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Adaptive immune responses in acute
and chronic hepatitis C virus infection

David G. Bowen' and Christopher M. Walker'?

The hepatitis C virus (HCV) persists in the majority of infected individuals and is a significant cause of human
illness and death globally. Recent studies have yielded important insights into immunity to HCV, in particular
revealing the central role of T cells in viral control and clearance. Other key features of adaptive immune
responses remain obscure, including mechanisms by which T cells control HCV replication, the role of antibodies
in conferring protection and how cellular and humoral immunity are subverted in persistent infection.

The hepatitis C virus is among the most successful of all persistent
human viruses. With a compact RNA genome thought to encode only
11 proteins, HCV persists in up to 70% of those infected by success-
fully undermining virus-specific immunity while leaving host
defences to other infectious agents intact. An estimated 170 million
individuals are infected worldwide, and approximately 38,000 new
infections occur annually in the United States alone'. Twenty percent
of persistently infected individuals will develop liver cirrhosis, and
hepatocellular carcinoma occurs in up to 2.5% (ref. 1). There is as yet
no vaccine against HCV. Furthermore, current anti-viral therapy is
expensive, relatively toxic and effective in only 50-60 % of patients
treated”. Understanding adaptive immunity to this virus is crucial for
the design of effective strategies to control HCV both in the infected
individual and globally.

The outcome of HCV infection is determined within six months of
exposure to the virus. Acute infection is often unrecognized because
symptoms are usually mild or absent. Initial views of immunity to
HCYV were therefore largely shaped by studies of chronically infected
individuals (reviewed in ref. 3). Recent prospective studies of humans
at high risk of HCV exposure and of experimentally infected chim-
panzees have provided a more complete picture of adaptive immunity
to the virus. In particular, control of acute primary viral replication is
associated with expansion of antiviral CD4" (helper) and CD8" (cyto-
toxic) T cells. Moreover, immunological memory conferred by spon-
taneous resolution of acute hepatitis C does not protect against
reinfection, but does substantially reduce the risk of persistence upon
re-exposure. Here we outline features of successful adaptive immune
responses to HCV and review current concepts of evasion strategies
that might explain defects in humoral and cellular immunity in those
individuals who develop persistent infections.

The humoral response to hepatitis C virus infection

Virus-specific antibodies are usually detectable approximately 7-8
weeks after HCV infection’. Whether antibodies neutralize HCV
infectivity is still incompletely understood. In support of a protective
role, HCV infectivity for chimpanzees has been neutralized by in vitro
treatment with antibodies’, and infection outcome in humans was
predicted by sequence changes in the hypervariable-1 region of the E2
envelope glycoprotein, a major target of the antibody response, that
occurred simultaneously with antibody seroconversion®. These
sequence changes are thought to represent escape mutations, and so

HCV almost certainly adapts to immune selection pressure exerted by
antibodies and, as will be discussed below, CD8" T lymphocytes. On
the other hand, the role of naturally acquired antibodies in protection
has been questioned because they do not prevent reinfection of
immune chimpanzees or humans”®. Moreover, resolution of HCV
infection can occur without the development of anti-HCV antibodies
in chimpanzees’ and in the absence of seroconversion by standard
assays in humans'.

Delineating the contribution of anti-HCV antibodies in infection
outcome will probably depend on development of in vitro culture
models for measuring their neutralizing capacity. Important progress
towards this goal has recently been described. Infectious lentiviral
pseudotype particles bearing native HCV envelope glycoproteins have
been used to show cross-viral genotype neutralization of HCV by
serum antibodies from chronically infected subjects''™*. However,
these antibodies are rare in individuals who resolve infection' ™, sug-
gesting that other mechanisms of adaptive immunity are important
contributors to viral clearance.

T-cell immunity, HCV replication and liver damage

Acute infection

HCV genomes and proteins have been visualized within human and
chimpanzee hepatocytes'", but estimates of the proportion infected
are variable and uncertain. Viraemia, or presence of HCV RNA
genomes in the bloodstream, is therefore used as a surrogate for intra-
hepatic HCV replication. Three broad patterns of acute phase replica-
tion were identified shortly after the discovery of HCV'® and are now
being reinterpreted as T-cell responses to viral proteins are defined.
HCV RNA genomes appear in the plasma within a few days of infec-
tion and typically peak 6-10 weeks later regardless of outcome'®**. A
pattern of poorly controlled viraemia predicts persistence (Fig. 1a) that
may be explained, at least in part, by the failure of some individuals to
generate detectable CD4" and CD8" T-cell responses™’?
(Fig. 1a). Further along the spectrum are individuals with transient
(Fig. 1b) or permanent (Fig. 1c) control of viral replication that is tem-
porally associated with late onset HCV-specific CD4" and CD8" T-cell
responses”'’*>. Why cellular immunity is often delayed for several
weeks, even in humans and chimpanzees who ultimately clear the
infection, is not yet understood”**". Viraemia also often rebounds
after the infection is substantially controlled” > and can be a prelude
to viral persistence.
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Figure 1| Schematic representation of the cellularimmune 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. ¢, 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.

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)***"** and their acquisition of an activated pheno-
type”. 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-y
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(IFN-y)***¥ but it is also possible that relatively few hepatocytes are
infected in these individuals, which would limit the extent of CTL-
mediated liver damage.

