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Background. Mechanisms by which spontaneous clearance of acute hepatitis C occurs are unclear. A critical role for the innate
immune system and IFNL4 polymorphisms has been proposed. This study investigates whether Toll-like receptor (TLR) expression
and signaling during acute hepatitis C correlates with clinical outcomes.

Methods. Participants identified from the Australian Trial in Acute Hepatitis C and the Networks study were followed longitudinally
from the time of diagnosis of acute hepatitis C. Peripheral blood mononuclear cells (PBMCs) and plasma were collected at and 2 time
points after diagnosis. At each time point, TLR2, TLR4, and CD86 expression on peripheral blood monocytes, natural killer (NK) cells,
and NK T cells was measured, as well as the response of PBMCs to stimulation with TLR ligands. Cytokine and chemokine levels were
measured in stimulated PBMCs and plasma.

Results. We identified 20 participants with acute hepatitis C (10 with hepatitis C virus [HCV] monoinfection and 10 with HCV and
human immunodeficiency virus coinfection). Eleven participants (55%) spontaneously cleared HCV. Acute hepatitis C and spontaneous
clearance was associated with lower TLR4 expression on monocytes (P = .009) and NK cells (P = .029). Acute hepatitis C and sponta-
neous clearance was also associated with a reduced interferon γ response to TLR4 (P = .038) and TLR7/8 stimulation (P = .035), a reduced
interleukin 6 response to TLR7/8 stimulation (P = .037), and reduced IFN-γ–inducible protein 10 (IP-10) response to TLR2 stimulation
(P = .042). Lower plasma IP-10 levels were associated with spontaneous clearance (P = .001).

Conclusions. These findings implicate TLR4 signaling as playing a critical role in the outcome of acute hepatitis C.
Keywords. toll-like receptors; cytokines; hepatitis C.

Mechanisms by which spontaneous clearance of acute hepatitis C
occurs are unclear. Only 15%–50% of individuals with acute hep-
atitis C virus (HCV) infection spontaneously clear the virus [1].
Individuals with acute hepatitis C are particularly difficult to
identify, in part because the majority are asymptomatic at the
time of infection. As a result, limited data exist correlating host
immune response with clinical outcomes of acute hepatitis C,
in either HCV monoinfection or in HCV and human immuno-
deficiency virus (HIV) coinfection. Despite the recent develop-
ment of very effective direct antiviral therapy for HCV, these
drugs are expensive, and the development of a preventive HCV
vaccine remains a public health priority. Therefore, understand-
ing the pathogenesis of early HCV infection and the immunolog-
ical determinants of clinical outcome remain important.

The innate immune system is understood to play a critical role
in the pathogenesis of HCV infection. The major cytoplasmic
sensor for HCV is thought to be retinoic acid–inducible gene 1
(RIG-I), which recognizes double-stranded RNA intermediates
produced during the viral lifecycle and leads to stimulation of the
interferon (IFN) signaling pathway. Toll-like receptor 3 (TLR3)
also signals through this pathway, but it detects double-stranded
RNA intermediates within endosomes. Both RIG-I and TLR3 sig-
naling have been shown in vitro to have antiviral responses to
HCV [2–4]. More recently, variants in the region of the IL28B
gene that encodes the type 3 IFN, IFN-λ4, have been associated
with spontaneous clearance of acute hepatitis C [5]. This associa-
tion may occur via IFNL4-mediated induction of IFN-stimulated
genes (ISGs). IFNL4 polymorphism is highly predictive of sponta-
neous and IFN-α–induced HCV clearance in HCVmonoinfection
andHCV andHIV coinfection [6–10].Other components of HCV
are known to engage with the TLR4 and TLR2 receptors, and sig-
naling through these TLRs leads to the production of proinflam-
matory cytokines, as well as stimulating type 1/3 IFN through IFN
regulatory factor 3 [11, 12].

In chronic hepatitis C, TLR expression is increased in peripheral
blood mononuclear cells (PBMCs) in comparison to expression in
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healthy controls [11, 13–15]. Additionally, patients with chronic
hepatitis C demonstrate higher cytokine production following ex
vivo TLR stimulation. Increased TLR expression is also seen in
HIV monoinfection [16, 17]. Our laboratory has previously
shown that individuals with chronic hepatitis C, with either
HCV monoinfection, HCV and HIV coinfection, or HIV mono-
infection upregulate peripheral monocyte TLR2 and TLR4 protein
expression, in comparison to healthy controls [13, 18]. Of note, no
differences in TLR expression were identified between the virally
infected groups. These findings suggest that TLR expression and
function are intimately involved in the pathogenesis of chronic
hepatitis C.

