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INTRODUCTION

Hepatitis C virus (HCV) infection has reached epidemic
proportions. Worldwide, more than one million new cases of
infection are reported annually, and HCV is believed to be
more prevalent than hepatitis B virus infection (HBV) (26). In
the United States alone, nearly four million persons are in-
fected and 30,000 acute new infections are estimated to occur
annually (89). Currently, HCV is responsible for an estimated
8,000 to 10,000 deaths annually in the United States, and
without effective intervention, that number is predicted to tri-
ple in the next 10 to 20 years (89). Furthermore, HCV is the
leading reason for liver transplantation in the United States
and this has major implications in the present era of organ
shortage. The ultimate goal is a universally effective vaccine to
prevent new cases, especially in underdeveloped countries,
where HCV infection is more prevalent and treatment is fi-
nancially out of reach for most patients. The development of
such a vaccine has been hampered, at least partly, by the great
heterogeneity of the HCV genome, which is the focus of this
review.

HCV was the first virus discovered by molecular cloning
without the direct use of biologic or biophysical methods. This
was accomplished by extracting, copying into cDNA, and clon-
ing all the nucleic acid from the plasma of a chimpanzee
infected with non-A, non-B hepatitis by contaminated factor
XIII concentrate (24). The HCV genome is a positive-sense,
single-stranded RNA genome approximately 10 kb long. It has
marked similarities to those of members of the genera Pes-
tivirus and Flavivirus. Different HCV isolates from around
the world show substantial nucleotide sequence variability
throughout the viral genome (25). Based on the identification
of these genomic differences, HCV has been classified into

multiple strains. It is thought that genetic heterogeneity of
HCV may account for some of the differences in disease out-
come and response to treatment observed in HCV-infected
persons.

Before proceeding with the discussion, it is important to
consider the shortcomings of studies related to the clinical
importance of HCV genotypes. Although several studies have
specifically evaluated the role of HCV genotypes and the clin-
ical utility of genotyping, many questions have not been an-
swered. Investigators have used several classification systems,
especially before 1995, and have adopted different methods
of genotyping. Furthermore, there has been no consistency
among studies in the definition of study end points to allow for
comparison and “collective experience.” This was most obvious
in studies that addressed the role of genotypes in liver disease
progression or response to interferon therapy. The severity of
liver disease was based on histologic activity in some studies
and on the development of cirrhosis or hepatocellular carci-
noma in others. Similarly, in most trials before 1995, the re-
sponse to interferon treatment was defined as normalization of
transaminases at the end of therapy (biochemical response),
but this was replaced by the virologic response, defined as the
disappearance of PCR-detectable HCV RNA in plasma. Also,
the clinical significance of HCV genotypes that are not com-
mon in the United States, Europe, or Japan has received min-
imal attention because most scientific investigations are being
conducted in these countries. These genotypes, which include
HCV types 4 through 9, have been found mostly in less indus-
trialized countries (India and countries in Southeast Asia and
the Middle East).

GENOMIC ORGANIZATION OF HCV

The original isolate (HCV-1) was a positive-sense RNA vi-
rus with approximately 9,400 ribonucleotides, containing a
poly(A) tail at the 39 end (Fig. 1). The sequence contained a 59
untranslated region (59 UTR) of 341 bases, a long open read-
ing frame coding for a polyprotein of 3,011 amino acids, and a
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39 untranslated region (39 UTR) of about 27 bases. This RNA
structure is most similar to that of the family Flaviviridae, which
encompasses numerous arthropod-borne viruses. Consistent
with the known functions of most flavivirus proteins, the three
N-terminal HCV proteins are probably structural (C, E1, and
E2/NS2) and the four C-terminal proteins (NS2, NS3, NS4,
and NS5) are believed to function in viral replication.

The open reading frame length of each genotype is charac-
teristically different. Whereas the open reading frame in type 1
isolates is approximately 9,400 ribonucleotides, that of type 2
isolates is typically 9,099 nucleotides and that of type 3 isolates
is typically 9,063 nucleotides (12). These differences may po-
tentially account for some of the phenotypic differences among
genotypes discussed below.

The 59 UTR of HCV RNA is the most highly conserved
portion of the genome and thus has been used in most labo-
ratories to develop sensitive detection assays for HCV RNA
(52). It is also thought to be important in the translation of the
HCV open reading frame. The E1 and E2 regions of the HCV
genome demonstrate the highest mutation rate at the nucleo-
tide level as well as at the predicted amino acid level (49). The
finding of a rapidly evolving region within one of the envelope
proteins of HCV suggests that this region is under selective
pressure by the host immune system. An extraordinarily high
rate of nucleotide change that frequently resulted in codon
changes was found in hypervariable region 1 of the E2 protein
of the HCV genome and consists of 27 amino acids (93). The
variability of this region resembles that of the V3 loop of
human immunodeficiency virus (HIV), a domain that elicits
anti-HIV type-specific neutralizing antibodies. Studies in chim-
panzees and in patients with acute and chronic hepatitis C have
demonstrated that these infected hosts mount a humoral im-
mune response to epitopes of hypervariable region 1 of the
HCV genome (110, 149). The presence of this rapidly changing
region may permit a mechanism by which HCV evades host
immune surveillance and establishes and maintains persistent
infection.

Multiple protein antigens encoded by the viral RNA seem to

produce serologic responses in the host. Serologic responses to
four of these protein antigens are used in diagnostic laborato-
ries for the detection of HCV infection (Fig. 1). The first two
proteins, termed 5-1-1 and c100-3, are derived from nonstruc-
tural regions of the HCV genome, specifically the NS3 and
NS4 regions, and together they form the basis of the first-
generation antibody assays (enzyme-linked immunosorbent as-
say 1 [ELISA-1] and strip immunoassay 1 [SIA-1]). In addition
to 5-1-1 and c100-3, proteins c33 and c22 are included in the
second-generation antibody assays (ELISA-2 and SIA-2). Pro-
tein c33c is derived from the NS3 region, which is a noncon-
served region of the viral genome. However, protein c22 is
derived from the highly conserved nucleocapsid (C) region
(Fig. 1). A recombinant NS5 antigen has been added to the
above four antigens to improve the sensitivity of serologic
assays for the detection of HCV antibodies (third-generation
antibody assays).

GENOMIC HETEROGENEITY AND
CLASSIFICATION SYSTEMS

After the complete HCV genome was determined by Choo
et al. in 1991 (25), several HCV isolates from different parts of
the world were obtained and sequenced (22, 31, 38, 60, 68, 69).
Comparison of the published sequences of HCV has led to the
identification of several distinct types that may differ from each
other by as much as 33% over the whole viral genome (96).
Sequence variability is distributed equally throughout the viral
genome, apart from the highly conserved 59 UTR and core
regions and the hypervariable envelope (E) region (59, 95–97,
109, 126).