Chronicinfection

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 conflicting®®*', 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 infection****, they have only
inconsistently been correlated with disease severity’'. Some studies
have documented an association between elevated transaminases and
liver infiltration by CD8" T cells™”, but it is possible that only a minor-
ity of the infiltrate is HCV specific*. Intrahepatic pro-inflammatory
cytokine messenger RNA (mRNA) levels have been correlated with
severity of portal inflammation and liver fibrosis*’. However, it is
unclear whether HCV-specific liver infiltrating lymphocytes are the
major cellular source of pro-inflammatory cytokines, such as IFN-v,
in HCV-associated chronic hepatitis®. Importantly, recruitment of
other inflammatory cell types such as macrophages that can mediate
tissue injury also occurs in chronic hepatitis C*. 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
HCYV proteins®**¥**, 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-y****¥, 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 epitopes”***, although occasion-
ally the strength and breadth of the response can approximate those of
resolving infections®. 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 years®******** 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
infection**, and CTL clones isolated at diverse timepoints often
retained use of identically recombined T-cell receptor (TCR) acand 3
chains”, 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 proteins'". By con-
trast, HCV antigen-driven proliferation in individuals who develop
persistent infections is usually weak or absent when compared with
spontaneously resolving infections'****. Nevertheless, transient CD4"
T-cell proliferative responses that are indistinguishable from those in
acute resolving infections have been described*"*, and although pos-
sibly rare do indicate that HCV can evade what appears to be initially
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robust CD4" T helper (Ty) cell activity. Very importantly, permanent
loss of this HCV-specific proliferation during acute hepatitis C pre-
dicts persistence®'.

In addition to blunted and transient proliferative responses, CD4"
T cells from persistently infected individuals target few MHC class II-
restricted epitopes. For instance, in one study very few HCV-specific
CDA4" T cell lines were established from humans with persistent infec-
tion, whereas those with resolved infections recognized up to 14 dif-
ferent HCV epitopes*®. Despite the broad diversity of epitopes targeted,
preliminary studies in a chimpanzee with acutely resolving infection
suggest that evolution of a multi-specific CD4" T-cell response can be
complex, initially focusing on a limited number of dominant epitopes
and then spreading to additional targets only after viraemia is mostly
controlled®. Potential consequences for infection outcome of a Ty
response that is transiently narrow during a critical period of viral con-
trol have not yet been fully explored.

Memory T cells and HCV resolution

Control of viraemia is associated with the contraction of detectable
virus-specific CD4" and CD8" T-cell responses, almost certainly by
programmed death as normally occurs at the end of cellular immune
responses. This late phase of the response is often marked by resurgent
HCV replication that may reflect a delicate balance between slow clear-
ance of intrahepatic viral genomes and an easing of immune control as
virus-specific T cells die (Fig. 1b, c). As noted above, this rebound in
viraemia can lead to viral persistence after a transient period of control,
and it may reflect active evasion of T-cell responses in the very late
stages of acute hepatitis C. In contrast, infections that are successfully
controlled result in durable memory populations. For instance, most
subjects who resolved an accidental infection with a single source of
HCV-contaminated immunoglobulin® had strong HCV-specific T-cell
immunity in blood 18 years later, even though serologic responses to
the virus had waned in the majority. Durable intrahepatic memory is
probably also established, because T cells recognizing HCV antigens
have been recovered from the livers of chimpanzees several years after
spontaneous clearance of infection™.

T-cell memory may explain a substantially lower rate of HCV per-
sistence in re-exposed humans with a history of acute resolving hepati-
tis C*°. In support of this concept, immune chimpanzees have been
shown to be susceptible to reinfection, but there were marked reduc-
tions in the duration and peak of viraemia®**"* coinciding temporally
with massive CD4* and CD8" T-cell recall responses™ (illustrated
schematically in Fig. 2). Importantly, antibody-mediated depletion of
CD8" T cells from immune chimpanzees prolonged viraemia after
rechallenge with the same HCV strain, and viral clearance was pre-
cisely correlated with recovery of HCV-specific CD8" T cells within
the liver*. Treatment with anti-CD4 antibodies in a parallel experi-
ment resulted in HCV persistence, revealing the importance of mem-
ory CD4" T cells to infection outcome™ (Fig. 2).

Mechanisms of HCV persistence

Descriptions of the repertoire, frequency and fate of CD4" and CD8"
T cells in acute and chronic hepatitis C have provided limited insight
into their subversion by HCV. A variety of postulated mechanisms are
summarized in Fig. 3 and discussed below. It should be noted, how-
ever, that few enjoy substantial experimental support, and none can
fully account for the inability to generate or sustain a CD4" Ty cell
response.

Itis important to emphasize that, in the absence of advanced liver dis-
ease, defects in cellular immunity appear exquisitely HCV specific. Any
proposed model of evasion should therefore explain an antigen-specific
lesion in cellular immunity lasting for decades. This would seem to
exclude, for example, direct cytopathic destruction of infected T lym-
phocytes or antigen-presenting cells (APCs). Indirect suppression of T-
cell activity by viral proteins binding ubiquitous surface receptors is also
not easily reconciled with apparently normal immune function in per-
sistently infected individuals. Inmunomodulatory activity of HCV pro-
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teins like the viral nucleocapsid is nonetheless supported by in vitro cell-
culture models™, and it is possible that threshold protein concentrations
required for suppression are reached only in the infected liver or perhaps
during acute hepatitis C when viral replication peaks.

