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Abstract

In chronic HCV infection, treatment failure and defective host immune response highly demand improved therapy
strategies. Vc9Vd2 T-cells may inhibit HCV replication in vitro through IFN-c release after Phosphoantigen (PhAg)
stimulation. The aim of our work was to analyze Vc9Vd2 T-cell functionality during chronic HCV infection, studying the role
of IFN-a on their function capability. IFN-c production by Vc9Vd2 T-cells was analyzed in vitro in 24 HCV-infected patients
and 35 healthy donors (HD) after PhAg stimulation with or without IFN-a. The effect of in vivo PhAg/IFN-a administration on
plasma IFN-c levels was analyzed in M. fascicularis monkeys. A quantitative analysis of IFN-c mRNA level and stability in
Vc9Vd2 T-cells was also evaluated. During chronic HCV infection, Vc9Vd2 T-cells showed an effector/activated phenotype
and were significantly impaired in IFN-c production. Interestingly, IFN-a was able to improve their IFN-c response to PhAg
both in vitro in HD and HCV-infected patients, and in vivo in Macaca fascicularis primates. Finally, IFN-a increased IFN-c-
mRNA transcription and stability in PhAg-activated Vc9Vd2 T-cells. Altogether our results show a functional impairment of
Vc9Vd2 T-cells during chronic HCV infection that can be partially restored by using IFN-a. A study aimed to evaluate the
antiviral impact of PhAg/IFN-a combination may provide new insight in designing possible combined strategies to improve
HCV infection treatment outcome.
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Introduction

Most Hepatitis C virus (HCV) infections evolve in persistent

infection, which may progress to fibrosis, cirrhosis, liver failure or

even hepatocellular carcinoma [1]. Current standard therapy is

based on a combination of pegylated (PEG)-IFN-a and ribavirin

(RBV) and treatment response may be influenced by several virus-

related factors such as HCV genotype and baseline titer of HCV

RNA [2,3]. A sustained virological response (SVR) occurs in

approximately 80% of patients infected with HCV genotypes 2 or 3,

and in approximately 45% for genotypes 1 or 4 [4]. New antiviral

strategies are currently in development for HCV infection and

include drugs targeting key viral enzymes such as NS3-4A and the

NS5B RNA-dependent RNA polymerase [5]. Although effective,

the use of these new antivirals seems associated to the selection of

drug-resistant HCV variants, resulting in viral breakthrough. Thus,

a combination between antivirals and standard treatment with IFN-

a and RBV is therefore necessary [3,6].

HCV persistence is mainly due to the failure of the host’s immune

system to effectively and definitively clear the infection and generate

protective cellular immunity. Indeed, marked quantitative and

qualitative defects of HCV-specific CD8 T-cells have been

described in HCV patients, correlated with innate immune cell

impairment such as dendritic cell (DC) [7] and NK cells [8–10]. In

this context, immune modulation could represent a promising

strategy aimed to restore protective immune response, inducing a

long lasting immunity, necessary to obtain viral eradication.

Among innate immune cells, Vc9Vd2 T-cells represent a good

target for immunotherapy in infectious diseases [11,12] for their

multifaceted response capability [13]. They may specifically be

activated both in vitro and in vivo by using phosphoantigens (PhAgs)

[14] and aminobisphosphonates [15] without any MHC restric-

tion. They elicit a dual antimicrobial activity, by directly affecting

microbial replication [13,16] and by modulating other cell subsets

such as DC activation and maturation [17], neutrophils recruit-

ment and activation [18], and Th1 immune response polarization

[19].

Vc9Vd2 T-cells are involved in host response to many chronic

viral infections, including HCV [13]. As observed in other chronic

infection such as HIV [20], a decrease of peripheral Vc9Vd2 T-
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cell subset was observed associated to HCV infection [10].

Activated Vc9Vd2 T lymphocytes were found able to inhibit

subgenomic HCV replication, and this effect was mediated mainly

by IFN-c release [21]. A role of recombinant IFN-c on sub-

genomic HCV replication was also described [22]. Moreover,

several studies showed that the combination of recombinant IFN-c
and IFN-a resulted in a strongly enhanced antiviral activity in the

HCV replicon model, opening the way to new combined treat-

ment approaches. Thus, IFN-c induced by Vc9Vd2 T-cell sti-

mulation could enhance standard treatment effectiveness.

In this work, phenotype and function of Vc9Vd2 T-cells were

analyzed during chronic HCV infection, evaluating possible strat-

egies aimed to improve their effector response. This approach was

validated in vivo in a non-human primate model.

Methods

Ethics statement
This study was approved by the Ethics Committee of the

National Institute for Infectious Diseases ‘‘L.Spallanzani’’, and all

enrolled individuals provided written informed consent.

All experiments on monkeys were performed in accordance with

the recommendations of the Weatherall report, and were previ-

ously approved by the regional ethical committee (Comité Régional

d’Ethique en Matière d’Expérimentation Animale de Strasbourg:

C.R.E.M.E.A.S.) (number approval: AL/01/01/01/06).

Patients
24 HCV-infected patients (16 males and 8 females, mean age:

54.9610.7) naı̈ve to treatment, and 35 healthy age-matched indi-

viduals (HD, 25 males and 10 females, mean age: 50.3613.2),

were recruited at the INMI L. Spallanzani. Patients clinical fea-

tures are described in Table 1. This study was approved by the

Ethics Committee of the Institute, and all enrolled individuals

provided written informed consent.

