “polypro-
tein” is cleaved after translation to produce a series
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TABLE 1. Properities of HCV Proteins

Nucleotide In

Protein Position* Sizet Virion Antigeni Function

Core 1-573 191 Yes c22-3 Thought to form the virus nucleocapsid and shows RNA-binding activity.
Highly conserved between HCV genotypes.

E1 574-1149 192 Yes Sequence predicts a membrane anchored glycoprotein, with several potential
N-linked glycosylation sites. Highly variable between genotypes.

E2/NS-1  1150-2430(?)  327(7) ? Another membrane bound glycoprotein, with several potential N-linked
glycosylation sites. Highly variable between genotypes. 3’ cleavage site
uncertain.

NS-2 2431-3078 316 No Metallo-proteinase

NS-3 3079-4971 631 No ¢33c Multifunctional protein with protease activity and sequence motifs
suggesting a helicase activity

NS-4a 4972-5133 54 No c100-3 Unknown

NS-4b 5134-5916 261 No Unknown

NS-ba 5917-7260 448 No NS-5 Unknown (? replicase function)

NS-5b 7261-9033 591 No Probably the RNA-dependent RNA polymerase necessary for genome

replication

* Nucleotide positions numbered as in reference 4.
T Size expressed in number of amino acid residues.

i Origin of HCV antigens used in current second- and third-generation assays for antibody to HCV.

of structural and nonstructural proteins necessary for
replication and virion formation (Table 1).

The precise relationship between HCV and other pos-
itive-stranded RNA viruses remains unclear. The cur-
rent proposal is to assign HCV as a separate genus
within the Flaviviridae,*® a group that contains the
(insect- and tick-borne) flaviviruses as its prototype
genus, and which has recently been expanded to ac-
commodate the pestiviruses.® However, the proposed
genera differ from each other in the number and ar-
rangement of proteins and, more significantly, in
method of replication. Translation of flavivirus genome
proceeds as for eukaryotic messenger RNAs by ribo-
somal binding to the 5’ capped viral RNA and scanning
to the first methionine codon.” In contrast, translation
of the HCV and pestivirus polyproteins is thought to
be initiated by cap-independent ribosomal binding to
an acceptor site in the 5’ noncoding region (5’NCR) and
translation from an internal methionine codon.

Structurally, HCV is also more similar to the pestivi-
ruses than flaviviruses, showing an exceptionally low
buoyant density in sucrose (1.08 to 1.11 g/cm®),? similar
to that reported for pestiviruses and attributable in
both cases to heavily glycosylated external membrane
glycoproteins in the virus envelope. By contrast, flavi-
virus envelope glycoproteins contain few sites for N-
linked glycosylation, and the virion itself is relatively
dense (1.2 g/cm?®). Unfortunately, the difficulty in visu-
alizing HCV has so far prevented a precise morphologi-
cal comparison between HCV and other viruses.

In common with other RNA viruses, variants of HCV
show considerable sequence variability, many differing
considerably from the prototype HCV (PT).* Differ-
ences of up to 34% have been found between the com-
plete genomic sequences of the most extremely diver-
gent variants analyzed to date, comparable with that
observed between serotypes of other human positive-
strand RNA viruses, such as polio, Coxsackie, and coro-

naviruses. Sequence variability is evenly distributed
throughout all viral genes (Fig. 1), apart from the
highly conserved nucleotide (and amino acid) se-
quences of the core (nucleocapsid) protein and 5'NCR,
and the greater variability of the envelope gene (Fig.
1).

CLASSIFICATION OF HCV INTO GENOTYPES

No straightforward method for in vitro culture cur-
rently exists for HCV, and, therefore, many of the tradi-
tional virological methods for virus classification re-

Type SNCRCore  El  EUNSt  NS2 NS-3 NS4 Ns-§ 3'UTR TOTAL
ol 6 7 7 5 4 4 4 5
wofl2i 9 | 2 b3 2 0 2 21 30
le i io 23 23 23 21 20 20 36 20
2a & 19 38 33 43 30 33 34 70 32
2b 6 1y 44 33 43 30 35 34 74 33
% 9] 16 ] 3 33 47 31 31 32 so | 32
B
Type Core Bl FUNS-1  NS-2 NS-3 NS4 NS5 TOTAL

la 1 6 7 7 5 4 4 4
1b 2 42 2 23 9 13 16 15
te 2 » 17 25 8 12 16 14
2 [ 10 | 40 2 42 19 27 30 b
2 10 [ 45 2 a 19 28 3 b
3a 9 | 34 28 41 19 20 28 25

FiG. 1. (A) Percentage nucleotide and (B) % amino acid sequence
divergence between the complete genomic sequence of HCV-PT!®
with variants representing other HCV genotypes. Sources of se-
quences: 1a: HCV-H'; 1b: HCV-J® 1c: HC-J9%%; 2a: HC-J6'% 2b:
HC-J8'; and 3a: NZL1.'% In all comparisons, the 5’NCR is the most
conserved subgenomic region (maximum 9% nucleotide sequence di-
vergence), whereas highly variable regions are found in parts of the
genome encoding E1 and NS-2 (35% to 44% nucleotide sequence and
34% to 45% amino acid sequence differences).
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FiGc. 2. Phylogenetic analysis of nucleotide se-
quences in part of the HCV NS-5 region. Individual
sequences (numbered dots, identified in reference
16) are separated by branch lengths proportional
to their reconstructed evolutionary distances. Six
main groups of sequence variants are shown (1 to
6); those labeled 1, 2, and 3 each comprise a num-
ber of more closely related sequences. The number-
ing of the phylogenetic groups follows the scheme

main untried. For example, there is no neutralization
assay to show whether distinct serotypes of HCV exist
among the known variants of HCV. Inevitably, classi-
fication of HCV has relied almost entirely on nucleotide
sequence comparison of complete genomes or subgeno-
mic fragments between variants. Whether this leads to
a useful biological division of HCV currently remains
an open question that will have to re-investigated when
other methods of virus characterization become possi-
ble.

Variants of HCV obtained from Japan show substan-
tial sequence differences from the prototype HCV vari-
ant obtained in the United States, HCV-PT.* Compari-
son of the complete genome sequence of HCV-J° and
-BK' from Japan showed 92% sequence similarity to
each other, but only 79% with HCV-PT. At that time,
the former were referred to as the “Japanese” type (or
type II), whereas those from the United States (HCV-
PT and -H) were classified as type I. However, far more
divergent variants of HCV have since been found in
Japan'"'? and elsewhere,'*!* and inconsistencies in no-
menclature of the variants of HCV rapidly appeared in
the literature.

proposed in Table 2.

