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Human immunodeficiency virus (HIV)
and hepatitis C virus (HCV)

• RNA viruses that can cause chronic infection with potentially fatal 
outcomes (AIDS in HIV and liver disease for HCV infection)

• Distinct acute and chronic phase of infection showing different 
outcomes (spontaneous clearance in HCV and persistence in HIV)

• Set-point (baseline) viral load level is an important predictor for 
disease progression

• Role of immune responses (antibodies and CD8+ T cells) remains 
unclear for both infections
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At first, the role of CTL escape — that is, viral-
sequence variation that results in loss of, or diminished,
recognition by CTLs — in HIV pathogenesis was uncer-
tain. It was argued that because the level of viral turn-
over is high, with ~109 new virions being produced each
day24, and the viral-mutation rate is approximately one
nucleotide change in every 105 bases25, then given a viral
genome of 104 bases, every possible mutation at each
site in the genome would be generated every day. So, if
selection pressure were to be imposed by CTLs, the
virus would escape almost instantaneously. This argu-
ment ignored the action of PURIFYING SELECTION, which
operates to conserve the viral amino-acid sequence.
Most mutations are deleterious to the virus — that is,
they confer a cost to VIRAL FITNESS — as can be inferred
from the overall conservation of viral amino-acid
sequence through the typical 11-year course of untreated
infection in adults, despite the prevailing high levels of
viral turnover and high mutation rate.

In 1991, Phillips et al.26 showed that variation in
HIV-1 pro-viral group-specific antigen (gag) gene
sequences (which encode the capsid protein) could lead
to non-recognition of CTL epitopes and, potentially, to
CTL escape. However, the existence of viral-escape vari-
ants that result from CTL-mediated selection pressure,
as distinct from naturally occurring epitope-sequence
variation, remained open to doubt27–29. Data from the
non-human primate model were also interpreted to
support the view that CTL escape was not a significant
cause of viral variation30.

In 1995, Koenig et al.31 described CTL escape in an
HIV-infected patient after adoptive transfer of in vitro
clonally expanded autologous CTLs that were specific
for an epitope derived from the negative factor (Nef)
protein, thereby indicating that CTLs could select for
mutations in the specific epitope that is recognized. The
first clear examples of CTL escape in natural infection
with HIV were described in 1997 (REFS 16,32,33). In two
cases, these occurred during acute infection, consistent
with the idea that escape occurs readily if it occurs at all.
However, escape was also found to occur late in infec-
tion, after effective long-term (more than a decade) con-
trol of virus at low concentrations, and in this case, CTL
escape was associated with rapid progression to AIDS.
So, it seemed that CTL escape, even occurring in a single
epitope, might indeed be an important factor in HIV
pathogenesis.

Subsequent studies in the SIV macaque model have
shown unequivocally both that CTL escape occurs and
that it occurs frequently (FIG. 2). It is evident that CTL
escape occurs in the chronic phase of infection34,35. More
recently, escape has been documented during the acute
phase36,37 and throughout the chronic phase38–40 of
infection. An analysis of HIV reverse-transcriptase (RT)
sequences in a cohort of more than 300 chronically
infected individuals showed widespread associations
between viral amino-acid sequence polymorphisms at
certain residues and the expression of particular HLA
class I alleles41. Of the 12 HIV-sequence polymorphisms
that were strongly associated with expression of particu-
lar HLA-A or HLA-B alleles, 5 were in epitopes known

Immunogenetic studies in humans have also sup-
ported the role of CTLs in the control of viral replica-
tion. A single individual can possess up to six different
HLA class I alleles: two from each of the classical MHC
class I loci, HLA-A, HLA-B and HLA-C. Each allele can
bind a different repertoire of viral peptides, thereby
enabling efficient recognition and subsequent elimi-
nation of virus. HIV-positive individuals who are homo-
zygous at any of the three HLA class I loci progress
substantially more rapidly to disease7. This implies that
CTL responses are important in the containment of
HIV and that the diversity of HIV-specific CTL epitopes
that are available for targeting virus-infected cells is an
important part of successful control of HIV. However,
the consensus of the many studies that have attempted
to link the magnitude of the CTL response with control
of viraemia is that, in general, no such simple relation-
ship exists8–13. The observation that a high frequency of
CTL responses can be detected in individuals dying
from AIDS14,15, and that narrowly focused HIV-specific
CTL activity can be associated with effective control of
viraemia16,17, is counter to the idea that the greater the
number and magnitude of responses, the more effective
the control. The concept that CTLs of different specifici-
ties might vary substantially in their efficacy was strength-
ened by the finding that certain HLA class I alleles are
associated with LONG-TERM NON-PROGRESSION (LTNP) of
HIV infection, whereas others are associated with more-
rapid disease progression7,18–23. The alleles most consis-
tently associated with LTNP are HLA-B57, HLA-B27
and HLA-B51, and with rapid progression, HLA-B35.
Together, these data indicate that, although CTLs are
required for the control of HIV, certain CTL specificities
are considerably less effective than others.

