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We measured interferon γ–induced protein 10 (IP-10) levels
in 428 patients at baseline, week 1, and week 2 of all-oral
treatment for hepatitis C virus (HCV) infection. An in-
creased baseline IP-10 level was associated with a T allele in
the IL28B gene, an increased alanine aminotransferase level
in treatment-naive but not experienced patients, and an in-
creased body mass index. At week 1, the mean decline in plas-
ma IP-10 levels was the same in treatment-naive and
treatment-experienced patients (−49%), whereas during
week 2 the mean decline in IP-10 levels in treatment-naive
patients (−14%) was significantly larger than in treatment-
experienced patients (−2%; P = .0176). IP-10 thus may be a
surrogate marker of the rate of intracellular viral replication
complex decay.
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Hepatitis C virus (HCV) establishes and maintains chronic infec-

tion in the liver by evading the host innate and adaptive immune

responses. After viral infection of hepatocytes, pathogen-associated

molecular patterns (PAMPs), including single-stranded or double-

stranded RNA and polyuridine signatures, are recognized by

Toll-like receptor 3 and retinoic acid–inducible gene 1 and trig-

ger signaling pathways. This activates transcription factors, such

as interferon regulatory transcription factor 3, that then mediate

gene expression (early phase response), ultimately resulting

in the production of interferon β (IFN-β) and activation of

the Jak-STAT pathway, with transcription of IFN-stimulated

genes (ISGs) during the second phase response [1]. ISGs limit

HCV replication by disrupting viral RNA translation, inhibiting

negative-strand RNA synthesis, and limiting cell-to-cell viral

spread through paracrine effects. Many PAMP receptors are

themselves ISGs, and levels increase markedly after IFN produc-

tion, resulting in an autocrine and paracrine amplification loop

that limits HCV replication [1].
IFN-γ–inducible protein 10 (IP-10; also known as CXCL-10)

is a member of the CXC subfamily of chemokines induced in

monocytes, fibroblasts, and endothelial cells by IFN-γ. IP-10

stimulates monocytes, natural killer cell, and T-cell migration

and acts as a chemoattractant for CXCR3+ T cells. Baseline plas-

ma IP-10 levels reflect intrahepatic levels and are a prognostic

marker of treatment outcome for patients treated with pegylated

interferon and ribavirin [2]. Higher baseline levels of IP-10 are

associated with lower sustained virologic response (SVR) rates

to interferon-based regimens [3–6]. The fold-increase in IP-10

after the first dose of pegylated interferon predicts SVR [6].

IP-10 concentrations decrease to lower than baseline levels in

patients who clear infection but remain unchanged in nonre-

sponders [7], and they similarly decrease to baseline in those

who spontaneously clear infection but remain elevated in

those who develop chronic infection [8], suggesting that HCV

infection itself is driving the elevated IP-10 levels.
Interferon-free treatment regimens for HCV infection com-

posed of directly acting antiviral agents (DAAs) provide a

unique opportunity to elucidate mechanistic and kinetic intra-

cellular relationships between HCV and the innate immune re-

sponse, potentially providing insight into the rate of decay of the

viral replication complex itself. Since exogenously administered

interferons stimulate IP-10 production, these relationships are

obscured in patients treated with interferon. The recent avail-

ability of interferon-free DAA regimens for the treatment of

HCV infection has provided an unprecedented opportunity to

better unravel the relationship between HCV and the innate

Received 10 December 2013; accepted 20 May 2014; electronically published 6 June 2014.
Presented in part: 28th Conference on Retroviruses and Opportunistic Infections, Atlanta,

Georgia, 3–8 March 2012 [poster 703]; 48th Annual Meeting of the European Association for
the Study of the Liver, Amsterdam, the Netherlands, 24–29 April 2013 [poster 470].

Correspondence: Robert T. Schooley, MD, University of California–San Diego, 9500 Gilman
Dr, No. 0711, San Diego, CA 92093 (rschooley@ucsd.edu).