One way to investigate the underlying relationships
between the known variants of HCV is to perform phy-
logenetic analysis of nucleotide sequences of complete
genome or subgenomic regions. We have previously an-
alyzed a 222-base fragment of the NS-5 gene amplified
by PCR* from plasma samples of a series of HCV-
infected individuals in FEurope, North and South
America, and the Far East.’® The region was chosen
because it was variable (up to 44% sequence divergence
between some variants of HCV), could be readily ampli-
fied by PCR, and there exist a number of previously
published sequences. A phylogenetic tree constructed
from the sequence data showed that the variability of
HCV was structured into six equally divergent main
groups of sequences, many of which contained more
closely related groups within them (Fig. 2).

In trying to place the nomenclature for HCV variants
on a rational basis, we thought that it should reflect to a
certain extent the hierarchical sequence relationships
between different isolates. Therefore, based on previ-
ous suggestions,’*'® we proposed a nomenclature of
“types,” corresponding to the major branches in the
phylogenetic tree and “subtypes” corresponding to the
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TABLE 2. Comparison of Different Classifications
for HCV Genotypes

Reference Mori/
Genotype Example No. Chiron Enomoto Okamoto
la HCV-1 4 I K-PT I
1b HCV-J, -BK 9, 10 II K-1 11
1c EG-28 17 ne ne ne
“1c™* HC-J9 24 nc ne lc
2a HC-J6 12 I K-2a 111
2b HC-J8 11 111 K-2b v
2¢ T0994 101 111 nc ne
3a E-bl, Ta 13, 14 v ne v
3b Th, Tr(V) 13, 61 v ne Vi
47 EG-186, 29, 33 17 nc ne ne
5a SA-1, 7, 11 39, 40 A% nc ne
Ba HK-1, 2, 3,4 16, 39 ne nc ne

14,17

NOTE. Proposed nomenclature for published HCV sequences
and comparison with existing schemes (Chiron**!%?; Enomoto'®; Mori/
Okamoto)!!®. The proposed system reproduces the type/subtype re-
lationship between HCV sequences apparent upon phylogenetic anal-
ysis of nucleotide sequences in the NS-5 and other coding regions
(see Fig. 2). Sequences not classified by originating authors are indi-
cated as “nc.”

* Complete genome of a further subtype of type 1 that is distinct
from types la and 1b and from a previously described subtype of the
same name.'®

T Type 4a was the name proposed for genotypes found in Egypt
and elsewhere in the Middle East on the basis of sequence compari-
sons in core’” and NS-5 regions.'® Its relationship to other type 4
variants found in Central Africa® remains unclear as different
regions of the genome have been sequenced.

more closely related sequences within some of the ma-
jor groups (Fig. 2; Table 2).'® The types have been num-
bered 1 to 6 and the subtypes have been lettered a, b,
and ¢, in both cases in order of discovery. Therefore, the
sequence cloned by Chiron is assigned type 1la, HCV-J
and -BK are 1b, HC-J6 is type 2a, and HC-J8 is 2b.
This nomenclature closely follows the schemes origi-
nally described by Enomoto et al,'® on the basis of se-
quence comparisons of the NS-5 region (PT [=1a], K1
[=1b], K2a [=2a], and K2b [=2b]) and by Chan et al,**
who provided evidence for a further HCV type (type
3a) on the basis of phylogenetic analysis of sequences
in the NS-5, NS-3, core, and 5'NCRs. This approach
avoids the inconsistencies of earlier systems and is eas-
ier to extend when new genotypes are discovered. For
example, the original Chiron scheme assigned two sub-
types la and 1b as group I and group II, but the other
groups corresponded to separate major genotypes
(group 3 = type 2a, 2b, and 2¢; group IV = type 3a
and 3b; group V = type 5a). The Okamoto/Mori system
assigned types I to VI to the first six genotypes discov-
ered, irrespective of their sequence relationships, so
that type I corresponds to 1a, II to 1b, IIT to 2a, IV to
2b, V to 3a, and VI to 3b. However, sequences corre-
sponding to further subtypes of types 1 and 2 have
since been found (types lc and 2¢). Although type 2c
has been added into group III of the original Chiron
classification, it would be difficult to justify adding lc
into either groups I or II or to assign it as a new group
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(graup VI ??). In the Okamoto system, it would be mis-
leading to call 1c and 2¢ as types VII and VIII, given
their closer relationship to types I and II and type III/
IV respectively. Neither of these two schemes assigns
the recently described type 4a variants'’ or the provi-
sionally assigned new genotypes, types 5a and 6a.'%®

Whether sequence relationships between HCV geno-
types are equivalent in different regions of the genome
has been a matter of controversy and remains currently
unresolved. However, comparisons of an extensive set
of sequences in the envelope region of HCV (E1), either
at the amino acid level'® or by phylogenetic analysis of
nucleotide sequences,'® have provided evidence for six
major genotypes and several subtypes analogous to
those observed in NS-5. Indeed, by matching variants
through sequence comparisons of the 5'NCR, we found
that each of the six genotypes and most of the subtypes
described for E1 and NS-5 were equivalent.'® It now
appears that any coding region could be used for identi-
fication of genotypes and would produce equivalent re-
lationships between genotypes.’®*° At present, suitable
comparative sequence data for the known genotypes
exislté;3 for part of NS-5,'¢ NS-4 (unpublished data), and
El

Sequences in the upstream 5'NCR are far more con-
served (6% sequence divergence between type 1 and
type 2 sequences compared with 33% over the whole
genome). Relatively few sequence differences exist be-
tween different HCV types, whereas sequences of dif-
ferent subtypes may be identical. However, the 5’'NCR
sequences of genotypes 1 to 6 are distinct, and several
virus typing methods have been developed that are
based on amplified sequences from this region.?"** In
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Fic. 3. Discontinuous distribution of sequence distances on pair-
wise comparison of sequences of different genotypes of HCV shown
as a histogram. A total of 2,850 individual pair-wise comparisons
were made between 76 NS-5 nucleotide sequences of HCV variants
from several geographic areas. Observed sequence similarities in
increments of 1% recorded on y-axis. Vertical and horizontal bars
show mean and range (3 SDs) of sequence distances within each
group. From this type of analysis, the range of sequence distances
between variants of different major genotypes, subtypes, and within
genotypes can be determined (see Table 3).
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TABLE 3. % Sequence Similarity Between Type, Subtype,
and Isolate in E1, NS-4, and NS-5 Regions

E1 NS4 NS-5

Start* 574 4940 7975
End* 1149 5299 8196
Length 576 360 222
No. of sequences 64 37 76
Genotypes 1-6 1-6 1-6
Isolate

Mint 99.1 97.7 99.5

Maxi 88.0 87.6 87.8
Subtype

Min 78.6 80.9 86.0

Max 67.5 73.9 74.8
Type

Min 69.4 68.9 72.1

Max 53.5 54.6 56.2

* Sequences numbered as in reference 4.

