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Introduction 

Infection with hepatitis C virus (HCV) represents an important public health problem 
worldwide, because it is a major cause of chronic hepatitis, cirrhosis and hepatocellular 
carcinoma (HCC) [110]. Approximately 1% of the world population is infected with 
HCV, although geographic variation exists and further epidemiological studies are 
needed to draw a conclusive epidemiological map of HCV infection. The most striking 
and alarming feature of HCV infection is its high rate of progression to chronicity. 
Chronic hepatitis C develops in more than 80% of the acutely infected individuals 
and about 20-35% of them develop cirrhosis during the course of the disease [1, 2, 
19, 25]. Currently, HCV-related end-stage liver disease is the leading indication of 
orthotopic liver transplantation worldwide [141]. 

Prospective studies of post-transfusion non-A, non-B hepatitis have been funda- 
mental in unravelling the natural history of HCV infection [ 122]. Despite its inevitable 
progression, the course of chronic hepatitis C is usually indolent and subclinical. The 
average time to the clinical presentation of chronic hepatitis is about 10 years, to cir- 
rhosis 20 years and to the development of HCC 30 years [64, 133]. In some patients, 
however, the course of chronic HCV infection may be rapidly progressive, leading 
to liver-related death within 5 years after infection ([1] and H.J. Alter, unpublished 
data). The overall rate of liver-related mortality varied markedly in different prospec- 
tive studies, with a prevalence ranging from 1.6 to 15% [122]. A controlled clinical 
study conducted by Seeff et al. [111] in elderly subjects who underwent open-heart 
surgery failed to demonstrate an increase in the mortality rate after a mean follow-up 
of 18 years for patients who had developed post-transfusion hepatitis C compared 
to HCV-uninfected control subjects. By contrast, Tong et al. [133] showed a mortal- 
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ity rate of 14.5% over a mean follow-up of 3.9 years in 131 patients with chronic 
hepatitis who had received blood transfusions a mean of 22 years before inclusion 
into the study. The mean age of the patients at the time of blood transfusion was 
35 years. Although the reasons for such discrepancies are still unknown, it is likely 
that the different age of acquisition of HCV infection, and therefore the different life 
expectancy between the populations analyzed, played an important role. 

Prospective studies have also suggested that the frequency of chronic sequelae 
of hepatitis C, in particular cirrhosis and HCC, varies according to the geographic 
area, being more frequently identified in Japan compared to Western countries [122]. 
Interestingly, a similar trend has been reported for HCV-associated fulminant hepatic 
failure (FHF). All the studies conducted in Western countries, with the exception of 
one [136], documented that HCV-associated FHF is a rare event [32, 36, 71, 79, 
108, 129, 142, 143]. By contrast, studies conducted in Japan [90, 144] and Taiwan 
[18] have provided evidence of HCV infection in 40-60% of the patients with FHF. 
Whether these discrepancies reflect geographic differences in the epidemiology of 
HCV infection or in the pathogenicity of the prevalent viral strains is not known. 

Chronic hepatitis C is associated with continuous viral replication in vivo, doc- 
umented in some cases for more than 20 years [28]. This suggests that, in most 
patients, the immune response fails to mediate resolution of the infection, in spite 
of a vigorous humoral and cellular immune response directed against both structural 
and nonstructural viral proteins [14]. Further concerns emerged from the reanalysis 
of a series of cross-challenge studies in chimpanzees, which demonstrated a lack of 
protective immunity against reinfection with either homologous or heterologous HCV 
strains [29, 100]. A convalescent chimpanzee could be reinfected several times with 
different HCV strains, each time showing histopathological evidence of acute hepati- 
tis, despite minimal elevations of serum alanine aminotransferase (ALT) levels [29]. 
Moreover, the risk of developing chronic HCV infection did not decrease after rein- 
fection, and was similar to that observed following primary infection. In line with the 
above, evidence that HCV may cause more than one episode of acute hepatitis C in 
the same individual was obtained in multiply transfused/3-thalassemic children [72]. 
The second episode of hepatitis was clinically indistinguishable from the first and, 
as seen in the chimpanzee model, was associated with the development of chronic 
hepatitis. Sequence analysis demonstrated that the second episode of hepatitis was due 
to reinfection with a different HCV strain rather than to reactivation of the original 
strain. Another line of evidence suggesting that HCV is unable to induce a protective 
immune response in the host is the occurrence of superinfection with heterologous 
HCV strains, documented both in humans and in chimpanzees chronically infected 
with HCV [58, 97]. 

The mechanisms whereby HCV induces persistent infection in the vast majority of 
the infected subjects, or which may cause more than one episode of acute hepatitis in 
the same individual, are still largely unknown. Furthermore, it is not clear why most 
patients infected with HCV have a very mild and stable liver disease, while some 
develop a severe and rapidly progressive disease [1]. As suggested for other viral 
agents that establish persistent infection in their host, several different mechanisms 
may account for such a high rate of chronicity. These include host factors, such as 
the inability of the host to mount a protective immune response, and viral factors, 
such as the remarkable degree of genetic heterogeneity of the virus. Clearly, the 
mechanism of persistence of HCV is not related to viral integration into the host 
genome, as a DNA replicative intermediate has never been demonstrated in the life 
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cycle of this virus. Over the past few years, evidence has accumulated indicating 
that HCV infection elicits a strong humoral and cellular immune response in the host 
[14], which nevertheless is unable to eradicate the virus or prevent reinfection. These 
observations are in agreement with the hypothesis that viral factors play a key role 
in the mechanisms of viral persistence. 

In this chapter, we will focus our attention on the viral antigenic variation, which 
is a hallmark of several RNA viruses, associated with a low degree of fidelity of their 
nucleic acid polymerase [48]. Specifically, we will discuss the quasispecies nature 
of HCV, which is defined as a population of closely related variants simultaneously 
present in the same patient [81]. The generation of a quasispecies may lead to per- 
sistence by immune escape mechanisms and thereby represent the winning strategy 
of the virus in the delicate and continuously changing balance with the host immune 
system [21]. In this perspective, the study of the viral quasispecies may have critical 
implications for our understanding of the pathogenesis of HCV-related liver disease 
and for devising effective preventive and therapeutic strategies against HCV. 

Genetic heterogeneity of HCV 

HCV was recently classified within a third genus (provisionally designated hep- 
acivirus) of the Flaviviridae family [11, 13]. Its genomic organization is similar to 
that of the two other genera of the pestiviruses and the flaviviruses [52, 103] con- 
sisting of a single-stranded positive-sense RNA genome with one long open reading 
frame (ORF) bracketed by 5 I- and 31-noncoding (NC) regions (see figure in Intro- 
duction) [16]. The polyproteins encoded by HCV, pestiviruses, and ttaviviruses have 
hydrophobic amino acids distributed in a similar pattern [16, 60, 123]. The structural 
proteins, core (C), envelope 1 (El) and 2 (E2), and the putative structural proteins 
(E2-p7 and p7) of HCV are encoded by the 5 t region of the ORF; the nonstructural 
proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) are encoded by the 31 region of 
the ORF [52, 103]. In general, organization and processing of the polyprotein of HCV 
were most similar to those of the pestiviruses [103]. Amino acid sequence similarities 
between HCV and corresponding colinear regions of flaviviruses and pestiviruses ex- 
ist in the serine protease and RNA helicase regions of the NS3 protein, as well as in 
the RNA-dependent RNA polymerase region of the NS5B protein [16, 84]. Further- 
more, colinear regions with similarity were found in the 5r-NC sequences of HCV 
and pestiviruses [7, 44]. Thus, overall, HCV is most closely related to pestiviruses. 
It should be mentioned that several new viruses, genetically most closely related to 
HCV, were recently recovered from monkeys or humans [5, 6, 12, 13, 76, 77, 80, 88, 
118, 119]. 

Variation was found throughout the HCV genome [ 11 ]. The most highly conserved 
sequences were identified in the 5 I- and 3I-NC regions. The Y-NC region contains 
sequences that are conserved among all HCV isolates [7, 120]. Whereas the proximal 
31-NC region varies in nucleotide sequence, as well as in length, it is followed in 
most isolates by a poly(U) tract [52] and 98 highly conserved nucleotides 31 of the 
poly(U) tract [66, 125, 126]. The conserved NC sequences are most likely important 
for viral replication or gene expression. 

Overall, the predicted capsid protein is the most highly conserved among the HCV 
proteins [9, 96], followed by conserved sequences in the NS3 and NS5B proteins [96]. 
The predicted envelope proteins (El and E2) contain conserved structural elements 
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[53, 96] but overall these proteins are highly variable [8, 96]. A short domain at the 
amino-terminal end of the E2 protein is so diverse among different HCV isolates that 
it was named the hypervariable region 1 (HVR1) [46, 137]. 

HCV genotypes 

Worldwide, HCV exhibits extensive genetic variation resulting in multiple distinct 
genotypes of distantly related sequences [6, 10, 11, 13, 85, 94, 115]. The genomic 
sequences of the most distantly related HCV isolates varied by as much as 35%, which 
is equivalent to the differences observed among different serotypes of other human 
RNA viruses, such as other Flaviviridae (i.e., dengue viruses). In addition, sequences 
from different HCV isolates formed clusters of more closely related sequences. It was 
proposed that the most different HCV isolates be classified as major genetic groups 
or types (genotypes l, 2, 3, etc) and that more closely related isolates be classified as 
subgroups or subtypes (a, b, c, etc.) [15, 115, 116]. 

The concept of 6 major genetic groups of HCV (genotypes 1-6) was the result 
of analysis of the genetic variation of HCV isolates collected worldwide. Analysis 
of the sequences of the entire core and E1 genes suggested the existence of 6 types 
with 14 subtypes of HCV [8, 9]. Analysis of partial NS5B sequences suggested the 
same 6 types with a total of 11 subtypes [116]. Overall, the genotypes identified in 
these studies represented 15 subtypes [11, 115]. Multiple additional subtypes within 
these six major genetic groups were identified subsequently [11, 83, 85, 115]. In 
general, sequence analysis of separate gene regions or fragments thereof resulted in 
a classification equivalent to that obtained by analysis of the entire genome that was 
determined for several subtypes of genotypes 1-3 [6, 11, 83, 115]. However, the 
classification of recently identified isolates from Southeast Asia is controversial [13]. 
These isolates were originally designated as additional genotypes 7-11 [11, 85, 130-- 
132]. It has been argued that the isolates designated as genotype 10 should instead be 
classified as a more divergent subtype of type 3 and isolates designated as genotypes 
7, 8, 9, and 11, should instead be classified as more divergent subtypes of type 6 
[83]. The discovery of these latter isolates demonstrates that the evolution of HCV is 
more complex than what is reflected by the originally proposed two-tiered hierarchical 
classification of HCV. 