LONG-TERM NON-PROGRESSION

(LTNP). There is no universally
adopted definition of LTNP,
and often LTNP is used
interchangeably with HIV
controller, because control of
viraemia is strongly predictive
of LTNP. So, loosely, LTNP
refers to HIV-infected
individuals whose plasma viral
load is less than 1,000 HIV
RNA copies per ml. Stricter
definitions of LTNP include the
duration of infection and the
number of CD4+ T cells.

PURIFYING SELECTION

Selection pressure that favours
conservation of amino-acid
sequence.

VIRAL FITNESS

Viral fitness is context specific,
and it refers to the relative
ability of a virus to replicate
under particular conditions,
such as those that occur when
the immune response or
antiretroviral therapy is acting
on the virus. Viral fitness is only
increased as a result of selection
of escape mutants.
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Figure 1 | The natural history of SIV infection. Viral replication of simian immunodeficiency virus
(SIV) (red line) is brought under control coincident with clonal expansion of cytotoxic T-lymphocyte
(CTL) populations (dark blue line), and antibodies (green line) appear at 4–6 weeks after infection.
The number of CD4+ T cells (light blue line) gradually declines during infection. Plasma viral
concentrations in SIV-infected Indian rhesus macaques are generally higher than depicted
(105–106 copies per ml) in the chronic phase. In HIV infection, the pattern of changes is similar.
Typically, peak viraemia in HIV infection occurs at 107 HIV RNA copies per ml of plasma. Median
steady-state viral load in chronic infection is 3 × 105 HIV RNA copies per ml of plasma. The acute
phase in HIV infection is conventionally regarded as ending within 6 months and is replaced by the
chronic phase of infection. Absolute CD4+ T-cell numbers in HIV infection do not generally return to
the pre-infection level after acute infection. PBMC, peripheral-blood mononuclear cell.

Dynamics of acute and chronic HIV infection

Goulder & Watkins (2004) Nat Rev Immunol



Dynamics of acute and chronic HCV infection

Bowen & Walker (2005) Nature
1 Micallef et al. (2006) J Viral Hepat
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(IFN-!)23,26,27, but it is also possible that relatively few hepatocytes are
infected in these individuals, which would limit the extent of CTL-
mediated liver damage. 

Chronic infection
As discussed in detail below, HCV-specific CD8+ T cells can survive
for years in the persistently infected liver and thus might at least 
partially control ongoing viral replication and/or contribute to pro-
gressive liver disease. With regard to viral replication, it is noteworthy
that levels of viraemia remain relatively stable over time in subjects
with chronic infections even though they can differ widely between
individuals (Fig. 1). Data regarding the relationship between intra-
hepatic CTLs and viral load have been conflicting28–31, and thus
whether they contribute to control of HCV replication in chronic
hepatitis C or explain the wide variation in viraemia between individ-
uals is not known. Similarly, although virus-specific CTLs are con-
centrated within the liver in chronic infection29,30,32, they have only
inconsistently been correlated with disease severity29,31. Some studies
have documented an association between elevated transaminases and
liver infiltration by CD8+ T cells31,33, but it is possible that only a minor-
ity of the infiltrate is HCV specific34. Intrahepatic pro-inflammatory
cytokine messenger RNA (mRNA) levels have been correlated with
severity of portal inflammation and liver fibrosis35,36. However, it is
unclear whether HCV-specific liver infiltrating lymphocytes are the
major cellular source of pro-inflammatory cytokines, such as IFN-!,
in HCV-associated chronic hepatitis36. Importantly, recruitment of
other inflammatory cell types such as macrophages that can mediate
tissue injury also occurs in chronic hepatitis C36. Thus, studies to weigh
the contribution of both antigen-specific and antigen-independent
mechanisms in chronic hepatocellular injury are needed.

Parsing T-cell responses in resolving and persistent infections
Features that distinguish T-cell responses providing transient versus
permanent viral control are not fully defined. Comparisons have
focused on the number of epitopes targeted by acute-phase T cells,
their frequency in blood and their fate as infections clear or persist.
CD8+ T-cell responses are perhaps the best characterized. Successful
responses generally target multiple major histocompatibility complex
(MHC) class I-restricted epitopes in structural and non-structural
HCV proteins9,24,37,38, and frequencies against individual epitopes often
exceed 3–4% (ref. 37). Interestingly, late expansion of HCV-specific
CD8+ T cells may be accompanied by a further delay in their produc-
tion of IFN-!22,24,37, although the significance of this phenomenon to
infection outcome is uncertain.

