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The interferon (IFN)-related cytokine interleukin (IL)-29
(also known as IFN-A1) inhibits virus replication by inducing a
cellular antiviral response similar to that activated by IFN-«/f3.
However, because it binds to a unique receptor, this cytokine
may function cooperatively with IFN-a/f or IFN-y during nat-
ural infections to inhibit virus replication, and might also be
useful therapeutically in combination with other cytokines to
treat chronic viral infections such as hepatitis C (HCV). We
therefore investigated the ability of IL-29 and IFN-« or IFN-y
to cooperatively inhibit virus replication and induce antiviral
gene expression. Compared with the individual cytokines
alone, the combination of IL-29 with IFN-« or IFN-y was
more effective at blocking vesicular stomatitis virus and HCV
replication, and this cooperative antiviral activity correlated
with the magnitude of induced antiviral gene expression.
Although the combined effects of IL-29 and IFN-« were pri-
marily additive, the IL-29/IFN-vy combination synergistically
induced multiple genes and had the greatest antiviral activity.
Two different mechanisms contributed to the enhanced gene
expression induced by the cytokine combinations: increased
activation of ISRE promoter elements and simultaneous acti-
vation of both ISRE and GAS elements within the same pro-
moter. These findings provide new insight into the coregula-
tion of a critical innate immune response by functionally
distinct cytokine families.

An estimated 170 million people worldwide are chronically
infected with hepatitis C virus (HCV),? placing them at increased
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risk for developing liver cirrhosis and hepatocellular carcinoma
(1). Progression of chronic HCV infections into late-stage liver
disease has become the leading indication for liver transplants in
the United States (2). Current therapy for chronic HCV consists of
pegylated interferon (IFN)-« and ribavirin (3). However, IFN-«
treatment is costly, poorly tolerated due to adverse side effects, and
is often ineffective (3). Therefore, new treatments with fewer side
effects and better efficacy are needed.

A new family of IFN-related cytokines has recently been
described and designated IL-29, IL-28A, and IL-28B (or IFN-
A1, -2, and -3, respectively) (4, 5). These cytokines possess only
weak homology to IFN-a, but induce the expression of genes
normally activated by IEN-a/f (4). Similar to IEN-«a/(3, IL-29
expression is induced by Toll-like receptor signaling and viral
infections, and is highly produced by dendritic cells (6, 7). Addi-
tionally, IL-29 possesses antiviral activity like that of IFN-a/3,
and inhibits the replication of viruses such as vesicular stoma-
titis virus (VSV), encephalomyocarditis virus, herpes simplex
virus, HBV, and HCV (4 -6, 8 —11). Despite its functional sim-
ilarity to IFN-a/f3, IL-29 does not bind the IFN-«a/f receptor,
but instead signals through a receptor composed of the IL-28R1
and IL-10R2 subunits (4, 5, 12). Unlike the IFN-« receptor,
which is expressed on nearly all somatic cells, the IL-29 recep-
tor is widely expressed on nonhematopoietic cells but less so on
leukocytes (12). Recent studies in mice also indicate that
IL-28A activity varies among different tissues, and is highest in
epithelial cells (13, 14).