+ Number of sequences compared.

* Minimum and maximum isolate, subtype, and type sequence
similarities (%).

practice, although existing genotypes can be recog-
nized, it is problematic to assign new genotypes on the
basis of sequence comparisons in this region alone.
Therefore, it is essential that sequence comparisons
of putative new genotypes are extended to the coding
regions.

The validity of the distinction between type and sub-
type is more clearly apparent when the range of pair-
wise distances between sequences are compared. For
example, in the NS-5 region, pair-wise comparison of
sequences from the six major genotypes and several
subtypes of HCV show variability restricted to three
nonoverlapping distributions (Fig. 3). Using this ap-
proach, we have calculated sequence divergences for
genotype, subtype, and isolate in several regions of the
genome (Table 3). These ranges provide a rapid method
for provisionally assigning new variants as major geno-
types or subtypes (see below). An even clearer distinc-
tion between type, subtype, and isolate is found on pair-
wise comparisons of nucleotide sequences of complete
genomes. Using sequences from types la, 1b, 2a, 2b,
3a, and a newly described subtype of type 1 from Indo-
nesia,** sequence similarities between major genotypes
are tightly confined to a range from 66% to 69%, from
77% to 80% between subtypes, and from 91% to 98%
between epidemiologically unrelated variants within a
genotype.

One potential problem of nomenclature based purely
on genotypic classification is the possibility of hybrid
viruses arising by recombination. It would be difficult
to classify a variant that contained type la sequences
at one end of the genome and type 2a sequences at the
other. There is currently little evidence for the exis-
tence of such hybrids, as shown by the existing com-
plete genome sequences and parallel analyses of sam-
ples in several regions of the genome (see below),
although recombination does occur in RNA viruses, and
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more work is needed to show whether or not it oceurs
in HCV.

PROPOSAL FOR AN AGREED NOMENCLATURE
FOR HCV GENOTYPES

If the nomenclature of HCV remains based on nucleo-
tide sequence comparisons, then clearly the most de-
finitive classification would be one based on sequences
of complete genomes. However, as described above, it
appears that sequence comparisons of subgenomic re-
gions may accurately reproduce those that exist be-
tween complete sequences, providing a more practical
method for detection and designation of new genotypes
as they are discovered. Indeed, sequence data for the
known genotypes of HCV exist for several subgenomic
regions (NS-5, E1, and NS-4), whereas complete geno-
mic sequences have been obtained only for types 1a, 1b
(and a third subtype of type 1), 2a, 2b, and 3a.

The specific details of agreed proposals for assign-
ment of new genotypes have been published else-
where.”® In brief, we have suggested that identification
and classification of new genotypes should be divided
into at least two stages. Provisional identification could
initially be based on measurement of percentage se-
quence similarities between the new sequence and
those previously classified, using the known ranges of
sequence variability between type, subtype, and isolate
{as shown in Table 3). For example, in the part of NS-
5 amplified by primers described by Enomoto et al,’®
sequence similarities of less than 72% with any known
sequence would be evidence for the existence of a new
HCV type, whereas maximum sequence similarities of
75% to 86% with some members of the dataset would
provide evidence of a new subtype (Table 3).

Confirmation of the existence of a new genotype
should be made by phylogenetic analysis of the new
sequence with those already obtained. The branching
order within the resulting unrooted tree will indicate
the relationship of the variants with existing geno-
types. Secondly, until the issue of recombination is re-
solved (see above), we believe that it would also be
necessary to show equivalent phylogenetic relation-
ships using nucleotide sequences from at least one
other coding region of the genome. Agreement between
investigators is now needed over which parts of the
genome should be compared and how long the se-
guences should be to reliably identify and classify new
HCV genotypes.

In the long term, designation of names for new geno-
types might be achieved by a committee (perhaps set
up under the auspices of the International Committee
for the Taxonomy of Viruses) to receive submissions
from researchers with new sequence data. The delays
inherent in publication and the unregulated practice
of assigning genotype numbers and subtype letters to
new variants by authors continues to cause confusion.
For example, there are currently two different subtypes
of type 1, both described as type “1¢”'®** and two differ-
ent type “4a” variants.'®®

HOW “OLD” ARE THE HCV GENOTYPES?

If one knew the rate of nucleotide sequence change
of HCV with time, it ought to be possible in principal



HeraTOLOGY Vol. 21, No. 2, 1995

to calculate the time of divergence between subtypes
and types of HCV. Rates of sequence change over rela-
tively short intervals of time are provided by a number
of studies of HCV carriers or experimentally infected
chimpanzees??® or between individuals several years
after transmission of HCV from one to the other.” Esti-
mates of 0.144% (complete genome)®® and 0.192% (5’
half of genome)*® nucleotide changes per year have
been reported. Using the former figure and assuming
a constant rate of divergence, it can be calculated that
variants of the same genotype, e.g., HCV-BK and HCV-
J that differ by 9%, diverged approximately 30 years
ago, whereas subtypes (20% to 23% sequence differ-
ence) diverged 70 to 80 years ago. Finally, the radiation
of the major genotypes can be predicted to have oc-
curred 100 to 120 years ago. This reasoning would sug-
gest that HCV is a relatively recent infection of hu-
mans, with a relatively short evolutionary history
compared with that of other human viruses.