As different investigators developed and used their own clas-
sification system for HCV strains, a confusing literature devel-
oped (Table 1). However, at the 2nd International Conference
of HCV and Related Viruses, a consensus nomenclature sys-
tem was proposed that is to be used in future studies of HCV
genotypes and subtypes (P. Simmonds, A. Alberti, H. J. Alter,
F. Bonino, D. W. Bradley, C. Brechot, J. T. Brouwer, S. W.

FIG. 1. Genomic organization of HCV. First generation, second generation, and third generation refer to serologic assays for detection of HCV antibodies.
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Chan, K. Chayama, D. S. Chen, Q.-L. Choo, M. Colombo,
H. T. M. Cuypers, T. Date, G. M. Dusheiko, J. I. Esteban, O.
Fay, S. J. Hadziyannis, J. Han, A. Hatzakis, E. C. Holmes, H.
Hotta, M. Houghton, B. Irvine, M. Kohara, J. A. Kolberg, G.
Kuo, J. Y. N. Lau, P. N. Lelie, G. Maertens, F. McOmish, T.
Miyamura, M. Mizokami, A. Nomoto, A. M. Prince, H. W.
Reesink, C. Rice, M. Roggendorf, S. W. Schalm, T. Shikata, K.
Shimotohno, L. Stuyver, C. Trépo, A. Weiner, P. L. Yap, and
M. S. Urdea, Letter, Hepatology 19:1321–1324, 1994). Accord-
ing to this system, HCV is classified on the basis of the simi-
larity of nucleotide sequence into major genetic groups desig-
nated genotypes. HCV genotypes are numbered (arabic
numerals) in the order of their discovery (Tables 1 and 2). The
more closely related HCV strains within some types are des-
ignated subtypes, which are assigned lowercase letters (in al-
phabetic order) in the order of their discovery (Tables 1 and 2).
The complex of genetic variants found within an individual
isolate is termed the quasispecies (Table 2). The quasispecies
composition of HCV results from the accumulation of muta-
tions during viral replication in the host (135).

The genomic sequences of different HCV isolates vary by as
much as 35% (96). The degrees of difference in nucleotide
sequences among isolates vary from one genomic region to
another. Sequence similarities between members of the differ-
ent genotypes of a 222-bp segment of the NS5 region that we
used in our laboratory range between 55 and 72%, whereas
identities of subtypes range from 75 to 86% (Table 3) (Sim-
monds et al., Letter, Hepatology 19:1321–1324, 1994).

ROLE OF GENOMIC HETEROGENEITY IN HCV
PERSISTENCE AND VACCINE DEVELOPMENT

With the rarity of severe acute or fulminant HCV infections,
the significance of this infection in humans is its tendency to
become persistent and to induce chronic liver disease. The
mechanisms of HCV persistence are not known. However, in
most human viral infections, the interaction of several arms of
the immune system is important in limiting viral replication
and preventing persistence. These arms of the immune system
include humoral and cellular immunity.

Antibody responses are often directed against several viral
proteins, although it is the antibodies directed against the viral
envelope proteins that usually serve as neutralizing antibodies
(90). Neutralizing antibodies are often specific for a particular
serologic type of the virus, an issue that is particularly relevant
in discussions of strategies for vaccination against highly vari-
able viruses such as HIV or HCV.

Whether infection with HCV elicits protective immunity in
the host remains unclear. Farci et al. (41) attempted to neu-
tralize HCV in vitro with plasma obtained from a chronically
infected patient. The source of HCV was the same patient
during the acute phase of posttransfusion non-A, non-B hep-
atitis. The residual infectivity was evaluated by inoculation of
seronegative chimpanzees. The authors showed that neutral-
ization was achieved with plasma obtained 2 years after the
initial exposure but not with plasma obtained 11 years later.
Analysis of viral isolates for the same patient showed signifi-

TABLE 1. Classification systems for HCV genotypes

Okamoto et al.
(96)

Enomoto et al.
(38)

Simmonds et al.
(115)

Cha et al.
(17)

Consensusa

(Simmonds et al., Letter) Example isolates

I PT 1a I 1a HCV-1, HCV-H
II K1 1b II 1b HCV-J, HCV-JT, HCV-BK

1c HC-G9, YS-117
III K2a 2a III 2a HC-J6, HC-J5, HCV-K2a
IV K2b 2b III 2b HC-J8, HC-J7, HCV-K2b

III 2c S-83, T-983
V 3 IV 3a HCV-K3a, T-1, T-7
VI IV 3b HCV-TR, T-9, T-10

4 4a Z4, Z8, Z5, Syr1, Syr2, N5, Cam600, Z1, N1, N2, DK13
V 5a SA-1, SA-7

6a HK-2

a It has been recommended that this classification be used in all future publications.

TABLE 2. Terminology commonly used in studies related to HCV
genomic heterogeneity

Terminology Definition % Nucleotide
similaritya

Genotype Genetic heterogeneity among
different HCV isolates

65.7–68.9

Subtype Closely related isolates within
each of the major genotypes

76.9–80.1

Quasispecies Complex of genetic variants within
individual isolates

90.8–99

a % Nucleotide similarity refers to the nucleotide sequence identities of the
full-length sequences of the HCV genome.

TABLE 3. Comparative sequence analysis among HCV subtypes of
a 222-nucleotide segment derived from the viral NS5 regiona

Subtype
% Similarity to:

1a 1b 1c 2a 2b 2c 3a 3b 4a 5a 6a

1a 100 81 85 65 66 63 67 66 68 69 64
1b 100 77 64 67 64 67 71 64 70 65
1c 100 68 70 67 65 70 64 61 61
2a 100 82 77 67 67 66 66 68
2b 100 81 64 69 65 67 66
2c 100 64 65 65 66 65
3a 100 79 65 67 64
3b 100 66 68 61
4a 100 66 66
5a 100 68
6a 100

a Nucleotide positions 7975 to 8196 of the prototype virus.
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cant genetic divergence of HCV over time. These data support
the quasispecies nature of HCV and the selection of strains to
avoid immune pressure. This experiment also emphasized the
possible role of genetic heterogeneity of HCV in escaping the
immune system. It has been suggested that these antibodies are
likely to be directed against epitopes of hypervariable region 1
located in the E2 region (41).

Similarly, cellular immune responses, particularly those me-
diated by cytotoxic T lymphocytes (CTLs), are important com-
ponents of protective immunity against many viral infections,
including hepatitis B. In HCV infection, the role of CTLs in
protecting against viral persistence is unknown. HCV-specific,
HLA class I-restricted CTLs were demonstrated within the
liver (63, 64). Possible targets for HCV-specific CTL recogni-
tion within the conserved core protein and additional epitopes
in the more highly variable region E2 protein were also iden-
tified (63, 64). HCV heterogeneity may also be important in
escaping CTL-induced immunity. In a chronically infected
chimpanzee, CTLs obtained from the liver were initially able to
recognize an epitope in the NS3 protein. Over a period of
several years, a new strain of the virus emerged with a mutation
in the CTL epitope that was no longer recognized by the CTLs
isolated earlier. Although direct evidence for the presence of
CTL escape mutants in human HCV infection is lacking, it has
been shown that single-amino-acid changes in CTL epitopes
result in failure of recognition by HCV-specific CTLs (62).
These single-amino-acid changes are found in natural isolates
of HCV, hence the need to address the problem of type spec-
ificity of immune responses.