There are no data yet looking at TLR2 or TLR4 expression in
the setting of acute hepatitis C. It is also not known whether
HCV and HIV coinfection alters TLR expression and thus in-
fluences different rates of spontaneous clearance. Overall, spon-
taneous viral clearance occurs less frequently in HCV and HIV
coinfection, suggesting that HIV infection may attenuate the
immune mechanism responsible for clearance [19]. Interferon
responsiveness is also reduced in HIV and HCV coinfection
as compared to HCV monoinfection [20–23].

In collaboration with the Australian Trial in Acute Hepatitis
C (ATAHC-I) and the Networks study, we performed a detailed
evaluation of the role of innate immune signaling as a determi-
nant of clinical outcomes in a unique cohort of individuals with
acute hepatitis C [24, 25]. This is the first study to investigate
TLR expression and functional cytokine response in the setting
of acute hepatitis C, in both HCV monoinfection and HCV and
HIV coinfection.

METHODS

Subjects
This was a longitudinal study of 10 HCVandHIV–coinfected and
10 HCV-monoinfected participants with stored PBMCs and plas-
ma identified from the ATAHC-I and Networks studies of acute
hepatitis C, as previously described [24, 25]. In the ATAHC-I, pa-
tients were followed longitudinally from time of diagnosis of
acute/early HCV infection, defined as first detection of anti-
HCV antibody within 6 months and clinical hepatitis C (jaundice
or an alanine aminotransferase [ALT] level of >10 times the upper
limit of normal) within the past 12 months or documented anti-
HCV seroconversion within the past 24 months. Estimated date
of infection in ATAHC-I participants was calculated either as 6
weeks prior to the onset of seroconversion, if present, or before
the first ALT level of >400 IU/mL or as the midpoint between
last negative anti-HCV antibody test and the first positive anti–
HCV antibody test result, if participants were asymptomatic. In
the Networks study, people who inject drugs were followed longi-
tudinally for up to 5 years, with blood samples collected up to 3
times monthly. Estimated date of infection in Networks partici-
pants was calculated as the midpoint between last HCV RNA–
negative test and the subsequent HCV RNA–positive test.

Spontaneous clearance of acute hepatitis C was defined as 2
tests >4 weeks apart in which HCV RNA was undetectable
(lower limit of detection, 10 IU/mL). PBMCs were collected at
the time of diagnosis of acute/early HCV infection and at 2 differ-
ent time points after diagnosis. This varied between each partici-
pant, based on participant follow up and availability of study
samples for analysis. HCV RNAwas detected in ATAHC-I partic-
ipants with the transcription-mediated amplification assay for
qualitative and quantitative HCV RNA (Versant, Bayer, Australia
[lower limit of detection, 10 IU/mL]; and Versant HCV RNA 3.0,
Bayer, Australia [lower limit of detection, 615 IU/mL], respective-
ly), and HCV genotype was determined by the Versant LiPa2
assay (Bayer, Australia). Qualitative HCV RNA testing was per-
formed for Networks participants by using the Cobas Amplicor
HCV Test, version 2.0 (Roche Diagnostics, Branchberg, NJ).
IFNL4 genotype (rs12979860) was determined by Sanger se-
quencing. The ATAHC-I protocol was approved by the Human
Research Ethics Committee at St Vincent’s Hospital and conduct-
ed according to the Declaration of Helsinki, the International
Council on Harmonization of Technical Requirements for Phar-
maceuticals for Human Use, and good clinical practice. The
Human Research Ethics Committee at the Alfred Hospital ap-
proved the Networks study protocol.