However, when comparing very different sequences
(such as between genotypes of HCV), it becomes in-
creasingly difficult to reconstruct (chronological) times
of divergence between lineages. Problems arise from
the assumption that the rate of sequence change re-
mains constant irrespective of the degree of divergence
between variants. Although there is likely to be little
overall change in the rate of frequency at which muta-
tions occur over time, most of those that do occur would
reduce the overall fitness of the progeny viruses and
will be lost from the population by natural selection.
Changes that are found on comparison of HCV se-
quences are usually “synonymous,” i.e., do not alter
the encoded amino acid sequence (usually by sequence
changes at the third position of the codon). For exam-
ple, over the 8 years that elapsed between the collection
of variants HC-J4/83 and HC-J4/91 from an experimen-
tally infected chimpanzee, 69 of the 111 nucleotide dif-
ferences between the sequences were silent; approxi-
mately three times more than would be expected by
chance. Clearly, without the functional constraints on
protein sequence variability, the rate of sequence
change would have been several times higher.

In fact, the distinction between synonymous and non-
synonymous (i.e., amino acid changing) substitutions
is overly simplistic. Clearly, some amino acid replace-
ments are functionally more significant than others;
indeed, many may lead to the synthesis of functionally
equivalent proteins in certain circumstances. Exactly
which changes can be accommodated while retaining
a “fit” phenotype remains an area of comparative igno-
rance, because little is known about the effect of amino
acid sequence change on the structure and function of
proteins. In some cases, a tendency for substitution of
similar amino acids can be observed (for example, leu-
cine for isoleucine, aspartate for glutamate), but it is
difficult to generalize much further than this. The re-
straint on sequence change would presumably differ in
each protein, and would depend on whether the substi-
tuted residues were functionally critical (i.e., part of an
active enzymatic site) or not. Functional constraints
on protein sequences may change through time. For
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example, HCV may have encountered different selec-
tion pressures on spread by different routes of trans-
mission, and perhaps into different hosts, leading to
increases or decreases in the degree of functional con-
straint acting on each amino acid residue. These could
give rise to marked differences in the divergence rate.

The other factor that needs to be taken into account
is the underestimation of sequence differences by the
occurrence of multiple hits, in which some mutations
will oceur more than once at the same site, and lead
to no net increase in sequence divergence (or even a
decrease if the base changes back to the ancestral one).
Correction for multiple hits allows the calculation of
evolutionary distances between sequences, although
there are several different algorithms for doing this
that differ in the assumptions made about the underly-
ing evolutionary processes.’®! A particular problem
with analyzing sequences with high rates of synony-
mous substitutions (such as HCV) is the inequality in
the rate of sequence change at different sites. For ex-
ample, although HCV-PT and HC-J8 show 33% se-
quence divergence overall, most of the sequence differ-
ences are at silent sites while relatively few occur
elsewhere. Therefore, most of the methods that correct
for multiple substitution would greatly underestimate
the true evolutionary distance between such sequences.

Taking all of these factors together, estimates for
times of divergence are often much greater than those
based on the “molecular clock.” Although the time of
divergence of different variants within a genotype (e.g.,
HCV-BK, HCV-J; 30 years) may be relatively accurate
because sequence differences are relatively few, the
time of divergence of sequences that differ considerably
in sequence, e.g., PT and HC-J8, is likely to be many
times greater than originally calculated. How much
greater can only be guessed; 1,000 to 10,000 years are
much more likely than the original estimates of 100 to
120 years.

SEQUENCE VARIABILITY IN THE 5'NCR

A different restraint on sequence change is the neces-
sity for sequences in certain parts of the genome to
internally base-pair to generate secondary structures.
It is thought that the resulting stem/loop structures
interact directly with viral and/or cellular proteins dur-
ing virus RNA replication and translation. One exam-
ple is the proposed interaction between ribosomes with
sequences in the 5'NCR. By analogy with picornavi-
ruses, it has been suggested that sequences in the
5'NCR direct ribosomal binding from the extreme 5’
end of the RNA (which may be uncapped) to an internal
site, leading to initiation of protein synthesis from an
internal methionine residue.””** Although details of
the interaction between RNA structures in the 5'NCR
and the ribosome have yet to be determined, it is highly
suggestive that secondary structure predictions for dif-
ferent variants of HCV are remarkably conserved. In
particular, it has been possible to find a number of
paired nucleotide changes that maintain base-pairing
(covariance) across a proposed stem/loop structure
within the 5’NCR (Fig. 4)."” Significantly, the overall
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Type la Type 2b Type 3a Type 4a Type 5a Type 6a
HCV-1 HC-J8 E-bl EG-27 sa-1 HK-1 Fic. 4. Secondary structure
— - - - . X predicted for representative

¥ U -AS ¥ U-AS5 ¥ U-AS5 3 U-AS5 ¥ U-1a5 3 U-AS5S )

U a U - a U -a U-a U - a U - A 5'NCR sequences of types 1 to

A-U A-U A-U A-U A-U A-U 6 between nucleotides —169 and

G*U c U A c A c G*0U G*vu —114. —, Watson-Crick base
A G U-a A G A G A G A G L bet leotid

G- e s ¢ G - c G - ¢ G - ¢ G-c¢C pairing between  nucleotides

G- C G - C G -C G - C G -¢C within the stem. *, The nonca-

eok @ Ec:éﬂ @ vk nonical G-T base pairing that is

GC -G cT=—a} AC - @ Ge -6 GC -G GC -G tolerated in 2° structures. Differ-
U A U A ] G U A U A U A ences from HCV-1 prototype se-
Aol S AU-R Aa-0 ar-g rh-T paot quence’ are indicated in bold.

U- A U - A U - a U - A U -a U - A Corpper}satory sgb.stitutions to

c C c o C c C C C c c C maintain base pairing (shown in

g B E é - g g - g (C’ - g g N g boxes) are found at several sites

c-c c-a ¢ -G c .G c-a c -G in the stem. At two positions, nu-

;‘ -G c-aG c -G c -G c -G g - 8 cleotides (shown ringed) are in-
U A-U A -U A-U A-U - : .

A c a c A c A A c A c AR c e serted in the non-base-paired
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secondary structure for HCV closely matches that pre-
dicted for the related pestivirus genus (including the
stem/loop structure described above), although there
is almost no sequence similarity in the untranslated
regions between the two virus groups.>

The proposed interactions between viral RNA se-
quences and cellular and viral proteins clearly con-
strain possible sequence variability in these regions.
Many of the interactions may be absolutely dependent
on the RNA sequence and, therefore, serve to eliminate
naturally occurring variability at these sites. Almost
as restrictive is the requirement for complementary
bases in parts of the 5'NCR forming internally base-
paired stems. A change in these regions may only pro-
duce viable viruses if accompanied by a compensating
change in the opposite base in the stem to which it
is bound to. The probability of two changes occurring
within the same replication cycle are remote. It is likely
that these two restraints on sequence variability are
responsible for the highly conserved nature of se-
quences in the 5’'NCR of HCV (6% sequence divergence
between PT and HC-J8) compared with the coding re-
gions (33%), where silent nucleotide changes may be
tolerated.