Irrespective of the specific type of immune response (hu-
moral or cellular) that is associated with protection and clear-
ance of HCV after an acute exposure, the response appears to
be type specific. This conclusion could be extracted from a
natural experiment in children with thalassemia who had un-
dergone numerous transfusions (66). Lai et al. (66) reported
multiple episodes of acute hepatitis C in these children. The
second episode of acute hepatitis C appeared to result from
infection with a different strain of HCV, suggesting that im-
mune responses to the initial strain did not protect against an
infection with another strain of HCV.

Analogously, the genetic heterogeneity of HCV is likely to
make the development of an HCV vaccine difficult. A vaccine
that consisted of recombinant E1 and E2 proteins of HCV-1
(genotype 1a) was tested in chimpanzees (23). Of seven chim-
panzees that were challenged with HCV-1 after vaccination,
five were protected against reinfection, compared with none of
four control unvaccinated chimpanzees. The finding that these
proteins, derived from hypervariable regions of the HCV ge-
nome, can elicit protective immunity poses a major challenge
for the development of a broadly effective vaccine for the
prevention of HCV.

METHODS FOR HCV GENOTYPING

Molecular Genotyping

Because differences in geographical distribution, disease
outcome, and response to therapy among HCV genotypes have
been suggested, reliable methods for determining the HCV
genotype may become an important clinical test. The reference
standard and most definitive method for HCV genotyping is
sequencing of a specific PCR-amplified portion of the HCV
genome obtained from the patient, followed by phylogenetic
analysis. Investigators of HCV genotyping have used sequence
analysis of HCV NS5, core, E1, and 59 UTRs. However, direct
sequencing is impractical on a large scale because of the com-

plexity of the procedure. Even with the introduction of auto-
mated sequencing methods that do not require radioactive
isotopes, only a few laboratories are equipped to perform these
procedures on a regular basis. Finally, sequencing of amplified
DNA does not usually identify mixed infections with two dif-
ferent HCV genotypes.

Other methods that have been reported depend mainly on
the amplification of HCV RNA from clinical specimens, fol-
lowed by either reamplification with type-specific primers or
hybridization with type-specific probes (70, 98, 107, 134) or by
digestion of PCR products with restriction endonucleases that
recognize genotype-specific cleavage site (81; D. Murphy, B.
Willems, and G. Delage, Letter, J. Infect. Dis. 169:473–475,
1994). HCV genotyping by using type-specific primers was first
introduced by Okamoto et al. (98) and used primers specific
for the core region. This method lacked sensitivity and speci-
ficity (135). Without modification, this method was able to
detect subtypes 1a, 1b, 1c, 2a, 2b, and 3a. However, modifica-
tions have been introduced to improve the sensitivity and spec-
ificity of this method (94, 134), but more studies are required
before the efficiency of this genotyping method can be com-
pared with that of other methods. Several DNA hybridization
assays for HCV genotyping have been described. A commer-
cial kit (InnoLipa) for HCV genotyping has been introduced in
Europe by Innogenetics (Zwijndre, Belgium) and is based on
hybridization of 59 UTR amplification products with genotype-
specific probes (123). Although the initial version of InnoLipa
had lower sensitivity, the newer version is capable of discrim-
inating among HCV subtypes 1a, 1b, 2a to 2c, 3a to 3c, 4a to 4h,
5a, and 6a (75). It has been shown that genotyping methods
using 59 UTR, including InnoLipa, may not distinguish subtype
1a from 1b in 5 to 10% of cases and also may not distinguish
between subtypes 2a and 2c (120).

Others have used restriction enzymes to determine a restric-
tion fragment length polymorphism. In this method, a PCR-
amplified DNA fragment is digested into fragments with dif-
ferent lengths by enzymes (restriction endonucleases) that
recognize cleavage sites specific for each genotype (135). In-
vestigators have used different regions of the HCV genome for
restriction fragment length polymorphism, including NS5 and
the 59 UTR (14, 19, 87).

Although all these methods are able to identify correctly the
major genotypic groups, only direct nucleotide sequencing is
efficient in discriminating among subtypes (12, 113). Moreover,
all of these PCR-based methods have the shortcomings and
advantages of PCR. They are expensive and time-consuming
and require specialized facilities to ensure accurate results and
prevent contamination. Their reliability may further be com-
promised if viral RNA is lost in the serum or plasma through
storage or improper laboratory handling or if it is absent from
the circulation during sample collection. The advantages of
PCR-based methods include reliability if performed accurately
and the ability to obtain information relevant to the molecular
pathogenesis of HCV.

Serologic Genotyping

More recently, investigators identified genotype-specific an-
tibodies that could be used as indirect markers for the HCV
genotype (serotyping or serologic genotyping) (74, 85, 119,
130). Serologic genotyping has several advantages that make it
suitable for large epidemiologic studies. These advantages in-
clude the low risk for contamination and the simplicity of the
assay. However, serologic typing seems to lack specificity and
sensitivity, which limits its usefulness.

Two commercially available serologic genotyping assays
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have been introduced over the past 3 to 4 years. The RIBA SIA
was introduced by Chiron Corp. and contained five different
serotype-specific peptide sequences taken from the NS4 region
and two serotype-specific peptide sequences taken from the
core region of the HCV genomes for genotypes 1, 2, and 3 (34).
The second serologic genotyping assay is the Murex HCV
serotyping enzyme immune assay (Murex Diagnostics Ltd.),
which is based on the detection of genotype-specific antibodies
directed to epitopes encoded by the NS4 region of the ge-
nomes for genotypes 1 through 6. These two assays have been
compared and showed a concordance rate of more than 96%
for genotypes 1, 2, and 3 (44).

A recent study by Beld et al. (4) showed high reliability of
HCV serotyping by the RIBA SIA (Chiron Corp., Emeryville,
Calif.) in immunocompetent individuals infected with geno-
type 1a. However, the assay had low sensitivity in samples
containing genotype 3a or in samples from patients coinfected
with HIV. These findings suggest that the use of this assay may
be limited at this time, particularly in geographic regions where
genotype 1a is not prevalent. Similarly, Songsivilai et al. (122)
showed that serotyping had poor sensitivity for samples from
patients infected with HCV genotype 6. Unlike the two previ-
ous studies, a study conducted in the United States reported
high concordance between serologic genotyping and molecular
genotyping assays (44). These findings suggest variation in the
reliability of these assays based on the distribution of HCV
genotypes in a specific geographic area.