Flow Cytometry for Determination of TLR Expression on Peripheral
CD14+ Blood Monocytes and Natural Killer (NK) Cells
Detailed methods were previously described elsewhere [13]. In brief,
cell surface staining was performed on rapidly thawed PBMCs,
using the following fluorochrome-conjugated anti-human mono-
clonal antibodies: anti-TLR2- fluorescein isothiocyanate, anti-
TLR4-phycoerythrin (eBioscience), anti-CD86-allophycocyanin,
anti-CD14-allophycocyanin Cy7, anti-CD3-Pacific Blue, and anti-
CD56-phycoerythrin Cy7 (eBioscience). Isotype-matched nonbind-
ing control antibodies were used for comparison. A total of 10 000
CD14+ monocytes and CD56+ NK cells of each sample were ana-
lyzed; dead cells were gated out, based on their light scatter proper-
ties on the FACS Canto Flow Cytometer (Becton Dickinson). Data
were analyzed using FlowJo software (Tree Star, Ashland, OR).
TLR2, TLR4, and CD86 values were expressed as a ratio of the geo-
metricmean fluorescence of individual study patients to the geomet-
ric mean isotype control values for that patient.

PBMC Stimulation
A total of 1 × 106 thawed PBMCs from subjects were cultured at
37°C for 20 hours in Roswell Park Memorial Institute medium
with 1% L-glutamine, 1% penicillin, and 5% fetal calf serum
(FCS) and TLR ligands. PBMCs were stimulated with RPMI 5%
FCS (unstimulated control), 100 ng/mL Pam-3-Cys (a TLR2 li-
gand), 10 µg/mL polyinosinic:polycytidylic acid (a TLR3 ligand),
100 ng/mL lipopolysaccharide (LPS; a TLR4 ligand), 5 µg/mL
R848 (a TLR7/8 ligand), and 0.3 µM CpG ODN 2006 (a TLR9
ligand). All TLR ligands were from InVivoGen. Supernatants
were harvested after culture and stored frozen at −70°C until
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batch analysis. The concentrations of TLR ligand and the duration
of the incubation period were chosen on the basis of results of op-
timization experiments, to maximize cytokine output.

Measurement of Cytokine Levels by the Cytometric Bead Array Assay
and Enzyme-Linked Immunosorbent Assay (ELISA)
The cytometric bead array assay was performed on thawed tissue
culture supernatants at dilutions of 1:1, 1:10, and 1:100, to accom-
modate high levels of cytokine. IFN-γ–inducible protein 10 (IP-
10), monocyte chemoattractant protein 1 (MCP-1), interleukin
8 (IL-8), interleukin 10 (IL-10), IFN-γ, tumor necrosis factor α
(TNF-α), and interleukin 6 (IL-6) levels were measured simulta-
neously, according to the instructions provided by the manufac-
turer (BD Biosciences, San Jose CA). PBMCs cultured in medium
alone were used as controls. A series of 10 dilutions using cytokine
standards were run in each assay, for generation of standard
curves. The intensity of the fluorescence signal was measured
on the FACS Canto Flow Cytometer (Becton Dickinson), and
data were analyzed using FCAP Array Software (BD Biosciences).
Frozen plasma from subjects permitted measurement of sponta-
neous secretion of cytokines. The enhanced-sensitivity cytometric

bead array assay was performed to measure IFN-γ, IL-6, IL-8,
IL-10, and TNF-α levels. Commercial ELISA kits were used to
measure IP-10 andMCP-1 levels, according to the manufacturer’s
guidelines.

Statistical Analysis
Statistical analysis was performed using Stata, version 13.0. Par-
ticipant characteristics and laboratory measurements are present-
ed as median values and interquartile ranges. The Fisher exact
test was used to test for significant group differences in dichoto-
mous variables, and the independent samples t test was used for
continuous variables. As time points of blood collection for each
participant varied during the course of infection, group differenc-
es (acute hepatitis C and spontaneous clearance vs persistence,
HIV positive vs negative, and IFNL4 favorable vs unfavorable)
for each of the immunological outcomes were visualized using
locally weighted scatterplot smoothing (LOWESS) curves. Group
differences between the group with acute hepatitis C with spon-
taneous clearance and the group with acute hepatitis C without
clearance that appeared marked on the LOWESS graphs were
further investigated using random-intercepts multilevel model-
ing, with time and clearance status entered as the level 1 variables
and the patient identifier as the level 2 variable. Probability level
was set at a P value of≤ .05. No corrections for multiple com-
parisons were used, owing to the exploratory nature of the anal-
yses [26]. Subgroup analyses for group differences by HIV and
IFNL4 status were not performed because of sample size
limitations.