Recent analysis of sequence variability in the core
region has shown that the 5’ end shows far fewer amino
acid replacement and silent changes than other parts
of the coding region.* As sequences in this part of the
core gene have been shown to be essential for the effi-
cient in vitro expression of the HCV polyprotein, it is
possible that restraints exerted by secondary structure
requirements also operate in this part of the genome
and perhaps elsewhere. Indeed, it is possible that there
is a direct physical interaction between RNA from the
core region with the ribosome or structures upstream
in the 5'NCR during translation. In general, we are
very ignorant about how the genetic material of single-
stranded viruses may fold on replication and for pack-
aging during virus assembly and release. Perhaps

these processes further restrict sequence diversifica-
tion throughout the viral genome in ways unseen by
current methods of analysis.

GEOGRAPHICAL DISTRIBUTION
OF HCV GENOTYPES

Some genotypes of HCV (types 1a, 1b, 2a, and 2b)
show a broad worldwide distribution, whereas others,
such as type 5a and 6a, are only found in specific geo-
graphical regions. Understanding the current distribu-
tion of HCV requires knowledge of routes of transmis-
sion, historical data on the prevalence and risk groups
for HCV over the previous decades or centuries, and
time of the divergence of the major genotypes and sub-
types (see above). Unfortunately we know very little
about any of these factors and, therefore, it is difficult
to draw any definite conclusions from the existing infor-
mation. The problem is compounded by the scarcity of
information concerning genotype distributions world-
wide; for example, very few countries have been spe-
cifically surveyed, and the genotype distributions of
whole continents, such as Africa, remain largely un-
known.

However, clearly discernible patterns of genotype
distribution have been found in those countries that
have been studied so far. For example, both blood do-
nors and patients with chronic hepatitis from countries
in Western Europe and the United States show fre-
quent infection with genotypes la, 1b, 2a, 2b, and 3a,
although the frequencies of each may vary.'¢!82223.36-46
There is a trend toward more frequent infection with
type 1b in Southern and Eastern Europe. In many Eu-
ropean countries genotype distributions vary with age
of patients, reflecting rapid changes in genotype distri-
bution with time within a single geographic area.

A striking geographic change in genotype distribu-
tion is apparent between South-East Europe and Tur-
key (mainly type 1b) and countries in the Middle East
and parts of North and Central Africa where other ge-
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notypes predominate. For example, a high frequency
of HCV infection is found in Egypt (20% to 30%),*"*® of
which almost all correspond to the type 4a geno-
type.'”*! HCV type 4 is also the principal genotype in
countries such as Yemen, Kuwait, Iraq, and Saudi Ara-
bia in the Middle East (unpublished information), and
Zaire, Burundi, and Gabon in Central Africa,'®3%%0
Zaire, Gabon, and Gambia on the west coast of Africa
have also been shown to be an area of high endemicity
for HCV, with rates of infection approaching 20% to
30%"°' (Blumberg B, et al, Personal communication,
April 1994). Although genotypes in the Middle East
and Central Africa can be assigned as genotype 4 on
the basis of sequence comparisons in the core, E1 and
NS-5 regions,'®'®* it is apparent that this genotype
actually comprises a bewildering number of subtypes.
Although a specific genotype referred to as type 4a is
the most frequently found genotype in Egypt'” and else-
where in the Middle East, we have detected at least
three other subtypes of type 4 in this region alone.
Similarly, E1 sequences from six infected individuals
in Zaire yielded four subtypes, none of which corre-
spond to those in the Middle East nor to many of those
found in Gabon (Stuyver L, et al, VI International Sym-
posium on Viral Hepatitis, Madrid, Spain, February 3-
5, 1994).

HCV genotype ba is frequently found among hepati-
tis C patients in South Africa'®'®**%* and is found in
30% to 50% of anti-HCV —positive donors in two areas
of South Africa (Johannesburg and Durban; Davidson,
et al, Submitted).*’ In contrast to type 4, relatively little
sequence heterogeneity is found within this genotype,
with all variants analyzed to date falling within a sin-
gle subtype. Infection with this genotype is highly re-
stricted geographically, being found only rarely in Eu-
rope or elsewhere.'®**

In the Far East, the genotype distributions are
equally complex. Within Japan and Taiwan and proba-
bly parts of China, genotypes 1b, 2a, and 2b are the
most frequently found types.'®?%3%° Infection with
type la in Japan appears to be confined to hemophiliacs
who have received commercial (United States—pro-
duced) blood products, such as factor VIII and XI clot-
ting concentrates.’®% The distribution of type 3 shows
marked geographic variability; it is only rarely found
in Japan,®’ and is also infrequent in Taiwan, Hong
Kong, and Macau. However, this genotype is found
with increasing frequency in countries to the west, be-
ing frequently found in Singapore and accounting for
the majority of infections in Thailand.'® In a small sam-
ple, it was the only genotype found in Bangladesh and
Eastern India (Mutimer D, Unpublished data, Febru-
ary 1994). As with type 4 in Africa, there is now evi-
dence for considerable sequence diversity within the
type 3 genotype. Six different subtypes of type 3 (types
3a to 3f) were found in infected patients in Nepal,®
while we have found three more subtypes in Bangla-
desh and Thailand, making a current total of nine.

A genotype with a highly restricted geographic range
is 6a. It was originally found in Hong Kong'™*® and
was shown to be a new major genotype by sequence
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comparisons in the NS-5 and E1 regions.'®'® Approxi-
mately one third of anti-HCV —positive blood donors in
Hong Kong are infected with this genotype, as are an
equivalent proportion in neighboring Macau. A Viet-
namese blood donor residing in Canada was also found
to be infected with genotype 6.** There is currently
insufficient data to show how extensively type 6a is
distributed in South-East Asia. Unfortunately existing
survey work performed in mainland China used an
assay that could only detect genotypes 1a, 1b, 2a, and
2b%6°%; had type 6a or possibly novel genotypes of HCV
been present, they may not have been identified.