The Journal of Infectious Diseases® 2014;210:1881–5
© The Author 2014. Published by Oxford University Press on behalf of the Infectious Diseases
Society of America. All rights reserved. For Permissions, please e-mail: journals.permissions@
oup.com.
DOI: 10.1093/infdis/jiu325

BRIEF REPORT • JID 2014:210 (15 December) • 1881

mailto:rschooley@ucsd.edu
mailto:journals.permissions@oup.com
mailto:journals.permissions@oup.com


immune response in the absence of perturbations caused by ex-
ogenous interferon. Accordingly, we have studied the effects of
potent DAA anti-HCV regimens on plasma IP-10 levels in 428
subjects from 3 phase 2 clinical trials.

METHODS

We studied DAA therapy for chronic HCV genotype 1 infection in
treatment-naive subjects (GS-US-248-0120), interferon-ineligible
or -intolerant subjects (GS-US-248-132), and treatment-
experienced subjects (GS-US-248-0131). Patients with chronic
HCV genotype 1 infection were randomly assigned to receive a
combination of 3–4 oral compounds: ledipasvir (LDV; NS5A
inhibitor), GS-9451 (NS3/4A inhibitor), tegobuvir (TGV; NS5B
inhibitor), and ribavirin (RBV). Study designs for these 3 phase
2 clinical trials are detailed online (http://www.clinicaltrials.gov;
clinical trials registrations NCT01353248, NCT01435226, and
NCT01434498) [9].

Plasma from 428 subjects (obtained at baseline, week 1, and
week 2) was analyzed for IP-10 levels, using the BMS 284INST
Human IP-10 Instant enzyme-linked immunosorbent assay
(eBioscience) as per the manufacturer’s protocol, using a
DTX 880 Multimode Detector (Beckman-Coulter). The assay
has a sensitivity of 1 pg/mL.

Interim clinical data were available for association tests. To
explore the association between baseline IP-10 level (<600 pg/
mL or ≥600 pg/mL) and demographic and baseline disease
characteristics, mean values (±standard deviation) and P values
(calculated by the t test) were determined for continuous char-
acteristics, and numbers and percentages of patients and P val-
ues (by χ2 tests) were determined for categorical characteristics.
One-way analysis of variance was used to explore the associa-
tion of baseline IP-10 (log10) levels with virologic outcomes.
Piecewise regression analysis was performed to characterize
the biphasic trend of IP-10 (log10) levels. The regression
model included patient population (treatment-naive and inter-
feron-ineligible or -intolerant subjects combined vs treatment-
experienced subjects), time with breakpoint at week 1, and the
interaction term between patient population and the breakpoint
as predictors and the random intercept with subjects nested
within patient population. Model estimates were then trans-
formed back to the original scale.

RESULTS

The mean plasma IP-10 level at baseline was 575 pg/mL.
We compared baseline demographic and disease characteristics,
as well as treatment outcome, for 268 patients with an IP-10
level of <600 pg/mL to those for 159 patients with an IP-10
level of ≥600 pg/mL (Table 1). An IP-10 level of <600 has pre-
viously been shown to predict interferon responsiveness and
SVR [4].

Higher baseline plasma IP-10 level was associated with older
age (mean age, 53 vs 51 years; P = .0264), IL28B rs12979860 ge-
notype CT or TT (81.7% vs 71.3%; P = .0167), and increased

Table 1. Baseline Demographic and Disease Characteristics,
by Plasma Interferon γ–Inducible Protein 10 Level

Characteristic
<600 pg/mL
(n = 268)

>600 pg/mL
(n = 159)

P
Value

Demographic

Age, y 51 ± 10.6 53 ± 9.0 .0264

Sex

Female 113 (42.2) 60 (37.7) .3675

Male 155 (57.8) 99 (62.3)

Race

Black 40 (14.9) 17 (10.7) .2137

Not black 228 (85.1) 142 (89.3)

Ethnicity

Hispanic 32 (12.0) 12 (7.6) .1511

Non-Hispanic 235 (88.0) 146 (92.4)

Not provided 1 1

BMIa 27.5 ± 4.44 29.0 ± 5.20 .0018

Clinical

IL28B genotype

CC 77 (28.7) 29 (18.4) .0167

Non-CC 191 (71.3) 129 (81.7)

Missing 0 1

HCV RNA level, log10 IU/mL 6.48 ± 0.704 6.57 ± 0.664 .2155

HCV genotype

1a 191 (71.3) 109 (68.6) .5529

1b 77 (28.7) 50 (31.5)