RESULTS

Characteristics of the Study Population
Twenty participants were included in this analysis (10 with HCV
monoinfection and 10 with HCV and HIV coinfection). Baseline
characteristics of the cohort are summarized in Table 1. Eleven
patients achieved spontaneous HCV clearance (5 with HCV
monoinfection and 6 with HCV and HIV coinfection), and 9 de-
veloped chronic HCV infection (5 with HCV monoinfection and
4 with HCV and HIV coinfection). Estimated duration of infec-
tion at screening was similar in both groups (25 vs 20 weeks). All
HIV-coinfected patients had CD4+ T-cell counts of >350 × 106

cells/L at the time of HCV infection, and 6 were receiving anti-
retroviral therapy. PBMCs and plasma were available for analysis
at 3 time points for 15 patients and at 2 time points for 5 patients.
Five with spontaneous clearance were HCV viremic at the first
time point (2 participants were also viremic at the second time
point) before clearing the virus. The remaining 6 with spontane-
ous clearance were aviremic at all time points.

A favorable IFNL4 genotype predicted spontaneous clearance
(P = .010). Participants who achieved spontaneous clearance were
otherwise comparable to those who developed chronic HCV infec-
tion in terms of age, sex, race, HCV genotype, bodymass index, and
jaundice.

Table 1. Baseline Characteristics of the Study Population

Characteristic
Spontaneous
Clearance Chronic Infection P Value

Subjects 11 (55) 9 (45)

Age, y 34.4 (26.2–39.4) 31.2 (29.3–46.2) .700

Male sex 10 (91) 9 (100) 1.000

Estimated duration of infection, wk

At screening 25 (9–33) 20 (8–38) 1.000

At first visit 46 (32–59) 43 (22–58) .669

At second visit 56 (43–76) 66 (45–90) .718

HCV aviremic

At screening 6 (55) 0 (0)

At first visit 9 (82) 0 (0)

At second visit 11 (100) 0 (0)

White 11 (100) 9 (100) 1.000

HIV coinfection 6 4 1.000

CD4+ T-cell count, ×106 cells/L 686 (613–806) 766 (534–882) .873

Receiving ART

Yes 4 2 .429

No 0 1

Unknown 2 1

HIV load, copies/mL 73.5 (43.8–7338) 48.5 (41.8–2338) .471

HCV genotype

1 5 3 .447

3 4 3

4 0 1

Unknown 2 0

Favorable IFNL4 genotype 8 (73) 1 (11) .010

Jaundice 3 (27) 2 (22) 1.000

Peak ALT level, U/L 589 (102–2030) 225 (124–502) .226

BMI 22.3 (20.4–28.3) 23.9 (20.4–27.1) .835

Data are no. of subjects, no. (%) of subjects, or median value (interquartile range).

Abbreviations: ALT, alanine aminotransferase; ART, antiretroviral therapy; BMI, body mass
index; HCV, hepatitis C virus; HIV, human immunodeficiency virus.
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TLR2, TLR4, and CD86 Expression on Peripheral Blood Monocytes, NK
Cells (Dim and Bright), and NK T Cells
Low TLR4 expression was associated with the likelihood of
spontaneous clearance. TLR4 expression on CD14+ peripheral
monocytes was significantly lower in participants who achieved
spontaneous clearance (P = .009; Figure 1). TLR4 expression was
also reduced on peripheral NK cells, on bright NK cells, and on
dim NK cells among individuals with spontaneous clearance
(P = .029, P = .038, and P = .050, respectively). The subjects with
spontaneous clearance were separated into those who were initially
viremic and those who were aviremic at the first time point, and
TLR4 expression was found to be low and at a similar level in
both groups (Figure 2). The HCV load of participants with persis-
tent infection did not differ significantly from that of the subjects
with spontaneous clearance who were viremic at the first time
point (P = .171). No difference in TLR4 expression was seen on
NK T cells (P = .096). HIV coinfection did not alter TLR4 expres-
sion when visualized on LOWESS curves (data not shown).
LOWESS curve analysis of TLR2 and CD86 expression on pe-
ripheral CD14+ monocytes, NK cells, and their subtypes showed

no differences according to clinical outcome of acute hepatitis
C. IFNL4 polymorphisms were associated with spontaneous
HCV clearance when visualized on LOWESS curves. There was
a strong but nonsignificant trend for the unfavorable IFNL4 ge-
notype to be associated with higher expression of TLR4 (P = .127)
and TLR2 (P = .291) on CD14+ monocytes (Supplementary
Data). Differences were not seen on NK cells or their subtypes.