Infections that follow a chronic course are usually marked by low
frequencies of CTLs targeting few epitopes28,39–42, although occasion-
ally the strength and breadth of the response can approximate those of
resolving infections43. HCV-specific CTLs are not necessarily deleted
as infections persist and, although difficult to detect in blood, can sur-
vive in the persistently infected liver for years29,30,32,44,45 and in some
cases target a surprisingly broad array of epitopes. For example, intra-
hepatic CTL populations recognizing eight HCV epitopes were con-
sistently recovered from a chimpanzee throughout years of persistent
infection45,46, and CTL clones isolated at diverse timepoints often
retained use of identically recombined T-cell receptor (TCR) " and #
chains47, providing genetic evidence of their remarkable stability
despite ongoing viral replication. These intrahepatic populations are
almost certainly a remnant of a once robust acute phase response.

Strong CD8+ T-cell immunity in acute resolving hepatitis C is
matched by vigorous, sustained CD4+ T-cell proliferation to multiple
recombinant structural and non-structural viral proteins19–21. By con-
trast, HCV antigen-driven proliferation in individuals who develop
persistent infections is usually weak or absent when compared with
spontaneously resolving infections19–22. Nevertheless, transient CD4+

T-cell proliferative responses that are indistinguishable from those in
acute resolving infections have been described21,22, and although pos-
sibly rare do indicate that HCV can evade what appears to be initially

Liver damage is monitored by levels of hepatic enzymes (transam-
inases) released into the serum following hepatocellular injury. Acute
hepatitis C is probably immunopathological because it coincides tem-
porally with expansion of virus-specific CD8+ T cells or cytotoxic T
lymphocytes (CTLs)9,22–24 and their acquisition of an activated pheno-
type25. Curiously, acute infection can sometimes resolve without a
serum transaminase increase. This could reflect non-cytolytic control
of some infections by T-cell-derived cytokines such as interferon-!
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Figure 1 |Schematic representation of the cellular immune response during
acute HCV infection. a, Viraemia (red line) is present early, and although it
usually falls from peak levels, it is never controlled. Persistent infection
ensues, with plasma viral levels that vary widely between individuals. CD4+

and CD8+ T-cell responses (black and green lines, respectively) and rises in
serum transaminase (blue) in this setting remain poorly characterized, and
may be weak or even absent. Progressive shading indicates the high degree of
variability in responses between individuals. b, Viraemia may persist for
many weeks in the absence of a demonstrable cellular immune response. The
delayed onset of CD4+ and CD8+ T-cell responses is associated with transient
control of viraemia and a variable rise in transaminases. However, following
contraction of the CD4+ T-cell response, viraemia rebounds and ultimately
infection persists. Detectable CD8+ T-cell responses may persist despite
chronic viraemia. Shading indicates variability in viral load between
individuals in the chronic phase. c, Although viraemia arises early and T-cell
responses are delayed, the virus becomes undetectable in plasma following
emergence of CD4+ and CD8+ T-cell responses, which are often coincident
with a variable rise in serum transaminases. A rebound in viraemia may occur
before final viral clearance. 
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(IFN-!)23,26,27, but it is also possible that relatively few hepatocytes are
infected in these individuals, which would limit the extent of CTL-
mediated liver damage. 

Chronic infection
As discussed in detail below, HCV-specific CD8+ T cells can survive
for years in the persistently infected liver and thus might at least 
partially control ongoing viral replication and/or contribute to pro-
gressive liver disease. With regard to viral replication, it is noteworthy
that levels of viraemia remain relatively stable over time in subjects
with chronic infections even though they can differ widely between
individuals (Fig. 1). Data regarding the relationship between intra-
hepatic CTLs and viral load have been conflicting28–31, and thus
whether they contribute to control of HCV replication in chronic
hepatitis C or explain the wide variation in viraemia between individ-
uals is not known. Similarly, although virus-specific CTLs are con-
centrated within the liver in chronic infection29,30,32, they have only
inconsistently been correlated with disease severity29,31. Some studies
have documented an association between elevated transaminases and
liver infiltration by CD8+ T cells31,33, but it is possible that only a minor-
ity of the infiltrate is HCV specific34. Intrahepatic pro-inflammatory
cytokine messenger RNA (mRNA) levels have been correlated with
severity of portal inflammation and liver fibrosis35,36. However, it is
unclear whether HCV-specific liver infiltrating lymphocytes are the
major cellular source of pro-inflammatory cytokines, such as IFN-!,
in HCV-associated chronic hepatitis36. Importantly, recruitment of
other inflammatory cell types such as macrophages that can mediate
tissue injury also occurs in chronic hepatitis C36. Thus, studies to weigh
the contribution of both antigen-specific and antigen-independent
mechanisms in chronic hepatocellular injury are needed.