A number of mechanisms consistent with an HCV-specific defect
in immunity have been proposed. Two that are conceptually attractive
despite limited experimental support include an inability of effector T
cells to move to the infected liver” and impaired antigen presentation.
The potential for impaired antigen presentation in HCV infection
merits attention because it could explain defects in immunity ranging
from an apparent absence of HCV-specific T cells in some individuals
to substantially delayed or nonsustained responses in others. Dendritic
cells (DCs), the primary dedicated APC, may be particularly suscep-
tible to a potentially potent and multi-faceted attack on innate immune
mechanisms (see the review in this issue by Gale and Foy, page 939)
essential for their maturation and effective antigen presentation to T
cells. For instance, although natural killer (NK) cells are an important
direct mediator of the innate immune response that have been impli-
cated in the control of HCV infection™ and may be inhibited by the
HCV envelope E2 protein®®¥, they are also potent activators of DCs.
However, recent data from an in vitro cell-culture model indicate that
negative regulatory signals delivered to NK cells in the persistently
HCV-infected liver could interrupt this ability to mediate DC matura-
tion™. Inhibition of antigen presentation in HCV infection might also
be mediated more directly by the effects of viral proteins on DCs.
Monocyte-derived DC from the blood of persistently infected indi-
viduals may display defects in maturation or stimulation of allogeneic
T-cell responses™ . These have not been consistent findings in the lit-
erature, however®®, and permanent global defects in DC function
extending into the chronic phase of infection are not clinically evident.
On the other hand, a transient defect in DC function during acute
hepatitis C could be sufficient to alter the timing or vigour of T-cell
immunity and favour persistence.

Three other mechanisms of immune evasion that include mutational
escape of epitopes, functional anergy and regulatory T-cell activity enjoy
more substantial experimental support, even if their role in HCV per-
sistence is not proven. Most of the published studies so far have focused
on how these mechanisms alter HCV-specific CD8" T cell immunity;
their relevance to loss of CD4" T cell help is still mostly unexplored.

Mutational escape of HCV epitopes

In common with other highly mutable RNA viruses, HCV is well
adapted to generate genomic diversity that can be exploited to evade
CD8" T cells. The viral NS5b protein, an error-prone RNA-dependent
RNA polymerase, could be considered an immune evasion molecule
because it prolifically generates minor viral variants** with the poten-
tial to evade recognition. Epitopes may be lost because amino-acid
substitutions result in proteasomal destruction or impaired binding to
MHC molecules®. Alternatively, amino-acid changes can alter CTL
recognition of variant peptide—MHC complexes®.

One key criticism of the mutational escape hypothesis is that, even
with a high mutation rate, HCV is unlikely to evade multi-specific
CTL responses found in some individuals who develop chronic infec-
tion. Delaying expansion and acquisition of effector functions by CD8"
T cells for weeks during acute infection could favour accumulation of
variants with the potential to evade immune control. This delay on its
own is probably not sufficient to facilitate escape from a multi-specific
CTL response. When combined with the spontaneous loss of CD4" T-
cell help that precedes HCV persistence, however, CD8" T-cell func-
tion might be impaired to the point where they are no longer capable
of mediating viral clearance, but still exert sufficient immune pressure
to select for variant viruses. The concept that lack of help undermines
the effectiveness of HCV-specific CD8" T cells is supported by recent
data from immune chimpanzees™, where re-challenge with the same
HCYV strain following antibody-mediated depletion of CD4" T cells
resulted in persistent infections associated with CTL escape mutations
in multiple MHC class I-restricted epitopes™ (Fig. 2). Other immuno-

©2005 Nature Publishing Group



NATURE|Vol 43618 August 2005

Viraemia

CD4* T-cell response
CD8* T-cell response
Serum transminases

7/~ /\

INSIGHT REVIEW

Figure 2 | Schematic representation of
memory response to homologous HCV
re-challenge, and outcome of a third
challenge following CD4" T-cell
depletion. Following initial
rechallenge, the onset of viraemia (red
line) is associated with relatively rapid
onset of strong CD4" and CD8"
memory T-cell responses (black and
green lines, respectively). The level of
I viraemia is lower than in primary
infection, and viral clearance is more
rapid. Associated transaminase rises
(blue line) are also reduced. Following
CD4" T-cell depletion (indicated by a
red arrow), viral rechallenge is
associated with a weaker CD8" T-cell
response, which partly controls
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logical factors such as the TCR diversity used in HCV-specific CD8"
T-cell responses may also be a factor in the development of escape
mutations”, with narrower responses less able to constrain the emer-
gence of viral variants.

CD8" T-cell mediated selection pressure against HCV was first
demonstrated in the chimpanzee model*. Evidence for escape muta-
tions in human HCV infections has accumulated slowly, especially as
the sequence of the transmitted virus is rarely known. Early indirect
evidence for CTL escape mutations was inferred by comparison of cir-
culating sequences in chronically HCV-infected individuals with pro-
totypical epitopes®. These data have recently been reinforced by
studies where viral sequences were available either from the source or
during early infection, in which the development of persistent
viraemia was associated with escape mutations in targeted MHC class-
I-restricted epitopes® . Recent population-based approaches have
also provided further support for CTL-driven HCV evolution®”.

Studies in human (HIV) and simian (SIV) immunodeficiency virus
infections indicate that escape mutations may exact and be con-
strained by a ‘fitness cost’ to replication that varies between epitopes.
Following transmission of HIV or SIV to hosts expressing non-select-
ing MHC, certain epitopes with potentially high associated fitness cost
revert to wild-type sequence’"””. Others, presumably associated with
low replicative impairment, revert slowly or not at all’"”>. Recent analy-
ses of HCV-infected cohorts have demonstrated that mutations tend-
ing toward viral consensus do occur in prototypical epitopes
unrestricted by host MHC alleles®**”°, which may indicate reversion
of virus to more replicatively fit ancestral sequences. However, further
studies are required to define the extent to which fitness cost con-
strains the development of escape mutations within HCV epitopes.

It is important to note that the phenomenon of CTL escape muta-
tion may influence not just viral quasispecies within individuals, but
also the dominant viral species circulating in human populations.
Escape mutations within HIV epitopes restricted by common MHC
class I alleles may impart a ‘footprint’ of associated polymorphisms
upon viral species within a population’. Furthermore, CTL escape
mutations in epitopes with negligible fitness cost may persist in HIV
genomes transmitted to individuals without the restricting MHC class
I allele, to the point of becoming the dominant sequence observed ata
population level”. Thus, immunodominant HIV epitopes restricted
by MHC alleles that are common within a population may be lost from
circulating viral species”. Preliminary evidence indicates that com-
monly expressed HLA alleles may also influence HCV sequences at a
population level (S. Gaudieri, personal communication).