Proinflammatory Cytokine Secretion
Plasma Levels

Plasma IP-10 levels were lower in participants who achieved spon-
taneous clearance as compared to those with persistent infection
(P < .001; Figure 3). No significant differences were seen in the
plasma levels of IFN-γ, IL-6, IL-8, IL-10, TNF-α, or MCP-1.

Levels of plasma IP-10 remained high on the LOWESS curve
among individuals carrying the unfavorable IFNL4 genotype,
but the difference did not reach statistical significance.

Cytokine Responses to TLR Stimulation of PBMCs

Reduced cytokine response to TLR4 (LPS) stimulation was asso-
ciated with the likelihood of spontaneous clearance. TLR4

Figure 1. Locally weighted scatterplot smoothing curves illustrating Toll-like receptor 4 (TLR4) expression during acute hepatitis C with or without spontaneous clearance.
Random-intercepts multilevel modeling found that TLR4 expression was significantly reduced on peripheral monocytes (A), natural killer (NK) cells (B), and bright (C) and dim (D)
NK cells during acute hepatitis C with spontaneous clearance (n = 9; blue/dark gray, cleared) than during acute hepatitis C without spontaneous clearance (n = 11; red/light gray,
chronic). The geometric mean fluorescence (GMF) ratio is calculated as the ratio of the geometric mean fluorescence of individual study patients to the geometric mean isotype
control values for that patient. This figure is available in black and white in print and in color online.
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stimulation resulted in significantly reduced levels of IFN-γ
among subjects with spontaneous clearance (P = .038) and a
nonsignificant trend toward lower IL-6 production (P = .078;
Figure 4). Similarly, TLR7/8 (R848) stimulation resulted in signif-
icantly lower IFN-γ (P = .029) and IL-6 (P = .037) production in
the setting of spontaneous clearance. Finally, TLR2 (P3C) stim-
ulation elicited lower levels of IP-10 among participants who
spontaneously cleared the virus as compared to those who did
not (P = .042). No differences in cytokine response were seen
with TLR3 or TLR9 stimulation. There was no association be-
tween HIV status and any innate immune marker in this study.

IFNL4 polymorphisms predicted the response to TLR4 (LPS)
stimulation. Individuals with the favorable IFNL4 genotype
demonstrated significantly lower IFN-γ production following
TLR4 stimulation (P = .016), in comparison to those with the
unfavorable IFNL4 genotype. Similarly, significantly lower
IFN-γ levels following TLR7/8 (R848) stimulation were found
in this group (P = .029).

DISCUSSION

We have performed a prospective, longitudinal analysis of the in-
nate immune response in a cohort of participants with acute hep-
atitis C, half of whom were coinfected with HIV. Despite the
small number of participants in this study, key differences in
TLR expression, spontaneous cytokine secretion, and functional
cytokine response were observed between those with acute hep-
atitis C who had spontaneous clearance and those without spon-
taneous clearance. No clear effect of HIV was identified, but our
numbers were small.

Individuals with spontaneous clearance of acute hepatitis C was
associated with significantly lower levels of TLR4 expression on pe-
ripheral blood monocytes, NK cells, and their subtypes (dim and
bright NK cells) as compared to those without spontaneous clear-
ance. These findings are consistent with previous work in our lab-
oratory that has shown an upregulation of TLR2 and TLR4
expression on peripheral monocytes in subjects with chronic hep-
atitis C, with or without HIV coinfection, compared to healthy con-
trols [13]. Further evidence implicating TLR4 receptors as a critical
player in the innate immune response to acute hepatitis C were the
reduced levels of IFN-γ in response to TLR4 (LPS) stimulation in
subjects with spontaneous clearance. TLR7/8 (R848) stimulation
also elicited differences between the 2 groups, with reduced IFN-
γ and IL-6 responses in the setting of spontaneous clearance. Of
note, no changes in plasma levels of IFN-γ or IL-6 were observed
in those with and those without spontaneous clearance.

Our results are the first to show differences in TLR protein ex-
pression and signaling in the setting of acute hepatitis C in rela-
tion to clinical outcome. We hypothesize that upregulation of
TLR4 expression and an increase in the TLR4 signaling pathway
is promoting viral persistence. The exact mechanism underlying

Figure 2. Hepatitis C virus (HCV) viremic status at the first time point. A, Toll-like
receptor 4 (TLR4) expression on peripheral monocytes at the first time point, with
participants grouped according to HCV viremic status. B, HCV load at the first
time point, with participants grouped according to HCV viremic status. Abbrevia-
tions: GMF, geometric mean fluorescence; PCR, polymerase chain reaction.