The choice of typing method for HCV should be based on

the expertise in a specific laboratory or institution and the goal
of typing. To identify all subtypes and to identify novel se-
quences if present, PCR amplification followed by sequencing
should be the method of choice. However, the goal in treat-
ment trials is frequently to separate patients infected with
genotype 1 from those infected with other genotypes—a task
that could be done adequately by any of the methods men-
tioned.

GEOGRAPHIC DISTRIBUTION OF HCV GENOTYPES

At least six major genotypes of HCV, each comprising mul-
tiple subtypes, have been identified worldwide (142). Substan-
tial regional differences appear to exist in the distribution of
HCV genotypes (Fig. 2). Although HCV genotypes 1, 2, and 3
appear to have a worldwide distribution, their relative preva-
lence varies from one geographic area to another (Fig. 2).

HCV subtypes 1a and 1b are the most common genotypes in
the United States (Fig. 3) (145). These subtypes also are pre-
dominant in Europe (35, 82, 91). In Japan, subtype 1b is re-
sponsible for up to 73% of cases of HCV infection (124).
Although HCV subtypes 2a and 2b are relatively common in
North America, Europe, and Japan, subtype 2c is found com-
monly in northern Italy. HCV genotype 3a is particularly prev-
alent in intravenous drug abusers in Europe and the United
States (101). HCV genotype 4 appears to be prevalent in North
Africa and the Middle East (1, 18), and genotypes 5 and 6 seem
to be confined to South Africa and Hong Kong, respectively

FIG. 2. Worldwide geographic distribution of HCV genotypes and subtypes. “Others” indicate unclassified sequences.
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(17, 116). HCV genotypes 7, 8, and 9 have been identified only
in Vietnamese patients (129), and genotypes 10 and 11 were
identified in patients from Indonesia (127). There has been
disagreement about the number of genotypes into which HCV
isolates should be classified. Investigators have proposed that
genotypes 7 through 11 should be regarded as variants of the
same group and classified as a single genotype, type 6 (30, 83,
118, 128).

The geographic distribution and diversity of HCV genotypes
may provide clues about the historical origin of HCV (121).
The presence of numerous subtypes of each HCV genotype in
some regions of the world, such as Africa and Southeast Asia,
may suggest that HCV has been endemic for a long time.
Conversely, the limited diversity of subtypes observed in the
United States and Europe could be related to the recent in-
troduction of these viruses from areas of endemic infection.

CLINICAL RELEVANCE OF HCV GENOTYPES

Although the impact of HCV heterogeneity and genotypes
on the day-to-day clinical management of chronic HCV infec-
tion has not been established, its role as an epidemiologic
marker has been clearly shown. Furthermore, the sensitivity
and specificity of serologic and virologic assays for the detec-
tion of HCV may be influenced by the heterogeneity of HCV.
However, the exact role of genotypes in the progression of liver
disease, the outcome of HCV infection, and the response to
interferon therapy are much less well understood than their
role as an epidemiologic marker. The study of these issues has
been hampered by the long natural history of HCV infection
and the lack of information about the exact time of exposure
to the infection. The following subsections in this section spe-
cifically address these issues on the basis of the information
available.

Genotypes and HCV Genetic Heterogeneity as
Epidemiologic Markers

Because of geographic clustering of distinct HCV genotypes,
genotyping may be a useful tool for tracing the source of an
HCV outbreak in a given population. Examples include tracing
the source of HCV infection in a group of Irish women to
contaminated anti-D immunoglobulins (104). All of these
women were infected with HCV genotype 1b, a genotype iden-
tical to the isolate obtained from the implicated batch of an-

ti-D immunoglobulin. Hohne et al. used genotyping to trace
the sources of outbreaks in Germany (54). More recently,
genotyping and molecular characterization of HCV isolates
provided evidence for a patient-to-patient transmission of
HCV during colonoscopy (11). The index case as well as the
two other infected patients had HCV genotype 1b. Nucleotide
sequencing of the NS3 region showed that the three patients
had the same isolate (100% homology), strongly suggesting a
common source of infection.

Suspected nonconventional routes of HCV transmission
could also be investigated by molecular analysis of HCV strains
from different persons. These include the vertical and sexual
routes. Weiner et al. (133) showed that a single predominant
HCV variant was transmitted to an infant born to a mother
infected with multiple variants. Gish et al. reported similar
findings (R. G. Gish, K. L. Cox, M. Mizokami, T. Ohno, and
J. Y. Lau, Letter, J. Pediatr. Gastroenterol. Nutr. 22:118–119,
1996). A specific 12-nucleotide insertion in the E2 hypervari-
able region of the HCV genome was noted in the vertically
transmitted sequence of an infant born to a mother infected
with two different genotypes, each composed of multiple het-
erogeneous sequences (2). These data may suggest a potential
role of HCV heterogeneity and genotypes in mother-to-infant
transmission of HCV (138).

Reports on the sexual transmission of HCV infection are
conflicting. The detection of anti-HCV positivity ranged from
0% in partners of transfusion-associated hepatitis patients (40)
to 8% in male homosexuals (39) and 5% in household contacts
(G. Ideo, G. Bellati, E. Pedraglio, R. Bottelli, T. Donzelli, and
G. Putignano, Letter, Lancet 335:353, 1990). A possible expla-
nation is that sexual transmission occurs only in association
with specific HCV genotypes or in the presence of specific
mutations along the HCV genome. As with vertical transmis-
sion, samples from patients with suspected sexual transmission
of HCV have undergone nucleotide sequence analysis to con-
firm the similarity of sequences obtained from sexual partners
and thus the common origin of these HCV strains (21, 51, 61).
Although the data are suggestive of a role of HCV heteroge-
neity in sexual transmission, this speculation needs to be con-
firmed.

Although Zein et al. (145) found no association between
HCV genotypes and the mode of HCV acquisition in their
population, others have provided evidence for such an associ-
ation (7, 101, 131). It has been suggested that genotypes 3a and

FIG. 3. HCV genotype distribution in patients with positive results in SIA-2 and in those with indeterminate results in SIA-2.
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1a are closely associated with intravenous drug use and that
genotype 1b is seen more often in patients who acquired HCV
through blood transfusion. This information may be useful in
tracing sources of HCV epidemics.

HCV Diagnostic Assays

Cloning of the HCV genome led to the identification of the
5-1-1 protein that was reactive with sera obtained from patients
with non-A, non-B hepatitis. Using 5-1-1 as a hybridization
probe, the recombinant antigen c100 was expressed in yeast
and eventually was used to develop the first screening assay
(65). The first-generation HCV antibody test approved by the
Food and Drug Administration became commercially available
in 1990 and was widely used. This was an ELISA that incor-
porated the c100 epitope from the NS4 region. Because of the
high level of false positivity, SIAs were introduced as a sup-
plemental test in patients with positive ELISA results. The
ELISAs were affected by the level of circulating globulins in
serum, particularly in patients with autoimmune chronic active
hepatitis (79).