The relationship between fitness cost associated with escape muta-
tion and clearance of HCV infection remains largely unexplored. It is

viraemia but is followed by viral
rebound and persistence as escape
mutations emerge in MHC class-I-
restricted epitopes.

T Time

3rd infection

conceivable that CD8" T cells mediating viral clearance target a set of
protective epitopes functionally constrained from mutation. However,
there is as yet no experimental support for this hypothesis in an infec-
tion where patterns of epitope dominance are usually neither obvious
nor easily predicted from HLA class I haplotypes of infected subjects™.

The hypothesis that CD4" T cells can also exert immune selection
pressure is attractive because, as noted above, the response might ini-
tially focus on a limited set of dominant epitopes and may be influenced
by MHC class II allelic associations with infection outcome’. However,
although amino-acid substitutions in HLA class II epitopes of HCV can
skew patterns of cytokine expression” and antagonize’ or abrogate”
Ty cell activity, few MHC class II epitopes have been studied so far and
despite persistent HCV replication, amino-acid substitutions are rarely
observed®. Perhaps most importantly, formal statistical proof that the
rate of mutations that result in amino-acid substitutions is increased in
MHC class II-restricted versus unrestricted epitopes or flanking
regions of the HCV genome is still lacking.

It should be noted that many T-cell epitopes are intact in persis-
tently replicating HCV genomes and do not mutate despite an intense
and focal CD8" T-cell response®. These observations suggest that
mutational escape is not the only mechanism for evading antigen-spe-
cific T cells. Experimental evidence for two additional mechanisms,
functional anergy and generation of regulatory T-cell populations,
indicate that there are multiple complementary pathways to establish
or maintain viral persistence in the presence of HCV-specific T cells.

Deletion or anergy

Although deletion of antigen-specific CD8" T cells has been demon-
strated in chronic murine lymphocytic choriomengitis virus (LCMV)
infection®', no data are yet available as to whether such mechanisms
affect HCV-specific CD8" T cells. However, recent studies of HCV-
specific CD8" T cells have indicated that these cells may be function-
ally impaired, or anergic, in chronic disease*"*** and, consistent with
this loss of function, may exhibit phenotypic alterations characteristic
of early stages of differentiation®’. Interestingly, congruent with
chronic HCV infection, in LCMV infection CD8" T-cell anergy has
been associated with failing or absent virus-specific CD4" T-cell
responses®>™,

Although these findings suggest a possible role for CD8" T-cell
anergy in HCV persistence, their significance remains uncertain as
virus-specific CD8" T cells were also impaired after resolution of infec-
tion in at least one of these studies™. Furthermore, phenotypical alter-
ations of CMV-specific CD8" T cells have also been described in
chronic HCV infection despite a lack of clinically evident dysfunc-
tion”. Moreover, the majority of phenotypical studies of HCV-specific
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Figure 3 | Possible mechanisms of immune evasion by the hepatitis C virus.
Red lines and headings represent mechanisms for which there is the most
supporting in vivo experimental data; dotted lines indicate that although the
mechanisms indicated may be involved in viral persistence, their pathways

CD8" T cells have been performed on peripheral blood; it remains
possible that the characteristics of virus-specific CTLs may differ
within the liver, the primary site of infection. Thus, further examina-
tion of HCV-specific T cell phenotype and function is required before
definitive conclusions can be drawn.

Although persisting CTL responses are detectable in some chroni-
cally HCV-infected individuals, virus-specific CD4" T cell responses are
generally weak or absent when assessed using functional methods of
identification®™****%*, However, it remains unclear whether HCV-spe-
cific CD4" T cells are present but functionally impaired or have been lost
from the repertoire. In a recent study employing MHC class II tetramers
to identify antigen-specific cells independent of function, HCV-specific
CD4" T cells were not detected in chronically viraemic individuals®. By
contrast, a study in which upregulation of the activation marker CD25
in response to antigenic stimulation was used to identify HCV-specific
CD4" T cells indicated that such cells might be present, but functionally
altered”. It is also possible that loss of virus-specific CD4" T cells may be
somewhat epitope dependent, with cells specific for the core antigen
being more readily detected that those directed against the non-struc-
tural proteins’”. Interestingly, a sub-population of CD4" T cells specific
for HCV core that persist in chronic infection may be characterized by
altered patterns of cytokine production including secretion of the anti-
inflammatory cytokine interleukin (IL)-10 (ref. 91) or impaired secre-
tion of the survival cytokine IL-2 (ref. 92).

Regulatory T-cell populations
A subset of HCV-specific CD8" T-cell lines derived from the liver of a
persistently infected subject was found to produce the immune sup-
pressive cytokine IL-10, providing the first suggestion of MHC class-
I-restricted antigen-specific regulatory activity with the potential to
suppress antiviral T cells”. These data were reinforced by more recent
observations that intrahepatic CD8" T cells from persistently infected
subjects suppressed the in vitro proliferative responses of liver-derived
lymphocytes in an HCV-specific and IL-10-dependent manner™.