Both IFN-«a/B and IFN-+y have antiviral functions, and they
exert this activity by inducing the expression of IFN-stimu-
lated genes (ISGs). Signaling through the IFN-«a/B or IFN-y
receptor induces ISG expression via the formation of the
transcription factor complexes interferon-stimulated gene
factor 3 (ISGF3; STAT-1/STAT-2/IRF9) or y-activated fac-
tor (STAT-1 homodimer), respectively (15). The IFN-acti-
vated transcription factors bind to highly conserved pro-
moter elements upstream of ISGs. The IFN-stimulated
response element (ISRE) is found in the promoter of genes
primarily activated by IFN-a/B, whereas the y-activated
sequence (GAS) is typically found upstream of genes induced
by IFN-v signaling (16, 17). Like the IFN-« receptor, the
IL-29 receptor also induces the phosphorylation of STAT
proteins that subsequently bind to and activate ISREs (4, 9,
18,19, 21, 22), leading to changes in cellular gene expression
that are very similar to those induced by IFN-« (9, 19).
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The fact that IL-29 binds a unique receptor, but this receptor
signals through a pathway that is nearly identical to the IFN-
o/ B receptor, raises some interesting questions. Because IL-29
is coexpressed with IFN-«a/3, these cytokines may elicit an anti-
viral response in combination greater than either one alone.
Cooperative antiviral effects of IFN-« and IL-28/IL-29 against
HCV (9, 10) and HSV-2 (6) have been reported, but the mech-
anism of this activity has not been elucidated. Furthermore,
IFN-o and IEN-vy synergistically inhibit the replication of a wide
range of viruses including HCV (23-29), but this relationship
has not been studied for IL-29 and IFN-vy. Therefore, we exam-
ined the ability of IL-29 to function cooperatively with IFN-« or
IFN-+y to inhibit HCV replication, and characterized the mech-
anism of this combined activity.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Human Huh7 hepatocellular carci-
noma cells expressing a genotype 1b HCV subgenomic replicon
(Huh7/Con1/SG-Neo(I)) with the S11791 cell culture adaptive
mutation (30) were maintained with 500 ug of G418/ml in Dul-
becco’s modified Eagle’s medium supplemented with antibiot-
ics (penicillin (100 ug/ml) and streptomycin (100 units/ml)),
L-glutamine (2 mm), and 10% heat-inactivated fetal bovine
serum (Invitrogen). The full-length replicon (Sfil) cells were
cultured in the same manner. Human A549 lung carcinoma
cells were maintained in supplemented Dulbecco’s modified
Eagle’s medium. Human IL-29 (IFN-A1) was purchased from
Peprotech (Rocky Hill, NJ). Human IFN-a(A/D) and IFN-y
were purchased from PBL Interferon Source (Piscataway, NJ).

VSV Infection Assay—A549 cells were treated with 5 units of
IFN-a/ml, 5 units of IFN-y/ml, 0.25 ng of IL-29/ml, or combi-
nations at their respective concentrations for 18 h. Cells were
infected with recombinant VSV-GFP (provided by J. Rose, Yale
University) at a multiplicity of infection = 1 for 24 h, after
which they were imaged using an Olympus CK40 inverted
microscope outfitted with a DP12 digital camera, and then
harvested in 2% paraformaldehyde in phosphate-buffered
saline for analysis by flow cytometry using a FACS Calibur
(BD Biosciences).

HCV Antiviral Assays—Huh7/Conl/SG-Neo(I) or Sfil cells
were treated with IFN-q, IFN-+, IL-29, or combinations at the
indicated concentrations for 72 h. Cytokines were replenished
48 h after the initial treatment. In the time course experiment,
Huh7/Con1/SG-Neo(I) cells were treated with the cytokines at
their indicated concentrations, and harvested at 1, 2, 3, or 5 days
post treatment. Cytokines were replenished 2 and 4 days after
the initial treatment. HCV RNA levels were measured by quan-
titative RT-PCR, normalized to GAPDH expression, and
expressed as relative to untreated control cultures.

Quantitative Real-time RT-PCR—Total RNA was harvested
and prepared using the RNeasy Mini Kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. Reverse tran-
scription and quantitative real-time PCR were performed as
previously described (31). Briefly, 1 ug of total RNA was reverse
transcribed using the TagqMan reverse transcription kit
(Applied Biosystems, Foster City, CA) with random hexamers.
Quantitative PCR was performed in duplicate using an Applied
Biosystems 7500 real-time PCR system. PCR mixtures con-
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tained 100 ng of reverse transcribed RNA, 12.5 ul of SYBR
Green reaction mixture (Applied Biosystems), and 200 nm
sense and antisense primers in a total volume of 25 ul. The
primer sequences used were as follows: [FI27, 5'-CCG TAG
TTT TGC CCCTGG-3’ (sense), 5'-CGA GGC CAT TCCCGC
CGC-3' (antisense); IFITM1, 5'-GGT TGG CGA CGT GAC
CGG-3' (sense), 5'-CCG AAT ACC AGT GAC AGG-3’ (anti-
sense); GAPDH, 5'-AAG TAT GAC AAC AGC CTC AAG
ATC-3' (sense), 5'-CTGTGG TCATGA GTCCTT C-3’ (anti-
sense); HCV, 5'-AAG CCA GCT CGC CTT ATC GTA TT-3’
(sense), 5'-ACC CGC TGT CCA GGA GAG TAT TG-3' (anti-
sense). After an initial incubation at 95 °C for 5 min, PCR ampli-
fication was performed by cycling 50 times for 30 s at 95 °C
followed by 1 min at 60 °C. Gene expression was quantified
using the 7500 system Sequence Detection Software (Applied
Biosystems) after normalization to GAPDH expression. The
AAC, method was used for analysis of all quantitative RT-PCRs.
In a previous report (8), we found similar inhibition of HCV
RNA by IL-29 measured by quantitative RT-PCR and Northern
blot analyses. Therefore, quantitative RT-PCR was used exclu-
sively in these studies.