Figure 3. Locally weighted scatterplot smoothing (LOWESS) curve illustrating
plasma inducible protein 10 (IP-10) levels in acute hepatitis C (AHC) with and with-
out spontaneous clearance. Unstimulated plasma IP-10 levels were significantly
lower in AHC and spontaneous clearance, n = 11, (blue/dark grey, Cleared - LOWESS)
than AHC without spontaneous clearance, n = 9 (red/light grey, Chronic - LOWESS).
This figure is available in black and white in print and in color online.
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this is not clear, however, and further studies are required to in-
vestigate this. It is possible that HCV may be driving this increase
in TLR4 expression in those with persistent infection. However,
when we separated the subjects with spontaneous clearance into
those who were initially viremic and those who were aviremic at
the first time point, TLR4 expression was low and at a similar level
in both groups. Furthermore, no difference in HCV load was
found between subjects with spontaneous clearance who were ini-
tially viremic and participants with persistent infection, indicating
that TLR expression may be independent of HCV load.

Impairment of TLR4 signaling in HCV-infected dendritic
cells has been demonstrated in vitro [27]. In a murine replicon
model, TLR4 stimulation has been shown to suppress HCV
viral replication [28]. These findings, however, were in the set-
ting of chronic infection. TLR4 gene polymorphisms have been
shown to prognosticate liver fibrosis risk in a white population
[29]. In a Saudi Arabian population, an association between
TLR4 gene polymorphisms and chronic HCV infection was
identified but not with fibrosis [30]. Larger genome-wide asso-
ciation studies are needed to validate these findings. The TLR4

Figure 4. Locally weighted scatterplot smoothing (LOWESS) curves illustrating levels of interferon γ (IFN-γ), interleukin 6 (IL-6) and inducible protein 10 (IP-10) produced by stim-
ulated peripheral blood mononuclear cells in acute hepatitis C (AHC) with or without spontaneous clearance. Toll-like receptor 4 (TLR4) stimulation resulted in significantly reduced
levels of IFN-γ (A), and a non-significant trend toward lower IL-6 production (B) in AHC and spontaneous clearance, n = 11, (blue/dark grey, Cleared - LOWESS) than AHC without
spontaneous clearance, n = 9, (red/light grey, Chronic - LOWESS). TLR7/8 stimulation resulted in significantly lower IFN-γ (C) and IL-6 production (D) in AHC and spontaneous clear-
ance. IP-10 levels were significantly lower in AHC and spontaneous clearance following TLR2 stimulation (E). This figure is available in black and white in print and in color online.
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pathway has also been implicated as proviral in other infectious
diseases. Respiratory syncytial virus requires TLR4 signaling to
facilitate its clearance, whereas engagement of mouse mammary
tumor virus with TLR4 promotes its viral persistence [31, 32].
The data suggest that TLR4 expression and signaling may be in-
volved in the pathogenesis and persistence of HCV, and further
mechanistic studies are required.

IFNL4 polymorphisms may at least in part explain the associ-
ation of acute hepatitis C and spontaneous clearance with lower
TLR expression and functional cytokine response to ex vivo TLR
stimulation. IFNL4 polymorphisms predict spontaneous clear-
ance of acute hepatitis C. As expected, the majority of subjects
(8 of 11) with spontaneous clearance carried the favorable
IFNL4 genotype, and, correspondingly, the unfavorable IFNL4
genotypewas prevalent in those (8 of 9) who developed persistent
infection. The type III IFN IFN-λ4 is encoded by the IL28B gene
and upon binding to its corresponding receptor leads to the
induction of ISGs. Low pretreatment intrahepatic ISG expression
is strongly associated with the favorable IFNL4 genotype
(rs12979860; rs8099917) and is a positive predictor of cure by
IFN-based therapy in chronic hepatitis C [33–37]. Interestingly,
our laboratory also found an increase in intrahepatic TLR2/TLR4
and TNF-α messenger RNA expression in subjects with chronic
hepatitis C, with or without HIV coinfection, compared with
healthy controls [18]. The paradigm seen in chronic hepatitis
C, whereby IFN nonresponse is characterized by a preactivated
innate immune state, is potentially relevant in acute hepatitis
C. In the setting of chronic hepatitis C, Sarasin-Filipoicz et al
showed that slow responders to pegylated interferon-alfa/
ribavirin exhibited high pretreatment intrahepatic ISG expres-
sion, with no change in ISG expression following commence-
ment of treatment. This was in contrast to rapid responders,
who exhibited low pretreatment intrahepatic ISG expression
with strong ISG induction following treatment. Similarly, Taylor
et al showed greater changes during treatment in ISG expression
in PBMCs in rapid responders versus slow responders. IFNL4
genotype may determine these differences. No comparable intra-
hepatic data exists for acute hepatitis C. Higher TLR expression
and functional cytokine response in those who develop persistent
infection may reflect an innate immune system incapable of
mounting a response great enough to achieve viral clearance,
similar to that seen in chronic hepatitis C. Our findings extend
those of Villacres et al, who showed significantly higher basal
IL-6 secretion levels but reduced levels of IL-6 secretion following
TLR4 (LPS) stimulation in peripheral blood of 13 chronic HCV
infected subjects, compared with healthy controls (P < .05).