In addition to the presence of possible intrahepatic regulatory
CD8" T-cell populations, the proportion of CD4*CD25" regulatory T
cells may be elevated in the peripheral circulation of some chronically
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HCV-infected subjects when compared with recovered or uninfected
individuals®™”. Depletion of CD4"CD25" T cells from peripheral
blood increased the frequency of functional HCV-specific CD8" T
cells in in vitro assays”™ *, indicating the potential for regulatory activ-
ity to suppress antiviral responses. Interpretation of this observation is
not straightforward, however, because suppression extended to CD8"
T cells targeting cytomegalovirus, Epstein-Barr virus and influenza
virus”*. Our understanding of regulatory CD4" T cells in viral per-
sistence is further complicated by uncertainty over their localization
to secondary lymphoid organs or liver where antigen-specific interac-
tions relevant to HCV persistence are more likely to occur.

In summary, HCV persistence is predicted by a failure to generate
or sustain CD4" T-cell responses, and this outcome can be recapitu-
lated by anti-CD4 antibody treatment of immune chimpanzees, sug-
gesting that an HCV-specific loss of T-cell help is a central event
required for immune evasion. Although lacking in critical detail and
experimental proof, one working model of HCV persistence is that the
virus sets in train a series of cascading events where interference with
innate immunity causes a defect in CD4" T-cell help. Depending on
the severity of this impairment, CD8" T cells essential for viral clear-
ance either succeed or fail. Absence of adequate help could provide a
common explanation for two of the major defects observed in the
CD8" T-cell compartment, specifically mutational escape of MHC
class-I-restricted epitopes and functional anergy. It is, however, too
soon to discount the importance of other more direct mechanisms of
CD8" T cell inactivation, particularly in an organ like the liver with its
own unique populations of APCs that can modulate immunity”.

Vaccines for HCV: opportunities and risks

The temporal kinetic relationship between the onset of T-cell
responses and control of viraemia, and the altered outcome of infec-
tion in immune chimpanzees depleted of CD4" and CD8" subsets,
clearly indicate that cellular immunity is critical in prevention of HCV
persistence. These findings, combined with the observation that
immunity can even provide protection against different HCV geno-
types'®, have raised hopes for a safe and effective vaccine (see the
review in this issue by Houghton and Abrignani, page 961). Despite
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these positive developments, from the point of view of adaptive
immunity to the virus, it may be too soon to predict success. Our
understanding of humoral immunity to HCV, particularly the poten-
tial for antibody cross-reactivity among genetically diverse isolates and
the role of neutralizing antibodies, is still rudimentary. With regard to
cellular immunity, we still lack knowledge of how HCV is cleared and
itis notat all certain that robust virus-specific responses as assessed by
currently employed assays, in particular production of IFN-v, are ade-
quate surrogates for protective T-cell immunity. Perhaps the greatest
risk comes from our poor insight into how HCV inactivates primed
CD4" Ty cells even after they have contributed to transient control of
viraemia. Our ability to safely harness protective immunity by vacci-
nation may depend on the answers to these very basic questions. m

1. Bowmen, D. G. & Walker, C. M. The origin of quasispecies: cause or consequence of chronic
hepatitis C viral infection? J. Hepatol. 42, 408-417 (2005).

2. Pearlman, B. L. Hepatitis C treatment update. Am. J. Med. 117, 344-352 (2004).

3. Shoukry, N.H., Cawthon, A. G. & Walker, C. M. Cell-mediated immunity and the outcome of
hepatitis C virus infection. Annu. Rev. Microbiol. 58, 391-424 (2004).

4. Pawlotsky, J. M. Diagnostic tests for hepatitis C. J. Hepatol. 31 (Suppl 1), 71-79 (1999).

5. Farci, P. et al. Prevention of hepatitis C virus infection in chimpanzees after antibody-
mediated in vitro neutralization. Proc. Natl Acad. Sci. USA 91, 7792-7796 (1994).

6. Farci, P. et al. The outcome of acute hepatitis C predicted by the evolution of the viral
quasispecies. Science 288, 339-344 (2000).

7. Farci, P.et al. Lack of protective immunity against reinfection with hepatitis C virus. Science
258,135-140 (1992).

8. Lai, M.E.etal. Hepatitis C virus in multiple episodes of acute hepatitis in polytransfused
thalassaemic children. Lancet 343, 388-390 (1994).

9. Cooper, S. et al. Analysis of a successful immune response against hepatitis C virus.
Immunity 10, 439-449 (1999).

10. Post, J. J. et al. Clearance of hepatitis C viremia associated with cellular immunity in the
absence of seroconversion in the hepatitis C incidence and transmission in prisons study
cohort. J. Infect. Dis. 189, 1846-1855 (2004).

11. Bartosch, B.etal. In vitro assay for neutralizing antibody to hepatitis C virus: evidence for
broadly conserved neutralization epitopes. Proc. Natl Acad. Sci. USA 100, 14199-14204
(2003).

12. Logvinoff, C. et al. Neutralizing antibody response during acute and chronic hepatitis C virus
infection. Proc. Natl Acad. Sci. USA 101,10149-10154 (2004).

13. Meunier, J. C. et al. Evidence for cross-genotype neutralization of hepatitis C virus pseudo-
particles and enhancement of infectivity by apolipoprotein C1. Proc. Natl Acad. Sci. USA102,
4560-4565 (2005).

14. Negro, F. et al. Detection of intrahepatic replication of hepatitis C virus RNA by in situ
hybridization and comparison with histopathology. Proc. Natl Acad. Sci. USA 89, 2247-2251
(1992).

15. Nouri-Aria, K. T,, Sallie, R., Mizokami, M., Portmann, B. C. & Williams, R. Intrahepatic
expression of hepatitis C virus antigens in chronic liver disease. J. Pathol. 175, 77-83 (1995).

16. Abe, K., Inchauspe, G., Shikata, T. & Prince, A. M. Three different patterns of hepatitis C
virus infection in chimpanzees. Hepatology 15, 690-695 (1992).

17. Beach, M. J. et al. Temporal relationships of hepatitis C virus RNA and antibody responses
following experimental infection of chimpanzees. J. Med. Virol. 36, 226-237 (1992).