Cytotoxicity and Proliferation Assay—Huh7/Conl/SG-
Neo(I) cells were seeded in a 96-well plate (1 X 10* cells/well) in
triplicate 1 day prior to treatment. Cells were treated for 72 h
with 100 units of IFN-a/ml, 100 units of I[FN-y/ml, 10 ng of
IL-29/ml, or combinations at these concentrations in 200 ul
of media. Following treatment, 100 ul of media was removed
from each well and 25 pl of MTT (5 mg/ml in phosphate-
buffered saline, Sigma) was added. Cells were incubated for 2 h
at 37 °C before adding 50 ul of 20% SDS in 50% N,N-dimeth-
ylformamide (pH 4.7) to solubilize the crystals. After incubating
at 37 °C overnight, the absorbance at 570 nm was measured.
Alternatively, cells were resuspended, diluted in Trypan blue
solution (0.4%, Sigma), and counted using a hemacytometer.

Gene Expression Analysis—Huh7/Conl/SG-Neo(I) cells
were treated with 100 units of IFN-«/ml, 100 units of IFN-y/ml,
10 ng of IL-29/ml, or combinations at their respective concen-
trations for 24 h. These concentrations were chosen because
they induced greater inhibition of HCV replication in combi-
nation (Fig. 2C), are similar in terms of antiviral activity per ng
(5, 32), and induced similar expression levels of representative
genes (MXA, ISG15) when used alone (data not shown). Total
cellular RNA from three experiments was collected using the
RNeasy Mini Kit (Qiagen), and RNA concentration and quality
were determined by absorbance spectrophotometry and elec-
trophoresis. Prior to the microarray analysis, control RT-PCR
was performed on the individual samples to confirm similar
induced expression of the representative ISGs MXA and ISGI5.
The RNA from three separate experiments was pooled, and
cRNA was prepared according to the Affymetrix GeneChip
(Affymetrix, Santa Clara, CA) protocol at the Keck Affymetrix
Resource facility at Yale University. Double-stranded cDNA
was synthesized from 5 pg of total RNA using the Superscript
Choice System (Invitrogen) with an oligo(dT),, T7 primer
(Genset, La Jolla, CA). Biotin-labeled cRNA was prepared by in
vitro transcription from ¢cDNA using GeneChip IVT labeling,
then purified with the GeneChip Cleanup Module before frag-
mentation. Fragmented cRNA was then hybridized to the
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Human Genome U133 Plus 2.0 Array, and processing was per-
formed following standard protocols (Affymetrix).

Raw Affymetrix microarray data were normalized using
Robust Multichip Averaging (33). Differential expression was
determined for each comparison of interest using two criteria.
First, an initial filtering removed any genes with an absolute
-fold change less than two. Next, statistical significance was
calculated using the S-Score probe-level algorithm (34, 35). A
change in expression at least three standard deviations from the
mean, corresponding to a p value of 0.003, was required. All of
the analysis methods used implementations from the BioCon-
ductor software package (36).