The existence of multiple genotypes of HCV might reflect the long-term evolu- 
tion of viruses in discrete geographical areas [11, 115]. In one geographical area, 
for example Zaire [8, 9], many subtypes of the same genotype (genotype 4) were 
found. This distribution, observed also for other genotypes in other countries, might 
represent endemic spread of HCV over centuries [83]. Conversely, the finding of 
the predominance of a limited number of specific subtypes within a given popula- 
tion, for example, genotypes lb, 2a and 2b in Japan, might represent introduction 
of such genotypes within the last 30-40 years, followed by epidemic spread [83]. 
Finally, recent studies indicate that changes in the genotype distribution of HCV can 
occur within a specific geographic area, due to consecutive epidemics with different 
genotypes. In France, an epidemic of HCV, genotype lb, caused by transfusion of 
unscreened blood products, was followed by another epidemic among intravenous 
drug addicts with genotypes la and 3a [4, 98, 99]. These genotype changes are likely 
to reflect differences in the population groups at risk for HCV infection during the 
two epidemics. 
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It is still unclear whether the various genotypes of HCV have different pathogenic- 
ity related to differences in transmission rate or infectivity, replicative capacity and the 
occurrence and severity of associated liver diseases and extrahepatic manifestations. 
Importantly, no major biological differences were observed among the various HCV 
genotypes and infection with HCV of any of these genotypes can lead to chronic liver 
diseases [11, 115]. Thus, all currently recognized genotypes seem to be hepatotropic 
and pathogenic. Studies of the genotype distribution in hemophiliacs compared with 
the distribution of genotypes in the blood products administered to these patients pro- 
vided indirect evidence against a difference in the infectivity of various genotypes 
[56]. The level of viremia, which might reflect the replicative capacity of the virus, 
was not significantly different among the common genotypes of HCV in multivariate 
analysis of blood donors from around the world [121] and of patients with chronic 
liver disease from the U.S. [75]. Furthermore, following liver transplantation, no sig- 
nificant difference was observed in the level of viremia in patients infected with 
different genotypes [37, 40]. 

Conversely, in many but not all studies of Japanese patients with chronic liver 
disease, the level of viremia was significantly higher in patients infected with genotype 
lb than in patients infected with genotypes 2a or 2b [11, 13]. Similarly, the data 
on a potential differential role of HCV genotypes on associated liver disease were 
inconclusive [4, 11, 115]. Evidence for more severe liver disease in patients infected 
with genotype lb comes from studies of patients with chronic liver disease [92] and 
HCC [114, 127], as well as from studies of de novo infection in liver transplant patients 
[37, 40, 41]. However, this evidence for the differential pathogenicity of genotype lb 
was not confirmed in studies of other patients with chronic liver disease [75, 117] 
and HCC [146]. In general, control of confounding factors and the limitations in the 
laboratory techniques used to determine the HCV genotype and the level of viremia 
contribute to the difficulties in obtaining definitive results in the above studies [11]. 

A number of studies, including those with multivariate analyzes, have found that 
the genotype, as well as the pretreatment level of viremia, are important predictive 
factors for the outcome of interferon [IFN] treatment in HCV-infected patients [11, 
115]. In particular, genotype lb predicted a poorer response to IFN therapy than 
infection with other genotypes, including genotypes 2a, 2b and 3a. 

Quasispecies nature of HCV 

The replication of RNA viruses is an error-prone process, primarily because the viral 
RNA polymerase lacks a proof-reading 3t-5 t exonuclease [48]. As a consequence of 
this low fidelity of the viral replication machinery, RNA viruses are characterized by 
a high mutation rate. Such mutation rates are often 1,000- to 1,000,000-fold greater 
than the mutation rates of DNA viruses [48]. For some RNA viruses, the mutation 
rate appears to be near the maximum that can be tolerated without catastrophic loss 
of genetic information [49]. For HCV, similar to other RNA viruses, the rate of 
nucleotide misincorporation by the viral RNA polymerase has been calculated to 
be approximately 10 3 tO 10 4 base substitutions per genome site per year [93, 95]. 
As a consequence of this high genetic variability, HCV is never present in vivo as 
a homogeneous population of identical RNA genomes, but rather as a mixture of 
divergent, albeit closely related genomes, exhibiting a distribution that follows the 
model referred to as a quasispecies [81]. 
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The quasispecies encompasses a "master" genome, which is quantitatively pre- 
dominant, and a multitude of minor genomes, representing variable proportions of the 
total population. It is assumed that, at any given moment during the natural history 
of the infection, the quasispecies distribution represents the best fitting population 
that has established a status of equilibrium with the host [21]. The "master" genome 
predominance is most likely due to a superior replicative capacity in the host milieu 
at that specific moment. It is the quasispecies swarm in its complex, not just a single 
predominant genomic species, that constitutes the actual target for the immune sys- 
tem [22]. Thus, the selective pressure of the host results in a precise, albeit transient, 
homeostatic quasispecies distribution. 

The genetic variability of RNA viruses may have important biological implica- 
tions, particularly for their persistence in vivo by escape mechanisms, for the gen- 
eration of drug resistance and for vaccine failure or potential reversion to virulence 
of live attenuated vaccines [21, 101]. The likelihood that genetic heterogeneity could 
result in a phenotypic change is dependent on several parameters, including the av- 
erage mutation rate per infectious genome, the magnitude of the viral population and 
the number of mutations which is required for a phenotypic change to occur [21]. 

Striking examples have been reported of mutations at a single genomic site, which 
resulted in important alterations of the viral phenotype. Jameson et al. [55] detected 
point mutations of poliovirus Sabin type-1 vaccine strain in antigenic variants appear- 
ing in normal infants after vaccination. A specific nucleotide change in Sabin type-3 
poliovirus vaccine strain was associated with an increase in neurovirulence [26]. In 
influenza virus, a single amino acid substitution in hemagglutinin H3 determined a 
change in receptor-binding specificity [104]. Similarly, Di Marzo Veronese et al. [20] 
described a single amino acid substitution within the V3 domain of the major enve- 
lope glycoprotein, gp1120, of HIV-1, which resulted in a conformational alteration of 
the V3 loop, with loss of a neutralization epitope recognized by a monoclonal anti- 
body. Furthermore, specific amino acid substitutions within the reverse transcriptase 
of HIV-1 and Feline immunodeficiency virus have been described, which determine 
resistance to the drug 3~-azido-3r-deoxythymidine [73, 102]. 

As seen with other RNA viruses, the pattern of nucleotide sequence variation is 
not consistent over the entire HCV genome [11]. The genes encoding the two envelope 
proteins [El, E2] are the most variable, but the extent of variation is not constant in 
all the regions of the envelope proteins. As mentioned above, the greatest sequence 
variation has been detected at the amino terminus of the E2 gene. This region contains 
a domain of approximately 30 amino acids, defined as HVR1, which mutates rapidly 
in infected patients [46, 137]. The fact that the HVR1 shows the highest degree of 
variability has been instrumental both for identification of individual viral strains and 
for investigation of the HCV quasispecies. 

The evidence of a quasispecies distribution of the HCV genomes in an infected 
individual was obtained with studies in which HCV was either molecularly or biolog- 
ically cloned. The first description that HCV circulates in vivo as a quasispecies was 
provided by Martell et al in 1992 [81], who analyzed the distribution of viral mutants, 
in an individual coinfected with HCV and HIV, at four sequential time points over 
a period of 27 months. Sequence analysis of 20-27 molecular clones generated from 
polymerase chain reaction (PCR)-amplified products of cDNA corresponding to frag- 
ments of the 5t-NC region and NS3, demonstrated that about half of the circulating 
RNA molecules were identical (master sequence), while the remainder consisted of 
a spectrum of mutants differing from each other at one to four nucleotide sites. The 
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substitutions included silent mutations, missense mutations and in-frame stop codons. 
Subsequently, several studies have expanded these observations and confirmed that 
HCV circulates in vivo as a complex population of closely related viral variants [45, 
61, 89, 124]. 

Important evidence of the quasispecies nature of HCV was obtained from studies 
of experimental transmission in the chimpanzee model. Several studies have used 
for animal inoculation the same well-characterized plasma, obtained from a patient 
(H) during the early acute phase of post-transfusion NANB hepatitis (H77) [30]. 
The inoculum, obtained before the appearance of antibody seroconversion, contained 
106.5 50% chimpanzee infectious doses (CIDso) of HCV per ml, as shown by in vivo 
titration in chimpanzees [35]. Comparative sequence analysis was performed by direct 
sequencing between the virus used for inoculation and the viruses recovered from the 
chimpanzees. The analysis, based on the sequence of a portion of the E1 and E2 
genes, including the HVR1, demonstrated that none of the sequences recovered from 
the chimpanzees after the viral challenge was identical to the sequence of the HCV 
strain used for inoculation. The nucleotide sequences differed from each other at 2-21 
sites. Most of the nucleotide changes were confined to the HVR1 and were associated 
with nonsynonymous amino acid substitutions. Moreover, the virus recovered from 
chimpanzees given the same dose of challenge virus differed considerably, indicating 
that the degree of heterogeneity was not solely affected by viral dose. The degree of 
heterogeneity within the HVR1 of HCVs recovered from chimpanzees that received 
the same virus inoculum clearly demonstrated the presence of a quasispecies in the 
original H77 inoculum. 

To better investigate the degree of HCV quasispecies within the H77 inoculum, an 
extensive analysis of the viral genome population was undertaken by cDNA cloning of 
amplified products spanning part of the E1 and E2 genes [34]. For this purpose, a total 
of 104 molecular clones derived from the H77 inoculum was sequenced. This analysis 
demonstrated that at least 19 different viral strains were simultaneously present within 
the inoculum. The most predominant sequence (master) was represented by 70 out of 
104 clones (67%). The remaining 34 were a multitude of different variants, represented 
by 6, 5, 4, 2 or 1 clone, respectively. Four variants were represented by 2 clones each 
and 11 by a single clone. Because the inoculum was derived from an infected patient, 
these data demonstrate that a large number of variants is simultaneously present in 
an infected individual. 

In another report, a human plasma containing a complex HCV quasispecies was 
both inoculated into a chimpanzee and used to infect human lymphoid cell lines in 
vitro. Interestingly, only two of the seven variants present in the inoculum were able 
to replicate both in vivo and in vitro, suggesting a selective transmission of HCV 
quasispecies [47]. 