Parsing T-cell responses in resolving and persistent infections
Features that distinguish T-cell responses providing transient versus
permanent viral control are not fully defined. Comparisons have
focused on the number of epitopes targeted by acute-phase T cells,
their frequency in blood and their fate as infections clear or persist.
CD8+ T-cell responses are perhaps the best characterized. Successful
responses generally target multiple major histocompatibility complex
(MHC) class I-restricted epitopes in structural and non-structural
HCV proteins9,24,37,38, and frequencies against individual epitopes often
exceed 3–4% (ref. 37). Interestingly, late expansion of HCV-specific
CD8+ T cells may be accompanied by a further delay in their produc-
tion of IFN-!22,24,37, although the significance of this phenomenon to
infection outcome is uncertain.

Infections that follow a chronic course are usually marked by low
frequencies of CTLs targeting few epitopes28,39–42, although occasion-
ally the strength and breadth of the response can approximate those of
resolving infections43. HCV-specific CTLs are not necessarily deleted
as infections persist and, although difficult to detect in blood, can sur-
vive in the persistently infected liver for years29,30,32,44,45 and in some
cases target a surprisingly broad array of epitopes. For example, intra-
hepatic CTL populations recognizing eight HCV epitopes were con-
sistently recovered from a chimpanzee throughout years of persistent
infection45,46, and CTL clones isolated at diverse timepoints often
retained use of identically recombined T-cell receptor (TCR) " and #
chains47, providing genetic evidence of their remarkable stability
despite ongoing viral replication. These intrahepatic populations are
almost certainly a remnant of a once robust acute phase response.

Strong CD8+ T-cell immunity in acute resolving hepatitis C is
matched by vigorous, sustained CD4+ T-cell proliferation to multiple
recombinant structural and non-structural viral proteins19–21. By con-
trast, HCV antigen-driven proliferation in individuals who develop
persistent infections is usually weak or absent when compared with
spontaneously resolving infections19–22. Nevertheless, transient CD4+

T-cell proliferative responses that are indistinguishable from those in
acute resolving infections have been described21,22, and although pos-
sibly rare do indicate that HCV can evade what appears to be initially

Liver damage is monitored by levels of hepatic enzymes (transam-
inases) released into the serum following hepatocellular injury. Acute
hepatitis C is probably immunopathological because it coincides tem-
porally with expansion of virus-specific CD8+ T cells or cytotoxic T
lymphocytes (CTLs)9,22–24 and their acquisition of an activated pheno-
type25. Curiously, acute infection can sometimes resolve without a
serum transaminase increase. This could reflect non-cytolytic control
of some infections by T-cell-derived cytokines such as interferon-!
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Figure 1 |Schematic representation of the cellular immune response during
acute HCV infection. a, Viraemia (red line) is present early, and although it
usually falls from peak levels, it is never controlled. Persistent infection
ensues, with plasma viral levels that vary widely between individuals. CD4+

and CD8+ T-cell responses (black and green lines, respectively) and rises in
serum transaminase (blue) in this setting remain poorly characterized, and
may be weak or even absent. Progressive shading indicates the high degree of
variability in responses between individuals. b, Viraemia may persist for
many weeks in the absence of a demonstrable cellular immune response. The
delayed onset of CD4+ and CD8+ T-cell responses is associated with transient
control of viraemia and a variable rise in transaminases. However, following
contraction of the CD4+ T-cell response, viraemia rebounds and ultimately
infection persists. Detectable CD8+ T-cell responses may persist despite
chronic viraemia. Shading indicates variability in viral load between
individuals in the chronic phase. c, Although viraemia arises early and T-cell
responses are delayed, the virus becomes undetectable in plasma following
emergence of CD4+ and CD8+ T-cell responses, which are often coincident
with a variable rise in serum transaminases. A rebound in viraemia may occur
before final viral clearance. 
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(IFN-!)23,26,27, but it is also possible that relatively few hepatocytes are
infected in these individuals, which would limit the extent of CTL-
mediated liver damage. 