Knowledge of the geographic distributions of HCV
genotypes not only provides information on virus ori-
gins and transmission, but will also be important for
vaccine development and antiviral treatment. Almost
nothing is known about whether genotypes 4, 5, and 6
are sensitive to interferon treatment, nor whether
there is biological variation among the many subtypes
of type 4 (see below). This data will be vital in ad-
dressing the major medical problem posed by high rates
of HCV infection in countries such as Egypt and else-
where in Africa. Similarly, a vaccine for HCV will prob-
ably have to be multivalent because the high degree of
sequence divergence in the envelope gene makes cross-
protection between genotypes unlikely.

BIOLOGICAL DIFFERENCES BETWEEN
GENOTYPES OF HCV

An active area of research into HCV is the investiga-
tion of possible differences in the course of disease asso-
ciated with different genotypes, such as the rate of de-
velopment of cirrhosis and hepatocellular carcinoma,
and whether certain genotypes are more or less likely
to respond to interferon treatment. From a virological
perspective, it is impossible to predict whether the de-
gree of sequence difference between genotypes would
influence the behavior of the virus. As discussed above,
it can be inferred that most of the nucleotide sequence
differences that exist between genotypes have accumu-
lated through evolutionary drift, and would be expected
to be approximately neutral in effect. Determinants of
relative pathogenicity, should they exist between geno-
types, might result from changes at only one or two key
nucleotide or amino acid sites, and would be unlikely to
be detected by simple sequence comparisons alone in
relatively restricted regions of the genome.

Indeed, we have very little insight into which of the
HCV proteins might influence the rate of replication,
cytopathology, and resistance to antiviral treatment.
There may be differences in the activity of viral protein-
ases in processing the HCV polyprotein after transla-
tion, or in the activities of proteins involved in RNA
replication, leading to alteration in their ability to in-
duce an endogenous interferon response. Variation in
the envelope proteins may contribute to differences in
cell tropism and the extent to which infection causes
cytopathic changes in the cell during the latter stages
of virus assembly and release. It is also possible that
the characteristics of the virus infection in vivo are
determined by noncoding parts of the genome; perhaps
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the configuration of the 5’ or 3'NCR affects binding of
viral and cellular proteins involved in replication and
translation, as has been suggested for type 1 and type
2 RNA constructs in vitro.*

It is similarly difficult to infer from comparisons with
other RNA viruses whether genotypes of HCV differ in
their biological properties. Most positive-stranded RNA
virus genera comprise variants that are equally or even
more divergent than the major genotypes of HCV, yet
in many cases each member behaves similarly on infec-
tion in its host (e.g., poliovirus types 1, 2, or 3, dengue
fever virus, serotypes 1 to 4). However, other viruses,
such as the 6 serotypes of Coxsackie B show consider-
able variability in the degree of disease caused and the
main organs in the body targeted by infection. Pestivi-
ruses are probably the most closely related viruses to
HCV; this genus currently comprises three distinct
variants, which show a degree of sequence divergence
from each other similar to that between the major geno-
types of HCV. However, each varies in host range (cow,
sheep, or pig), method of transmission, and type of dis-
ease. These comparisons provide at least the basis for
supposing that differences might exist between HCV
genotypes.

CLINICAL UTILITY OF GENOTYPING

A large number of clinical investigations have docu-
mented severe and progressive liver disease on infec-
tion with each of the well-characterized genotypes
(types 1a, 1b, 2a, 2b, 3a, and 4a, see below), so there
is little evidence so far for variants of HCV that are
completely nonpathogenic or perhaps nonhepatotropic.
However, possible variation in the rate of disease pro-
gression, differences between genotypes in routes and
frequency of person-to-person transmission, or in the
probability of achieving a sustained response to antivi-
ral treatment would indicate the potential utility for
the identification of the infecting genotype in certain
clinical situations. For example, if there were consis-
tent differences between genotypes in response to in-
terferon treatment, genotyping might play an im-
portant role in patient selection and in calculating the
most effective duration and dose of interferon treat-
ment to achieve a long-term response. The following
sections review progress to date of studies investigat-
ing biological heterogeneity of HCV and describe what
further information still remains to be determined.

How May Genotypes Be Identified? Although deter-
mination of the nucleotide sequences is the most reli-
able method for identifying different genotypes of HCV,
this is not practical for large cohort studies. Many of
the published methods for “genotyping” are based on
amplification of viral sequences in clinical specimens,
either using type-specific primers that selectively am-
plify different genotypes or using analysis of the PCR
product by hybridization with genotype-specific probes
or by restriction fragment length polymorphism
(RFLP) (Table 4). The assays have different strengths
and weaknesses. For example, methods based on am-
plification and analysis of 5’NCR sequences have ad-
vantages of sensitivity because this region is highly
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TABLE 4. Comparison of Typing Methods for HCV

Reference
Method Region Genotypes* No.
PCR-based methods
Type-specific primers Core la, 1b, 2a, 2b, 3a 63, 64
NS-5 1a, 1b, 2a, 2b, 3b 61
RFLP 5'NCR 1%, 2a, 2b 21
5'NCR 11, 2a, 2b, 3,4,5,6 22,41
Type-specific probes NS-5 1a, 1b, 2a, 2b 15
5'NCR 17, 2a,2b, 3,4,5 23
Serological methods
Peptide enzyme-linked
immunosorbent assay NS-4 1,2,3,4,5,6 65%
Core 1,2 103
Recombinant protein
enzyme-linked
immunosorbent assay NS-4 1,2 66

* Genotypes identified by assay.

+ Sequences of type la and 1b may be identical in the 5'NCR, so
in principal these two subtypes cannot be separately identified by
any method based upon this region (see text).

i Now modified by addition of peptides from genotypes 4, 5, and
6 (Bhattachejee, et al, Submitted).

conserved and can be more frequently amplified from
HCV-infected individuals than other parts of the ge-
nome. However, relatively few nucleotide differences
are found between different genotypes. Although it is
possible to reliably differentiate six major genotypes
using RFLP or type-specific probes, the identification
of subtypes is a matter of serendipity. For examples,
type 2a and 2b consistently differ at position 124,
allowing them to differentiated using the restriction
enzyme ScrFI* or by probes 10-13 in the InnoLipa.*
However, sequences of type 2¢ are indistinguishable
from some of those of type 2a. A more important practi-
cal problem is the separate identification of types la
and 1b. Although type 1b sequences generally have a
“G” at position —99 and type 1a has an “A,” exceptions
exist. Approximately 5% of type la and 1b sequences
have the wrong nucleotide at this position, and there-
fore, would be misidentified. Furthermore, as with type
2, sequences of other subtypes of type 1 cannot be dif-
ferentiated. For example, the variant from Indonesia®*
described as type “1¢” would appear as a type la using
current assays.