HCV quasispecies and natural history of HCV infection 

Over the past few years, there has been a growing interest in the study of the HCV 
quasispecies and of its relation to the clinical course of HCV-associated disease. 
Several authors have investigated whether the degree of viral heterogeneity is related 
to the stage of HCV infection. In a study by Honda et al. [50], the HCV quasispecies 
was examined in 28 patients with liver disease of varying severity, including patients 
with acute hepatitis, chronic persistent hepatitis, chronic active hepatitis and cirrhosis, 
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with and without HCC. The nucleotide sequences of the core-E1 region of the HCV 
genome were used to calculate the genetic diversity. The magnitude of intrapatient 
variation increased significantly and progressively from patients with acute hepatitis to 
those with cirrhosis, suggesting that the degree of HCV quasispecies correlated with 
the progression of liver disease. In a subsequent study, however, the quasispecies 
complexity of the HVR1 did not correlate with the stage of chronic HCV infection 
[91], but this lack of correlation was not confirmed by other studies. Koizumi et al. 
[65] showed, by multivariate analysis, that viral diversity was independently related to 
the progression of liver disease and was not correlated with the duration of infection. 

By contrast, Gonzalez-Peralta et al. [42] demonstrated that an increase in the 
quasispecies heterogeneity correlated with the duration of HCV infection. A higher 
degree of HCV quasispecies was observed in a chronically infected patient with acute 
exacerbation, compared to a patient who did not manifest acute exacerbation during 
the course of the disease [59]. The effect of multiple exposures to HCV on degree 
of viral quasispecies was investigated in hemophiliacs with a history of multiple 
transfusions, compared to patients with post-transfusion hepatitis C resulting from 
a single HCV inoculation. Analysis of the HVR1 sequences showed no significant 
difference in the number of variants, although the average number of nucleotide 
substitutions per variant was significantly higher in hemophiliac patients [134]. When 
the degree of HCV quasispecies in the HVR1 was analyzed simultaneously in serum 
and peripheral blood mononuclear cells of 11 patients followed sequentially, identical 
changes were observed in 4 patients, no changes in 5, and different changes between 
the two compartments in the remaining 2 patients [39]. The study of HCV quasispecies 
has also been extended to the neoplastic tissue of patients with HCC. Analysis of the 
HCV core region in noncancerous and cancerous lesions from 7 patients with HCC 
documented a larger number of HCV variants in cancerous than in non-cancerous 
lesions [51 ]. 

Although most of the studies mentioned above suggested that the degree of vi- 
ral complexity correlates with the progression of HCV-related liver disease, little is 
known about the HCV quasispecies during the acute phase of hepatitis and of its rela- 
tion to the outcome of HCV infection. The natural history of HCV infection generally 
follows a typical pattern, with progression to chronicity and slow evolution toward 
end-stage liver disease. However, a different disease evolution occurs in a limited 
proportion of patients, who represent the two extremes of the clinical spectrum of 
HCV-related liver disease [1]. On one side, there are individuals who experience an 
acute self-limited hepatitis, with rapid clearance of HCV infection; on the other, the 
clinical course can be rapidly progressive, leading to liver-related death within 5 years 
after infection ([1] and H.J. Alter, unpublished data). 

The mechanisms responsible for this diversity in the clinical course are at present 
unknown. It is uncertain whether it reflects differences in the viral characteristics 
or in the host immune response during the initial phase of infection, or, possibly, 
a combination of viral and host factors. Prospective studies of post-transfusion or 
community-acquired hepatitis C have failed to identify any clinical, serological or 
virological features that could predict the clinical outcome of HCV infection [l]. 
Only recently, the role of the degree of viral complexity as a pathogenetic mechanism 
that can influence the clinical outcome of HCV infection has been investigated [33]. 
Serial serum samples from prospectively followed blood recipients, obtained within 
the first 4 months of post-transfusion hepatitis, were analyzed for the degree of HCV 
quasispecies, the level of HCV replication, and the HCV genotype. A total of 12 
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patients were studied: 3 with fulminant hepatitis, 3 with acute resolving hepatitis, 
3 with slowly progressive chronic hepatitis and 3 with rapidly progressive chronic 
hepatitis, leading to liver-related death within 5 years after infection. All patients, 
except 2 with fulminant hepatitis, were derived from the NIH prospective study of 
post-transfusion NANB hepatitis. For the analysis of the HCV quasispecies, PCR 
products of the El/E2 genes including the HVR1 region, were cloned, and up to 10 
molecular clones from each sample, from three or four time points per individual, 
were sequenced. 

Preliminary results of this study indicate that HCV circulates in vivo as a qua- 
sispecies from the very early stage of the infection. The degree of viral quasispecies 
in the first available PCR-positive sample was similar in the different patient groups, 
regardless of the outcome of infection. There was no apparent correlation between the 
degree of HCV quasispecies and the level of viremia or the viral genotype. Longi- 
tudinal analysis demonstrated that the complexity of the viral quasispecies remained 
constantly low until death in patients with fulminant hepatitis, decreased over time 
in patients with acute resolving hepatitis, increased in patients with slowly progres- 
sive chronic hepatitis and increased dramatically in patients with rapidly progressive 
chronic hepatitis. Thus, these data indicate that the study of the HCV quasispecies 
during the first 4 months of infection may provide prognostic information, as a marked 
increase in HCV heterogeneity was accompanied by a rapid evolution of the disease. 

HCV quasispecies and orthotopic liver transplantation 

The study of patients who received orthotopic liver transplantation has provided a 
new model for understanding the role of the viral quasispecies in HCV transmission 
and pathogenicity. Gretch et al. [43] performed a longitudinal analysis of the viral 
quasispecies in five transplanted patients, all infected with the same HCV genotype 
(genotype 1). An average of 30 clones per sample was sequenced, with a follow-up 
ranging from 6 to 24 months. Before liver transplantation, the HCV quasispecies in 
the five subjects encompassed between one and nine distinct variants. Interestingly, a 
relatively homogeneous viral quasispecies emerged in all patients following transplan- 
tation. Moreover, the three patients who developed severe post-transplant recurrent 
hepatitis maintained the major viral variants that were already present before trans- 
plantation, whereas the two patients with asymptomatic post-transplant HCV infection 
exhibited only variants that were present as a minor component of the viral population 
before the transplant. 

Similar data were obtained by Martell et al. [82] who studied the diversity of 
the viral sequences in samples obtained before and after liver transplantation from 
two patients with end-stage liver cirrhosis. In both cases, the complexity of the viral 
quasispecies diminished after transplantation, with conservation of the same con- 
sensus sequences that were present before transplantation. Whether this decrease in 
complexity of the viral quasispecies following liver transplantation is determined by 
the selective effect of the pre-existing immune response of the graft recepient or, 
alternatively, by a lack of de novo selective pressure secondary to the iatrogenic 
immunosuppression, remains to be established. 

Evidence for a selective mechanism in the transmission of the HCV quasispecies 
also emerged from a study of mother-to-child transmission [139]. Analysis of ten 
clones obtained from both the mother and the infant at the time of birth demonstrated 
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the presence of nine different variants in the mother, but only of a single viral strain 
in the infant. Interestingly, the variant detected in the infant was highly related to, 
but not identical to, the nine variants identified in the mother. 

The study of HCV quasispecies has also been applied to the investigation of the 
effects of HCV superinfection on patients with end-stage HCV-related liver diseases 
undergoing orthotopic liver transplantation. The first evidence of superinfection in 
humans was obtained by Kao et al. [58], who documented a second episode of post- 
transfusion acute hepatitis C in a chronic HCV carrier. By sequence analysis, they 
demonstrated that the superinfection was transient and that the new virus was subse- 
quently cleared and replaced by the original strain. A similar pattern was observed in 
a patient who received liver transplantation for fulminant hepatitis C [31]. Again, the 
superinfection was a transient event, lasting for only 2 weeks after liver transplanta- 
tion; then, the original strain reappeared and persisted throughout the follow-up. Both 
viruses belonged to genotype 1 a. 

Recently, the outcome of HCV superinfection was evaluated in 14 patients with 
end-stage HCV-related liver disease who received liver grafts from HCV-infected 
donors [74]. Both liver and serum samples were analyzed in the recipients, whereas 
only liver samples were available from the donors. Analysis of sequential viral se- 
quences, by direct sequencing and single-strand conformation polymorphism assay, 
demonstrated that the recipient strain prevailed in 6 patients, while the donor strain 
replaced the recipient strain in 8 patients. In five donor/recipient pairs in which one of 
the patients was infected by genotype 1 (either la or lb) and the other by a different 
genotype (i.e., 2c, 3a, 5b), the former invariably became the predominant strain after 
transplantation. Similarly, genotype lb consistently prevailed over genotype la. Thus, 
this study confirmed that HCV superinfection does occur in humans and provided ev- 
idence that genotype 1 (lb or la) may have biological advantages over the other HCV 
genotypes. 

As previously reported [74], patients retaining their own strain after transplantation 
had more severe disease than those who acquired the donor strain, suggesting that, at 
least in some patients, viral factors might play an important role in the pathogenesis 
of HCV-related liver disease. These studies [31, 74] also provided evidence that the 
original and the superinfecting HCV strains rarely, if ever, coexist for a prolonged 
period of time, most likely because of the phenomenon of viral interference in vivo, 
which has been extensively documented in the chimpanzee model [27]. 

In patients undergoing liver transplantation for HCV-related chronic liver disease, 
recurrence of HCV infection after surgery is almost universal. Furthermore, in light 
of the evidence so far accumulated, both in humans and chimpanzees, the patients 
may not be protected against superinfection by heterologous HCV strains. Because 
of the general shortage of graft donors and the steadily increasing need of liver 
tranplantation for end-stage HCV-related liver disease worldwide, prospective studies 
will be important to investigate the impact of HCV superinfectio n on the natural 
history of the disease in transplanted patients. 

HCV quasispecies and response to interferon therapy 

The HCV quasispecies has also been intensively investigated to determine whether 
its complexity correlates with the response to IFN-c~ therapy. At the present time, 
IFN is the only effective treatment for chronic hepatitis C. However, only 10-20% of 
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the treated patients show a sustained response to IFN, with eradication of the virus. 
Although both the HCV genotype and the level of HCV viremia have been reported to 
be predictive factors for the response to IFN therapy [38], there is growing evidence 
that a greater degree and complexity of HCV quasispecies is associated with a lack 
of response to IFN therapy [57, 65, 86, 87, 145]. 

In most of these studies, the target sequence used to assess the genetic heterogene- 
ity of HCV has been the HVR1 domain. In individuals infected by HCV genotype lb, 
Enomoto et al. [23] recently demonstrated that IFN treatment induces a change in the 
composition of the HCV quasispecies, with selection of specific variants, suggesting 
that the sensitivity to IFN is different among the diverse strains simultaneously present 
in the same patients. A cluster of amino acid substitutions in the carboxy-terminal half 
of the NS5A region (amino acid positions 2154-2383) was found to be associated 
with the sensitivity to IFN of HCV genotype lb, particularly missense mutations in a 
40-amino acid fragment of the NS5A region (amino acid positions 2209-2248). By 
contrast, in IFN-resistant HCV, the sequence of this region was identical to that of 
prototype HCV genotype lb [24]. Although these data may have important implica- 
tions for predicting the response to IFN treatment in patients infected with genotype 
lb, they need to be validated by more extensive clinical studies. 