Plasma HCV quantification and genotyping
Plasma HCV-RNA levels were assayed by Abbott RealTi-

meHCV assay (Abbott Laboratories. Abbott Park, Illinois, U.S.A.).

Moreover, HCV genotype was determined by Abbott RealTime

HCV Genotype II Amplification Reagent kit.

Lymphocytes isolation and cd T cell purification
Peripheral blood mononuclear cells (PBMC) were isolated by

Lympholyte (Cedarlane, Canada). In selected experiments, cd T-

cells were purified from PBMC by immunomagnetic separation

using anti-cd-conjugated magnetic microbeads (Miltenyi Biotec,

Germany). The purity of cells fraction was .95% in all experi-

ments, as measured by flow cytometry analysis (data not shown).

Vc9Vd2 T-cell phenotyping
Phenotypic analysis of Vd2 T-cells from HCV and from HD was

performed by flow cytometry. Specifically, Vd2 T-cell subsets were

analyzed by using the following monoclonal antibodies: anti- Vd2

FITC (clone IMMU389), anti-CD3 PerCP-PC5 (clone UCHT-1),

from Beckman Coulter (Immunotech, France); anti-CD27 APC

(clone L128), anti-CD45RA CY-Chrome (clone HI100), anti-CD69

APC-Cy7 (clone FN50), anti-CD25 APC (clone M-A251) from BD

Biosciences (San Jose, CA, USA). Briefly, thawed PBMC (16106

cells/ml) were incubated with mAbs cocktail for 15 min a 4uC,

washed twice with wash buffer (PBS 16, 0.1% NaN3, 1% BSA) and

fixed with 1% paraformaldehyde (PFA, Sigma, St. Louis, MS).

Samples acquisition and data analysis were performed by a FACS

Canto II flow cytometer (Becton Dickinson) by using Diva software.

Cytokines production
Cytokine production by Vc9Vd2 T-cells was tested by using a

synthetic PhAg (IPH1101, Innate-Pharma, France) able to specif-

ically activate only Vc9Vd2 T-cells [14]. Specifically, purified

Vc9Vd2 T-cells from HD (n = 6) and PBMC from HD (n = 35) or

HCV-patients (n = 24) were stimulated with single PhAg (IPH1101:

3 mM), single IFN-a-2b (100 IU/ml, Schering-Plough, Belgium) or

PhAg plus IFN-a-2b combined stimulation; IFN-c production was

evaluated after 18 hours by ELISA test (Thermo Scientific, USA).

Moreover, in selected HCV and HD, the frequency of IFN-c-

producing Vc9Vd2 T-cells was monitored. Briefly, PBMC were

stimulated for 18 h with PhAg or PhAg/IFN-a in the presence

of Brefeldin A (10 mg/ml) (Serva, Germany) to block cytokine

secretion. Intracellular staining was performed by staining cells for

15 minutes at 4uC with anti-Vd2 FITC antibody; after washing,

cells were fixed with 1% PFA (Sigma, St. Louis, MS) and stained at

room temperature with an APC-labeled IFN-c specific antibody

(clone B27), in permeabilizing solution (PBS 16, 0.1% NaN3, 1%

BSA, 0.5% saponin). After washing (PBS 16, 0.1% NaN3, 1%

BSA, 0.1% saponin), cells were acquired by flow cytometer (FACS

Canto II flow cytometer) and data were analyzed by using Diva

software. The frequency of IFN-c-producing Vc9Vd2 T-cells and

the IFN-c MFI (Median Fluorescence Intensity) were compared

between HD and HCV-infected patients.

In vivo drug administration and cytokine quantification
in animal system

8 naı̈ve cynomologus macaques (Macaca fascicularis) were included

in the study: 6 animals were purchased from Noveprim (Ferney S.E,

Mahebourg, Mauritius) and 2 from CDP (ULP Strasbourg, France).

Animal welfare conditions conformed to the European require-

ments, comprising monitored temperature, humidity, air change,

and lighting cycle. All experiments were previously approved by the

regional ethical committee (Comité Régional d’Ethique en Matière

d’Expérimentation Animale de Strasbourg: C.R.E.M.E.A.S.) (num-

ber approval: AL/01/01/01/06). At the beginning of the study,

body weights ranged from 2.2 to 5.8 kg. In order to avoid suffering,

animals were anaesthetized with Ketamine 1000 ND (10 mg/kg

IM) before any procedure. Group 1 (4 animals) was injected s.c. with

3 mg/Kg of IPH1201 (C-HDMAPP) a second generation synthetic

PhAg able to specifically activate Vc9Vd2 T-cells (Innate-Pharma,

France) (solution 4%, borate buffer). Group 2 (4 animals) was

injected subcutaneously (s.c.) with 3 mg/Kg of IPH1201 and with

27 mg/animal s.c. of Interferon a-2a pegylated, PegasysH (Roche).

Table 1. Main clinical features of Healthy Donors (HDs) and
HCV patients.

Group Gender Age AST ALT HCV HCV

(M/F) (years) (mU/ml) (mU/ml) Genotype VL (log)

HD 25/10 50.3613.2 22.868.2 21.667.1 n.t. n.t.

(n = 35)

HCV 16/8 54.9610.7 60.7634.4 55.0639.6 1 (n = 11) 5.9560.59

(n = 24) 2 (n = 5)

3 (n = 5)

4 (n = 3)

n.t.: not tested.
doi:10.1371/journal.pone.0037014.t001
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The dose of Pegasys is the same as that used in the clinical care of

HCV patients. Blood samples were collected before and after 4, 8,

12, 16, 20, 24, 28 hours after treatment, and sera were stored for

further analysis. IFN-c plasma levels were analyzed by ELISA

(Biosource).