In contrast, typing methods based on coding regions
can reliably identify subtypes as well as major geno-
types because the degree of sequence divergence is
much greater (Fig. 1). However, it is generally more
difficult to amplify sequences in coding regions of the
genome, because of lack of conservation in the primer-
binding sites, resulting in assays that in some cases
are less reliable than those based on amplification of
the 5'NCR. The use of type-specific primers is a techni-
cally elegant and simple method to identify genotypes;
a currently widely used assay produces different length
products from each genotype that can be resolved on
an agarose gel.®*** However, the assay would become
increasingly complex if it were extended to detect all
of the recently described genotypes.
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Serological typing methods have advantages over
PCR-based methods in terms of speed and simplicity of
sample preparation and in the use of simple equipment
that would be found in any diagnostic virology labora-
tory. By careful optimization of reagents, such assays
may show high sensitivity and reproducibility. For ex-
ample, type-specific antibody to NS-4 peptides can be
detected in approximately 89% of hepatitis C—infected
patients and blood donors (Bhattachejee, et al, Submit-
ted). Furthermore, the assays can be readily extended
to detect new genotypes. Qur NS-4—-based assay reli-
ably identifies type-specific antibody to six major geno-
types (Table 4; Bhattachejee, et al, Submitted). How-
ever, the antigenic similarity between subtypes
currently precludes the separate identification of type
la from 1b and of 2a from 2b using the NS-4 peptides
alone, although it is possible that the greater sequence
differences in the envelope proteins may be exploited
for this purpose in the future.

A crucial assumption of any PCR-based or serological
genotyping method is that the region analyzed (5'NCR,
core, NS-4, NS-5) is representative of the genome as a
whole. The whole principle of “genotyping” would break
down if recombination between HCV genotypes oc-
curred during replication and led to the formation of
hybrid viruses that contained segments of different ge-
notypes in different parts of the genome. Therefore, it
is particularly important to compare different assays
on as wide a range of samples as possible. We have
previously found almost perfect agreement between the
results of serotyping 137 blood donor samples with NS-
4 peptides with typing by RFLP in the 5’NCR.% In a
larger collaborative study, remarkably consistent re-
sults were obtained from genotyping a total of 139
samples from American hepatitis C patients using
type-specific primers in NS-5,*' RFLP of the 5’NCR,*'
serotyping using NS-4 proteins® or peptides,® and us-
ing direct sequence comparison of part of NS-5.* These
findings encourage the belief that genotyping is a valid
procedure despite the theoretical objections (such as
recombination), and show that many assays can reli-
ably identify infection with at least those HCV geno-
types likely to be encountered in clinical practice (1a,
1b, 2a, 2b, and 3a).

What Genotypes Should Be Compared? Although the
list of genotypes is becoming ever longer as more re-
gions of the world are examined, most countries show
a relatively restricted range of variants in the popula-
tion. For example, current surveys indicate that geno-
types 1a, 1b, 2a, 2b, and 3a account for almost all hepa-
titis C patients (and HCV-infected blood donors) in
many countries in Western Europe and Canada and
the United States, whereas types 1b, 2a, and 2b are
found in Japan and elsewhere in the Far East (see
above). The adaptation of typing assays to detect only
those genotypes that are likely to be encountered is one
way in which typing could be simplified for clinical use.

At present it is not known whether biological differ-
ences exist primarily between the major genotypes of
HCV or whether it would be important to also differen-
tiate between subtypes (e.g., type la and 1b). If sub-
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types behaved similarly, then the use of assays to dis-
tinguish them would be unnecessary for clinical
assessment. Until this issue is resolved, it would be
difficult to make specific recommendations for the
choice of genotyping assay.

FACTORS INFLUENCING DISEASE PROGRESSION
AND RESPONSE TO INTERFERON

Several clinical studies have catalogued a variety of
factors (including genotype) that correlate with sever-
ity of liver disease and which show predictive value for
response to antiviral treatment. Factors that have been
frequently shown to influence response to interferon
treatment include age and duration of infection,®”®
presence of cirrhosis before treatment,®*™ geno-
type, 4546768727480 and pretreatment level of circulat-
ing viral RNA in plasma.®®7*7679-8

A consistent finding reported by several different
groups using a variety of typing assays has been the
greatly increased rate of long-term response found on
treating patients infected with genotypes 2a, 2b, and
3a compared with type 1b *?*67.68727475.77-80 Bgp axam-
ple, in our recent study we found long-term normaliza-
tion of alanine transaminase levels (more than 12
months) was infrequently achieved in those infected
with type 1 variants (29%), compared with 52% with
type 2 and 74% for type 3.”® These findings have since
been repeated in a much larger collaborative study of
610 patients from several centers in Europe (Dusheiko
GM, et al, Submitted).

One of the major problems with comparisons of rates
of disease development and interferon response with
genotype is controlling for other factors that might also
alter the outcome. For example, the prevalence of dif-
ferent genotypes may change with age; in Europe, type
3a is more common in young individuals than 1b, which
accounts for most infections in those 50 years of age or
older. Thus, one might plausibly attribute the observed
greater response rate to interferon in those infected
with type 3a to the relatively younger age, shorter du-
ration of infection, or absence of cirrhosis compared
with those individuals infected with type 1b. Therefore,
it is essential that large enough groups of patients are
studied to perform multivariate analysis to separately
analyse the contribution of different possible influences
on the outcome.

Where this has been performed, it has been reported
that the better response found in those infected with
genotype 2 is independent of liver cirrhosis, although
this emerges as a separate independent risk factor. In
a more recent study, infection with type 1b, presence of
cirrhosis, and high pretreatment virus load were each
independently associated with a reduced chance of re-
sponse (relative risks of 16, 5, and 4, respectively).” In
our recent European study of 610 patients, we have
found that absence of cirrhosis and infection with geno-
types 2 or 3 are each independent predictive factors for
response.

