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Abstract
The hepatitis C virus is an enveloped positive-sense

single-stranded RNA virus, which has been classified into 6

major genotypes and over 100 subtypes. HCV replicates

mainly in the hepatocyte. Recently, infectious HCV cDNA

clones have been generated. Despite evidence that innate and

adaptative humoral and cellular immune responses are

activated as part of an antiviral defense, HCV has a

remarkable ability to establish persistent infection. The

analysis of viral kinetics using mathematical modeling shows

a relative steady state without treatment, while an immediate

biphasic HCV decline occurs in blood during successful

treatment, the latter being predictive of clearance of HCV by

the end of treatment.
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The virus

The hepatitis C virus is an enveloped positive-sense single-
stranded RNA virus of approximately 9,600 nucleotides that
represent a separate genus in the Flaviviriade family [1,2]. The
viral genome encodes a single polyprotein that is co- and post-
transitionally processed by cellular and viral proteases to
produce specific viral gene products. It has a single open
reading frame about 9,000 nucleotides in length. The ORF is
flanked at each terminus by untranslated regions. Translation of
the HCV ORF produces a polyprotein of about 3,000 amino
acids that is cleaved into at least 10 structural and non-
structural proteins by a combination of host and viral proteases.
A distinctive characteristic of HCV is its genetic heterogeneity
[3,4]. Thus, HCV isolates from around the world have been
classified into 6 major genotypes and over 100 subtypes. The
genomes of the most different HCV isolates differ by up to
35%. There are clear differences in the genotype distribution.

Genotypes 1a, 1b, 2a, 2b, 2c and 3a account for about 90% of
the HCV infections in North and South America, Europe,
Russia, China, Japan and Australia/New Zealand [5,6]. In
Mexico genotype 1b accounts for 68% of the HCV isolates,
subtype 1a for 9% and subtype 2a and 2b, for 9% of HCV
infections [7].

HCV replicates in hepatocytes of infected patients. It is
possible that HCV can replicate at low levels in peripheral blood
mononuclear cells and bone marrow cells of infected patients.
Recent advances in the field of HCV research ± the generation
of infectious HCV cDNA clones and of an HCV replicon ± will
permit more detailed studies of the molecular biology of HCV
and could facilitate the establishment of in vitro replication
systems. Infectious cDNA clones have now been generated for
HCV strains of genotypes 1a, 1b and 2a. Genomic RNA
transcripts synthesized in vitro from full-length HCV cDNA
clones were infectious in vivo when inoculated into the liver of
chimpanzees. The HCV infection generated by transfection of
chimpanzees did not differ significantly from the infection
observed in animals infected intravenously with the original
virus [8,9].

The host response

Despite evidence that innate and adaptative, humoral and
cellular immune responses are activated as part of the antiviral
defense and that the adaptative immune response is targeted
against immunogenic sequences in all viral proteins, HVC has a
remarkable ability to establish persistent infections character-
ized by an increase in genetic diversity in the form of viral
quasispecies. Thus, the virus appears to have evolved strategies
to not induce, overcome or evade efficient immune responses of
the host [10].

HCV-specific antibodies are generally detectable 7 to 31
weeks after infection and are targeted against epitopes in all
viral proteins. The existence of neutralizing antibodies to HCV
and their role in the outcome of infection is controversial. Long-
lasting protective antibody responses have not been demon-
strated [11].

An early vigorous and multispecific immune response of
CD4+ and CD8+ T cells has been associated with self-limited
HCV infection and viral clearance. In the blood of chronically
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infected patients, the frequency of HVC-specific cytotoxic T
lymphocytes is rather low. For example, T cells specific for two
HCV NS3 epitopes constitute between 0.01 and 2% of all
peripheral blood CD8+ T cells in chronically infected patients
[12]. At the site of inflammation in the infected liver the
frequency of CD8+ T cells was found to be at least 30-fold
higher than in the blood [12]. All of the intrahepatic HCV NS3-
specific CD8+ T cells were activated, and the predominant
phenotype of all antigen-specific and non-specific liver infiltrat-
ing cells has been described as Th1/Tc1 type producing
interferon-gamma [13]. While activated peripheral blood
CD8+ T cells are continuously trapped in the liver regardless
of their antigen specificity, the majority of liver-infiltrating
lymphocytes is HCV non-specific [13], and intrahepatic
compartmentalization of distinct T cell subsets as well as
distinct HCV quasispecies have been observed. Once activated
CD8+ T cells are trapped in the liver they undergo activation-
induced cell death, presumably due to T cell activation in the
absence of sufficient co-stimulation. Under such conditions
apoptosis occurs within 18 hours [14]. Thus, activated cells are
continuously recruited from the peripheral blood, and the loss
of lymphocytes by intrahepatic sequestration and apoptosis has
been estimated to be as high as 2 x 108 cells, i.e., 0.1% of the
total body lymphocytes per day [15].

