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Interleukin-27, an Anti-HIV-1 Cytokine, Inhibits Replication
of Hepatitis C Virus

Astrid C. Frank,! Xiaozhen Zhang,! Antonios Katsounas,' Jennifer P. Bharucha,? Shyamasundaran Kottilil,!
and Tomozumi Imamichi?

Interleukin (IL)-27 is a member of IL-12 family cytokine. We have previously reported that IL-27 inhibits human
immunodeficiency virus type-1 (HIV-1) replication in CD4" T cells and monocyte-derived macrophages, even
though IL-12 enhances HIV-1 replication in primary CD4" T cells. Further study demonstrates that IL-27 induces
antiviral genes including RNA-dependent protein kinase, oligoadenylate synthetase, and myxovirus protein in the
same manner as interferon (IFN)-a. Neutralization assay using anti-IFN antibodies, real-time RT-PCR, and
enzyme-linked immunosorbent assay demonstrated that IL-27 induces the antiviral genes without the induc-
tion of IFNs. IFN-a has been administered to hepatitis C virus (HCV)-infected patients as well as HCV/HIV-1
co-infected patients. Despite the improved immunotherapy, some patients are still failed to respond to the treat-
ment. Since IL-27 induces IFN-a-like responses including the induction of antiviral genes, it was speculated that
IL-27 may impact the replication of HCV. In this study, we evaluated the role of IL-27 on HCV replication using
Huh?7.5, an HCV permissive cell line. IL-27 induces STAT-1 and -3 in the cell line, and dose-dependently inhibited
HCV. These data suggest that IL-27 may play a role in the development of a novel immunotherapeutic strategy

for HCV and HCV/HIV co-infection.

INTERLEUKIN (IL)-27 15 A member of the IL-12 family cytok-
ines that consists of p28 and Epstein-Barr virus-induced
gene 3 (EBI3) (Pflanz and others 2002; Kastelein and others
2007). The p28 chain is related to a subunit of IL-12 (IL-12p35)
and has a classical cytokine structure, while the EBI3 is re-
lated with IL-12p40 and structurally resembles the soluble
IL-6 receptor a chain. IL-27 binds to its receptor (IL-27R),
which is composed of ligand-specific chain, IL-27 receptor o
chain (IL-27Ra), and of gp130, a signal-transducing molecule
shared with other cytokines, IL-6, IL-11, oncostatin M, and
leukemia inhibitory factor (Pflanz and others 2004; Kastelein
and others 2007). IL-27 is capable of binding to IL-27Ra in
the absence of gp130; however, the co-expression of both re-
ceptor subunits is required to induce signal (Pflanz and oth-
ers 2004). Most of studies using IL-27 have been conducted
on T cells, B cells, monocytes, and natural killer cells and,
upon ligand binding, phosphorylation of the signal trans-
ducers and activators of transcription protein (STAT)-1, -2, -3,
-4, or -5 occurs (Lucas and others 2003; Kamiya and others

2004; Batten and Ghilardi 2007; Kastelein and others 2007).
We and other group report that IL-27 inhibits human immu-
nodeficiency virus type-1 (HIV-1) replication in CD4" T cells
and macrophages (Fakuruddin and others 2007; Imamichi
and others 2008; Greenwell-Wild and others 2009) as inter-
feron (IFN)-a does, although IL-12 enhances HIV-1 replica-
tion in CD4* T cells (Foli and others 1995).

The mechanism of antiviral effect by IFN-a has been
well investigated (Pestka and others 1987, 2004; Samuel 2001;
Langer and others 2004; Galligan and others 2006). IFN-a is
the only cytokine that suppresses HIV-1 replication in vivo
(Lane 1991; Poli and others 1994; Brassard and others 2002)
and it has been used in clinical therapy for hepatitis C virus
(HCV) mono-infected and HCV/HIV co-infected patients
(Carrat and others 2004; Chung and others 2004; Laguno
and others 2004; Torriani and others 2004; Kottilil and oth-
ers 2009), and co-infection with HCV is present in one-third
of all HIV-infected individuals in the United States and is
associated with rapid progression of liver fibrosis and poor

Laboratory of Immunoregulation, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda,

Maryland.

2Laboratory of Human Retrovirology, Clinical Services Program, Applied and Developmental Directorate, Science Applications
International Corporation Frederick, Inc., National Cancer Institute at Frederick, Frederick, Maryland.

427



428

response to IFN and ribavirin (Benhamou and others 1999;
Alter 2006). An aberrant type-IIFN response seen exclusively
in HIV-infected individuals could be responsible for the poor
therapeutic response experienced by HCV/HIV co-infected
individuals receiving IFN-a-based current standard of care,
necessitating of the development of novel immunotherapeu-
tic strategies (Lempicki and others 2006).

A recent study demonstrates that IL-27 displays anti-
avian influenza virus properties in hepatoma cell line,
HepG2 (Bender and others 2009). IL-27 induced phospho-
rylation of STAT-1 and -3 in these cells, and FACS analysis
demonstrated that not only HepG2 but also a human hepa-
tocyte cell line, PH5CHS8 express IL-27 receptor on the cell
surface. These data suggest that IL-27 may affect on HCV
replication in hepatocytes. In this study, we evaluated the
impact of IL-27 on HCV replication using Huh7.5 cell, an
HCV permissive cell line (Blight and others 2002).