STAT Phosphorylation Analysis—Huh7/Conl/SG-Neo(I)
cells were treated with cytokines for 30 min in two separate
groups. The first group was treated with 100 units of IFN-a/ml,
100 units of IFN-vy/ml, 10 ng of IL-29/ml, or combinations at
these concentrations. The second group was treated with 100
units of IFN-a/ml, 10 units of IFN-v/ml, 100 ng of IL-29/ml or
combinations at these concentrations. Equal numbers of cells
were washed with phosphate-buffered saline and lysed with
2X SDS sample buffer (125 mm Tris/HCI, 4% SDS, 20% glyc-
erol, 0.02% bromphenol blue). Extracts were separated on an
SDS-polyacrylamide gel, transferred to a nylon membrane
(Bio-Rad), and probed with antibodies specific for p-STAT-1
(Tyr-701), STAT-1, p-STAT-2 (Tyr-690), STAT-2, p-STAT-3
(Tyr-705), and STAT-3 (Cell Signaling). Proteins were visual-
ized using LumiGLO chemiluminescent reagents (Cell Signal-
ing) and a Fuji LAS-3000 cooled CCD camera.

Promoter Activity/Luciferase Assay—The pISRE-Luc plas-
mid containing five copies of an ISRE element (TAGTT-
TCACTTTCCC) and the pGAS-Luc plasmid containing four
copies of a GAS element (AGTTTCATATTACTCTAAATC)
were purchased from Stratagene (La Jolla, CA). One day prior
to transfection, cells were plated in complete Dulbecco’s mod-
ified Eagle’s medium without antibiotics. Huh7/Conl/SG-
Neo(I) cells were transfected with 2 ug of control plasmid con-
taining no enhancer element, pISRE-luc, or pGAS-luc plasmid
with 6 ul of Lipofectin (Invitrogen). One day post-transfection,
cells were treated with 100 units of IFN-a/ml, 100 units of IFN-
v/ml, 10 ng of IL-29/ml, or combinations at their respective
concentrations for 24 h. Cells were lysed in 1X lysis buffer
(Stratagene) and luciferase assays were performed using the
Steady-Glo Luciferase Assay system (Promega, Madison, W1I).
Luciferase activity was quantified using a Victor®V Luminom-
eter (PerkinElmer Life Sciences).

IFI127 Promoter Cloning and Mutagenesis—A 500-bp region
immediately upstream of the IFI27 transcription start site was
amplified by PCR and incorporated Xhol and HindIII restric-
tion sites (5'-CTC GAG TCT GCC TAG GTC ACT GCT
TC-3" and 5'-AAG CTT GAC ACA GGC AAC AAA TGA
GAT AG-3'). This region was then cloned into the pGL3 vector
(Promega) for use in luciferase assays as described above. For
the JFI27 mutant promoter, point mutations were introduced
using the QuikChange II Site-directed Mutagenesis Kit (Strat-
agene). Primers were designed according to the manufacturer’s
recommendations (5'-GAT GTC TGC AGT TTC GGT TTC
GTCCAA AAT GAAACCTAT CTCATT-3' (sense); 5'-AAT
GAG ATA GGT TTC ATT TTC GAC GAA ACC GAA ACT
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GCA GAC ATC-3’ (antisense)). For the IFI27 promoter lucif-
erase assays, Huh7/Con1/SG-Neo(I) cells were transfected as
described above, then treated with 10 units of IFN-a/ml, 100
units of IFN-vy/ml, 10 ng of IL-29/ml, or combinations for 8 h.
Luciferase activity was measured as described above.

Analysis of ISRE and GAS Elements—Upstream 1-kb pro-
moter regions for all RefSeq genes in the human genome (Build
36) were downloaded from the UCSC Genome Browser (37).
Elements matching the ISRE ((G/A)(G/A)AANNGAAA(C/G))
and GAS (TT(C/A)CNNNAA(A/G)) consensus sequences
were identified in each gene and their locations noted. p values
for the over-representation of ISRE and/or GAS elements
among the additive/synergistic genes were computed using
hypergeometric distribution with the set of all differentially
expressed genes under any interferon treatment as the back-
ground (38).