Analysis of IFN-c-mRNA level and stability
RNA from purified cd T cells was extracted with Trizol reagent

(Invitrogen, USA). One mg total RNA was reverse transcribed by

TaqMan Reverse Transcription Reagent kit (Applied Biosystems,

USA) according to manufacturer’s instructions. IFN-c-mRNA

level was quantified by qPCR performed using Taqman 26PCR

Master mix (Applied Biosystems, USA) and a 7900 HT Fast Real-

Time PCR system machine by using primers and probe sets for

IFN-c-mRNA and b-actin as described in [23]. Results are ex-

pressed as normalized to b-actin expression.

mRNA stability was evaluated by adding 10 mg/ml actinomycin

D (ActD) after 18 hours of PhAg (IPH1101: 3 mM) or IFN-a
(100 IU/ml) stimulation. IFN-c-mRNA levels were evaluated by

qRT-PCR just before Actinomycin addiction (t0), and after 30 and

120 minutes of culture, and expressed as normalized to b-actin.

mRNA stability was evaluated by calculating half-life times of

IFN-c-mRNA by linear regression (GraphPad Prism).

Statistical analysis
Statistical significance was determined by GraphPad Prism

software (GraphPad). Differences between groups were evaluated

by non parametric Mann-Whitney test; Wilcoxon test was used

when comparing different culture conditions of the same cells.

Tests were considered significant when p,0.05. IFN-c-mRNA

half life was evaluated by linear regression.

Results

Vc9Vd2 T-cell phenotype and function in HCV-infected
patients

Vc9Vd2 T-cell subsets were analyzed in 24 HCV-infected

patients (HCV), naı̈ve to treatment, and compared with 35 healthy

donors (HD). In chronic HCV patients a slight but significant

decrease in circulating Vc9Vd2 T-cell frequency was observed

[HCV: median 1.140% (IQR: 0.49–2.16) vs. HD: 1.770% (1.080–

2.290), p = 0.0362, Figure 1A], confirming previous results [10].

Moreover, Vc9Vd2 T-cell differentiation profile showed a signi-

ficant increase in Vc9Vd2 effector cells (CD45RA+CD27-) in

HCV patients [HCV: median 6.5 (IQR: 3.5–13.0) vs. HD: 2.2

(0.7–7.2), p = 0.0214], suggesting that chronic HCV infection

induced Vc9Vd2 T-cell differentiation toward effector functions

(Figure 1A–B). Moreover, CD25 and CD69 expression on Vc9Vd2

T-cells were slightly but significantly increased in HCV patients as

compared to HD [CD25: HCV median 0.8% (IQR 0.2–2.0) vs.

HD 0.0% (IQR: 0–0.6), p = 0.0435; CD69: HCV median 1.6 (IQR

0.9–4.8) vs. HD 0.7 (IQR: 0.6–0.9), p = 0.0317, Figure 1C–D],

suggesting that HCV-induced chronic inflammation may increase

basal activation of these cells.

It is well known that PhAgs specifically activate only Vc9Vd2 T-

cell subset inducing IFN-c release [14]. Thus, IFN-c production

by Vc9Vd2 T-cells from HCV-infected patients (n = 24) and HD

(n = 20) was analyzed by stimulating PBMC for 18 hours with

a Vc9Vd2 T-cells specific PhAg (3 mM). The amount of IFN-c
released in supernatants was measured by ELISA (Figure 2A).

PBMC from HCV patients showed a profound impairment in

IFN-c production after PhAg stimulation [HCV: median 4.4 pg/

ml (IQR: 0.0–14.9) vs. HD: 77.1 pg/ml (69.5–158.1), p,0.0001].

Finally, we wondered whether the lower IFN-c production

observed in chronic HCV infected patients was the result of a

decreased frequency of IFN-c-producing Vc9Vd2 T-cells, or of a

reduced amount of IFN-c produced by each cell. To this aim, we

quantified the frequency of IFN-c-producing Vc9Vd2 T-cells by

intracellular staining and flow cytometry. As shown in Figure 2B,

no statistically significant differences in the frequency of PhAg-

stimulated Vc9Vd2 T-cells between HD and HCV was observed,

suggesting that HCV infection reduced the amount of IFN-c
produced by each responding cells. Indeed, the IFN-c MFI after

PhAg stimulation was lower in HCV patients than in healthy

donors [HCV-MFI: 13830 (IQR: 12240–18440) vs. HD-MFI:

40340 (IQR: 38652–51900), p,0.05, Figure 2C], confirming a

reduced capability of each responding cells to produce IFN-c.

Moreover, a slight percentage of Vc9Vd2 T-cells from HCV-

infected patients were able to produce IFN-c in the absence of

antigenic stimulation [HCV: median 0.9% (IQR: 0.35–1.75) vs.

HD: 0% (0–0.34), p,0.05], Figure 2b), confirming an activated/

effector phenotype.

IFN-a improves in vitro and in vivo Vc9Vd2 T-cell
responsiveness to PhAg stimulation in HD and in non-
human primates

In order to evaluate whether IFN-a could improve Vc9Vd2 T-

cell responsiveness to PhAg, purified Vc9Vd2 T-cells were sti-

mulated with single PhAg (3 mM), single IFN-a (100 IU/ml) and

combined (PhAg/IFNa) for 18 hours. At the end of incubation

IFN-c released by Vc9Vd2 T-cells was evaluated by ELISA test

(Figure 3A). As shown in Figure 3A, IFN-a was able to improve

IFN-c release by Vc9Vd2 T-cells [PhAg: median 1996 pg/ml

(IQR: 1791–2115) vs. PhAg/IFNa: 2953 (2550–3042), p,0.05].