HCV quasispecies and host immune response 

The ability of HCV to evade the immune response of an infected individual, using 
the strategy of genetic variation, may be an important key for the virus to survive 
and establish persistent infection in the host. Driven by the propensity of the viral 
polymerase to introduce random mutations at each replicative cycle, a large number of 
variants is continuously generated in vivo during the course of HCV infection. Upon 
this background, the selective force exerted by the humoral and cellular immunity 
allows the emergence of variants that are recognized less efficiently or go totally 
unrecognized by the host's immune surveillance. 

One of the most effective clearance mechanisms enacted by the immune system 
against viral infections is the generation of neutralizing antibodies, which also provide 
the best correlate of protection in vaccinated individuals. Conclusive evidence that 
neutralizing antibodies are produced in patients with chronic HCV infection was 
obtained with experiments conducted in the chimpanzee model [30]. Nevertheless, 
the same studies also clearly demonstrated that the effectiveness of such neutralizing 
antibodies in resolving the infection is limited, because they have a restricted spectrum 
of activity. 

The serum from a chronically infected individual (patient H) was tested for its 
ability to neutralize an HCV inoculum derived from the same patient and previously 
titrated in vivo (H77). The residual infectivity was assayed by intravenous inocula- 
tion of seronegative chimpanzees. Neutralization of HCV infection was achieved with 
plasma obtained from patient H 2 years after primary infection (H79), but not with 
plasma collected from the same patient 11 years later (H90), despite the presence 
in both plasmas of antibodies against structural and nonstructural HCV proteins, in- 
cluding the E1 and E2 envelope glycoproteins. Analysis of sequential viral isolates 
from patient H revealed a significant degree of genetic divergence from the origi- 
nal dominant strain (H77), which was already evident 2 years after primary infection. 
However, the sequence of HCV recovered from patient H 2 years after infection (H79) 
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had a striking similarity to that recovered from one of the chimpanzees inoculated 
with the original virus (H77), suggesting that the progenitor of the new strain was 
already present during the acute phase, 2 years earlier, rather than having emerged by 
sequential changes occurring in vivo over time. Indeed, different sequences of HCV 
were recovered from different chimpanzees that had received the same H77 inoculum 
(see above). A similar mechanism, i.e., the in vivo emergence of pre-existing minor 
variants, may also be responsible for the loss of recognition of HVR1 epitopes by 
the patient's antibodies, documented in longitudinal studies of chronically infected 
patients [62, 128, 135, 138]. These observations confirmed that HCV, like other RNA 
viruses, is not present in a patient as a single virus species but as a population of 
closely related variants. The coexistence of a mixed viral population may lead to the 
rapid emergence of viruses that escape neutralization by the immune system. This 
hypothesis has been corroborated in an in vitro system by Shimizu et al. [112], who 
used a human continuous cell line infected with murine leukemia virus (HPB-Ma) 
as a target for HCV infection. The H77 virus was neutralized by plasma obtained 
from patient H for the first 5 years following primary infection, but not by plasma 
obtained thereafter. Similarly, the virus obtained 13 years after primary infection was 
not neutralized by plasma obtained early in the disease course, but only by plasma 
obtained 1 year later. 

Altogether, the data obtained both in vitro and in vivo provide evidence that HCV 
does elicit neutralizing antibodies. However, these antibodies are isolate-restricted and 
ineffective against some of the strains contained in the complex quasispecies of the 
inoculum. Due to its quasispecies nature, HCV may thus establish persistent infection 
in spite of the presence of neutralizing antibodies. 

Recently, a major target of the neutralizing antibodies against HCV has been 
identified in the HVR1 region of the E2 envelope protein (see figure in Introduction) 
[34]. Several observations had already suggested that this region could be involved 
in HCV neutralization. The HVR1 is the most divergent region of the entire viral 
genome [46, 137], undergoes sequential mutations over time in vivo [45, 61, 63, 68, 
70, 93, 95, 107] (suggesting that it is subjected to the selective pressure of the host), 
and contains linear epitopes recognized by patient antibodies [62, 78, 109, 128, 135, 
138]. 

In a chronically infected patient, Weiner et al. [138], using synthetic peptides 
corresponding to sequential HVR1 sequences, have documented the temporally re- 
lated appearance of isolate-restricted antibodies directed against linear epitopes of the 
HVR1, which underwent sequential mutations over time. Interestingly, the mutated 
HVR1 was no longer recognized by the antibodies present at previous time points, 
suggesting that the HVR1 is subjected to a selective pressure by the host immune 
system. The fact that the genetic variation observed within the HVR1 was sufficient 
to determine a lack of recognition by pre-existing antibodies strongly suggested that 
this region contains epitopes recognized by putative neutralizing antibodies. 

In line with the above, no genetic variability in the HVR1 was documented at 
three time points, over a period of 2.5 years, in a patient with agammaglobulinemia 
[69]. The conservation of the HVR1 sequence in this patient during the chronic 
phase of infection supports the hypothesis that the genetic heterogeneity of the HVR1 
results from the selective pressure exerted by the humoral immune response. In vitro 
studies conducted by Zibert et al. [147] demonstrated that human sera obtained early 
after HCV infection contain antibodies specific for the HVR1, which can prevent the 
binding of HCV to cells. Preincubation of the same sera with recombinant HVR1 
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fusion proteins restored in most cases the binding of HCV to cells, suggesting that 
the majority of the binding-neutralizing antibodies were directed against the HVR1. 

More recently, another study conducted in vitro has identified virus binding- 
neutralizing antibodies directed against putative conserved E2 epitopes, presumably 
located outside the HVR1 [105]. Low titers of such antibodies were detected in pa- 
tients infected with different genotypes of HCV, whereas chimpanzees vaccinated 
with recombinant E1 and E2 proteins had high titers, which correlated with protec- 
tion from experimental HCV infection. The potential importance of the HVR1 for 
HCV neutralization is also underscored by its marked similarity with the V3 domain 
of the gp 120 envelope glycoprotein of HIV-1, the causative agent of acquired immun- 
odeficiency syndrome (AIDS) [3]. The V3 loop, which mutates rapidly in vivo under 
the selective pressure of the host humoral immune response, plays a critical role in 
the viral life cycle and is a major target of type-specific HIV-neutralizing antibodies 
[106]. 

The recent study that has demonstrated that the HVR1 is a critical target of HCV- 
neutralizing antibodies has also provided the first in vivo model for the emergence of 
neutralization escape mutants that were already present within the viral quasispecies 
[34]. A hyperimmune rabbit serum was raised against a synthetic HVR1 peptide, 
corresponding to the sequence of the predominant strain contained within the H77 in- 
oculum, and used for in vitro neutralization of HCV, followed by testing the residual 
infectivity by intravenous inoculation into HCV-seronegative chimpanzees. In one of 
the two animals whose inoculum contained the virus mixed with the hyperimmune 
rabbit anti-HVR1, HCV was completely neutralized by the hyperimmune serum, sug- 
gesting that the synthetic peptide had elicited HCV-neutralizing antibodies. 

By contrast, the second animal developed a typical acute hepatitis C which pro- 
gressed to chronicity. The composition of the viral quasispecies recovered from this 
animal, however, was significantly different from that of the predominant H77 strain 
that was used to raise the hyperimmune rabbit anti-HVR1 serum. None of the ten 
molecular clones obtained from this animal was identical to the sequence of the pre- 
dominant H77 strain. Comparative sequence analysis demonstrated that the strains that 
emerged in this chimpanzee were present as minor variants within the H77 inoculum, 
representing only 6% and 2%, respectively, of the original HCV quasispecies. Thus, 
the hyperimmune anti-HVR1 serum was able to neutralize the predominant clone, but 
was ineffective against the minor variants which emerged in vivo. By contrast, the 
predominant clone appeared in all the control animals that had received the same dose 
of virus mixed with either the preimmune rabbit serum or an HCV-negative human 
plasma. 

The observation that a hyperimmune rabbit serum raised against a synthetic HVR1 
peptide was able to protect chimpanzees from homologous HCV infection provided 
direct evidence that anti-HVRl antibodies can, in the absence of other virus-specific 
immune responses, prevent HCV infection. However, the failure of the anti-HVR1 
antiserum to prevent the emergence of pre-existing variants suggests that the reactivity 
was type specific and restricted to the predominant viral strain used for immunization. 
These observations may have important implications for understanding the mechanism 
of persistence of HCV in vivo. The quasispecies nature of HCV provides a rapidly 
moving target that the host immune system can never usually fully control. The 
experiments with the hyperimmune anti-HVR1 serum clearly demonstrate that even 
if a predominant strain is effectively neutralized, as probably occurs in vivo following 
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primary infection, other variants are already present or will be generated over time, 
which will eventually emerge because of their ability to escape from immune control. 

Evidence that the HVR1 of the E2 envelope protein is a critical neutralization 
domain of HCV was also obtained in vitro by Shimizu et al. [113] using the HPB-Ma 
human lymphoid cell line. The H77 virus was neutralized by the hyperimmune serum 
raised against the homologous HVR1 peptide, which failed to neutralize a genetically 
divergent isolate (H90) obtained from the same patient 13 years after primary infec- 
tion. These authors also identified a small segment within the HVR1, spanning amino 
acid positions 398-410, as the epitope recognized by the hyperimmune anti-HVR1 
antiserum. 

As documented with neutralizing antibodies, it has been shown that escape mech- 
anisms may be operating also in the setting of cellular immunity, as specific mutations 
within immunodominant epitopes have been associated with the loss of recognition 
by specific cytotoxic T lymphocytes (CTL) [140]. These observations suggest that the 
CTL response, similar to neutralizing antibodies, may have a viral isolate-restricted 
spectrum of activity, which would be ineffective against mutant strains present in the 
HCV quasispecies or emerging in vivo over time. 

HCV quasispecies as a critical obstacle to the development 
of a broadly reactive vaccine 

The bulk of the data obtained on the immune response elicited by HCV both in hu- 
mans and in chimpanzees emphasizes the obstacles that need to be overcome for the 
induction of a broadly reactive vaccine against HCV. First, this virus represents a 
moving antigenic target that continuously mutates to escape from the host protective 
immunity. Second, a protective host response, when elicited, seems to be weak and of 
short duration, as demonstrated by experimental reinfection experiments with homol- 
ogous HCV isolates, and restricted to individual viral strains within the replicating 
quasispecies population. 