Chronic infection
As discussed in detail below, HCV-specific CD8+ T cells can survive
for years in the persistently infected liver and thus might at least 
partially control ongoing viral replication and/or contribute to pro-
gressive liver disease. With regard to viral replication, it is noteworthy
that levels of viraemia remain relatively stable over time in subjects
with chronic infections even though they can differ widely between
individuals (Fig. 1). Data regarding the relationship between intra-
hepatic CTLs and viral load have been conflicting28–31, and thus
whether they contribute to control of HCV replication in chronic
hepatitis C or explain the wide variation in viraemia between individ-
uals is not known. Similarly, although virus-specific CTLs are con-
centrated within the liver in chronic infection29,30,32, they have only
inconsistently been correlated with disease severity29,31. Some studies
have documented an association between elevated transaminases and
liver infiltration by CD8+ T cells31,33, but it is possible that only a minor-
ity of the infiltrate is HCV specific34. Intrahepatic pro-inflammatory
cytokine messenger RNA (mRNA) levels have been correlated with
severity of portal inflammation and liver fibrosis35,36. However, it is
unclear whether HCV-specific liver infiltrating lymphocytes are the
major cellular source of pro-inflammatory cytokines, such as IFN-!,
in HCV-associated chronic hepatitis36. Importantly, recruitment of
other inflammatory cell types such as macrophages that can mediate
tissue injury also occurs in chronic hepatitis C36. Thus, studies to weigh
the contribution of both antigen-specific and antigen-independent
mechanisms in chronic hepatocellular injury are needed.

Parsing T-cell responses in resolving and persistent infections
Features that distinguish T-cell responses providing transient versus
permanent viral control are not fully defined. Comparisons have
focused on the number of epitopes targeted by acute-phase T cells,
their frequency in blood and their fate as infections clear or persist.
CD8+ T-cell responses are perhaps the best characterized. Successful
responses generally target multiple major histocompatibility complex
(MHC) class I-restricted epitopes in structural and non-structural
HCV proteins9,24,37,38, and frequencies against individual epitopes often
exceed 3–4% (ref. 37). Interestingly, late expansion of HCV-specific
CD8+ T cells may be accompanied by a further delay in their produc-
tion of IFN-!22,24,37, although the significance of this phenomenon to
infection outcome is uncertain.

Infections that follow a chronic course are usually marked by low
frequencies of CTLs targeting few epitopes28,39–42, although occasion-
ally the strength and breadth of the response can approximate those of
resolving infections43. HCV-specific CTLs are not necessarily deleted
as infections persist and, although difficult to detect in blood, can sur-
vive in the persistently infected liver for years29,30,32,44,45 and in some
cases target a surprisingly broad array of epitopes. For example, intra-
hepatic CTL populations recognizing eight HCV epitopes were con-
sistently recovered from a chimpanzee throughout years of persistent
infection45,46, and CTL clones isolated at diverse timepoints often
retained use of identically recombined T-cell receptor (TCR) " and #
chains47, providing genetic evidence of their remarkable stability
despite ongoing viral replication. These intrahepatic populations are
almost certainly a remnant of a once robust acute phase response.

Strong CD8+ T-cell immunity in acute resolving hepatitis C is
matched by vigorous, sustained CD4+ T-cell proliferation to multiple
recombinant structural and non-structural viral proteins19–21. By con-
trast, HCV antigen-driven proliferation in individuals who develop
persistent infections is usually weak or absent when compared with
spontaneously resolving infections19–22. Nevertheless, transient CD4+

T-cell proliferative responses that are indistinguishable from those in
acute resolving infections have been described21,22, and although pos-
sibly rare do indicate that HCV can evade what appears to be initially

Liver damage is monitored by levels of hepatic enzymes (transam-
inases) released into the serum following hepatocellular injury. Acute
hepatitis C is probably immunopathological because it coincides tem-
porally with expansion of virus-specific CD8+ T cells or cytotoxic T
lymphocytes (CTLs)9,22–24 and their acquisition of an activated pheno-
type25. Curiously, acute infection can sometimes resolve without a
serum transaminase increase. This could reflect non-cytolytic control
of some infections by T-cell-derived cytokines such as interferon-!
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Figure 1 |Schematic representation of the cellular immune response during
acute HCV infection. a, Viraemia (red line) is present early, and although it
usually falls from peak levels, it is never controlled. Persistent infection
ensues, with plasma viral levels that vary widely between individuals. CD4+

and CD8+ T-cell responses (black and green lines, respectively) and rises in
serum transaminase (blue) in this setting remain poorly characterized, and
may be weak or even absent. Progressive shading indicates the high degree of
variability in responses between individuals. b, Viraemia may persist for
many weeks in the absence of a demonstrable cellular immune response. The
delayed onset of CD4+ and CD8+ T-cell responses is associated with transient
control of viraemia and a variable rise in transaminases. However, following
contraction of the CD4+ T-cell response, viraemia rebounds and ultimately
infection persists. Detectable CD8+ T-cell responses may persist despite
chronic viraemia. Shading indicates variability in viral load between
individuals in the chronic phase. c, Although viraemia arises early and T-cell
responses are delayed, the virus becomes undetectable in plasma following
emergence of CD4+ and CD8+ T-cell responses, which are often coincident
with a variable rise in serum transaminases. A rebound in viraemia may occur
before final viral clearance. 
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About 26% of individuals clear the infection within the first months.1