Moreover, dose response experiments showed that IFN-a did not

modify EC50 of PhAg but it was able to induce a dose dependent

increase of IFN-c production (data not shown).

To verify if IFN-a could also improve in vivo Vc9Vd2 T-cell

responsiveness to PhAg stimulation, non-human primates (M.

Fascicularis) were injected with 3 mg/Kg s.c. of PhAg (Group 1,

n = 4) or with 3 mg/Kg of PhAg s.c. and 27 mg/animal s.c. of

PEG-IFN-a (Group 2, n = 4). Plasma IFN-c levels were analyzed

before administration, and after 4, 8, 12, 16, 20, 24, 28 hours. As

shown in Figure 3B, no IFN-c was found before treatment, and a

single injection of PhAg resulted in an increase in plasma IFN-c
level, reaching a peak after 4 hours, declining afterwards. Inter-

estingly, the combined injection of IFN-a and PhAg was able to

strongly increase IFN-c release (Cmax PhAg: 1,370 pg/ml vs. Cmax

PhAg/IFN-a: 2,155 pg/ml), showing that PhAg/IFN-a combina-

tion is able to boost in vivo IFN-c production.

IFN-a improves in vitro Vc9Vd2 T-cell responsiveness to
PhAg stimulation in HCV-infected patients

Since IFN-a was able to improve Vc9Vd2 T-cell responsiveness

in HD, we wondered whether it can restore the impaired func-

tional activities of Vc9Vd2 T-cells during chronic HCV infection.

To this aim, IFN-c production (Figure 4) after 24 hours of single

PhAg (3 mM), single IFN-a (100 IU/ml), or combined (PhAg/

IFNa) in vitro stimulations was evaluated on PBMC from 24 HCV-

infected patients and 35 HD. Figure 4 shows that IFN-a was able

to increase IFN-c production by Vc9Vd2 T-cells after PhAg

stimulation both in HD [HD: PhAg: median 77.1 (IQR: 69.5–

158.1) vs. PhAg/IFNa: 147.9 (119.9–221.6), p = 0.004, Figure 4A]

and in HCV-infected patients [HCV: PhAg: median 4.4 (IQR:

0.0–14.9) vs. PhAg/IFNa: 21.8 (5.6–47.4), p,0.0001, Figure 4B].

Notably, in HCV-infected patients, IFN-c production by Vc9Vd2

IFN-a Improves Vc9Vd2 T-Cells in HCV
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Figure 1. Chronic HCV infection induces an increase in activated/effectors Vc9Vd2 T-cells. (A) Representative flow cytometry panels on
Vc9Vd2 T-cells frequency and differentiation profile are shown for one healthy donor and one HCV-infected patient. Differentiation was analyzed by
monitoring CD27 and CD45RA expression. Naı̈ve: CD45RA+CD27+; Central Memory: CD45RA-CD27+; Effector Memory: CD45RA-CD27-; Effectors:
CD45RA+CD27-. (B) Statistical analysis of Vc9Vd2 T-cell differentiation profile from HD (white boxes, n = 35) and HCV (grey boxes n = 24) was
performed by Mann-Whitney test. *p,0.05. (C) Representative flow cytometry panels on CD25 and CD69 expression on Vc9Vd2 T-cells are shown for
one healthy donor and one HCV-infected patient. (D) Statistical analysis of CD25 and CD69 expression on Vc9Vd2 T-cells from HD (white boxes,
n = 35) and HCV (grey boxes n = 24) was performed by Mann-Whitney test. *p,0.05.
doi:10.1371/journal.pone.0037014.g001
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T-cells after PhAg/IFN-a stimulation did not reach the level found

in HD. Nevertheless, the relative impact of IFN-a in improving

individual Vc9Vd2 T-cell responsiveness was higher in HCV-

infected patients than in HD (Figure 4C).

IFN-a improves and stabilizes PhAg-induced IFN-c –
mRNA

A quantitative analysis of IFN-c-mRNA after PhAg and PhAg/IFN-

a stimulations of purified Vc9Vd2 T-cells was performed by qRT-

PCR (Figure 5A). As expected, PhAg induced a significant increase in

IFN-c-mRNA [IPH1101: 40.8 (IQR: 33.7–48.9) vs. medium: 2.4 (1.5–

21.5), p = 0.0286], while IFN-a alone did not induce any IFN-c-

mRNA. Interestingly, the combined stimulation by PhAg and IFN-a
strongly enhanced IFN-c-mRNA expression (PhAg/IFN-a: 84.4

(68.5–110.1) vs PhAg: 40.8 (IQR: 33.7–48.9), p = 0.0286), suggesting

that IFN-a increased PhAg-induced IFN-c- transcription (Figure 5A).

IFN-c-mRNA persistence was studied by blocking transcription

with actinomycin D after 18 hours of stimulations (Figure 5B). We

defined 100% IFN-c-mRNA as the amount, normalized to b-

actin mRNA, found after 18 hours of stimulation, just before

actinomycin D addition. IFN-c-mRNA level was measured after

30 and 120 minutes after actinomycin D addition, and mRNA

half-life was calculated by regression analysis. As reported in

Figure 5B, IFN-c-mRNA from non stimulated and IFN-a
stimulated Vc9Vd2 T-cells rapidly decreased after the addiction

of actinomycin D (half-life: 67.4 and 62.3 min. respectively).