The mechanism by which different genotypes might
differ in responsiveness to treatment remains obscure.
For treatments such as interferon it is not even clear
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whether the effect of the drug is directly antiviral or
whether the inhibition of virus replication is secondary
to increased expression of major histocompatibility
complex class I antigens on the surface of hepatocytes
and greater cytotoxic T-cell activity against virally in-
fected cells. Elucidating the mechanism of action of in-
terferon and whether there are virological differences
between genotypes in sensitivity to antivirals awaits a
cell culture model for HCV infection.

Among individuals infected with the same genotype,
there is close correlation between the level of circulat-
ing viral sequences and the response to inter-
feron.”*7%%8!1 Whether the previously reported differ-
ences in responsiveness of genotypes can be entirely
accounted for by differences in circulating virus load
remains unclear; if this hypothesis were true, then it
would follow that virus loads in the genotypes that are
responsive to interferon would be consistently lower
than those found in those infected with genotype 1b.
Very recent evidence suggests that this may not be the
case; for example, type 2— or type 3—infected patients
responded well to interferon yet levels of replicating
virus were reported to be similar to those infected with
other genotypes™ (Brechot C, et al, Trepo et al, VI In-
ternational Symposium on Viral Hepatitis, Madrid,
Spain, February 3-5, 1994). Because of this uncer-
tainty, it is not currently clear whether pretreatment
assessment of patients should be performed for virus
load, for genotype, or for both. The recent finding that
genotype and load are independent factors influencing
response’* suggests a value for both types of assay in
clinical practice.

IMMUNE ESCAPE?

In contrast to the highly restricted sequence diver-
sity of the 5'NCR and adjacent core region, the two
putative envelope genes are highly divergent between
different variants of HCV®® (Fig. 1), and show a 3 to
4 times higher rate of sequence change with time in
persistently infected individuals.*® Because these pro-
teins are likely to lie on the outside of the virus, they
would be the principal targets of the humoral immune
response to HCV elicited on infection. An attractive
theory that explains both the high degree of envelope
sequence variability and the persistent nature of HCV
infection is that changes in the E1 and E2 genes alter
the antigenicity of the virus to allow “immune escape”
from neutralizing antibodies.?® In this model, continu-
ing virus replication is a race between diversification
of HCV and the efforts of the host immune system to
respond to changes by developing neutralizing anti-
body with an ever greater range of reactivity. Support-
ing this model is the observation that much of the vari-
ability in the E1 and E2 genes is concentrated in
discrete “hypervariable” regions.**®* By analogy with
influenza virus hemagglutinin, it has been suggested
that the particularly variable region at the 5’ end of
the E2 gene encodes sequences surrounding the part
of the protein involved in virus/cellular receptor inter-
actions and that become a target for neutralizing anti-
body.
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Experimental confirmation that immune pressure
drives the sequence variability of the envelope gene
has proved to be notoriously difficult to obtain, even for
other viruses, notably human immunodeficiency virus
type 1, for which in vitro neutralization assays have
been developed. One of the main testable predictions
from the theory is the appearance of novel variants of
HCV with changes in the E1 and E2 genes that are
antigenically distinct from previous variants. In many
cases, the in vivo appearance of variants with different
sequences in the hypervariable region is followed by
the development of antibodies that specifically recog-
nize the new variants.®**"® However, this situation
would be expected regardliess of the selective forces in-
volved and does not prove that immunologic recogni-
tion forced the appearance of putative “escape” mu-
tants. For example, it is possible that individuals may
be infected with different variants at the time of trans-
mission and that may reappear as different foci of infec-
tion become active or as infection spreads to different
tissues. Alternatively, sequence change in the envelope
region may occur more rapidly because there are fewer
restraints on the amino acid sequence (see above).
Therefore, the high degree of variability could be attrib-
uted to more rapid random drift.

There are other observations that argue directly
against the hypothesis of immune escape. First, enve-
lope sequences obtained sequentially from persistently
infected individuals sometimes show no significant
change,””®® whereas in others, variants coexist with
antibodies that recognize the corresponding hypervari-
able region peptides.®” Some hypervariable region vari-
ants carry mutations that increase their recognition
by antibodies present at the time of their detection in
plasma.?® Contrary to what would be expected, anti-
body to envelope proteins can be found at similar or
greater frequency in individuals who remain chronic
carriers of HCV compared with those who clear the
virus infection and become nonviremic.****

The weak or absent humoral response to envelope
proteins is perhaps related to their extensive glycosyla-
tion in vivo that may serve to shield amino acid epi-
topes from antibody. It may be that cytotoxic T cell
reactivity plays a more important role in virus clear-
ance,”> in which case amino acid sequence change
anywhere in the genome would contribute equally to
immune escape because viral proteins are processed
before presentation to lymphocytes. However, a lack of
any effective immune response to HCV can be inferred
from the chimpanzee model of infection, where it has
been repeatedly shown that experimentally infected
animals can be easily re-infected with the same strain
of HCV.*"*® Similarly, multiple episodes of hepatitis
have been observed in thalassemic children repeatedly
exposed to HCV.* Thus, infection in itself may not al-
ways induce protective immunity from rechallenge,
making it less likely that the weak antibody responses
induced in those persistently infected with HCV would
play any role in shaping viral sequence change. Finally,
virus persistence may be achieved by quite different
mechanisms. For example, it has been observed that
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HCV associates with lipoproteins in the circulation,®'*

and, therefore, may persist because it is shielded from
circulating antibody and other immune effector mecha-
nisms. The association with lipid would also provide a
route by which HCV might gain entry into the liver
because lipid micelles are specifically taken up by hepa-
tocytes as part of normal cellular metabolism.

In summary, although there is circumstantial evi-
dence to support the theory of immune escape, a num-
ber of observations will need to be taken into account
if it is to be proposed as a plausible model of virus
persistence. Many of the current uncertainties may be
resolved on the development of a satisfactory in vitro
neutralization assay for HCV to enable the effect of
amino acid changes in the envelope gene to be directly
investigated. We also need to know more about the
relative importance of humoral and cell-mediated im-
munity to HCV, and to discover which is the more im-
portant in virus clearance and protection from re-infec-
tion.

In this review I have attempted to summarize and
discuss current findings in a highly active area of re-
search. Answers to many of the major remaining ques-
tions concerning HCV variability will undoubtedly be
provided soon by experiments using in vitro culture of
HCV. Similarly, the origins, spread, and current geno-
type distributions will become more clearly understood
when more is known about routes of virus transmission
in different geographic areas.
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