18. Alter, H. J. et al. Evaluation of branched DNA signal amplification for the detection of
hepatitis C virus RNA. J. Viral Hepatol. 2,121-132 (1995).

19. Missale, G. et al. Different clinical behaviors of acute hepatitis C virus infection are
associated with different vigor of the anti-viral cell-mediated immune response. J. Clin.
Invest. 98,706-714 (1996).

20. Diepolder, H. M. et al. Possible mechanism involving T-lymphocyte response to non-
structural protein 3 in viral clearance in acute hepatitis C virus infection. Lancet 346,
1006-1007 (1995).

21. Gerlach, J. T. et al. Recurrence of hepatitis C virus after loss of virus-specific CD4" T-cell
response in acute hepatitis C. Gastroenterology 117, 933-941(1999).

22. Thimme, R. et al. Determinants of viral clearance and persistence during acute hepatitis C
virus infection. J. Exp. Med. 194,1395-1406 (2001).

23. Thimme, R. et al. Viral and immunological determinants of hepatitis C virus clearance,
persistence, and disease. Proc. Natl Acad. Sci. USA 99, 15661-15668 (2002).

24, Shoukry, N. H. et al. Memory CD8" T cells are required for protection from persistent
hepatitis C virus infection. J. Exp. Med. 197, 1645-1655 (2003).

25. Lechner, F. et al. CD8" T lymphocyte responses are induced during acute hepatitis C virus
infection but are not sustained. Eur. J. Immunol. 30, 2479-2487 (2000).

26. Frese, M. et al. Interferon-gamma inhibits replication of subgenomic and genomic hepatitis
Cvirus RNAs. Hepatology 35, 694-703 (2002).

27. Lanford, R. E. et al. Antiviral effect and virus-host interactions in response to alpha
interferon, gamma interferon, poly(i)-poly(c), tumor necrosis factor alpha, and ribavirin in
hepatitis C virus subgenomic replicons. J. Virol. 77,1092-1104 (2003).

28. Rehermann, B. et al. Quantitative analysis of the peripheral blood cytotoxic T lymphocyte
response in patients with chronic hepatitis C virus infection. J. Clin. Invest. 98, 1432-1440
(1996).

29. Nelson, D.R. et al. The role of hepatitis C virus-specific cytotoxic T lymphocytes in chronic
hepatitis C. J. Immunol. 158, 1473-1481(1997).

30. Wong, D. K. et al. Liver-derived CTL in hepatitis C virus infection: breadth and specificity of
responses in a cohort of persons with chronic infection. J. Immunol. 160, 1479-1488 (1998).

31. Freeman, A. J. et al. The presence of an intrahepatic cytotoxic T lymphocyte response is
associated with low viral load in patients with chronic hepatitis C virus infection. J. Hepatol.
38, 349-356 (2003).

INSIGHT REVIEW

32. He, X.S. et al. Quantitative analysis of hepatitis C virus-specific CD8" T cells in peripheral
blood and liver using peptide-MHC tetramers. Proc. Natl Acad. Sci. USA 96, 5692-5697
(1999).

33. Kurokohchi, K. et al. CD28-negative CD8-positive cytotoxic T lymphocytes mediate
hepatocellular damage in hepatitis C virus infection. J. Clin. Immunol. 23, 518-527 (2003).

34. Abrignani, S. Bystander activation by cytokines of intrahepatic T cells in chronic viral
hepatitis. Semin. Liver Dis. 17,319-322 (1997).

35. Napoli, J., Bishop, G. A.,, McGuinness, P. H., Painter, D. M. & McCaughan, G. W. Progressive
liver injury in chronic hepatitis C infection correlates with increased intrahepatic expression
of Th1-associated cytokines. Hepatology 24, 759-765 (1996).

36. McGuinness, P. H., Painter, D., Davies, S. & McCaughan, G. W. Increases in intrahepatic
CD68 positive cells, MAC387 positive cells, and proinflammatory cytokines (particularly
interleukin 18) in chronic hepatitis C infection. Gut 46, 260-269 (2000).

37. Lechner, F. et al. Analysis of successful immune responses in persons infected with
hepatitis C virus. J. Exp. Med. 191,1499-1512 (2000).

38. Grakoui, A. et al. HCV persistence and immune evasion in the absence of memory T cell
help. Science 302, 659-662 (2003).

39. Koziel, M. J. et al. Hepatitis C virus (HCV)-specific cytotoxic T lymphocytes recognize
epitopes in the core and envelope proteins of HCV. J. Virol. 67, 7522-7532 (1993).

40.Takaki, A. et al. Cellular immune responses persist and humoral responses decrease two
decades after recovery from a single-source outbreak of hepatitis C. Nature Med. 6,
578-582(2000).

41. Wedemeyer, H. et al. Impaired effector function of hepatitis C virus-specific CD8" T cells in
chronic hepatitis C virus infection. J. Immunol. 169, 3447-3458 (2002).

42. Lauer, G. M. et al. High resolution analysis of cellular immune responses in resolved and
persistent hepatitis C virus infection. Gastroenterology 127, 924-936 (2004).

43. Urbani, S. et al. Heterologous T cell immunity in severe hepatitis C virus infection. J. Exp.
Med. 201, 675-680 (2005).

44.Koziel, M. J. et al. Intrahepatic cytotoxic T lymphocytes specific for hepatitis C virus in
persons with chronic hepatitis. J. Immunol. 149, 3339-3344 (1992).

45, Erickson, A. L. et al. The outcome of hepatitis C virus infection is predicted by escape
mutations in epitopes targeted by cytotoxic T lymphocytes. Immunity 15, 883-895 (2001).