As more reactive recombinant antigens were identified from
conserved regions of the HCV genome, newer serologic assays
(second and third generation) were introduced. With improved
sensitivity and specificity, the newer assays quickly replaced the
first-generation assays. These second-generation assays in-
cluded the ELISA-2 and SIA-2, which were approved by the
Food and Drug Administration in 1992 and 1993, respectively.
In addition to the 5-1-1 and c100-3 antigens, these assays in-
corporated the c22-3 antigen derived from the core region of
the HCV genome and the c33c antigen derived from the non-
structural region NS3. Second-generation SIAs are widely used
for the validation of second-generation ELISAs in the sero-
logic diagnosis of HCV infection. Current criteria for a positive
SIA require reactivity to at least two HCV antigens encoded by
different parts of the HCV genome. A common problem is that
of indeterminate results, defined as reactivity to a single anti-
gen band or reactivity to two bands derived from the same
coding region (i.e., 5-1-1 and c100-3). A significant proportion
of samples (5 to 10%) that repeatedly tested reactive in
ELISA-2 yielded indeterminate results when evaluated by
SIA-2. Some patients with indeterminate SIA results may have
detectable HCV RNA on PCR, confirming the presence of
HCV viremia (46; E. A. Follett, B. C. Dow, F. McOmish, P. L.
Yap, W. Hughes, R. Mitchell, and P. Simmonds, Letter, Lancet
338:1024, 1991; P. Halfon, S. Rousseau, C. Tamalet, M. An-
toni, V. Gerolami, M. Levy, M. Bourliere, R. Planells, and G.
Cartouzou, Letter, J. Infect. Dis. 166:449, 1992).

Recently, Zein et al. (140) reported on their experience with
indeterminate second-generation SIAs. They found that of 720
ELISA-2-positive samples tested in the diagnostic virology lab-
oratory between January 1994 and January 1995, 96 (13%) had
indeterminate results. Of these indeterminate samples, 30
(31%) were HCV RNA positive on PCR. Next, they deter-
mined the HCV genotype distribution of SIA-2-indeterminate
samples and found that it was significantly different from that
of SIA-2-positive samples, suggesting that the HCV genotype
affects the interpretation of these assays. Less common HCV
genotypes in the United States, such as 2a, 2c, 3a, 4a, and 5a,
were more prevalent in the samples with SIA-2-indeterminate
results (Fig. 3); this would make the serologic detection of
these genotypes less efficient. These findings are consistent
with an earlier report that suggested the presence of differ-
ences in serologic reactivities to HCV antigens among HCV
genotypes (146). Reactivities to protein 5-1-1 were significantly
lower for patients infected with genotype 2b or 3a than for

those infected with genotypes 1a or 1b. Antibody reactivity to
the c100-3 protein was also reduced in patients infected with
HCV types 2b and 3a. These genotype-dependent differences
may have major implications for the current use of HCV di-
agnostic tests, especially in geographic areas with a high prev-
alence of HCV genotypes that are phylogenetically distant
from genotype 1a, the prototype sequence used in the devel-
opment of these assays. Studies related to the efficiency of
these assays should be done locally in blood banks in different
regions of the world before the assay is relied on for blood
screening and prevention of new infections.

Third-generation assays (ELISA-3 and SIA-3) were intro-
duced in Europe more than 3 years ago but are still not avail-
able commercially in the United States. In these assays, a
recombinant NS5 antigen has been added to the four antigens
used in the second-generation assays. These third-generation
assays have higher sensitivities and specificities than second-
generation assays and are much less strongly influenced by the
infecting genotype (57, 76, 77).

The detection of HCV RNA by reverse transcriptase PCR
has become essential for the diagnosis of HCV infection and
for the selection of patients before therapy. The main advan-
tages of reverse transcriptase PCR include early diagnosis after
acute infection and detection of viremia in selected patients
(those with indeterminate antibody results and immunosup-
pressed patients). The sensitivity of PCR for HCV RNA de-
tection may vary according to the choice of primers and the
handling of preextraction samples (13, 15). Most laboratories
use primers specific for the 59 UTR of the HCV genome
because it represents the most highly conserved region among
HCV genotypes. Choosing primers from less highly conserved
regions of the HCV genome is likely to compromise the sen-
sitivity of PCR in a population in which multiple genotypes are
represented.

Assays for the quantification of HCV viremia levels in serum
(HCV RNA titer) have been developed and shown to be valu-
able in the selection of patients for interferon treatment and in
the assessment of response during therapy (78, 99). Two dif-
ferent methods have commonly been used for the quantitation
of HCV RNA and have become commercially available. The
first was developed by Roche Diagnostics Systems (Branch-
burg, N.J.) and is based on a competitive PCR assay for HCV
RNA quantitation (Roche Monitor assay). The second method
is based on the coamplification of synthetically mutated target
RNA (branched DNA [bDNA] assay; Quantiplex [Chiron
Corp.]). The quantitative results of HCV RNA detected by
both methods are reliable and reproducible (73).

Earlier studies have suggested a difference in the efficiency
of the bDNA assay for quantification of HCV RNA of patients
infected with different HCV genotypes (10). However, a sec-
ond-generation bDNA assay was developed (Quantiplex HCV
RNA 2.0) that incorporated a set of oligonucleotide probes to
enhance the efficiency of binding to genotypic variants of HCV
(32). The new assay was highly sensitive and virtually unaf-
fected by HCV genotypes. A similar variation in the efficiency
of detection of different HCV genotypes was recently observed
for the Roche Monitor assay (50). These genotype-dependent
differences in the efficiency of assays to accurately quantify
HCV RNA may have to be considered if clinical decisions are
based on the results obtained.

Outcome of Acute HCV Infection

After initial exposure to HCV, the infection fails to resolve
in the majority of patients (80%) who become chronically
infected. The ability to evolve into chronic disease associated
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with liver damage is by far the most striking feature of HCV.
The spontaneous clearance of HCV following acute infection
in a small proportion of patients has been the focus of intense
investigations. It has been proposed that differences in the host
cellular (84) or humoral (N. N. Zein, H. Li, and D. H. Persing,
Letter, Gastroenterology 117:510, 1999) immune responses to
HCV are important in spontaneous clearance, but these pro-
posals remain unproved.

Amoroso et al. (3) specifically investigated the role of HCV
genotypes in persistence of HCV infection following an acute
exposure. The rate of evolution to chronicity after acute expo-
sure to HCV was 92% in patients exposed to HCV genotype 1b
infection, compared with 33% to 50% in patients exposed to
other genotypes. These data provided evidence that viral fac-
tors, including the HCV genotype, may potentially play an
important role in the development of chronic infection follow-
ing acute exposure to HCV.