Differently, IFN-c-mRNA induced by PhAg stimulation persisted

much longer (half-life: 123 min.), while the combined stimulation

by PhAg and IFN-a highly improved IFN-c-mRNA half life

(367 min.), suggesting that the combined action of PhAg and IFN-

a could be at least partially mediated by an increased stabilization

of IFN-c mRNA.

Figure 2. Chronic HCV infection induces a strong impairment
in IFN-c production. (A) A quantitative analysis of IFN-c produced by
unstimulated and PhAg-stimulated Vc9Vd2 T-cells from HD (n = 20,
white boxes) and HCV (n = 24, grey boxes) was performed by ELISA
assay. (B) The frequency of IFN-c-producing Vc9Vd2 T-cells after PhAg
stimulation was analyzed by intracellular staining and flow cytometry.
Statistical analysis was performed by Mann-Whitney test, *p,0.05;
***p,0.0001. (C) Representative flow cytometry histograms of IFN-c
MFI (Median Fluorescence Intensity) produced by Vc9Vd2 T-cells after
PhAg stimulation are shown for one healthy donor and one HCV-
infected patient.
doi:10.1371/journal.pone.0037014.g002

Figure 3. IFN-a improves PhAg-induced IFN-c production by
Vc9Vd2 T-cells in HD and in non-human primates. (A) A
quantitative analysis of IFN-c production was performed in vitro by
stimulating purified Vc9Vd2 T-cells from 6 HD by ELISA after medium
(white boxes), IFN-a (grey boxes), PhAg (hatched boxes) and PhAg/IFN-
a (dark grey boxes) stimulation. Statistical analysis was performed by
Mann-Whitney test, **p,0.01 ***p,0.0001. (B) Plasma IFN-c levels
from in vivo PhAg (white dots, n = 4) and PhAg/IFN-a (black dots, n = 4)
treated monkeys was quantified by ELISA test.
doi:10.1371/journal.pone.0037014.g003
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Discussion

Main aim of our work was to study the effects of chronic HCV

infection on Vc9Vd2 T-cell phenotype and function, and on pos-

sible strategies aimed to improve their effector activity.

Chronic HCV infection induced a slight but significant decrease

in the frequency of Vc9Vd2 T-cells. An increased liver tissue

compartmentalization of these cells may represent an additional

factor [24]. Differentiation and activation profile analysis of

Vc9Vd2 T-cells showed an increase in circulating effector and

activated cells. These data may be explained in the context of a

chronic infection leading to a persistent stimulation of immune

cells, driving their activation and differentiation. In our patients,

no correlation was found between Vc9Vd2 T-cells dysfunction

and any clinical parameter.

Vc9Vd2 T-cells play a pivotal role in viral infections, for their

ability to mediate broad antiviral and immunomodulating

activities [13,19]. Specifically, antiviral role of activated Vc9Vd2

T-cells, mainly mediated by IFN-c release, has been demonstrated

for several viruses such as coronavirus [25], orthopoxvirus [26],

HIV [27], and HCV [21]. In our work, a severe functional

inability of Vc9Vd2 T-cells to produce IFN-c was shown in HCV

patients, independently from viral load and genotype. Other

innate immune cells are known to show quantitative and qua-

litative defects during chronic HCV infection such as DC [28] and

NK cells [8–10], that could be associated to adaptive immune

response dysfunction and/or exhaustion [28]. In this context, a

complex network of different signals can act to induce immune cell

exhaustion, such as chronic inflammation, persistent antigen

stimulation, and/or direct viral effects [29]. Chronic inflammation

and persistent antigen stimulation, as observed during HIV

infection, may result in Vc9Vd2 T-cell exhaustion and anergy

through activation-induced cell death [30], or through a decrease

in Vc9Vd2 T-cells response by down-modulating CD3-j chain

expression [31]. Finally, although controversial [32,33], a possible

direct HCV-driven inhibition of NK cell function through HCV-

E2/CD81 binding has been reported [34]. Interestingly, CD81

expression by cd T-cells was previously reported [35]. A study

aimed to define cellular and molecular mechanisms involved in

Vc9Vd2 T-cells exhaustion during chronic HCV infection may be

useful to evaluate possible strategies to restore their activity.

The main result of our work is the demonstration that Vc9Vd2

T-cell function may be improved by IFN-a both in HD and in

HCV-infected patients, resulting in a higher IFN-c production. A

first demonstration that type-I IFN may be sensed by Vc9Vd2 T-

cells was reported by Kunzmann et al., showing an increase of

CD69 after IFN-a treatment [36]. We confirmed this observation

(data not shown) and showed the ability of IFN-a to increase

Vc9Vd2 T-cell response to PhAgs stimulation in terms of IFN-c
production both in HD and in HCV-infected patients. In par-

ticular, the significant impairment of Vc9Vd2 T-cells in HCV-

infected patients did not allow to obtain their complete restoration

by IFN-a. Nevertheless, individual relative impact of PhAg/IFN-a
co-stimulation was found much higher in HCV patients, due to

the very low level of responsiveness to PhAgs. Thus, the possibility

to restore IFN-c production in vivo by combining standard IFN-a
treatment and PhAg stimulation may have a positive impact on