Since it has not been shown whether the Huh7.5 cell
responds to IL-27, we analyzed a profile of STAT phosphor-
ylation using HCV-uninfected and -infected Huh7.5 cell
line. The HCV infection system including Huh7.5 cell line
and the plasmid encoding full-length of infectious HCV
J6/JFH1 gene was provided by Apath LLC (St. Louis, MO)
(Lindenbach and others 2005; Wakita and others 2005). Cells
were cultured in DMEM medium (Invitrogen, Carlsbad, CA)
supplemented with 10% FBS (Hyclone, Logan UT) and 100
U/mL penicillin/100 ug/mL streptomycin (Invitrogen) at
37°C in a 5% CO, incubator. In vitro transcription of HCV
RNA using the HCV plasmid as a template and the HCV
RNA transfection into HuhZ.5 cells were performed follow-
ing the protocol provided by the Apath LLC. Culture super-
natants from the HCV RNA-transfected Huh?7.5 cells were
used as an HCV virus stock, HCV titters of the stock were
determined by HCV RNA copy number in it using quan-
titative real-time RT-PCR. To obtain HCV-infected Huh7.5
cell, fresh Huh?7.5 cells were infected with 2.3 million cop-
ies of HCV RNA per milliliter for 4 h. During the infection,
>90% cells were infected with HCV (data not shown). The
HCV-infected Huh?7.5 cells and uninfected Huh7.5 cells were
stimulated with different concentrations (0, 1, 10, or 100 ng/
mL) of IL-27 (R&D systems, Minneapolis, MN) for 15 min at
37°C. After stimulation, reaction was stopped by using cold
PBS and then whole cell lysate was prepared with radio-
immunoprecipitation assay buffer containing phospha-
tase inhibitor cocktail (Thermo Fisher Scientific, Waltham,
MA) and protease inhibitor cocktail (Sigma-Aldrich, St.
Louis, MO) as previously described (Imamichi and others
2008). Protein concentration was measured using BCA pro-
tein assay (Thermo Fisher Scientific) and total of 30 ug cel-
lular proteins were separated on 4%-12% NuPAGE 4%-12%
gel (Invitrogen), and then Western blotting analyses were
performed using antibody to phosphorylated signal trans-
ducers and activators of transcription (STAT)-1, -2, -3, or -5
(Cell Signaling Technology, Danvers, MA) and phosphory-
lated STAT-4 (Invitrogen). Signals on the membranes were
detected using HRP-conjugated secondary antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA) with the ECL-
Plus kit (GE-Healthcare, Piscataway, NJ). For verification of
the same protein expression level, antibodies were stripped
from blots, and then the blots were re-probed with antibody
to total STAT-1 or -3. As positive controls for phosphory-
lated STAT-2 and -4, PHA-stimulated CD4* T cells were
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stimulated with 1,000 IU/mL of IFN-«a (R&D Systems) and
40 ng/mL of IL-12 (R&D System:s), respectively (Kamiya and
others 2004), and whole cell lysate was obtained from the
cells as described above. The Western blot analysis revealed
that IL-27 dose-dependently induced activation of STAT-1
and -3, but not STAT-2, -4, or -5 in Huh7.5 cells (Fig. 1), in-
dicating that consistent with the STAT activation profile in
HepG2 cell (Bender and others 2009), Huh7.5 cell maintains
a functional IL-27 receptor and upon stimulation, it induces
phosphorylation of STATs. Even though near 90% of cells
were infected with HCV during infection, the viral infection
indicated no significant impact on the STAT activation.

To evaluate the impact of IL-27 on HCV replication, HCV-
infected Huh7.5 cells were cultured for 2 days in the pres-
ence of various concentrations of IL-27. As a positive control
for HCV inhibition, the infected cells were cultured in the
presence of 100 IU/mL of IFN-a. HCV replication was de-
termined by quantitation of HCV RNA copy numbers in
culture supernatants using real-time RT-PCR. The assay
revealed that IL-27 dose-dependently suppressed HCV rep-
lication (Fig. 2A) and 10 ng/mL of IL-27 inhibited HCV rep-
lication by 25%—67% (Fig. 2A and 2B).