ALT level, U/L 70.5 (57.46) 81.5 (63.09) .0664

vRVR

GS-US-248-0120

Yes 64 (78.1) 29 (69.1) .2733

No 18 (22.0) 13 (31.0)

GS-US-248-0131

Yes 47 (54.0) 39 (52.0) .7970

No 40 (46.0) 36 (48.0)

GS-US-248-0132

Yes 70 (70.7) 28 (66.7) .6337

No 29 (29.3) 14 (33.3)

SVR12

GS-US-248-0120

Yes 46 (56.1) 24 (57.1) .9115

No 36 (43.9) 18 (42.9)

GS-US-248-0131

Yes 22 (25.3) 12 (16.0) .1478

No 65 (74.7) 63 (84.0)

GS-US-248-0132

Yes 44 (44.4) 11 (26.2) .0421

No 55 (55.6) 31 (73.8)

Data are no. (%) of subjects or mean ± SD. P values ≤.05 were considered
statistically significant.

Abbreviations: ALT, alanine aminotransferase; HCV, hepatitis C virus.
a Body mass index (BMI) is defined as the weight in kilograms divided by the
height in square meters.
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body mass index (defined as the weight in kilograms divided by
the height in square meters; mean, 29.0 vs 27.5; P = .0018), all
factors associated with impaired interferon response. Baseline
IP-10 levels were not associated with sex (P = .3675), ethnicity
(P = .1511), African American race (P = .2137), HCV RNA level
(P = .2155), or HCV subtype (P = .5529). Although the baseline
IP-10 level was not associated with alanine aminotransferase
(ALT) level in treatment-experienced patients (P = .5357), in
treatment-naive patients a higher ALT level was associated
with higher baseline IP-10 levels (P = .0032; data not shown).

Over the first 2 weeks of treatment, a biphasic pattern of de-
cline in plasma IP-10 levels was observed in each patient popu-
lation (P < .0001). From baseline to week 1, the mean IP-10 level
declined by 49% in treatment-naive patients and by 49% in treat-
ment-experienced patients. From week 1 to week 2, the mean
IP-10 level declined by an additional 14% in treatment-naive
and interferon-ineligible or -intolerant subjects but by only 2%
in treatment-experienced subjects, which was statistically signifi-
cant (P = .0176). Plasma HCV RNA levels also decayed rapidly,
with a biphasic pattern over this interval (Figure 1).

No significant associations between baseline plasma IP-10
levels or change in IP-10 levels and vRVR (defined as an

HCV RNA level less than the lower limit of quantification
from treatment weeks 2–10) or SVR12 (defined by the absence
of detectable HCV RNA 12 weeks after cessation of therapy)
results were observed (Table 1). Plasma IP-10 kinetics did not
differ between those on three- or four-drug regimens.

DISCUSSION

DAA therapeutics provide a unique opportunity to study the bi-
directional relationship between HCV and the innate immune
response. In our studies, lower baseline IP-10 levels are associ-
ated with IL28B CC genotype but not with treatment outcome,
as defined by vRVR or SVR, when using DAAs as opposed to
interferon. Although IL28B predicts responsiveness to pegy-
lated interferon/ribavirin regimens, it may have less relevance
in predicting the responsiveness of DAA-based therapies be-
cause of the increased potency of DAAs. As in other studies,
higher baseline IP-10 levels are also associated with more hepat-
ic inflammation and higher ALT levels [10–13].

Potent DAA therapy is associated with a rapid reduction in
plasma IP-10 level that parallels the reduction in HCV RNA
level in a biphasic pattern, both in treatment-naive patients

Figure 1. Plasma interferon γ–inducible protein 10 (IP-10) levels (squares) and mean log10 hepatitis C virus (HCV) RNA levels (triangles) in treatment-
naive patients (left panel) and treatment-experienced patients (right panel) prior to initiation of therapy and following weeks 1 and 2 of therapy.
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and treatment-experienced patients. However, the decline in IP-
10 level is significantly more pronounced during the second
week of the biphasic decay pattern in treatment-naive patients,
compared with treatment-experienced patients. Thus, IP-10
may be a surrogate marker of a slower decay of intracellular
viral replication complexes in treatment-experienced patients.