HCV inhibition. Indeed several reports show that IFN-a and IFN-

c may synergistically inhibit HCV replication in vitro [22,37,38]

and this effect is also reported for other viruses [39]. Nevertheless,

a study aimed to evaluate the antiviral impact of PhAg/IFN-a
combination is ongoing and may validate new combined

treatment strategies. Interestingly, PhAg-activated Vc9Vd2 T-

cells are able not only to produce IFN-c but also to deploy many

Figure 4. IFN-a improves in vitro PhAg-induced IFN-c produc-
tion of Vc9Vd2 T-cells in HCV patients. (A,B) A quantitative
analysis of IFN-c production was performed in HD (n = 35, Panel A) and
in HCV (n = 24, Panel B) by ELISA after medium (white boxes), IFN-a
(grey boxes), PhAg (hatched boxes) and PhAg/IFN-a (dark grey boxes)
stimulation. Statistical analysis was performed by Mann-Whitney test,
**p,0.01 ***p,0.0001. (C) The percentage of increase in IFN-c
production after combined PhAg/IFN-a respect to single PhAg
stimulation was compared between HD (white bar) and HCV patients
(grey bar). Statistical analysis was performed by Mann-Whitney test,
**p,0.01.
doi:10.1371/journal.pone.0037014.g004
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different response pathways, such as DC activation [17], and

neutrophils recruitment/activation [18], thus improving the

overall protective immune response capability. Noteworthy, IFN-

a effect on PhAg/response was found also in vivo in pre-clinical

trials on non-human primates, inducing an increase in IFN-c
amount in animals sera. A time-course study of in vivo IFN-a
treatment on Vc9Vd2 T-cell responsiveness to PhAg in HCV-

infected patients is currently in progress.

About possible mechanisms mediating this improvement, we

found that IFN-a acts by increasing IFN-c-mRNA persistence,

that may result in increased IFN-c translation levels. Similar ob-

servations were reported on NK cells, as IFN-c production after

IL-12 and IL-18 stimulation was regulated by mechanisms

involving IFN-c-mRNA stabilization [40]. Indeed, mRNA stabi-

lization is now considered as one of the main post-transcriptional

control mechanisms responsible for the initiation and resolution of

inflammation [41].

In recent years, a new attention on new direct antiviral drugs for

chronic HCV infection is growing. Nevertheless, a combination of

these new treatments with IFN-a/Ribavirin seem necessary to

avoid the emergence of drug resistance [6,42]. The definition of

other combined immunomodulating approaches may contribute

to optimize the antiviral response. In this context Vc9Vd2 T-cells

may represent a good target of immunomodulating strategies for

their ability to be easily activated in vivo by PhAgs [12,43–45]

without HLA restriction [46] and to orchestrate a complex net-

work of antiviral and immunomodulating activities [17–19]. We

show here for the first time that IFN-a, currently used in standard

therapy, is able to improve Vc9Vd2 T-cell responsiveness in HCV

patients. This, and the finding that IFN-c can act synergistically

with IFN-a to inhibit HCV replication [22,37,38], strengthen the

rational for testing combined standard antiviral and immunostim-

ulating therapeutical strategies. To this aim, future in vivo studies

on HCV-infected non-human primates aimed to define the anti-

viral capability of the combined treatment are necessary both to

assess safety and antiviral effectiveness of this combined approach,

and to disclose the cellular/molecular mechanisms involved.

Acknowledgments

We thankfully dedicate this work to the memory of Fabrizio Poccia, a

prominent researcher in the field of innate immunity and cd T cells, and an

enthusiastic visionary on innate cell based immunotherapy for infectious

diseases treatment, who died at the age of 39.

Figure 5. IFN-a and PhAg synergistically induce and stabilize IFN-c-mRNA. (A) IFN-c-mRNA levels in purified Vc9Vd2 T-cells were evaluated
by TaqMan qRT-PCR after 18 hours of medium (white bar), IFN-a (grey bar), PhAg (hatched bar), and PhAg/IFN-a (black bar) stimulation (n = 4).
Statistical analysis was performed by Mann-Whitney test. *p,0.05. (B) IFN-c-mRNA stability over time was measured by adding actinomycin-D to
cultures after 18 hours of stimulation with medium (black triangles), IFN-a (black squares), PhAg (white squares), PhAg/IFN-a (black circles). The
number of copies of IFN-c-mRNA was normalized in respect to b-actin. Results from one representative donor are shown. Times in brackets represent
mRNA half life evaluated by linear regression.
doi:10.1371/journal.pone.0037014.g005

IFN-a Improves Vc9Vd2 T-Cells in HCV

PLoS ONE | www.plosone.org 7 May 2012 | Volume 7 | Issue 5 | e37014



Author Contributions

Conceived and designed the experiments: CB VB EL HS FM CA.

Performed the experiments: EC VB EL GB CA. Analyzed the data: EC

VB AS GB CG MRC CA. Contributed reagents/materials/analysis tools:

CB HS. Wrote the paper: EC VB FM CA. Patient management: GD UVC

CV.

References

1. WHO (1999) Global surveillance and control of hepatitis C. Report of a WHO

Consultation organized in collaboration with the Viral Hepatitis Prevention
Board, Antwerp, Belgium. J Viral Hepat 6: 35–47.

2. Manns MP, McHutchison JG, Gordon SC, Rustgi VK, Shiffman M, et al.

(2001) Peginterferon alfa-2b plus ribavirin compared with interferon alfa-2b plus
ribavirin for initial treatment of chronic hepatitis C: a randomised trial. Lancet

358: 958–965.

3. Sarrazin C, Zeuzem S (2010) Resistance to direct antiviral agents in patients
with hepatitis C virus infection. Gastroenterology 138: 447–462.

4. Hayashi N, Takehara T (2006) Antiviral therapy for chronic hepatitis C: past,

present, and future. J Gastroenterol 41: 17–27.