Immune-mediated liver disease is thought to be initiated by
these HCV-specific liver-infiltrating T cells, but are amplified by
antigen non-specific cells. Long-standing immune-mediated
liver injury may eventually result in liver cirrhosis and
hepatocellular carcinoma. Presentation of HCV antigens on
infected hepatocytes, recognition by CTLs and induction of
liver injury seems to be enhanced by HCV-induced expression
of HLA A, B, C and ICAM-1 molecules.

Some of the mechanisms that allow HCV to persist despite
the humoral and cellular responses include the possibility that
HCV up-regulates major histocompatibility complex expression
on infected cells, and that it has found additional mechanisms to
avoid infection of specific T cell responses, low frequency of
HCV-specific T cells, HCV sequence variations and mutations
in T cell epitopes and flanking regions, lack of susceptibility of
HCV to T cell cytokines, and HCV interference with antigen
processing [16,17].

The disease

Accurate determination of the natural history of hepatitis C is
hampered by the fact that the initial onset of infection is usually
devoid of signs and symptoms, that progression from acute to
chronic hepatitis is extremely common, and that the duration to
development of end-stage liver disease may exceed 30 to 40
years. It is widely accepted that about 15% of acutely infected
persons recover spontaneously from HCV infection. There are
emerging data, however, to suggest that 25% to 45% may

recover spontaneously. These data are derived largely from
studies in young people, particularly young women [18,19].

Direct determination of the incidence of new infection is
unfeasible, since most acute HCV infections are asymptomatic
and clinical disease is under-reported. Moreover, the assump-
tion that infection always results in seroconversion may not be
true for a minority of cases. HVC-RNA has been found in up to
10% of patients with chronic hepatitis who are persistently anti-
HCV negative [20]. The mechanisms of chronicity are not as yet
understood. The course of chronic hepatitis C with alanine
aminotransferase elevations is often unpredictable in the
individual patient. In a number of patients it progresses slowly
to more severe and active liver disease, with increasing fibrosis
and ultimately with transition to cirrhosis. Cirrhosis may
become complicated by severe sequelae, including hepatocel-
lular carcinoma. Progression may take years or decades. In
other patients, the liver disease remains stable in a mild or
intermediate state without significantly worsening. The speed of
the advance to end-stage liver disease remains controversial.
When the degree of hepatic fibrosis was related to the known
duration of HCV infection, chronic HCV carriers could be
classified as rapid, intermediate, and slow ``fibrosers'' ± with an
estimated time interval between infection and development of
cirrhosis of 3±10 years, 15±30 years, and more than 50 years,
respectively; the number of patients in each group was similar
[21]. It should be noted that the rate of fibrosis progression is
also affected by other factors such as male gender, alcohol
consumption, and acquisition of HCV after the age of 45 years.
Several questions have yet to be addressed: Is advancing disease
inevitable? Does progression advance linearly? Is progression
immunologically driven? What co-factors contribute to pro-
gression?

Chronic HCV infection has been associated with a variety of
extrahepatic manifestations. We recently explored the contribu-
tion of class II genes to the expression of autoimmunity in
chronic HCV patients and confirmed that DQB locus is
involved in the genetic control of autoantibody production.
Moreover, DRB1 0301 is partly responsible for the chronic
process unchain by HCV [unpublished observation].

Viral kinetics

The analysis of viral kinetics as a tool for the clinician has only
recently become part of the armamentarium for the study and
treatment of patients with chronic hepatitis C. The knowledge
that the half-life of HCV virus is about 2.7 days and that HCV
production on a daily basis can be as high as 1 x 1,200 virions
(one trillion) per day [22] poses some intriguing questions. What
is the effect of fluctuations in viral load during the natural
history in hepatitis C? What is the impact of the spread of the
virus to uninfected cells? What is the impact of the different
effective drugs against viruses? How do they impact on the
steady state of viral loads? Does clinical heterogeneity in disease
progression reflect either viral heterogeneity or variations in
host response?
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The fluctuations in viral load during the natural history of
hepatitis C are poorly understood. The half-life of HCV
genotype 1 is 2.7 hours, while that for genotype 2 is 1.8 hours.
The half-life differences between genotypes 1 and 2 may be part
of the reason why genotype 1 is more refractory to current
treatments than other genotypes.

The complex genetic composition of quasispecies means that
there are subtle genetic differences among different virus
particles within the same person. Each type of viral infection
has complex dynamics that become more apparent in response
to treatment. This refers to mutations that may be selected for
under the pressure of antiviral drugs. Viruses with such
mutations will eventually become the dominant species, even
in the presence of antiviral drugs.