Consistent with these observations was the failure of both HCV antibody-positive 
and -negative human immunoglobulin preparations in preventing HCV infection in 
chimpanzees, when administered intravenously 1 h after virus challenge [67]. Serum 
HCV RNA was detected in each chimpanzee within a few days after inoculation, 
regardless of the type of immunoglobulin infused. However, the liver enzymatic peak 
was delayed in the animal that received the hepatitis C immunoglobulin, suggesting 
that post-exposure administration of hepatitis C immunoglobulin can prolong the 
incubation period of acute hepatitis C, but neither prevent nor delay HCV infection. 

The results of an experimental vaccination attempt confirmed all the caveats that 
had emerged from studies of the protective immunity elicited by HCV. Choo et al. [17] 
vaccinated seven chimpanzees with recombinant E1 and E2 envelope glycoproteins 
expressed in mammalian cells using a vaccinia system. The animals were challenged 
with the homologous HCV (strain HCV-1). Five of the animals were completely pro- 
tected from infection with a low dose (10 CIDso) of virus, whereas two animals had a 
milder disease compared to the four chimpanzees used as controls. Subsequent studies 
demonstrated that the vaccine was unable to protect against a heterologous HCV strain 
(H77), following a booster vaccination which, nevertheless, had induced a weaker an- 
tibody response than the first immunization [54]. These data are consistent with the 
hypothesis that the vaccine induced an isolate-restricted HCV-neutralizing immune 
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response of  weak intensity, which was insufficient to protect against a heterologous 
challenge. 

The finding that epitopes within the HVR1 domain can elicit protective immunity 
against homologous HCV infection has opened new perspectives for devising preven- 
tive strategies for the control of  HCV infection. However, the complex quasispecies 
nature of HCV and the fact that the HVR1, which was identified as a critical neu- 
tralization domain, is the most variable region of the entire HCV genome, combined 
with the restriction of  the neutralizing immune response, pose a major challenge for 
the development of  a broadly reactive vaccine for the control of HCV infection. 

Conclusions 

Over the past few years, evidence has accumulated that HCV circulates in vivo from 
the early stages of  infection as a complex quasispecies. The generation of  the viral 
quasispecies is the result of an error-prone replication process, primarily due to the 
lack of a proof-reading exonuclease associated with the viral RNA polymerase. As a 
consequence of  this infidelity, HCV is probably never present in vivo as a homoge- 
neous population of identical RNA genomes, but rather as a swarm of closely related 
variants. 

The quasispecies of  HCV represents a rapidly moving target that the host im- 
mune system seems unable to control fully. The existence of a mixed viral population 
may lead to the rapid emergence of viruses that can escape immune recognition and 
neutralization. This may be the winning strategy whereby HCV can establish persis- 
tent infection in more than 85% of infected individuals. Although HCV-neutralizing 
antibodies have been documented in infected individuals, they are isolate restricted, 
ineffective against emerging viral strains and provide no protection against developing 
chronic infection. The HVR1 region of the viral envelope has recently been identi- 
fied as a target of HCV-neutralizing antibodies. Indeed, a hyperimmune rabbit serum 
against HVR1 protected chimpanzees from homologous HCV infection, but not from 
the emergence of neutralization escape mutants. 

In conclusion, the quasispecies nature of  HCV may have important biological 
implications, particularly for the persistence of the virus in vivo, for the generation 
of  drug resistance and for the development of  broadly reactive vaccines. 

References 

1. Alter HJ (1995) To C or not to C: these are the questions. Blood 85:1681 
2. Alter MJ, Margolis HS, Krawczynski K, Judson IN, Mares A, Alexander WJ, Hu PY, Miller JK, 

Gerber MA, Samplimer RE, Meeks EL, Beach Mj (1992) The natural history of community-acquired 
hepatitis C in the United States. N Engl J Med 327:1899 

3. Benn S, Rutledge R, Folks T, Gold J, Baker L, McCormick J, Feorino P, Piot P, Quinn T, Martin 
M (1985) Genomic heterogeneity of AIDS retroviral isolates from North America and Zaire. Science 
230:949 

4. Brechot C (1994) Hepatitis C virus genetic variability: clinical implications. Am J Gastroenterol 
89:$41 

5. Bukh J, Apgar CL (1997) Five new or recently discovered (GBV-A) virus species are indigenous 
to New World monkeys and may constitute a separate genus of the Flaviviridae virology. Virology 
229:429 



20 P. Farci et al. 

6. Bukh J, Purcell RH (1996) Genomic structure and variability of hepatitis C virus. Antiviral Ther 1 
[Suppl 3]:39 

7. Bukh J, Purcell RH, Miller RH (1992) Sequence analysis of the 5 t noncoding region of hepatitis C 
virus. Proc Natl Acad Sci USA 89:4942 

8. Bukh J, Purcell RH, Miller RH (1993) At least 12 genotypes of hepatitis C virus predicted by sequence 
analysis of the putative E1 gene of isolates collected worldwide. Proc Natl Acad Sci USA 90:8234 

9. Bukh J, Purcell RH, Miller RH (1994) Sequence analysis of the core gene of 14 hepatitis C virus 
genotypes. Proc Natl Acad Sci USA 91:8239 

10. Bukh J, Miller RH, Purcell RH (1995) Genetic heterogeneity of hepatitis C virus.In: Kobayashi K, 
Purcell RH, Shimotohno K, Tabor E (eds) Hepatitis C virus and its involvement in the development 
of hepatocellular carcinoma. Princeton Scientific Publishing, Princeton, pp 75-91 

11. Bukh J, Miller RH, Purcell RH (1995) Genetic heterogeneity of hepatitis C virus: quasispecies and 
genotypes. Semin Liver Dis 15:41 

12. Bukh J, Apgar CL, Purcell RH (1997) Natural history of GBV-A and GBV-B in primate animal 
models: discovery of indigenous Flaviviridae-like viruses in several species of New World monkeys. 
Proceedings of the 1996 International Symposium on Viral Hepatitis and Liver Diseases (in press) 

13. Bukh J, Emerson SU, Purcell RH (1997) Genetic heterogeneity of hepatitis C virus and related viruses. 
Proceedings of the 1996 International Symposium on Viral Hepatitis and Liver Diseases (in press) 

14. Cerny A, Chisary FV (1994) Immunological aspects of HCV infection. Intervirology 37:119 
15. Chan S-W, MeOmish F, Holmes EC, Dow B, Peutherer JF, Follett E, Yap PL, Simmonds P (1992) 

Analysis of a new hepatitis C virus type and its phylogenetic relationship to existing variants. J Gen 
Virol 73:1131 

16. Choo Q-L, Richman KH, Han JH, Berger K, Lee C, Dong C, Gallegos C, Coit D, Medina-Selby A, 
Barr PJ, Weiner AJ, Bradley DW, Kuo G, Houghton M (1991) Genetic organization and diversity of 
the hepatitis C virus. Proc Natl Acad Sci USA 88:2451 

17. Choo QL, Kuo G, Ralston R, Weiner AJ, Chien D, Van Nest G, Han J, Berger K, Thudium K, Kuo 
C, Kansopon J, McFarland J, Tabrizi A, Ching K, Moss B, Cummins LB, Houghton M, Muchmore 
E (1994) Vaccination of chimpanzees against infection by the hepatitis C virus. Proc Nail Acad Sci 
USA 91:1294 

18. Chu CM, Sheen IS, Liaw YF (1994) The role of hepatitis C virus in fulminant viral hepatitis in an 
area with endemic hepatitis A and B. Gastroenterology 107:189 

19. Di Bisceglie AM, Goodman ZD, Ishask KG, Hoofnagle JH, Melpolder JJ, Alter HJ (1991) Long-term 
clinical and histopathological follow-up of chronic post-transfusion hepatitis. Hepatology 14:969 

20. Di Marzo Veronese F, Reitz MS, Gupta G, Robert-Gouroff M, Boyer-Thompson C, Gallo RC, Lusso 
P (1993) Loss of a neutralizing epitope by a spontaneous point-mutation in the V3 loop of HIV-1 
isolated from an infected laboratory worker. J Biol Chem 268:25 894 

21. Domingo E, Martinez-Salas E, Sobrino F, Torre JC de la, Portela A, Ortin J, Lopez-Galindez C, 
Perez-Brena P, Villanueva N, Najera R, VandePol S, Steinhauer D, DePolo N, Holland J (1985) The 
quasispecies (extremely heterogeneous) nature of viral RNA genome populations: biological relevance 
- a review. Gene 40:1 

22. Eigen M, Biebricher CK (1988) Sequence space and quasispecies distribution. In: Domingo E, Holland 
JJ, Ahlquist P (eds) RNA genetics. CRC Press, Boca Raton, pp 211-245 

23. Enomoto N, Sakuma I, Asahina Y, Kurosaki M, Murakami T, Yamamoto C, Izumi N, Marumo F, 
Sato C (1995) Comparison of full-length sequences of interferon-sensitive and resistant hepatitis C 
virus lb. J Clin Invest 96:224 

24. Enomoto N, Sakuma I, Asahina Y, Kurosaki M, Murakami T, Yamamoto C, Ogura Y, Izumi N, 
Marumo F, Sato C (1996) Mutations in the nonstructural protein 5A gene and response to interferon 
in patients with chronic hepatitis C virus lb infection. N Engl J Med 334:77 

25. Esteban JL, Lopez-Talavera JC, Genesca J, Madoz P, Viladomiu L, Muniz E, Martin-Vega C, Rosell 
M, Allende H, Vidal X, Gonzalez A, Hernandez JM, Esteban R, Guardia J (1991) High rate of 
infectivity and liver disease in blood donors with antibodies to hepatitis C virus. Ann Intern Med 
115:443 

26. Evans DM, Dunn G, Minor PD, Schild GC, Cann AJ, Stanway G, Almond JW, Currey K, Maizel JV 
Jr (1985) Increased neurovirulence associated with a single nucleotide change in a noncoding region 
of the Sabin type 3 poliovaccine genome. Nature 314:548 



The quasispecies of hepatitis C virus and the host immune response 21 

27. Farci P, Purcell RH (1997) Natural history and experimental models. In: Zuckerman AJ, Thomas HC 
(eds) Viral hepatitis: scientific basis and clinical management. Churchill Livingstone, Edinburgh, (in 
press) 

28. Farci P, Alter HJ, Wong D, Miller RH, Shih JW, Jett B, Purcell, RH (1991) Longterm study of 
hepatitis C virus replication in non-A, non-B hepatitis. N Engl J Med 325:98 

29. Farci P, Alter HJ, Govindarajan S, Wong DC, Engle R, Lesniewski RR, Mushahwar IK, Desai SM, 
Miller RH, Ogata N, Purcell RH (1992) Lack of protective immunity against reinfection with hepatitis 
C virus. Science 258:135 

30. Farci P, Alter HJ, Wong DC, Miller RH, Govindarajan S, Engle R, Shapiro M, Purcell RH (1994) Pre- 
vention of hepatitis C virus infection in chimpanzees after antibody-mediated in vitro neutralization. 
Proc Natl Acad Sci USA 91:7792 

31. Farci P, Munoz S, Alter HJ, Shimoda A, Govindarajan S, Cbung L, Shih J, Purcell RH (1994) Hepatitis 
C virus (HCV) associated fulminant hepatitis and its transmission to a chimpanzee. Hepatology 
20:264A. 