Intrahepatic and peripheral blood levels of IP-10 are high in
chronic hepatitis C. Additionally, low pretreatment serum IP-
10 level is a positive predictor of sustained virological response
to IFN-based therapy, with or without HIV coinfection [38–
44]. Grebely et al and Beinhardt et al found, in large cohorts of
patients with acute hepatitis C (n = 187 and n = 62, respectively),

lower IP-10 levels in screening blood samples from subjects with
spontaneous clearance (mean level [±SD], 248 ± 32 pg/mL vs
142 ± 22 pg/mL [P = .008]; and median level, 764 pg/mL vs
1481 pg/mL [P = .006]) [6]. Approximately half of the subjects
in the group studied by Beinhardt et al hadmultiple measurements
available on follow-up, in which IP-10 concentrations remained
low in subjects with spontaneous clearance. Similarly, our study
found that lower levels of plasma IP-10 were present in individ-
uals with acute hepatitis C achieving spontaneous clearance,
compared with those with persistent infection. This difference
persisted following TLR2 (P3C) stimulation, with significantly re-
duced levels of IP-10 associated with spontaneous clearance. We
hypothesize that a high level of IP-10, alongside an increase in IP-
10 response to TLR2 signaling, promotes viral persistence. Our
data fit with the growing body of evidence of the role IP-10
plays in the clearance of acute hepatitis C. A recent longitudinal
study by Riva et al in 16 patients with acute hepatitis C similarly
found significantly lower levels of IP-10, as well as a truncated
biologically inactive form of IP-10, in those who spontaneously
resolved the infection over the course of 12 months. They postu-
lated that IP-10, in its truncated form, acts as an antagonist to
biologically active IP-10, as it retains its CXCR3 binding ability.
This may explain the paradox of high IP-10 levels being associ-
ated with the development of persistent HCV infection in acute
hepatitis C and a poor treatment response in the context of
chronic HCV infection.

There are a number of limitations to our study. Identifying the
exact cell populations producing cytokines following ex vivo TLR
stimulation would provide further depth to our analysis, along-
side comparative intrahepatic TLR expression/signaling data.
As liver biopsy is rarely clinically relevant in the setting of
acute hepatitis C, this will prove a difficult area to study. A caveat
to our findings was the inability to discern whether TLR4 upre-
gulation in the setting of persistent infection was attributable to
HCV or ongoing hepatic inflammation. Finally, owing to low
numbers, we were not able to assess whether HIV-infected pa-
tients who had low CD4+ T-cell counts or were not receiving an-
tiretroviral therapy had impaired clearance.

In conclusion, our study is the first to illustrate differences in
TLR4 expression on peripheral monocytes and NK cells (and
their subtypes) and differing functional TLR responses, accord-
ing to clinical outcomes in acute hepatitis C. Although new
IFN-free therapies for chronic hepatitis C approach cure rates
of nearly 100%, acute hepatitis C will continue to remain an on-
going public health issue, and unraveling the immunology be-
hind viral clearance will be important in guiding management
for these patients, in addition to development of a HCV vaccine.
Last, owing to the high cost of the new HCV drugs, the predic-
tion of spontaneous clearance by analysis of biomarkers will
allow identification of patients who are likely to spontaneously
clear infection, so that they can defer therapy and thereby avoid-
ing unnecessary cost and toxicity.
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