46.Kimura, Y., Gushima, T, Rawale, S., Kaumaya, P. & Walker, C. M. Escape mutations alter
proteasome processing of major histocompatibility complex class |-restricted epitopes in
persistent hepatitis C virus infection. J. Virol. 79, 4870-4876 (2005).

47. Meyer-Olson, D. et al. Limited T cell receptor diversity of HCV-specific T cell responses is
associated with CTL escape. J. Exp. Med. 200, 307-319 (2004).

48.Day, C. L. et al. Broad specificity of virus-specific CD4+ T-helper-cell responses in resolved
hepatitis C virus infection. J. Virol. 76, 12584-12595 (2002).

49, Shoukry, N. H., Sidney, J., Sette, A. & Walker, C. M. Conserved hierarchy of helper T cell
responses in a chimpanzee during primary and secondary hepatitis C virus infections. J.
Immunol. 172, 483-492 (2004).

50. Mehta, S. H. et al. Protection against persistence of hepatitis C. Lancet 359, 1478-1483
(2002).

51. Bassett, S. E. et al. Protective immune response to hepatitis C virus in chimpanzees
rechallenged following clearance of primary infection. Hepatology 33,1479-1487 (2001).

52. Major, M. E. et al. Previously infected and recovered chimpanzees exhibit rapid responses
that control hepatitis C virus replication upon rechallenge. J. Virol. 76, 6586-6595 (2002).

53. Hahn, Y. S. Subversion of immune responses by hepatitis C virus: immunomodulatory
strategies beyond evasion? Curr. Opin. Immunol. 15, 443-449 (2003).

54, Accapezzato, D. et al. Subversion of effector CD8+ T cell differentiation in acute hepatitis C
virus infection: the role of the virus. Eur. J. Immunol. 34, 438-446 (2004).

55. Khakoo, S. 1. et al. HLA and NK cell inhibitory receptor genes in resolving hepatitis C virus
infection. Science 305, 872-874 (2004).

56. Crotta, S. et al. Inhibition of natural killer cells through engagement of CD81 by the major
hepatitis C virus envelope protein. J. Exp. Med. 195, 35-41(2002).

57. Tseng, C. T. &Klimpel, G. R. Binding of the hepatitis C virus envelope protein E2 to CD81
inhibits natural killer cell functions. J. Exp. Med. 195, 43-49 (2002).

58. Jinushi, M. et al. Negative regulation of NK cell activities by inhibitory receptor
CD94/NKG2A leads to altered NK cell-induced modulation of dendritic cell functions in
chronic hepatitis C virus infection. J. Immunol. 173, 6072-6081(2004).

59. Kanto, T. et al. Impaired allostimulatory capacity of peripheral blood dendritic cells
recovered from hepatitis C virus-infected individuals. J. Immunol. 162, 5584-5591
(1999).

60. Auffermann-Gretzinger, S., Keeffe, E. B. & Levy, S. Impaired dendritic cell maturation in
patients with chronic, but not resolved, hepatitis C virus infection. Blood 97, 3171-3176
(200M).

61. Bain, C. et al. Impaired allostimulatory function of dendritic cells in chronic hepatitis C
infection. Gastroenterology 120, 512-524 (20071).

62. Larsson, M. et al. Lack of phenotypic and functional impairment in dendritic cells from
chimpanzees chronically infected with hepatitis C virus. J. Virol. 78, 6151-6161(2004).

63. Piccioli, D. et al. Comparable functions of plasmacytoid and monocyte-derived dendritic
cells in chronic hepatitis C patients and healthy donors. J. Hepatol. 42, 61-67 (2005).

64.Bukh, J., Miller, R. H. & Purcell, R. H. Genetic heterogeneity of hepatitis C virus: quasispecies
and genotypes. Semin. Liver Dis. 15, 41-63 (1995).

65. Bowen, D. G. & Walker, C. M. Mutational escape from CD8" T cell immunity: HCV
evolution, from chimpanzees to man. J. Exp. Med. 201,1709-1714 (2005).

66. Chang, K. M. et al. Immunological significance of cytotoxic T lymphocyte epitope variants
in patients chronically infected by the hepatitis C virus. J. Clin. Invest. 100, 2376-2385
1997).

67. Timm, J. et al. CD8 epitope escape and reversion in acute HCV infection. J. Exp. Med. 200,
1593-1604 (2004).

68. Tester, | et al. Immune evasion versus recovery after acute hepatitis C virus infection from a
shared source. J. Exp. Med. 201,1725-1731(2005).

69. Cox, A. L. et al. Cellular immune selection with hepatitis C virus persistence in humans. J.
Exp. Med. 201,1741-1752 (2005).

70.Ray, S. C. et al. Divergent and convergent evolution after a common-source outbreak of
hepatitis C virus. J. Exp. Med. 201,1753-1759 (2005).

951

©2005 Nature Publishing Group



INSIGHT REVIEW

71. Leslie, A. J. etal. HIV evolution: CTL escape mutation and reversion after transmission.
Nature Med. 10, 282-289 (2004).

72. Friedrich, T. C. et al. Reversion of CTL escape-variant immunodeficiency viruses in vivo.
Nature Med. 10, 275-281(2004).

73. Leslie, A. et al. Transmission and accumulation of CTL escape variants drive negative
associations between HIV polymorphisms and HLA. J. Exp. Med. 201, 891-902
(2005).

74. Moore, C.B. et al. Evidence of HIV-1adaptation to HLA-restricted immune responses at a
population level. Science 296,1439-1443 (2002).

75. Altfeld, M. et al. The majority of currently circulating human immunodeficiency virus type 1
clade B viruses fail to prime cytotoxic T-lymphocyte responses against an otherwise
immunodominant HLA-A2-restricted epitope: implications for vaccine design. J. Virol. 79,
5000-5005 (2005).