The rapid decline in IP-10 levels and HCV RNA levels in
both treatment-naive and treatment-experienced patients dur-
ing all-oral therapy for HCV infection supports prior viral
kinetics data indicating superior potency of these regimens,
compared with pegylated interferon/ribavirin therapy [14].
Since plasma IP-10 levels are in the range of 75–100 pg/mL in
those without HCV infection or following clearance of the virus
[10], one might consider plasma IP-10 levels in those who are
HCV infected to reflect both HCV-induced and HCV-indepen-
dent contributions. Thus, in this study, since we calculated rel-
ative declines from baseline levels in terms of total IP-10 levels,
our calculations underestimate the decline in HCV-induced IP-
10 levels. This further emphasizes the rate and magnitude of the
early phase innate immune response kinetics induced by these
potent new direct-acting agents.

Finally, in addition to serving as a biomarker of the collapse
of the HCV population within the liver, it is possible that the
brisk decline in IP-10 levels is an indicator of disruption of
an intrahepatic virus-host equilibrium that enables chronic pro-
ductive viral infection in an immunologically precarious niche
[15]. Retroviruses take advantage of an immunologically silent
integrated proviral DNA intermediary stage to maintain chron-
ic infection for the life of the host. Lacking such an immunolog-
ically silent intermediary, HCV has developed a number of
immune evasion strategies that allow individual hepatocytes
to produce virus for weeks without immune elimination. Rap-
idly evolving innate and adaptive immune responses result in
viral clearance during 15%–40% of acute HCV infections [S1–
S3]. If the virus is able to evade immune elimination during the
initial 4–6 months of infection, equipoise between the virus and
its host is established, and viral replication persists at levels 10–
100 times those of human immunodeficiency virus (HIV) for
the life of the host despite these potentially effective innate
and adaptive responses [14, S4, S6].

The ability of the virus to persist in the presence of adaptive
immune mechanisms may be explained, at least in part, by the
replicative infidelity of its RNA-dependent RNA polymerase
that enables the development of an extremely diverse viral pop-
ulation early in the acute phase of infection [S2–S5]. Intrahe-
patic downregulation of virus-specific cytotoxic T lymphocyte
activity may also contribute to evasion of cellular immunity
[S6]. Viral diversity would, however, not explain the ability of
HCV to evade the innate immune response. Indeed, the virus
has developed strategies to modulate several innate immune re-
sponse mechanisms that are triggered by detection of HCV
RNA and protein within the hepatocyte [1, S7, S8]. Viral

products that interfere with innate immunity include the
NS3-4a protease, which may disable RIG-I and NS5a, and the
E2 core protein, which may interfere with protein kinase R sig-
naling [S9]. Establishment of these innate immune evasion
mechanisms during acute infection and their maintenance dur-
ing chronic infection are likely to be the key determinants of
viral persistence.

HIV therapeutics was initially complicated by the rapid de-
velopment of drug-resistant variants under the selective pres-
sure of incompletely suppressive therapy. Durable viral
suppression was dependent on the development of several clas-
ses of potent antiretroviral agents with orthogonal resistance
mechanisms that made it possible to overcome the dual chal-
lenges of high viral replication rates and high degrees of viral
diversity [S10, S11]. In the case of HIV, clinical investigation
validated mathematical models that predicted that durable
viral suppression would require combinations of ≥3 drugs
that would require at least 5 different point mutations for the
virus to develop resistance to the entire regimen [S12]. Despite
replication rates 10–100 times those of HIV and degrees of viral
diversity in the range of 10 times that of HIV, it is striking that
SVR rates in HCV therapy of 90%–95% are being achieved with
as few as 2 DAAs [S13, S14]. Although there are a number of
potential explanations for these perhaps better than expected
response rates, it is possible that a rapid decay of viral compo-
nents within hepatocytes responsible for undermining the in-
nate immune response (including the NS3-4a, NS5a, and E2
proteins) results in a reciprocal restoration of critical elements
of innate immunity that augment the effectiveness of antiviral
therapy. With the loss of protection from these immune effector
mechanisms, HCV clearance is being achieved despite drug reg-
imens that might have been predicted to be incompletely effec-
tive on the basis of viral diversity and replication kinetics. More
direct measurements of the relationships of intrahepatic events
during the early DAA therapy will be required to more thor-
oughly investigate this hypothesis.
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