Distribution of set-point (baseline) viral load
for HIV and HCV

HIV: Fraser et al. (2007) PNAS
HCV: Nainan et al. (2006) Gastroenterology

infection by a flexible parametric model described in Methods.
The model describes the change in the mean duration as a
function of viral load and also allows for variability in the
duration, given a value of the set-point viral load. The best-fit
model is shown in Fig. 2. This demonstrates a pattern of decline
in the duration of asymptomatic infection with increasing viral
load with, as expected, more uncertainty in the estimates for
atypically high or low viral loads. Estimates of the mean duration
of asymptomatic infection range from 15.6 years [95% confi-
dence interval (c.i.), 9.4–31.3] for a set-point viral load of 1,000
viral copies per milliliter, through 9.7 years (95% c.i., 7.7–12.9)
for 10,000 copies, 4.9 years (95% c.i., 4.1–6) for 100,000 copies,
to 2.1 years (95% c.i., 0.9–3.7) for 1 million copies. Because these

estimates rely on the use of parametric forms to extrapolate to
extreme viral loads, we tested the use of a very general survival
function, the generalized gamma distribution, but this did not fit
the data significantly better (P ! 0.95). We also considered
allowing for the possibility that the mean duration could plateau
to a low nonzero value at high viral loads, but this also failed to
significantly improve the fit (P ! 0.18) [see Methods and Methods
in supporting information (SI) Text].

Infectiousness and Viral Load. Several studies have empirically
estimated the rates of HIV transmission in stable heterosexual
partnerships as a function of HIV-1 load (6, 7). Because these
studies have focused on demonstrating the significance of the
association rather than the functional relationship, we reana-
lyzed the data from the Zambian study (7), using a flexible
parametric function to describe the dependence of the annual
transmission rate within a partnership on viral load. The best-fit
model, along with 95% confidence intervals, is plotted in Fig. 3A.
Notably, we find that the transmission rate tends to reach a
plateau at high viral loads. To confirm that this was not an
artifact of our parametric assumptions, we plot the directly
inferred transmission rate for eight groups of subjects classed in
increasing octiles of viral load in Fig. 3B, where it is clearly seen
that there is no trend for increasing transmission between the top
five octiles. Estimates of the annualized transmission rate within
a stable long-term discordant partnership range from 0.02 year"1

(95% c.i., 0.001–0.084) for a set-point viral load of 1,000 viral
copies per milliliter, through 0.132 year"1 (95% c.i., 0.08–0.223)
for 10,000 copies, 0.279 year"1 (95% c.i., 0.223–0.343) for
100,000 copies, to 0.313 year"1 (95% c.i., 0.233–0.471) for 1
million copies. Fig. 3A also shows the transmission rate inferred

Fig. 1. The distribution of set-point viral loads. The distribution of viral loads
(copies per milliliter of peripheral blood) is plotted for untreated individuals
in the Amsterdam Seroconverters Cohort (black bars) and the Zambian Trans-
mission Study (7) (gray bars). The bars represent bins 0.5 log10 wide and are
labeled by their midpoint viral load.

Fig. 2. Set-point viral load and duration of asymptomatic infection. The
mean duration, in years, of the asymptomatic stage of infection is estimated
as a function of viral load. (A) Best-fit and 95% confidence interval estimates
are shown. (B) To ascertain the goodness of fit, Kaplan–Meier survival plots for
the asymptomatic period are shown for patients grouped into quartiles of
viral load (jagged lines, with crosses showing censored patients), along with
model predictions (smooth lines).

Fig. 3. Set-point viral load and infectiousness. The transmission rate per year
within a stable discordant partnership is estimated as a function of viral load.
(A) Best-fit and 95% confidence interval estimates of the transmission rate
based on a parametric model fitted to the data of ref. 7. The data from the
Rakai study (6) are shown for comparison (dashed line). (B) We also plot the
transmission rate as a function of the geometric mean viral load for subjects
grouped into ascending octiles of viral load for these data. This shows strong
evidence for saturation of the transmission rate at high viral loads.

17442 ! www.pnas.org"cgi"doi"10.1073"pnas.0708559104 Fraser et al.

were “intermediate” (1 ! 106-"1 ! 107 IU/mL), and
20.7% were “high” (!1 ! 107 IU/mL) (Figure 1A).
These concentrations assumed a near normal distribution
after log transformation (Figure 1B).