Progression of Liver Disease

The role of HCV genotypes in the progression of liver dis-
ease is one of the most controversial areas of HCV research.
There appears to be significant biologic variation in HCV dis-
ease expression in the host over the length of the infection
(typically the life of the patient). This variation among infected
persons became apparent in studies on the natural history of
HCV infection, for example, in a retrospective analysis of pa-
tients with chronic HCV infection whose time of HCV acqui-
sition was known (N. N. Zein, A. S. Abdulkarim, D. Brandha-
gen, T. Therneau, and D. H. Persing, Abstract, Hepatology
24:150A, 1996). The mean times from exposure to HCV to the
diagnosis of chronic active hepatitis, to compensated liver cir-
rhosis, to decompensated cirrhosis, and to hepatocellular car-
cinoma were 11, 18, 23, and 29 years, respectively (Fig. 4).
What is striking is that severe complications such as cirrhosis
and hepatocellular carcinoma can occur over a short period in
some persons whereas others have no complication despite a
much longer period of infection (Fig. 4). Therefore, it is likely
that viral or host factors, including the infecting HCV geno-
type, contribute to these variations in the natural history
among infected patients.

Currently, investigators are divided into those who strongly
believe in differences in pathogenicity among genotypes and

those who do not. Conclusions have been derived from indirect
evidence, because conducting accurate investigations to answer
these questions has been difficult. Frequently, the role of ge-
notypes as an independent factor in the progression of liver
disease cannot be separated from the roles of other cofactors
such as viral load, alcohol intake, and length of time of HCV
infection. Patients may not provide accurate information about
drug use or the amount of alcohol intake; therefore, the time
of HCV acquisition often is not known. Because of the overall
slow progression of liver disease in HCV-infected patients,
prospective studies frequently are not possible.

For the purpose of this discussion, the data related to HCV
genotypes and progression of liver disease in patients with
chronic HCV infection were examined separately from those
for liver transplant recipients.

In patients with chronic HCV, infection with genotype 1b is
reportedly associated with a more severe liver disease and a
more aggressive course than is infection with other HCV ge-
notypes (91; G. Pozzato, M. Moretti, F. Franzin, L. S. Croce,
C. Tiribelli, T. Masayu, S. Kaneko, M. Unoura, and K. Koba-
yashi, Letter, Lancet 338:509, 1991). Similar to others (102,
105, 112), Zein et al. (145, 147) found that HCV genotype 1b
was significantly more prevalent among patients with liver cir-
rhosis and those with decompensated liver disease requiring
liver transplantation than among those with chronic active
hepatitis C. Although this is indirect evidence, it suggests an
association between HCV genotype 1b and the development of
these complications. Furthermore, a possible link to hepato-
cellular carcinoma has been proposed for HCV genotype 1b.
There is compelling evidence that hepatocellular carcinoma
occurs more frequently or emerges earlier among HCV-in-
fected Japanese patients (125, 137) than among HCV carriers
in western countries (33, 55). Because HCV genotype 1b is
more common in Japan than in Europe or the United States,
the hypothesis relating to genotype is attractive and appears to
explain these differences. Furthermore, HCV genotype 1b was
present in most of the patients with HCV-associated hepato-
cellular carcinoma studied by Zein et al. (143). Similarly, Reid
et al. determined the HCV genotypes in 28 patients with hep-
atocellular carcinoma and found that 19 (68%) were infected
with HCV genotype 1b and the rest were infected with a
mixture of HCV genotypes that always included genotype 1b
(A. E. Reid, L. J. Jeffers, K. R. Reddy, I. Aiza, E. R. Schiff, J. L.
Dienstag, and T. J. Liang, Abstract, Hepatology 20:250A,
1994).

Some reports refute the associations mentioned above (6, 9,
48, 67, 88, 117, 136). A possible and simple explanation may
reconcile these reported discrepancies. Zein et al. (145) found
that patients infected with HCV genotype 1b were older than
those infected with other genotypes and that genotype 1b may
have been present before the other genotypes. Thus, patients
infected with genotype 1b may have been infected for a longer
time (Zein et al., Abstract, Hepatology 24:150A, 1996). As
shown in Fig. 5, all of the patients who acquired HCV before
1955 were infected with genotype 1b. HCV genotype 1a was
introduced into the United States in the late 1950s and then
became the most prevalent genotype in the United States. It
was not until the 1960s and 1970s that genotype 2 and geno-
types 3 and 4, respectively, were introduced in the United
States. After accounting for differences in the duration of HCV
infection, HCV genotypes were distributed equally among pa-
tients with mild or advanced liver disease. Similar observations
have been made in France and Spain (72, 103). According to
this explanation, HCV genotype 1b is a marker for more severe
HCV-associated liver disease, because it reflects a longer time
of infection rather than a more aggressive form of hepatitis C.

FIG. 4. Mean time (years) between exposure to HCV and diagnosis of HCV-
related complications in patients with known time of HCV acquisition.
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Future studies are still needed to rule out other host, viral, or
environmental factors that may contribute to these differences.

Zein et al. (147) and Gordon et al. (45) reported that in liver
transplant recipients, HCV genotype 1b is associated with ear-
lier recurrence and more severe hepatitis than are other ge-
notypes. Although others have reported similar findings (5,
100, 111), some authors have suggested that there is no asso-
ciation between genotype and HCV recurrence after trans-
plantation (8, 20, 27, 148). The difference in the duration of
infection that may have been a factor in non-transplant-asso-
ciated HCV patients is not likely to explain the discrepancies in
the literature about posttransplantation HCV. More studies
are needed.

Response to Interferon Therapy

Since the discovery of HCV, considerable effort has been
devoted to defining the factors that may be important in pre-
dicting the long-term response to interferon therapy (144). The
interferon dose (16), duration of treatment (58), viral RNA
level (132), and liver histology (71) all seem to play a role in
predicting response. It has been suggested that patients in-
fected with HCV genotypes 1b and, to a lesser degree, 1a are
less likely to have a favorable response to interferon treatment
than are those infected with genotype 2 or 3. Zein et al. (145)
reported a complete biochemical response at the end of 6
months of treatment with interferon in 60 to 70% of patients
infected with HCV genotype 2 and in 10 to 15% of those
infected with genotype 1. This difference was also present for
sustained response and was independent of liver histologic
features or the pretreatment HCV RNA levels. This may partly
explain the higher rates of long-term response to interferon
treatment that have been reported in Europe, where HCV
genotype 2 is more prevalent than in the United States or
Japan. However, a meta-analysis of the most relevant studies
was performed recently (29), and although there was a differ-
ence, the predictive value of the non-1 HCV genotype for
response to treatment was low (58% for response at the end of
treatment and 55% for sustained response). It has been sug-
gested that the introduction of more effective therapies such as
the combination of interferon and ribavirin may make the
value of predictive factors for response to therapy less impor-
tant and the differential response of HCV genotypes less ob-

vious (29). However, more recent treatment trials using inter-
feron plus ribavirin in interferon-naive patients with chronic
HCV (80) or in patients in whom previous interferon treat-
ment failed (28) showed higher rates of sustained response to
therapy in patients with HCV genotypes other than 1. Among
patients with HCV genotype 1, 48 weeks of treatment was
required to achieve a response similar to that of patients in-
fected with other genotypes treated for 24 weeks (80).