5. De FR, Migliaccio G (2005) Challenges and successes in developing new
therapies for hepatitis C. Nature 436: 953–960. doi:10.1038/nature04080.

6. Reesink HW, Zeuzem S, Weegink CJ, Forestier N, van Vliet A, et al. (2006)

Rapid decline of viral RNA in hepatitis C patients treated with VX-950: a phase
Ib, placebo-controlled, randomized study. Gastroenterology 131: 997–1002.

doi:10.1053/j.gastro.2006.07.013.

7. Neumann-Haefelin C, Blum HE, Chisari FV, Thimme R (2005) T cell response
in hepatitis C virus infection. J Clin Virol 32: 75–85.

8. Ahlenstiel G, Titerence RH, Koh C, Edlich B, Feld JJ, et al. (2010) Natural killer

cells are polarized toward cytotoxicity in chronic hepatitis C in an interferon-
alfa-dependent manner. Gastroenterology 138: 325–335. doi:10.1053/j.gastro.

2009.08.066.

9. Oliviero B, Varchetta S, Paudice E, Michelone G, Zaramella M, et al. (2009)
Natural killer cell functional dichotomy in chronic hepatitis B and chronic

hepatitis C virus infections. Gastroenterology 137: 1151–60, 1160: doi:10.1053/
j.gastro.2009.05.047.

10. Par G, Rukavina D, Podack ER, Horanyi M, Szekeres-Bartho J, et al. (2002)

Decrease in CD3-negative-CD8dim(+) and Vdelta2/Vgamma9 TcR+ periph-
eral blood lymphocyte counts, low perforin expression and the impairment of

natural killer cell activity is associated with chronic hepatitis C virus infection.

J Hepatol 37: 514–522.

11. Gougeon ML, Malkovsky M, Casetti R, Agrati C, Poccia F (2002) Innate T cell

immunity to HIV-infection. Immunotherapy with phosphocarbohydrates, a

novel strategy of immune intervention? Vaccine 20: 1938–1941.

12. Poccia F, Gioia C, Martini F, Sacchi A, Piacentini P, et al. (2009) Zoledronic

acid and interleukin-2 treatment improves immunocompetence in HIV-infected

persons by activating Vgamma9Vdelta2 T cells. AIDS 23: 555–565.

13. Poccia F, Agrati C, Martini F, Capobianchi MR, Wallace M, et al. (2005)

Antiviral reactivities of gammadelta T cells. Microbes Infect 7: 518–528.

14. Tanaka Y, Morita CT, Tanaka Y, Nieves E, Brenner MB, et al. (1995) Natural
and synthetic non-peptide antigens recognized by human gamma delta T cells.

Nature 375: 155–158.

15. Kunzmann V, Bauer E, Wilhelm M (1999) Gamma/delta T-cell stimulation by
pamidronate. N Engl J Med 340: 737–738.

16. Qin G, Mao H, Zheng J, Sia SF, Liu Y, et al. (2009) Phosphoantigen-expanded

human gammadelta T cells display potent cytotoxicity against monocyte-derived
macrophages infected with human and avian influenza viruses. J Infect Dis 200:

858–865.

17. Conti L, Casetti R, Cardone M, Varano B, Martino A, et al. (2005) Reciprocal
activating interaction between dendritic cells and pamidronate-stimulated

gammadelta T cells: role of CD86 and inflammatory cytokines. J Immunol

174: 252–260.

18. Agrati C, Cimini E, Sacchi A, Bordoni V, Gioia C, et al. (2009) Activated V

gamma 9V delta 2 T cells trigger granulocyte functions via MCP-2 release.

J Immunol 182: 522–529.

19. Poccia F, Agrati C, Martini F, Mejia G, Wallace M, et al. (2005)

Vgamma9Vdelta2 T cell-mediated non-cytolytic antiviral mechanisms and their

potential for cell-based therapy. Immunol Lett 100: 14–20.

20. Martini F, Urso R, Gioia C, De Felici A, Narciso P, et al. (2000) gammadelta T-

cell anergy in human immunodeficiency virus-infected persons with opportu-
nistic infections and recovery after highly active antiretroviral therapy.

Immunology 100: 481–486.

21. Agrati C, Alonzi T, De Santis R, Castilletti C, Abbate I, et al. (2006) Activation
of Vgamma9Vdelta2 T cells by non-peptidic antigens induces the inhibition of

subgenomic HCV replication. Int Immunol 18: 11–18.

22. Larkin J, Jin L, Farmen M, Venable D, Huang Y, et al. (2003) Synergistic
antiviral activity of human interferon combinations in the hepatitis C virus

replicon system. J Interferon Cytokine Res 23: 247–257.

23. Abbate I, Romano M, Longo R, Cappiello G, Lo IO, et al. (2003) Endogenous
levels of mRNA for IFNs and IFN-related genes in hepatic biopsies of chronic

HCV-infected and non-alcoholic steatohepatitis patients. J Med Virol 70:

581–587.

24. Wiegand J, Cornberg M, Aslan N, Schlaphoff V, Sarrazin C, et al. (2007) Fate

and function of hepatitis-C-virus-specific T-cells during peginterferon-alpha2b
therapy for acute hepatitis C. Antivir Ther 12: 303–316.

25. Poccia F, Agrati C, Castilletti C, Bordi L, Gioia C, et al. (2006) Anti-severe acute
respiratory syndrome coronavirus immune responses: the role played by V

gamma 9V delta 2 T cells. J Infect Dis 193: 1244–1249.