It is reported that the antiviral activity of IL-27 is direct
and not mediated by IFN because neutralizing type-I IFN
antibodies did not block IL-27-induced antiviral state in cells
(Imamichi and others 2008; Bender and others 2009). In con-
trast, a recent report attributes the antiviral action of IL-27
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FIG. 1. Interleukin (IL)-27 induces phosphorylation of
signal transducers and activators of transcription protein
(STAT)-1 and -3 in Huh7.5 cell. Whole cell lysate was pre-
pared from hepatitis C virus (HCV)-infected and -unin-
fected Huh?7.5 cells stimulated with different concentrations
of IL-27 (0, 1, 10, and 100 ng/mL) for 15 min. As positive con-
trol for Western blot of STAT-1, -2, -3, and -5, whole cell ly-
sate from 1,000 U/mL of interferon (IFN)-stimulated CD4*
T cells was used. A positive control of the activation of
STAT-4, cell lysate from 40 ng/mL IL-12-stimulated T cells
was used. Western blotting analyses were performed using
antibody to phosphorylated STAT-1, -2, -3, -4, or -5. For verifi-
cation of the same protein expression level, antibodies were
stripped from the blots, and then the blots were re-probed
with antibody to total STAT-1 or -3.
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FIG. 2. IL-27 inhibits hepatitis C virus (HCV) replication.
(A and B) Huh75 cells were infected with infectious HCV
particle (2.3 million copies of HCV RNA per milliliter) for
4 h, and then the infected cells were incubated for 2 days in
the absence or presence of Interleukin (IL)-27 or interferon
(IFN)-a.. HCV replication in the cell culture was determined
by detecting HCV RNA copy number in culture superna-
tants by real-time RT-PCR. (C) HCV-infected HuhZ.5 cells
were pretreated with 5 ug/mL of anti-IFNAR2 antibody
(R&D systems) for 30 min, and then cultured for 2 days in the
presence of 100 ng/mL of IL-27 or 10 U/mL of IFN-a. HCV
copy numbers in culture supernatants were determined by
quantitative real-time RT-PCR. Each assay was performed
triplicate at least in 3 independent studies, and data indicate
means * SD. P value was assessed using t-test.

to the rapid induction of type-I IFNs in response to IL-27:
neutralizing antibody against IFN-a receptor 2 (IFNAR2)
completely inhibited the antiviral effect (Greenwell-Wild
and others 2009). To define whether IFN intermediates in the
IL-27-mediated anti-HCV effect, HCV-infected Huh7.5 cells
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FIG.3. High concentrations of IL-27 induce cytotoxic effect
in hepatitis C virus (HCV)-infected cells. To determine the
cytotoxic effect by IL-27, the Calcein-AM-Cytotoxic Assay
was performed following a protocol provided by the vender.
HCV-infected Huh7.5 cells were cultured for 2 days in the
presence of 0, 10, 100, and 200 ng/mL of IL-27 in a 96-well
tissue culture plate. After incubation, cells were incubated
with a final 4 uM of Calcein-AM for 30 min followed by
quantitation of fluorescence intensity using fluorescence
plate reader. P value was assessed using f-test.

were pretreated with the IFNAR2 antibody, and then anti-
viral effect by IL-27 was assessed. As a positive control for
the neutralization, the HCV-infected cells were also treated
with IFN-a. The IFN-a-mediated anti-HCV effect was com-
pletely blocked by the neutralizing antibody; however, the
IL-27-mediated HCV effect was partially suppressed by the
antibody (Fig. 2C).

To determine a cytotoxic effect by IL-27, Calcein-
Acetoxymethyl-Cytotoxic Assay (Biotium, Inc., Hayward,
CA) was performed on HCV-infected Huh cell using 0, 10,
100, and 200 ng/mL of IL-27. Even though 10 ng/mL of IL-27
had no significant impact on cell viability (P = 0.76), 100
ng/mL of IL-27 partially reduced cell viability to 73 * 13%
(P < 0.05) (Fig. 3).

IFN-« inhibits influenza virus and HCV replication via
the induction of genes encoding antiviral proteins, such as
double-stranded RNA-dependent kinase, 2',5" oligoadenylate syn-
thetase and myxovirus protein (MxA), and the mechanism of
antiviral property has been well investigated (Pestka and
others 1987, 2004; Samuel 2001; Langer and others 2004;
Galligan and others 2006). We have previously demonstrated
that IL-27 induces the activation of those antiviral genes in
M-CSF-induced macrophages without induction of IFNs
(Imamichi and others 2008). A recent study indicates that
IL-27 inhibits avian virus replication in HepG2 cell with the
induction of MxA (Bender and others 2009). The induction
of MxA was not associated with the activation of IFNs in the
cell. Thus, it is predicted that the mechanism by which IL-27
inhibits HCV in the hepatoma cell line is similar to that by
IFN. IL-27 at 10 ng/mL induced the activation of STAT-1 and
-3 in HCV-infected cells and significantly inhibited HCV
replication without any impact on cell viability, while IL-27
at 100 ng/mL inhibited HCV with reduction of cell viability.
The result from the neutralization assay illustrated that the
mechanism by which IL-27 inhibits HCV replication may
involve IFN-dependent and -independent pathway, and
IL-27 may induce the production of IFN from hepatocytes.
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Taken together, IL-27 may exert antiviral cytokine against
HIV-1, HCV, avian virus, and other viral infections.

In conclusion, we demonstrated that IL-27 is capable to
inhibit replication of HCV. Since IL-27 inhibits replication of
HIV-1 and HCV, achieving a better understanding of the role
of IL-27 in regulation of gene activation and mechanism of
the antiviral effect may aid in the development of a novel
immunotherapeutic strategy for HCV and HCV/HIV co-
infection as well as other infectious diseases.
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