An “interferon-sensitive” region in the nonstructural por-
tion of the HCV genome has been identified in Japanese pa-
tients infected with genotype 1b (37). However, studies from
the United States and Europe failed to confirm these findings
(36, 53, 92). The significance of these findings is not known,
and the clinical application of such an expensive and labor-
intensive procedure to predict the response to treatment is
impractical.

CONCLUSIONS

Multiple genotypes of HCV have been isolated throughout
the world. The identification and characterization of HCV
types and subtypes have major implications for HCV vaccine
development. It is clear that HCV genotypes are important
epidemiologic markers and may alter the sensitivity and spec-
ificity of diagnostic assays for the detection of HCV. Differ-
ences among genotypes in pathogenicity are not clear and have
not been proved. Although not efficient by itself, HCV geno-
typing in combination with other markers, such as quantitative
evaluation of HCV RNA, may be beneficial in the manage-
ment of chronic hepatitis C and in the selection of candidates
for interferon treatment. At present, patients should not be
excluded from treatment on the basis of the infecting genotype.
However, genotype determination could potentially be used to
decide the length of treatment. Patients infected with HCV
genotype 1 are likely to achieve the best rate of sustained
remission following a 48-week course of treatment with inter-
feron and ribavirin. A 24-week course of therapy appears to be
sufficient to achieve the maximal rate of responsiveness. More
studies are needed before guidelines can be established for the
routine use of genotyping outside clinical trials and research
laboratories.

REFERENCES

1. Abdulkarim, A. S., N. N. Zein, J. J. Germer, C. P. Kolbert, L. Kabbani,
K. L. Krajnik, A. Hola, M. N. Agha, M. Tourogman, and D. H. Persing.
1998. Hepatitis C virus genotypes and hepatitis G virus in hemodialysis
patients from Syria: identification of two novel hepatitis C virus subtypes.
Am. J. Trop. Med. Hyg. 59:571–576.

2. Aizaki, H., A. Saito, I. Kusakawa, Y. Ashiwara, S. Nagamori, G. Toda, T.
Suzuki, K. Ishii, Y. Matsuura, and T. Miyamura. 1996. Mother-to-child
transmission of a hepatitis C virus variant with an insertional mutation in its
hypervariable region. J. Hepatol. 25:608–613.

3. Amoroso, P., M. Rapicetta, M. E. Tosti, A. Mele, E. Spada, S. Buonocore,
G. Lettieri, P. Pierri, P. Chionne, A. R. Ciccaglione, and L. Sagliocca. 1998.
Correlation between virus genotype and chronicity rate in acute hepatitis
C. J. Hepatol. 28:939–944.

4. Beld, M., M. Penning, M. van Putten, A. van den Hoek, V. Lukashov, M.
McMorrow, and J. Goudsmit. 1998. Hepatitis C virus serotype-specific core
and NS4 antibodies in injecting drug users participating in the Amsterdam
cohort studies. J. Clin. Microbiol. 36:3002–3006.

5. Belli, L. S., E. Silini, A. Alberti, G. Bellati, C. Vai, E. Minola, G. Rondinara,
L. de Carlis, M. Asti, D. Forti, and G. Ideo. 1996. Hepatitis C virus geno-
types, hepatitis, and hepatitis C virus recurrence after liver transplantation.
Liver Transplant. Surg. 2:200–205.

6. Benvegnu, L., P. Pontisso, D. Cavalletto, F. Noventa, L. Chemello, and A.
Alberti. 1997. Lack of correlation between hepatitis C virus genotypes and
clinical course of hepatitis C virus-related cirrhosis. Hepatology 25:211–215.

7. Berg, T., U. Hopf, K. Stark, R. Baumgarten, H. Lobeck, and E. Schreier.
1997. Distribution of hepatitis C virus genotypes in German patients with
chronic hepatitis C: correlation with clinical and virological parameters.
J. Hepatol. 26:484–491.

8. Boker, K. H., G. Dalley, M. J. Bahr, H. Maschek, H. L. Tillmann, C.

FIG. 5. Time of HCV acquisition in patients with different HCV geno-
types.

VOL. 13, 2000 CLINICAL SIGNIFICANCE OF HCV GENOTYPES 231



Trautwein, K. Oldhaver, U. Bode, R. Pichlmayr, and M. P. Manns. 1997.
Long-term outcome of hepatitis C virus infection after liver transplantation.
Hepatology 25:203–210.

9. Brechot, C. 1997. Hepatitis C virus 1b, cirrhosis, and hepatocellular carci-
noma. Hepatology 25:772–774.

10. Bresters, D., H. T. Cuypers, H. W. Reesink, E. P. Mauser-Bunschoten,
H. M. van den Berg, W. P. Schaasberg, J. C. Wilber, M. S. Urdea, P.
Neuwald, and P. N. Lelie. 1994. Comparison of quantitative cDNA-PCR
with the branched DNA hybridization assay for monitoring plasma hepatitis
C virus RNA levels in haemophilia patients participating in a controlled
interferon trial. J. Med. Virol. 43:262–268.

11. Bronowicki, J. P., V. Venard, C. Botte, N. Monhoven, I. Gastin, L. Chone,
H. Hudziak, B. Rhin, C. Delanoe, A. LeFaou, M. A. Bigard, and P. Gaucher.
1997. Patient-to-patient transmission of hepatitis C virus during colonos-
copy. N. Engl. J. Med. 337:237–240.

12. Bukh, J., R. H. Miller, and R. H. Purcell. 1995. Genetic heterogeneity of
hepatitis C virus: quasispecies and genotypes. Semin. Liver Dis. 15:41–63.

13. Bukh, J., R. H. Purcell, and R. H. Miller. 1992. Importance of primer
selection for the detection of hepatitis C virus RNA with the polymerase
chain reaction assay. Proc. Natl. Acad. Sci. USA 89:187–191.

14. Bukh, J., R. H. Purcell, and R. H. Miller. 1992. Sequence analysis of the 59
noncoding region of hepatitis C virus. Proc. Natl. Acad. Sci. USA 89:4942–
4946.

15. Busch, M. P., J. C. Wilber, P. Johnson, L. Tobler, and C. S. Evans. 1992.
Impact of specimen handling and storage on detection of hepatitis C virus
RNA. Transfusion 32:420–425.

16. Causse, X., H. Godinot, M. Chevallier, P. Chossegros, F. Zoulim, D. Ouzan,
J.-P. Heyraud, T. Fontanges, J. Albrecht, C. Meschievitz, and C. Trepo.
1991. Comparison of 1 or 3 MU of interferon alfa-2b and placebo in
patients with chronic non-A, non-B hepatitis. Gastroenterology 101:497–
502.

17. Cha, T. A., E. Beall, B. Irvine, J. Kolberg, D. Chien, G. Kuo, and M. S.
Urdea. 1992. At least five related, but distinct, hepatitis C viral genotypes
exist. Proc. Natl. Acad. Sci. USA 89:7144–7148.