76. Lauer, G. M. et al. Comprehensive analysis of CD8"-T-cell responses against hepatitis C
virus reveals multiple unpredicted specificities. J. Virol. 76, 6104-6113 (2002).

77. Wang, J. H., Layden, T.J. & Eckels, D. D. Modulation of the peripheral T-cell response by
CD4 mutants of hepatitis C virus: transition from a Th1to a Th2 response. Hum. Immunol.
64, 662-673 (2003).

78. Frasca, L. et al. Hypervariable region 1 variants act as TCR antagonists for hepatitis C virus-
specific CD4+ T cells. J. Immunol. 163, 650-658 (1999).

79. Wang, H. & Eckels, D. D. Mutations inimmunodominant T cell epitopes derived from the
nonstructural 3 protein of hepatitis C virus have the potential for generating escape
variants that may have important consequences for T cell recognition. J. Immunol. 162,
4177-4183 (1999).

80.Penna, A. et al. Intrahepatic and circulating HLA class II-restricted, hepatitis C virus-specific
T cells: functional characterization in patients with chronic hepatitis C. Hepatology 35,
1225-1236 (2002).

81. Moskophidis, D., Lechner, ., Pircher, H. & Zinkernagel, R. M. Virus persistence in acutely
infected immunocompetent mice by exhaustion of antiviral cytotoxic effector T cells.
Nature 362, 758-761(1993).

82. Gruener, N. H. et al. Sustained dysfunction of antiviral CD8+ T lymphocytes after infection
with hepatitis C virus. J. Virol. 75, 5550-5558 (2001).

83. Urbani, S. et al. Virus-specific CD8+ lymphocytes share the same effector-memory
phenotype but exhibit functional differences in acute hepatitis B and C. J. Virol. 76,
12423-12434 (2002).

84. Appay, V. et al. Memory CD8" T cells vary in differentiation phenotype in different
persistent virus infections. Nature Med. 8, 379-385 (2002).

85. Zajac, A. J. etal. Viralimmune evasion due to persistence of activated T cells without
effector function. J. Exp. Med. 188, 2205-2213 (1998).

86.Khanolkar, A., Fuller, M. J. & Zajac, A. J. CD4 T cell-dependent CD8 T cell maturation. J.
Immunol. 172, 2834-2844 (2004).

952

NATURE|Vol 436|18 August 2005|doi:10.1038/nature04079

87. Lucas, M. et al. Pervasive influence of hepatitis C virus on the phenotype of antiviral CD8" T
cells. J. Immunol. 172,1744-1753 (2004).

88.Rosen, H. R. et al. Frequencies of HCV-specific effector CD4" T cells by flow cytometry:
correlation with clinical disease stages. Hepatology 35,190-198 (2002).

89. Day, C. L. et al. Ex vivo analysis of human memory CD4 T cells specific for hepatitis C virus
using MHC class Il tetramers. J. Clin. Invest. 112, 831-842 (2003).

90. Ulsenheimer, A. et al. Detection of functionally altered hepatitis C virus-specific CD4 T cells
in acute and chronic hepatitis C. Hepatology 37,1189-1198 (2003).

91. MacDonald, A. J. etal. CD4 T helper type 1and regulatory T cells induced against the same
epitopes on the core protein in hepatitis C virus-infected persons. J. Infect. Dis. 185,
720-727 (2002).

92. Semmo, N. et al. Preferential loss of IL-2-secreting CD4+ T helper cells in chronic HCV
infection. Hepatology 41,1019-1028 (2005).

93. Koziel, M. J. et al. HLA class I-restricted cytotoxic T lymphocytes specific for hepatitis C
virus. ldentification of multiple epitopes and characterization of patterns of cytokine
release. J. Clin. Invest. 96, 2311-2321(1995).

94. Accapezzato, D. et al. Hepatic expansion of a virus-specific regulatory CD8" T cell
population in chronic hepatitis C virus infection. J. Clin. Invest. 113,963-972 (2004).

95. Sugimoto, K. et al. Suppression of HCV-specific T cells without differential hierarchy
demonstrated ex vivo in persistent HCV infection. Hepatology 38, 1437-1448 (2003).

96. Cabrera, R. et al. Animmunomodulatory role for CD4"CD25" regulatory T lymphocytes in
hepatitis C virus infection. Hepatology 40,1062-1071(2004).

97. Boettler, T.etal. T cells witha CD4"CD25" regulatory phenotype suppress in vitro
proliferation of virus-specific CD8" T cells during chronic hepatitis C virus infection. J. Virol.
79,7860-7867 (2005).

98. Rushbrook, S. M. et al. Regulatory T cells suppress in vitro proliferation of virus-specific
CD8" T cells during persistent hepatitis C virus infection. J. Virol. 79, 7852-7859 (2005).

99, Bertolino, P,, McCaughan, G. W. & Bowen, D. G. Role of primary intrahepatic T-cell
activation in the 'liver tolerance effect’. Immunol. Cell Biol. 80, 84-92 (2002).

100. Lanford, R. E. et al. Cross-genotype immunity to hepatitis C virus. J. Virol. 78, 1575-1581
(2004).

Acknowledgements Our research was supported by Public Health Service grants
to C.M.W. D.G.B. was supported by a C.J. Martin Fellowship from the National
Health and Medical Research Council of Australia and an AstraZeneca Fellowship
in Medical Research from the Royal Australasian College of Physicians.

Author Information Reprints and permissions information is available at
npg.nature.com/reprintsandpermissions. The authors declare no competing
financial interests. Correspondence and requests for materials should be addressed
to C.M.W. (walkerc@pediatrics.ohio-state.edu).

©2005 Nature Publishing Group




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