26. Agrati C, Castilletti C, De Santis R, Cimini E, Bordi L, et al. (2006) Interferon-
gamma-mediated antiviral immunity against orthopoxvirus infection is provided

by gamma delta T cells. J Infect Dis 193: 1606–1607.
27. Poccia F, Battistini L, Cipriani B, Mancino G, Martini F, et al. (1999)

Phosphoantigen-reactive Vgamma9Vdelta2 T lymphocytes suppress in vitro

human immunodeficiency virus type 1 replication by cell-released antiviral
factors including CC chemokines. J Infect Dis 180: 858–861.

28. Rodrigue-Gervais IG, Rigsby H, Jouan L, Sauve D, Sekaly RP, et al. (2010)
Dendritic cell inhibition is connected to exhaustion of CD8+ T cell

polyfunctionality during chronic hepatitis C virus infection. J Immunol 184:
3134–3144.

29. Kim PS, Ahmed R (2010) Features of responding T cells in cancer and chronic

infection. Curr Opin Immunol 22: 223–230.
30. Gan YH, Lui SS, Malkovsky M (2001) Differential susceptibility of naive and

activated human gammadelta T cells to activation-induced cell death by T-cell
receptor cross-linking. Mol Med 7: 636–643.

31. Sacchi A, Tempestilli M, Turchi F, Agrati C, Casetti R, et al. (2009) CD3zeta

down-modulation may explain Vgamma9Vdelta2 T lymphocyte anergy in HIV-
infected patients. J Infect Dis 199: 432–436.

32. Farag MM, Weigand K, Encke J, Momburg F (2011) Activation of natural killer
cells by hepatitis C virus particles in vitro. Clin Exp Immunol 165: 352–362.

doi:10.1111/j.1365–2249.2011.04431.x.

33. Yoon JC, Shiina M, Ahlenstiel G, Rehermann B (2009) Natural killer cell
function is intact after direct exposure to infectious hepatitis C virions.

Hepatology 49: 12–21. doi:10.1002/hep.22624.
34. Crotta S, Stilla A, Wack A, D’Andrea A, Nuti S, et al. (2002) Inhibition of

natural killer cells through engagement of CD81 by the major hepatitis C virus
envelope protein. J Exp Med 195: 35–41.

35. Tseng CT, Miskovsky E, Houghton M, Klimpel GR (2001) Characterization of

liver T-cell receptor gammadelta T cells obtained from individuals chronically
infected with hepatitis C virus (HCV): evidence for these T cells playing a role in

the liver pathology associated with HCV infections. Hepatology 33: 1312–1320.
doi:10.1053/jhep.2001.24269.

36. Kunzmann V, Kretzschmar E, Herrmann T, Wilhelm M (2004) Polyinosinic-

polycytidylic acid-mediated stimulation of human gammadelta T cells via
CD11c dendritic cell-derived type I interferons. Immunology 112: 369–377.

37. Jia Y, Wei L, Jiang D, Wang J, Cong X, et al. (2007) Antiviral action of
interferon-alpha against hepatitis C virus replicon and its modulation by

interferon-gamma and interleukin-8. J Gastroenterol Hepatol 22: 1278–1285.
38. Levy DE, Lew DJ, Decker T, Kessler DS, Darnell JE Jr. (1990) Synergistic

interaction between interferon-alpha and interferon-gamma through induced

synthesis of one subunit of the transcription factor ISGF3. EMBO J 9:
1105–1111.

39. Castilletti C, Bordi L, Lalle E, Rozera G, Poccia F, et al. (2005) Coordinate
induction of IFN-alpha and -gamma by SARS-CoV also in the absence of virus

replication. Virology 341: 163–169. doi:10.1016/j.virol.2005.07.015.

40. Mavropoulos A, Sully G, Cope AP, Clark AR (2005) Stabilization of IFN-
gamma mRNA by MAPK p38 in IL-12- and IL-18-stimulated human NK cells.

Blood 105: 282–288.
41. Anderson P (2010) Post-transcriptional regulons coordinate the initiation and

resolution of inflammation. Nat Rev Immunol 10: 24–35.
42. Sarrazin C, Rouzier R, Wagner F, Forestier N, Larrey D, et al. (2007) SCH

503034, a novel hepatitis C virus protease inhibitor, plus pegylated interferon

alpha-2b for genotype 1 nonresponders. Gastroenterology 132: 1270–1278.
doi:10.1053/j.gastro.2007.01.041.

43. Sicard H, Ingoure S, Luciani B, Serraz C, Fournie JJ, et al. (2005) In vivo
immunomanipulation of V gamma 9V delta 2 T cells with a synthetic

phosphoantigen in a preclinical nonhuman primate model. J Immunol 175:

5471–5480.
44. Dieli F, Vermijlen D, Fulfaro F, Caccamo N, Meraviglia S, et al. (2007)

Targeting human {gamma}delta} T cells with zoledronate and interleukin-2 for
immunotherapy of hormone-refractory prostate cancer. Cancer Res 67:

7450–7457.
45. Bonneville M, Scotet E (2006) Human Vgamma9Vdelta2 T cells: promising new

leads for immunotherapy of infections and tumors. Curr Opin Immunol 18: 539–546.

46. Morita CT, Beckman EM, Bukowski JF, Tanaka Y, Band H, et al. (1995) Direct
presentation of nonpeptide prenyl pyrophosphate antigens to human gamma

delta T cells. Immunity 3: 495–507.

IFN-a Improves Vc9Vd2 T-Cells in HCV

PLoS ONE | www.plosone.org 8 May 2012 | Volume 7 | Issue 5 | e37014