32. Farci P, Alter HJ, Shimoda A, Govindarajan S, Cheung LC, Melpolder JC, Sacher RA, Shih JW, 
Purcell RH (1996) Hepatitis C virus-associated fulminant hepatic failure. N Engl J Med 335:631 

33. Farci P, Melpolder JC, Shimoda A, Peddis G, Strazzera A, Munoz S, Purcell RH, Alter HJ (1996) 
Studies of HCV quasispecies in patients with acute resolving hepatitis compared to those who progress 
to chronic hepatitis. Hepatology 24:350A. 

34. Farci P, Shimoda A, Wong D, Cabezon T, De Gioannis D, Strazzera A, Shimizu Y, Shapiro M, Alter 
H J, Purcell RH (1996) Prevention of hepatitis C virus infection in chimpanzees by hyperimmune serum 
against the hypervariable region 1 of the envelope 2 protein. Proc Natl Acad Sci USA 93:15394 

35. Feinstone SM, Alter HJ, Dienes H, Shimizu YK, Popper H, Blackmore D, Sly D, London WT, Purcell 
RH (1981) Non-A, non-B hepatitis in chimpanzees and marmosets. J Infect Dis 144:588 

36. Feray C, Gigou M, Samuel D, Reyes G, Bernuau J, Reynes M, Bismuth H, Brechot C (1993) Hepatitis 
C virus RNA and hepatitis B virus DNA in serum and liver of patients with fulminant non-A, non-B 
hepatitis. Gastroenterology 104:549 

37. Feray C, Gigou M, Samuel D, Paradis V, Mishiro S, Maertens G, Reynes M, Okamoto H, Bismuth 
H, Brechot C (1995) Influence of the genotypes of hepatitis C virus on the severity of recurrent liver 
disease after liver transplantation. Gastroenterology 108:1088 

38. Fried MW, Hoofnagle JH (1995) Therapy of hepatitis C. Semin Liver Dis 15:82 
39. Fujii K, Hino K, Okazaki M, Okuda M, Kondoh S, Okita K (1996) Differences in hypervariable 

region 1 quasispecies of hepatitis C virus between human serum and peripheral blood mononuclear 
cells. Biochem Biophys Res Commun 225:771 

40. Gane EJ, Naoumov NV, Quian K-P, Mondelli MU, Maertens G, Portmann BC, Lau JYN, Williams 
R (1996) A longitudinal analysis of hepatitis C virus replication following liver transplantation. 
Gastroenterology 110:167 

41. Gane EJ, Portmann BC, Naoumov NV, Smith HM, Underhill JA, Donaldson PT, Maertens G, 
Williams R (1996) Long-term outcome of hepatitis C infection after liver transplantation. N Engl 
J Med 334:815 

42. Gonzalez-Peralta RP, Quian K, She JY, Davis GL, Otmo T, Mizokami M, Lau JYN (1996) Clinical 
implications of viral quasispecies heterogeneity in chronic hepatitis C. J Med Virol 49:242 

43. Gretch DR, Polyak S J, Wilson JJ, Carithers RL, Perkins JD, Corey L (1996) Tracking hepatitis C virus 
quasispecies major and minor variants in symptomatic and asymptomatic liver transplant recipients. 
J Virol 70:7622 

44. Han JH, Shyamala V, Richman KH, Brauer MJ, Irvine B, Urdea MS, Tekamp-Olson P, Kuo G, 
Choo Q-L, Houghton M (1991) Characterization of the terminal regions of hepatitis C viral RNA: 
Identification of conserved sequences in the 51 untranslated region and poly(A) tails at the 31 end. 
Proc Natl Acad Sci USA 88:1711 

45. Higashi Y, Kakumu S. Yoshioka K, Wakita T, Mizokami M, Ohba K, Ito T, Ishikawa T, Takayanagi 
M, Nagai Y (1993) Dynamics of genome change in the E2/NS1 region of hepatitis C v~rus in vivo. 
Virology 197:659 

46. Hijikata M, Kato N, Ootsuyama Y, Nakagawa M, Ohkoshi S, Shimotohno K (1991) Hypervariable 
regions in the putative glycoprotein of hepatitis C virus. Biochem Biophys Res Commun 175:220 

47. Hijikata M, Mizuno K, Rikihisa T, Shimizu YK, Iwamoto A, Nakajima N, Yoshikura K (1995) 
Selective transmission of hepatitis C virus in vivo and in vitro. Arch Virol 140:1623 



22 P. Farci et al. 

48. Holland J, Spindler K, Horodyski F, Grabau E, Nichol S, VandePol S (1982) Rapid evolution of RNA 
genomes. Science 215:1577 

49. Holland J, Domingo E, De La Torre JC, Steinhauer DA (1990) Mutation frequencies at defined single 
codon sites in vesicular stomatitis virus can be increased only slightly by chemical mutagenesis. J 
Virol 64:3960 

50. Honda M, Kaneko S, Sakai A, Unoura M, Murakami S, Kobayashi K (1994) Degree of diversity of 
hepatitis C virus quasispecies and progression of liver disease. Hepatology 20:1144 

51. Horie C, lwahana H, Horie T, Shimizu 1, Yoshimoto K, Yogita S, Tashiro S, Ito S, Itakura M (1996) 
Detection of different quasispecies of hepatitis C virus core region in cancerous and noncancerous 
lesions. Biochem Biophys Res Commun 26:674 

52. Houghton M (1996) Hepatitis C virus. In: Fields BN, Knipe DM, Howley PM, Chanok RH (eds) 
Virology. Lippincott-Raven, Philadelphia pp 1035-1058 

53. Houghton M, Weiner A, Han J, Kuo G, Choo Q-L (1991) Molecular biology of the hepatitis C 
viruses: implications for diagnosis, development and control of viral disease. Hepatology 14:381 

54. Houghton M, Choo Q-L, Kuo G, Weiner A, Chien D, Ralston R, Urdea M, Moss B, Purcell R, 
Cummins L, Muchmore E (1995) Prospects for prophylactic and therapeutic hepatitis C virus vaccines. 
In: Kobayashi K, Purcell RH, Shimotohno K, Tabor E (eds) Hepatitis C virus and its involvement in 
the development of hepatocellular carcinoma. Princeton Scientific Publishing, Princeton, pp 237 

55. Jameson BA, Bonin J, Wimmer E, Kew OM (1985) Natural variants of the Sabin type 1 vaccine 
strain of poliovirus and correlation with a poliovirus neutralization site. Virology 143:337 

56. Jarvis LM, Ludlam CA, Ellender JA, Nemes L, Field SP, Song E, Chuansumrit A, Preston FE, 
Simmonds P (1996) Investigation of the relative infectivity and pathogenicity of different hepatitis C 
virus genotypes in hemophiliacs. Blood 87:3007 

57. Kanazawa Y, Hayashi N, Mita E, Li T, Hagiwara H, Kasahara A, Fusamoto H, Kamada T (1994) 
Influence of viral quasispecies on effectiveness of interferon therapy in chronic hepatitis C patients. 
Hepatology 20:1121 

58. Kao JH, Chen PJ, Lal MY, Chen DS (t992) Superinfection of heterologous hepatitis C virus in a 
patient with chronic type C hepatitis. Gastroenterology 105:583 

59. Kao JH, Chen PJ, Lai MY, Wang TH, Chen DS (1995) Quasispecies of hepatitis C virus and genetic 
drift of the hypervariable region in chronic type C hepatitis. J Infect Dis 172:261 

60. Kato N, Hijikata M, Ootsuyama Y, Nakagawa M, Ohkoshi S, Sugimura T, Shimotohno K (1990) 
Molecular cloning of the human hepatitis C virus genome from Japanese patients with non-A, non-B 
hepatitis. Proc Natl Acad Sci USA 87:9524 

61. Kato N, Ootsuyama Y, Tanaka T, Nakagawa M, Nakazawa T, Muraiso K, Ohkoshi S, Hijikata M, 
Shimotohno K (1992) Marked sequence diversity in the putative envelope proteins of hepatitis C 
viruses. Virus Res 22:107 

62. Kato N, Sekiya H, Ootsuyama Y, Nakazawa T, Hijikata M, Ohkoshi S, Shimotohno K (1993) Humoral 
immune response to hypervariable region 1 of the putative envelope glycoprotein (gp70) of hepatitis 
C virus. J Virol 67:3923 

63. Kato N, Ootsuyarna Y, Sekiya H, Ohkoshi S, Nakazawa T, Hijikata M, Shimotohno K (1994) Genetic 
drift in hypervariable region 1 of the viral genome in persistent hepatitis C virus infection. J Virol 
68:4776 

64. Kiyosawa K, Sodeyama T, Tanaka E, Gibo Y, Yoshizawa K, Nakano Y, Furuta S, Akahane Y, 
Nishioka K, Purcell RH (1990) Interrelationship of blood transfusion, non-A, non-B hepatitis and 
hepatocellular carcinoma: analysis by detection of antibody to hepatitis C virus. Hepatology 12:671 

65. Koizumi K, Enomoto N, Kurosaki M, Murakami T, Izumi N, Marumo F, Sato C (1995) Diversity 
of quasispecies in various disease stages of chronic hepatitis C virus infection and its significance in 
interferon treatment. Hepatology 22:30 

66. Kolykhalov AA, Feinstone SM, Rice CM (1996) Identification of a highly conserved sequence element 
at the 3 ~ terminus of hepatitis C virus genome RNA. J Virol 70:3363 

67. Krawczynski K, Alter MJ, Tankersley DL, Tankersley DL, Beach M, Robertson BH, Lambert S, Kuo 
G, Spelbring JE, Meeks E, Sinha S, Carson DA (1996) Effect of immune globulin on the prevention 
of experimental hepatitis C virus infection. J Infect Dis 173:822 

68. Kumar U, Brown J, Monjardino J, Thomas HC (1993) Sequence variation in the large envelope 
glycoprotein (E2/NS 1) of hepatitis C virus during chronic infection. J Infect Dis 167:726 

69. Kumar U, Monjardino J, Thomas HC (1994) Hypervariable region of hepatitis C virus envelope 
glycoprotein (E2/NS1) in an agammaglobulinemic patient. Gastroenterology 106:1072 



The quasispecies of hepatitis C virus and the host immune response 23 

70. Kurosaki M, Enomoto N, Marumo F, Sato C (1993) Rapid sequence variation of the hypervariable 
region of hepatitis C virus during the course of chronic infection. Hepatology 18:1293 