The rate of dynamic viral change may vary in different body
compartments. Evidence for HCV replication outside the liver
has been found in the lymph nodes, pancreas, adrenal glands,
thyroid, bone marrow and spleen [23], although the amount of
HCV produced at these sites appears to be relatively low. The
clinical significance of extrahepatic HCV is not fully under-
stood. As hepatitis C may occur associated with other viruses
such as human immunodeficiency virus, interaction between
different viruses reflects directly on the viral HCV load. For
example, average HCV RNA levels (viral load) in people co-
infected with HIV has been reported to be as high as 16.8
million copies/ml. Factors associated with lower than average
HCV RNA levels in HIV-negative patients include younger age
at infection and female gender.

An analytical model of the infectious cycle of HCV in vivo
has been described by Zeuzem et al. [24], in which compartment
A represents the pool of HCV-infected and non-infected
hepatocytes as well as extrahepatic replication sites, and
B(rNA) denotes the HCV RNA concentration in serum and is
a fictitious degradation compartment.

Nk1 k2

[A]? [B] [C]

/

k-1

HCV is produced in infected hepatocytes and subsequently
released into the systemic circulation at rate constant Nk1,
where N is the number of virions produced per infected cell, and
In2/k1 is the half-life of virus-producing cells as well as that of
virus release. Degradation of free virus from the blood occurs at
a rate constant k2. Because antibody-complex virions may have
a rate of degradation different from that of non-complex
virions, k2 must be interpreted as a combination of antigen-
specific and non-specific processes. During steady-state condi-
tions before antiviral treatment, adjacent and distant hepato-
cytes become infected at a rate constant k-1. However, virus
uptake by previously uninfected (de novo infection) or infected

(superinfection) hepatocytes cannot be discriminated and
transformation of non-infected into virus-producing hepato-
cytes cannot be measured.

HCV RNA decline after initiation of therapy is obtained,
assuming that the predominant antiviral effect is the inhibition
of de novo infection of susceptible cells (k1 and k2 greater than
0., k-1=0). The rate of HCV elimination from serum following
initiation of antiviral therapy is then determined by two
processes: namely, the clearance of HCV RNA per se and the
elimination or suppression of virus-producing cells. Thus, viral
RNA data are fitted to a three-compartment sequential reaction
model according to:

Nk1 k2

[A]? [B]? [C]

where k1 and k2 denote the rate constants associated with
increase and decrease of viral RNA concentration B, respec-
tively. Accordingly, the differential change in the virus
concentration B shall obey the hypothesis:

db

= Nk1A k2B

dt

Integration requires that an assumption on the time
dependence of A be made, as well as an initial condition for
the compartmental population be given. Let

A ( t ) = A ( 0 )exp (± k1t)

indicating the concentration of virus-producing cells leveling
off at rate dA/dt=-k1A after the initiation of treatment.

Using this model it has been shown that higher interferon
doses accelerated viral clearance from serum, as in patients
treated with 3 x 6 MU IFN

1

(t1/2= 0.23+0.15) compared with
patients treated with 3 x 3 MU IFN per week (0.67+0.36 days).
Ribavarin 14 mg/kg/day, however, has no synergistic antiviral
effect in the treatment of chronic hepatitis C with 3 x 6 MU IFN
per week [25].

Although several virus and host-related predictive factors for
the response to IFNa have been defined in patients with chronic
hepatitis C, no pretreatment parameter can definitively predict
the response to antiviral treatment. Assessment of the initial
response by quantification of serum HCV RNA before and 4
weeks after initiation of therapy may be a clinically applicable
and reliable parameter to predict long-term response. Recent
results suggest that IFN treatment can be terminated after 4
weeks in patients, with a decrease in HCV RNA levels of less
than 3 log, when apparent HCV eradication is considered the
therapeutic target. The predictive value of the delta HCV RNA
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clearly exceeds the significance of HCV genotype and pretreat-
ment viremia as predictors of successful IFN treatment [26].

A special area of interest with relation to viral dynamics of
hepatitis C is liver transplantation. These patients are ideally
suited to provide insights into the mechanisms of HCV
pathogenesis, since hepatic HCV replication is terminated at
the time of the removal of the infected liver, and the clinical
setting following reperfusion of the engrafted liver provides a
model for monitoring dynamic processes of graft reinfection.
Accordingly, in a study involving nine patients with HCV-
positive cirrhosis following orthotopic liver transplantation,
there was a rapid decline in HCV RNA levels from 3.1 + 1.3 x
100,000 copies/ml preoperatively, which decreased to 0.15+ 0.6
x 100,000 copies/ml on the first postoperative day and 0.16 +
0.6 x 100,000 copies/ml on the second (mean viral half-life 4.0+
0.5 h). Thereafter, HCV RNA levels increased in all but one
patient, and by postoperative day 8 reached 3.6+ 1.3 x 100,000
copies/ml, exceeding the preoperative levels irrespective of
whether or not immunosuppressive therapy was used. These
findings indicate that the half-life of HCV is quite short, and
that extrahepatic viral replication contributes little to the total
virus pool in serum. Furthermore, the marked HCV replication
beginning as early as the third postoperative day strongly
suggests that the liver graft is rapidly reinfected by HCV after
transplantation [27].
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