The HCV RNA geometric mean concentration was
2.1 ! 106 IU/mL, and concentrations #2 million IU/mL
were found in 53.0% (95% CI, 39.0–66.7) (Table 3).
The only factor significantly associated with higher con-
centration was age. A significantly higher proportion of
persons aged 40 years or older had concentrations #2
million IU/mL than persons aged less than 40 years (P $
.001). In contrast to the relationship between genotype
and age in which the distribution of genotypes differed
among persons aged less than 50 versus those 50 or more
years old, differences in titer by age were only significant
when the age cutoff used was 40 years. Because there
were small numbers in many subgroups and no clear
trends with reference groups established by previous
research, we did not attempt to establish the same age
cutoff for both comparisons.

Discussion
Despite the changing patterns of HCV transmis-

sion during the past 20–30 years in the United States,15

most HCV infections are the same genotype, genotype 1,
regardless of the population studied.16–21 However, there

appears to have been a temporal shift in the transmission
of the subtypes of genotype 1, as indicated in this study
by the predominance of genotype 1a compared with
genotype 1b overall, and particularly among younger
persons. Several studies from Western Europe where the
predominant genotype among HCV-infected persons
also is genotype 1 have reported similar age-specific
patterns for subtypes 1a and 1b.22–25 In addition, West-
ern European studies have found that a more diverse
population of genotypes, particularly 3a, developed
among younger persons compared with older per-
sons.22–24 In contrast, genotype 3a appears to account for
a smaller proportion of HCV infections overall among
persons studied in the United States ("10%) compared
with those studied in Western Europe (15%–20%).

Differences in genotype distribution by source for
infection also have been reported from studies from
Western Europe. Among patients referred for specialty
care, genotypes 1a and 3a predominated (60%–96%)
among younger persons or those with a history of injec-
tion drug use, whereas genotype 1b predominated
(50%–80%) among older persons or those with a history
of blood transfusion or hemodialysis.22–27 Source of in-
fection and age (or year of infection) were the major
factors found to be independently related to geno-
type,22,27–29 which suggested that certain genotypes were

Figure 1. Distribution of hepatitis C virus RNA concentrations among persons with chronic infection.
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Open questions

• What are the determinants of set-point (baseline) viral load levels?

• What type of immune responses (antibodies, CD8+ T cells, 
cytolytic, non-cytolytic) play a major role?

• Why can HCV, but not HIV, clear spontaneously?

• Can we learn something for drug therapy or vaccine 
development?



Mathematical model

HIV: Target cells T represent CD4+ T cells; no proliferation (rT = rI = 0).
HCV: Target cells T represent hepatocytes in the liver.

1

Determinants of viral persistence and clearance during HIV and
HCV infections
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Abstract

HIV and HCV are chronic viral infections that are characterized by a relatively stable set-point viral load.
In contrast to HIV, HCV can spontaneously clear in some patients after the acute phase of infection. The
immune response of the host has often been implicated as a cause of variation in HIV set-point viral load
levels and as an important factor for clearance of HCV. I examined the determinants of set-point viral load
and viral clearance of HIV and HCV infection using mathematical models. I randomly assigned realistic
host and viral dynamics parameters derived from the literature to a cohort of hypothetical patients. I
found that kinetic constraints of the virus dynamics can explain why HCV can be cleared, and HIV
cannot be cleared, after the acute stage of infection. The sensitivity of the predicted viral load levels on
changes of individual parameters was analyzed using partial rank correlation coe�cients (PRCC). Results
indicated that the production rates of target cells and viral particles are the primary determinants for
variation in set-point viral load levels during HIV infection. For HCV, the production and clearance rates
of viral particles both strongly influenced baseline viral load levels and the probability of spontaneous
clearance. Together, these findings suggests that non-cytolytic immune responses that modulate viral
production could play the primary role in determining the outcome of HIV and HCV infections.

Author Summary

[TODO!]

Introduction

Determinants of set-point and clearance/persistence in HIV/HCV is controversial [1].
What is the impact of cytolytic and non-cytolytic immune responses [2–5]?
Mathematical models can be used to gain a quantitative picture [6–8]. Many parameters are well

measured and understood.
What I did in this paper

Methods

Mathematical model

I used a generic virus dynamics model to describe the dynamics of HIV and HCV within a host [7, 9]:

dT

dt
= �� �V T + rT (1�

T + I

T
max

)� dT, (1)

dI

dt
= �V T + rI(1�

T + I

T
max

)� �I, (2)

dV

dt
= pI � cV, (3)

Generic virus dynamics model to describe the dynamics of HIV and 
HCV within a host1,2:

1 Perelson (2002) Nat Rev Immunol
2 Dahari et al. (2009) Gastroenterology



Parameter ranges of virus dynamics
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Figure Legends

Tables

Table 1. Parameter ranges of virus dynamics

Parameter Definition Unit HIV HCV
T
max

Total number of target cells 107 cells ml�1 – 0.4 - 1.3
d Death rate of target cells d�1 0.002� 0.087 0.001� 0.014
� Production rate of target cells cells ml�1 d�1 22.1� 191.5 1.0� dT

max

� Infection rate ml�1 virion�1 d�1 10�5 � 10�3 10�9 � 10�3

� Death rate of infected cells d�1 0.5� 1.5 d� 0.5
p Virus production rate virions�1 cell �1 d�1 103 � 105 0.1� 6.0
c Clerance rate of free virus particels d�1 9.1� 36 0.8� 22.0
rT Max. proliferation rate of target cells d�1 – 1.0� 3.0
rI Max. proliferation rate of infected cells d�1 – 0.1⇥ rT � rT

Althaus et al. (manuscript in preparation)
Ramratnam et al. (1999) Lancet

Markowitz et al. (2003) J Virol
Chen et al. (2007) PNAS

Dahari et al. (2009) Gastroenterology

- Random assignment of parameters to a cohort of 106 hypothetical 
patients
- Sampling from log-normal distributions
- Range reflects 95% of probability distribution



Distribution of set-point (baseline) viral load
for HIV and HCV
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- Models can account for wide variation in HIV set-point and HCV 
baseline viral load
- Clearance in 25% of HCV infections and 0.2% of HIV infections



Relationship between set-point HIV RNA
and individual parameters
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Relationship between baseline HCV RNA
and individual parameters
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Sensitivity of HIV and HCV viral load levels
on changes of individual parameters
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Figure 1. Distribution of set-point (baseline) viral load for HIV and HCV. Data represent a
cohort of 106 simulated patients.

Table 2. Sensitivity of set-point (baseline) viral load of HIV and HCV on changes of
individual parameters

Parameter Definition HIV HCV
T
max

Total number of target cells – 0.56
d Death rate of target cells -0.04 0.03
� Production rate of target cells 0.88 -0.29
� Infection rate 0.05 0.35
� Death rate of infected cells -0.69 -0.14
p Virus production rate 0.97 0.91
c Clearance rate of free virus particles -0.77 -0.87
rT Max. proliferation rate of target cells – -0.01
rI Max. proliferation rate of infected cells – 0.01

Partial rank correlation coe�cients (PRCC) higher than |0.75| are given in bold.

Calculating partial rank correlation coefficients (PRCC)1:

1 Blower & Dowlatabadi (1994) International Statistical Review 



Interpretation of PRCC

• Production of target cells has been previously suggested to cause most 
of the variation in HIV set-point viral load levels1

• Virus production rate p: Viral trait or modulated by non-cytolytic 
immune responses

• Clearance rate of virus particles c: Influenced by antibody response

1 Bonhoeffer et al. (2003) Trends Microbiol



Sensitivity of HCV clearance on changes
of individual parameters
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Figure 2. Scatter plot of the relationship between set-point HIV RNA and individual
parameters. HIV RNA levels are given as copies/ml. Data points represent a cohort of 103 simulated
patients.

Table 3. Sensitivity of HCV clearance on changes of individual parameters

Parameter Definition P
� Death rate of infected cells 83%
� Infection rate 65%
p Virus production rate 35%
c Clerance rate of free virus particels 28%

T
max

Total number of target cells 14%
rT Max. proliferation rate of target cells 10%
rI Max. proliferation rate of infected cells 7%
d Death rate of target cells 3%
� Production rate of target cells 2%

P denotes the probability of clearance when the parameter is set to the lower/upper limit from its range.

1. Simulated patient with infected steady-state (chronic infection)
2. Set individual parameter to lower or upper limit of range
3. Calculate the probability of clearance of infection



Interpretation of probability of clearance

• Death rate of infected cells δ: Influenced by cytolytic CD8+ T cell 
responses (range much larger than in HIV!)

• Infection rate β: Antiviral drugs (ribavirin)

• Virus production rate p: Antiviral drugs (telaprevir)



Conclusions

• Mathematical models account for large variation in HIV set-point and HCV 
baseline levels

• Models consistent with the expected proportion of HCV infections that 
clear spontaneously

• Cytolytic immune responses (CD8+ T cells) likely to play major role in HCV 
clearance1

• Non-cytolytic immune responses could play the primary role in 
determining the chronic outcome of HIV and HCV infections

1 Bowen & Walker (2005) Nature