71. Kuwada SK, Patel VM, Hollinger FB, Lin HJ, Yarbough PO, Wiesner RH, Kaese D, Rakela J (1994) 
Non-A, non-B fulminant hepatitis is also non-E and non-C. Am J Gastroenterol 89:57 

72. Lai ME, Mazzoleni AP, Argiolu F, De Virgilis S, Balestrieti A, Purcell RH, Farci P (1994) Hepatitis 
C virus in multiple episodes of acute hepatitis in polytransfused thalassemic children. Lancet 343:388 

73. Larder BA, Kemp SD (1989) Multiple mutations in HIV-1 reverse transcriptase confer high-level 
resistance to zidovudine (AZT). Science 246:1155 

74. Laskus T, Wanf LF, Rakela J, Vargas H, Pinna AD, Tsamandas AC, Demetris AJ, Fung J (1996) 
Dynamic behavior of hepatitis C virus in chronically infected patients receiving liver graft from 
infected donors. Virology 220:171 

75. Lau JYN, Davis GL, Prescott LE, Maertens G, Lindsay KL, Quian KP, Mizokami M, Simmonds P 
(1996) Distribution of hepatitis C virus genotypes determined by line probe assay in patients with 
chronic hepatitis C seen at tertiary referral centers in the United States. Ann Intern Med 124:868 

76. Leary TP, Desai SM, Yamaguchi J, Chalmers ML, Schlauder GG, Dawson GJ, Mushahwar IK (1996) 
Species-specific variants of GB virus A in captive monkeys. J Virot 70:9028 

77. Leary TP, Muerhoff AS, Simons JN, Pilot-Matias TJ, Erker JC, Chalmers ML, Schlander GG, Dawson 
G J, Desai SM, Mushahwar IK (1996) Sequence and genomic organization of GBV-C: a novel member 
of the Flaviviridae associated with human non-A-E hepatitis. J Med Virol 48:60 

78. Lesniewski RR, Boardway KM, Casey JM, Desai SM, Devare SG, Leung TK, Mushahwar IK (1993) 
Hypervariable 5r-terminus of hepatitis C virus E2/NSI encodes antigenically distinct variants. J Med 
Virol 40:150 

79. Liang TJ, Jeffers L, Reddy RK, Silva MO, Cheinquer H, Findor A, De Medina M, Yarbough PO, 
Reyes GR, Schiff ER (1993) Fulminant or subfulminant non-A, non-B hepatitis: the role of hepatitis 
C and E viruses. Gastroenterology 104:556 

80. Linnen J, Wages J, Zhang-Keck Z-Y, Fry KE, Krawczynski KZ, Alter HJ, Koonin E, Gallagher M, 
Alter M, Hadziyannis S, Karayannis P, Fung K, Nakatsuji Y, Shih JW, Young L, Piatak M Jr, Hoover 
C, Fernandez J, Chen S, Zou JC, Morris T, Hyams KC, Ismay S, Lifson JD, Hess G, Foung SKH, 
Thomas H, Bradley D, Margolis H, Kim JP (1996) Molecular cloning and disease association of 
hepatitis G virus: a transfusion-transmissible agent. Science 271:505 

81. Martell M, Esteban JL, Quer J, Genesca J, Weiner A, Esteban R, Guardia J, Gomez J (1992) Hepatitis 
C virus (HCV) circulates as a population of different but closely related genomes: quasispecies nature 
of HCV genome distribution. J Virol 66:3225 

82. Martell M, Esteban JI, Quer J, Vargas V, Esteban R, Guardia J, Gomez J (1994) Dynamic behavior of 
hepatitis C virus quasispecies in patients undergoing orthotopic liver transplantation. J Virol 68:3425 

83. Mellor J, Holmes EC, Jarvis LM, Yap PL, Simmonds P, the International HCV Collaborative Study 
Group (1995) Investigation of the pattern of hepatitis C virus sequence diversity in different geo- 
graphical regions: implications for virus classification. J Gen Virol 76:2493 

84. Miller RH, Purcell RH (1990) Hepatitis C virus shares amino acid sequence similarity with pestiviruses 
andflaviviruses as well as members of two plant virus supergroups. Proc Natl Acad Sci USA 87:2057 

85. Miyakawa Y, Okamoto H, Mayumi M (1995) Classifying hepatitis C virus genotypes. Mol Med 
Today 1:20 

86. Mizokami M, Lau JYN, Suzuki K, Nakano T, Gojobori T (1994) Differential sensitivity of hepatitis 
C virus quasispecies to interferon-a therapy. J Hepatol 21:884 

87. Moribe T, Hayashi N, Kanazawa Y, Mita E, Fusamoto H, Negi M, Kaneshige T, Igimi H, Kamada 
T (1995) Hepatitis C viral complexity detected by single-strand conformation polymorphism and 
response to interferon therapy. Gastroenterology 108:789 

88. Muerhoff AS, Leary TP, Simons JN, Pilot-Matias TJ, Dawson GJ, Erker JC, Chalmers ML, Schlauder 
GG, Desai SM, Mushahwar IK (1995) Genomic organization of GB viruses A and B: Two new 
members of the Flaviviridae associated with GB agent hepatitis. J Virol 69:5621 

89. Murakawa K, Esumi M, Kato T, Kambara H, Shikata T (1992) Heterogeneity within the nonstructural 
protein 5-encoding region of hepatitis C viruses from a single patient. Gene 117:229 

90. Muto Y, Sugihara J, Ohnishi H, Moriwaki H, Nishioka K (1990) Anti-hepatitis C virus antibody 
prevails in fulminant hepatic failure. Gastroenterol Jpn 25:32 

91. Naito M, Hayashi N, Moribe T, Hagiwara H, Mita E, Kanazawa Y, Kasahara A, Fusamoto H, Kamada 
T (1995) Hepatitis C viral quasispecies in hepatitis C virus carriers with normal liver enzymes and 
patients with type C chronic liver disease. Hepatology 22:407 



24 P. Farci et al. 

92. Nousbaum J-B, Pol S, Nalpas B, Landais P, Berthelot P, Brechot C, the collaborative study group 
(1995) Hepatitis C virus lb (II) in France and Italy. Ann Intern Med 122:161 

93. Ogata N, Alter HJ, Miller RH, Purcell RH (1991) Nucleotide sequence and mutation rate of the H 
strain of hepatitis C virus. Proc Natl Acad Sci USA 88:3392 

94. Okamoto H, Mishiro S (1994) Genetic heterogeneity of hepatitis C virus. Intervirology 43:68 
95. Okamoto H, Kojima M, Okada S-I, Yoshizawa H, Iizuka H, Tanaka T, Muchmore EE, Peterson DA, 

Ito Y, Mishiro S (1992) Genetic drift of hepatitis C virus during an 8.2-year infection in a chimpanzee: 
variability and stability. Virology 190:894 

96. Okamoto H, Kurai K, Okada S-l, Yamamoto K, lizuka H, Tanaka T, Fukuda S, Tsuda F, Mishiro S 
(1992) Full-length sequence of a hepatitis C virus genome having poor homology to reported isolates: 
comparative study of four distinct genotypes. Virology 188:331 

97. Okamoto H, Mishiro S, Tokita H, Tsuda F, Miyarawa Y, Mayumi M (1994) Superinfection of chim- 
panzees carrying hepatitis C virus of genotype II/lb with that of genotype III/2a or I/la. Hepatology 
1994; 20:1131 

98. Pawlotsky J-M, Tsakiris L, Roudot-Thoraval F, Pellet C, Stuyver L, Duval J, Dhumeaux D (1995) 
Relationship between hepatitis C virus genotypes and sources of infection in patients with chronic 
hepatitis C. J Infect Dis 171:1607 

99. Pol S, Thiers V, Nousbaum J-B, Legendre C, Berthelot P, Kreis H, Brechot C (1995) The changing 
relative prevalence of hepatitis C virus genotypes: evidence in hemodialyzed patients and kidney 
recipients. Gastroenterology 108:581 

100. Prince AM, Brotman B, Huima T, Pascual D, Jaffery M, Inchauspe G (1992) Immunity in hepatitis 
C infection. J Infect Dis 165:438 

101. Purcell RH (1995) Hepatitis C and its sequelae: the biology of hepatitis C virus and implications 
for its control. In: Kobayashi K, Purcell RH, Shimotohno K, Tabor E (eds) Hepatitis C virus and 
its involvement in the development of hepatocellular carcinoma. Princeton Scientific Publishing, 
Princeton, pp 1-13 

102. Remington KM, Chesebro B, Wehrly K, Pedersen NC, North TW (1991) Mutants of feline immun- 
odeficiency virus resistant to 3~-azido-3tdeoxythimidine. J Virol 65:318 

103. Rice CM (1996) Flaviviridae: the viruses and their replication. In: Fields BN, Knipe DM, Howley 
PM, Chanok RH (eds) Virology. Lippincott-Raven, Philadelphia pp 931-959 

104. Rogers GN, Paulson JC, Daniels RS, Skehel JJ, Wilson IA, Wiley DC (1983) Single amino acid 
substitutions in influenza haemagglutinin change receptor binding specificity. Nature 364:76 

105. Rosa D, Campagnoli S, Moretto C, Guenzi E, Cousens L, Chin M, Dong C, Weiner AJ, Lau JYN, 
Choo Q-L, Chien D, Pileri P, Houghton M, Abrignani S (1996) A quantitative test to estimate 
neutralizing antibodies to hepatitis C virus: cytofluorometric assessment of envelope glycoprotein E2 
binding to target cells. Proc Natl Acad Sci USA 93:1759 

106. Rusche JR, Javaherian K, McDanal C, Petro J, Lynn DL, Grimaila R, Langlois A, Gallo RC, Arthur 
LO, Fischinger PG (1988) Antibodies that inhibit fusion of human immunodeficiency virus-infected 
cells bind a 24-amino acid sequence of the viral envelope, gpl20. Proc Natl Acad Sci USA 85:3198 

107. Sakamoto N, Enomoto N, Kurosaki M, Marumo F, Sato C (1994) Sequential change of the hyper- 
variable region of the hepatitis C virus genome in acute infection. J Med Virol 42:103 

108. Sallie R, Silva AE, Purdy M, Smith H, McCaustland K, Tibbs C, Portmann B, Eddleston A, Bradley 
D, Williams R (1994) Hepatitis C and E in non-A, non-B fulminant hepatic failure: a polymerase 
chain reaction and serological study. J Hepatol 20:580 

109. Scarselli E, Cerino A, Esposito G, Silini E, Mondelli MU, Traboni C (1995) Occurrence of antibodies 
reactive with more than one variant of the putative envelope glycoprotein (E2;gp70) hypervariable 
region 1 in hepatitis C viremic patients. J Virol 69:4407 