18. Chamberlain, R. W., N. Adams, A. A. Saeed, P. Simmonds, and R. M.
Elliott. 1997. Complete nucleotide sequence of a type 4 hepatitis C virus
variant, the predominant genotype in the Middle East. J. Gen. Virol. 78:
1341–1347.

19. Chan, S. W., F. McOmish, E. C. Holmes, B. Dow, J. F. Peutherer, E. Follett,
P. L. Yap, and P. Simmonds. 1992. Analysis of a new hepatitis C virus type
and its phylogenetic relationship to existing variants. J. Gen. Virol. 73:1131–
1141.

20. Charlton, M., E. Seaberg, R. Wiesner, J. Everhart, R. Zetterman, J. Lake,
K. Detre, and J. Hoofnagle. 1998. Predictors of patient and graft survival
following liver transplantation for hepatitis C. Hepatology 28:823–830.

21. Chayama, K., M. Kobayashi, A. Tsubota, I. Koida, Y. Arase, S. Saitoh, K.
Ikeda, and H. Kumada. 1995. Molecular analysis of intraspousal transmis-
sion of hepatitis C virus. J. Hepatol. 22:431–439.

22. Chen, P. J., M. H. Lin, K. F. Tai, P. C. Liu, C. J. Lin, and D. S. Chen. 1992.
The Taiwanese hepatitis C virus genome: sequence determination and
mapping the 59 termini of viral genomic and antigenomic RNA. Virology
188:102–113.

23. Choo, Q. L., G. Kuo, R. Ralston, A. Weiner, D. Chien, G. Van Nest, J. Han,
K. Berger, K. Thudium, C. Kuo, J. Kansopon, J. McFarland, A. Tabrizi, K.
Ching, B. Moss, L. B. Cummins, M. Houghton, and E. Muchmore. 1994.
Vaccination of chimpanzees against infection by the hepatitis C virus. Proc.
Natl. Acad. Sci. USA 91:1294–1298.

24. Choo, Q. L., G. Kuo, A. J. Weiner, L. R. Overby, D. W. Bradley, and M.
Houghton. 1989. Isolation of a cDNA clone derived from a blood-borne
non-A, non-B viral hepatitis genome. Science 244:359–362.

25. Choo, Q.-L., K. H. Richman, J. H. Han, K. Berger, C. Lee, C. Dong, C.
Gallegos, D. Coit, R. Medina-Selby, P. J. Barr, A. J. Weiner, D. W. Bradley,
G. Kuo, and M. Houghton. 1991. Genetic organization and diversity of the
hepatitis C virus. Proc. Natl. Acad. Sci. USA 88:2451–2455.

26. Cooreman, M. P., and E. M. Schoondermark-Van de Ven. 1996. Hepatitis
C virus: biological and clinical consequences of genetic heterogeneity.
Scand. J. Gastroenterol. Suppl. 218:106–115.

27. Crespo, J., B. Carte, J. L. Lozano, F. Casafont, M. Rivero, F. de la Cruz,
and F. Pons-Romero. 1997. Hepatitis C virus recurrence after liver trans-
plantation: relationship to anti-HCV core IgM, genotype, and level of
viremia. Am. J. Gastroenterol. 92:1458–1462.

28. Davis, G. L., R. Esteban-Mur, V. Rustgi, J. Hoefs, S. C. Gordon, C. Trepo,
M. L. Shiffman, S. Zeuzem, A. Craxi, M. H. Ling, and J. Albrecht for the
International Hepatitis Interventional Therapy Group. 1998. Interferon
alfa-2b alone or in combination with ribavirin for the treatment of relapse
of chronic hepatitis C. N. Engl. J. Med. 339:1493–1499.

29. Davis, G. L., and J. Y. Lau. 1997. Factors predictive of a beneficial response
to therapy of hepatitis C. Hepatology 26(Suppl. 1):122S–127S.

30. de Lamballerie, X., R. N. Charrel, H. Attoui, and P. De Micco. 1997.
Classification of hepatitis C virus variants in six major types based on
analysis of the envelope 1 and nonstructural 5B genome regions and com-
plete polyprotein sequences. J. Gen. Virol. 78:45–51.

31. Delisse, A. M., M. Descurieux, T. Rutgers, E. D’Hondt, M. De Wilde, T.
Arima, J. M. Barrera-Sala, M. G. Ercilla, J. L. Ruelle, and T. Cabezon.
1991. Sequence analysis of the putative structural genes of hepatitis C virus
from Japanese and European origin. J. Hepatol. 13(Suppl. 4):S20–S23.

32. Detmer, J., R. Lagier, J. Flynn, C. Zayati, J. Kolberg, M. Collins, M. Urdea,
and R. Sanchez-Pescador. 1996. Accurate quantification of hepatitis C virus
(HCV) RNA from all HCV genotypes by using branched-DNA technology.
J. Clin. Microbiol. 34:901–907.

33. Di Bisceglie, A. M., Z. D. Goodman, K. G. Ishak, J. H. Hoofnagle, J. J.
Melpolder, and H. J. Alter. 1991. Long-term clinical and histopathological
follow-up of chronic posttransfusion hepatitis. Hepatology 14:969–974.

34. Dixit, V., S. Quan, P. Martin, D. Larson, M. Brezina, R. DiNello, K. Sra,
J. Y. Lau, D. Chien, J. Kolberg, A. Tagger, G. Davis, A. Polito, and G.
Gitnick. 1995. Evaluation of a novel serotyping system for hepatitis C virus:
strong correlation with standard genotyping methodologies. J. Clin. Micro-
biol. 33:2978–2983.

35. Dusheiko, G., H. Schmilovitz-Weiss, D. Brown, F. McOmish, P. L. Yap, S.
Sherlock, N. McIntyre, and P. Simmonds. 1994. Hepatitis C virus geno-
types: an investigation of type-specific differences in geographic origin and
disease. Hepatology 19:13–18.

36. Duverlie, G., H. Khorsi, S. Castelain, O. Jaillon, J. Izopet, F. Lunel, F. Eb,
F. Penin, and C. Wychowski. 1998. Sequence analysis of the NS5A protein
of European hepatitis C virus 1b isolates and relation to interferon sensi-
tivity. J. Gen. Virol. 79:1373–1381.

37. Enomoto, N., I. Sakuma, Y. Asahina, M. Kurosaki, T. Murakami, C.
Yamamoto, N. Izumi, F. Marumo, and C. Sato. 1995. Comparison of full-
length sequences of interferon-sensitive and resistant hepatitis C virus 1b.
Sensitivity to interferon is conferred by amino acid substitutions in the
NS5A region. J. Clin. Investig. 96:224–230.

38. Enomoto, N., A. Takada, T. Nakao, and T. Date. 1990. There are two major
types of hepatitis C virus in Japan. Biochem. Biophys. Res. Commun.
170:1021–1025.

39. Esteban, J. I., R. Esteban, L. Viladomiu, J. C. López-Talavera, A. González,
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