110. Seeff LB (1995) Natural history of viral hepatitis, type C. Semin Gastrointest Dis 6:20 
111. Seeff LB, Buskell-Bales Z, Wright EC, Durako S J, Alter HJ, Iber FL, Hollinger FB, Gitnick G, 

Knodell RG, Perillo RP, Stevens CE, Hollingsworth CG (1992) Long-term mortality after transfusion- 
associated non-A, non-B hepatitis. N Engl J Med 327:1906 

112. Shimizu YK, Hijikata M, lwamoto A, Alter HJ, Purcell RH, Yoshikura H (1994) Neutralizing anti- 
bodies against hepatitis C virus and the emergence of neutralization escape mutants. J Virol 68:1494 

113. Shimizu YK, Igarashi H, Kiyohara T, Cabezon T, Farci P, Purcell RH, Yoshikura H. (1996) A hy- 
perimmune serum against a synthetic peptide corresponding to the hypervariable region 1 of hepatitis 
C virus can prevent viral infection in cell cultures. Virology 223:409 



The quasispecies of hepatitis C virus and the host immune response 25 

114. Silini E, Bottelli R, Asti M, Bruno S, Candusso ME, Brambilla S, Bono F, Iamoni G, Tinelli C, 
Mondelli MU, Ideo G (1996) Hepatitis C virus genotypes and risk of hepatocellular carcinoma in 
cirrhosis: A case control study. Gastroenterology 111:199 

115. Simmonds P (1995) Variability of hepatitis C virus. Hepatology 21:570 
116. Simmonds P, Holmes EC, Cha T-A, Chan S-W, McOmish F, Irvine B, Beall E, Yap P-L, Kolberg J, 

Urdea MS (1993) Classification of hepatitis C virus into six major genotypes and a series of subtypes 
by phylogenetic analysis of the NS-5 region. J Gen Virol 74:2391 

117. Simmonds P, Mellor J, Craxi A, Sanchez-Tapias J-M, Alberti A, Prieto J, Colombo M, Rumi MG, Lo 
Iacano O, Ampurdanes-Mingall S, Forus-Bernhardt X, Chemello L, Civeira MP, Frost C, Dusheiko G 
(1996) Epidemiological, clinical and therapeutic associations of hepatitis C types in western European 
patients. J Hepatol 24:517 

118. Simons JN, Leary TP, Dawson G J, Pilot-Matias TJ, Muerhoff AS, Schlauder GG, Desai SM, Mushah- 
war IK (1995) Isolation of novel virus-like sequences associated with human hepatitis. Nature Med 
1:564 

119. Simons JN, Pilot-Matias TJ, Leafy TP, Dawson GJ, Desai SM, Schlauder GG, Muerhoff AS, Erker 
JC, Buijk SL, Chalmers ML, Van Sant C, Mushahwar IK (1995) Identification of twoflavivirus-like 
genomes in the GB hepatitis agent. Proc Natl Acad Sci USA 92:3401 

120. Smith DB, Mellor J, Jarvis LM, Davidson F, Kolberg J, Urdea M, Yap P-L, Simmonds P, the 
International HCV Collaborative Study Group. (1995) Variation of the hepatitis C virus 5 t non-coding 
region: implications for secondary structure, virus detection and typing. J Gen Virol 76:1749 

121. Smith DB, Davidson F, Yap P-L, Brown H, Kolberg JA, Detmer J, Urdea M, Simmonds P, the 
International HCV Collaborative Study Group (1996) Levels of hepatitis C virus in blood donors 
infected with different virus genotypes. J Infect Dis 173:727 

122. Strader DB, Seeff LB (1996) The natural history of chronic hepatitis C infection. Eur J Gastroenterol 
Hepatol 8:324 

123. Takamizawa A, Moil C, Fuke I, Manabe S, Murakami S, Fujita J, Onishi E, Andoh T, Yoshida I, 
Okayama H (1991) Structure and organization of the hepatitis C virus genome isolated from human 
carriers. J Virol 65:1105 

124. Tanaka T, Kato N, Nakagawa M, Ootsuyama Y, Cho Mj, Nakazawa T, Hijikata M, Ishimura Y, 
Shimotohno K (1992) Molecular cloning of hepatitis C virus genome from a single Japanese carrier: 
sequence variation within the same individual and among infected individuals. Virus Res 23:39 

125. Tanaka T, Kato N, Cho M-J, Shimotohno K (1995) A novel sequence found at the 3 t terminus of 
hepatitis C virus genome. Biochem Biophys Res Commun 215:744 

126. Tanaka T, Kato N, Cho M-J, Sugiyama K, Shimotohno K (1996) Structure of the 3 t terminus of the 
hepatitis C virus genome. J Virol 70:3307 

127. Tanaka K, Ikematsu H, Hirohata T, Kashiwagi S (1996) Hepatitis C virus infection and risk of 
hepatocellular carcinoma among Japanese: possible role of type lb (II) infection. J Natl Cancer Inst 
88:742 

128. Taniguchi S, Okamoto H, Sakamoto M, Kojima M, Tsuda F, Tanaka T, Munekata E, Muchmore EE, 
Peterson DA, Mishiro S (1993) A structurally flexible and antigenically variable N-terminal domain 
of the hepatitis C virus (E2/NS1) protein: implication for an escape from antibody. Virology 195:297 

129. Theilmann L, Solbach C, Toex V, Muller HM, Pfaff E, Otto G, Goeser T (1992) Role of hepatitis 
C virus infection in German patients with fulminant and subacute hepatic failure. Eur J Clin Invest 
22:569 

130. Tokita H, Okamoto H, Tsuda F, Song P, Nakata S, Chosa T, Iizuka H, Mishiro S, Miyakawa Y, 
Mayumi M (1994) Hepatitis C virus variants from Vietnam are classifiable into the seventh, eighth 
and ninth major genetic groups. Proc Natl Acad Sci USA 91:11022 

131. Tokita H. Okamoto H, Luengrojanakul P, Vareesangthip K, Chainuvati T, Iizuka H, Tsuda F, 
Miyakama Y, Mayumi M (1995) Hepatitis C virus variants from Thailand classifiable into five novel 
genotypes in the sixth [6b], seventh (7c, 7d) and ninth (9b, 9c) major genetic groups. J Gen Virol 
76:2329 

132. Tokita H, Okamoto H, Iizuka H, Kishimoto J, Tsuda F, Lesmana LA, Miyakawa Y, Mayumi M (1996) 
Hepatitis C virus variants from Jakarta, Indonesia classifiable into novel genotypes in the second (2c 
and 2f), tenth [10a] and eleventh (lla) genetic groups. J Gen Virol 77:293 

133. Tong MJ, el-Farra NS, Reikes AR, Co RL (1995) Clinical outcomes after transfusion-associated 
hepatitis C. N Engi J Med 332:1463 



26 P. Farci et al. 

134. Toyoda H, Fukuda Y, Koyama Y, Nakano I, Kinoshita M, Hadama T, Takamatsu J, Hayakawa 
T (1996) Nucleotide sequence diversity of hypervariable region 1 of hepatitis C virus in Japanese 
hemophiliacs with chronic hepatitis C and patients with chronic post-transfusion hepatitis C. Blood 
88:1488 

135. Van Doom LJ, Capriles I, Maertens G, DeLeys R, Murray K, Kos T, Schellekens H, Quint W (1995) 
Sequence evolution of the hypervariable region in the putative envelope region E2/NS1 of hepatitis 
C virus is correlated with specific humoral immune response. J Virol 69:773 

136. Villamil FG, Hu KQ, Yu CH, Lee CH, Rojter SE, Podesta LG, Makowka L, Geller SA, Vierling 
JM (1995) Detection of hepatitis C virus with RNA polymerase chain reaction in fulminant hepatic 
failure. Hepatology 22:1379 

137. Weiner AJ, Brauer MJ, Rosemblatt J, Richman KH, Tung J, Crawford K, Bonino F, Saracco G, 
Choo Q-L, Houghton M (1991) Variable and hypervariable domains are found in the regions of HCV 
corresponding to theflavivirus envelope and NS1 proteins and the pestivirus envelope glycoproteins. 
Virology 180:842 

138. Weiner AJ, Geysen HM, Christopherson C, Hall JE, Mason TJ, Saracco G, Bonino F, Crawford K, 
Marion CD, Crawford KA, Brunetto M, Barr PJ, Miyamura T, McHutchinson J, Houghton M (1992) 
Evidence for immune selection of hepatitis C virus (HCV) putative envelope glycoprotein variants: 
potential role in chronic HCV infection. Proc Natl Acad Sci USA 89:3468 

139. Weiner AJ, Thaler MM, Crawford K, Ching K, Kansopon J, Chien DY, Hall JE, Hu F, Houghton 
M (1993) A unique, predominant hepatitis C virus variant found in an infant born to a mother with 
multiple variants. J Virol 67:4365 

140. Weiner A, Erickson AL, Kansopon J, Crawford K, Muchmore E, Hughes A, Houghton M, Walker 
C (1995) Persistent hepatitis C virus infection in a chimpanzee is associated with emergence of a 
cytotoxic T lymphocyte escape variant. Proc Nail Acad Sci USA 92:2755 

141. Wright TL (1992) Liver transplantation for hepatitis C viral infection. In: Lake TR (ed) Advances in 
Liver Transplantation. Saunders, Philadelphia, pp 231 

142. Wright TL (1993) Etiology of fulminant hepatic failure: is another virus involved? Gastroenterology 
104:640 

143. Wright TL, Hsu H, Donegan E, Feinstone S, Greemberg H, Read A, Ascher NL, Roberts JP, Lake 
JR (1991) Hepatitis C virus not found in fulminant non-A, non-B hepatitis. Ann Intern Med 115:111 

144. Yanagi M, Kaneko S, Unoura M, Murakami S, Kobayashi K, Sugihara J, Ohnishi H, Muto Y (1991) 
Hepatitis C virus in fulminant hepatic failure (Letter). N Engl J Med 324:1895 

145. Yeh BI, Han KH, Oh SH, Kim HS, Hong SH, Oh SH, Kim YS (1996) Nucleotide sequence variation in 
the hypervariable region of the hepatitis C virus in the sera of chronic hepatitis C patients undergoing 
controlled interferon-a therapy. J Med Virol 49:95 

146. Yotsuyanagi H, Koike K, Yasuda K, Moriya K, Hino K, Kurokawa K, Iino S (1995) Hepatitis C virus 
genotypes and development of hepatocellular carcinoma. Cancer 76:1352 

147. Zibert A, Schreier E, Roggendorf M (1994) Antibodies in human sera specific to hypervariable region 
1 of hepatitis C virus can block viral attachment. Virology 208:653 