RESULTS

Cooperative Antiviral Activity of IL-29 with IFN-a or IEN-y—
We first determined if combining IL-29 with IFN-« or IFN-y
induces greater antiviral activity compared with the individual
cytokines alone. We initially chose to use VSV for these exper-
iments because of its well characterized sensitivity to I[FN (32).
A549 cells were pre-treated with low concentrations of IFN-q,
IFN-v, IL-29, or combinations for 18 h prior to infection with a
GFP-expressing VSV (multiplicity of infection = 1) (39). By
flow cytometric analysis 24 h post infection, we observed three
populations of cells (arbitrarily defined as GFP high, medium,
and low/no), indicative of their relative level of VSV gene
expression (Fig. 1). We have previously found that GFP expres-
sion in VSV-infected cells correlates with virus titer in the cell
culture supernatant (data not shown). Although cells treated
with only one cytokine displayed some protection (i.e. lower
GFP expression) against VSV at these concentrations,
increased protection was found in cells treated with multiple
cytokines. Although the combination of IL-29 and IFN-«
induced a modest decrease in the level of GFP expression, the
combination of IL-29 and IFN-vy was much more effective at
inhibiting VSV, and was similar to the inhibition found with a
combination of IFN-« and IFN-vy. Therefore, the combined
antiviral activity of IL-29 and IFN-vy against VSV is more effec-
tive than the combination of IL-29 and IFN-a.

We next determined the extent to which the cytokine com-
binations inhibit HCV. We chose to use the replicon model of
HCYV replication to monitor the effects of the cytokine combi-
nations in the context of ongoing viral RNA replication. Human
Huh7 hepatoma cells expressing either a subgenomic (30) or
full-length genomic (40) cell culture-adapted HCV RNA repli-
con were treated with the individual cytokines or combinations
as indicated (Fig. 2A4), and HCV RNA replication was measured
72 h later by quantitative RT-PCR analysis. These cytokine con-
centrations were chosen based on the fact that they elicit simi-
lar partial antiviral effects (~3-fold HCV RNA reduction 3 days
post treatment) when used alone (Fig. 2A4). In contrast to the
individual cytokines, viral RNA levels in the subgenomic repli-
con cells were reduced 92 and 98% by the IL-29/IFN-« and
IL-29/TEN-vy combinations, respectively, and these decreases
were significantly greater than the inhibition induced by each
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IFN-a + IFN-y

FIGURE 1. Inhibition of VSV replication by cytokine combinations. A549
cells were treated with 5 units of IFN-a/ml, 5 units of IFN-y/ml, 0.25 ng of
IL-29/ml, or combinations as indicated for 18 h prior to infection with VSV-GFP
(multiplicity of infection = 1). Cells were imaged microscopically then fixed
for quantitative analysis by flow cytometry. Three populations of cells were
evident, defined as high (>524 relative fluorescence intensity), medium
(18 < relative fluorescence intensity < 524), and low/no (relative fluores-
cence intensity < 18). The proportion of cells with high, medium, and low/no
GFP expression are displayed in pie charts. Images and quantitative data are
representative of three independent experiments.

cytokine alone (Fig. 2A4). A similar pattern was observed with
cells expressing the full-length genomic replicon, as the combi-
nations of IL-29/IFN-« and IL-29/IFN-vy reduced viral RNA
levels by 91 and 97%, respectively.

The enhanced inhibition elicited by the IL-29/IFN-« combi-
nation was not significantly different from a theoretical additive
effect of the two cytokines (Z = X + Y (1 — X), where X and Y
are the individual reductions, p value for synergy = 0.38 (sub-
genomic) or 0.33 (full-length)) (41). However, the decrease in
HCV RNA evoked by the IL-29/IFN-y combination was greater
than that expected by an additive effect of the cytokines (p value
for synergy = 0.016 (subgenomic) or 0.046 (full-length)).
Therefore, IL-29 in combination with IFN-« or IFN-vy reduces
HCV RNA replication more than the individual cytokines
alone, and the combined activities of IL-29 and IFN-« on HCV
appear to be primarily additive, whereas IL-29 and IFN-vy act
synergistically.

We next confirmed that this cooperative antiviral activity is
not due to an increase in cytopathic effects caused by the com-
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bined cytokine treatments. We conducted both MTT and cell
count assays to measure cell viability and proliferation. As
shown in Fig. 2B, although there is a slight decrease (<20%) in
MTT activity following cytokine treatment, this decrease is not
enhanced by the cytokine combinations, and the number of
viable cells remains virtually unchanged. These results demon-
strate that the greater inhibition of HCV replication is due to
increased antiviral activity rather than decreased cell viability
or proliferation.

Because cooperative antiviral activities can vary depending
on cytokine concentration (28), we also performed a dose-re-
sponse experiment using a fixed concentration of IL-29 (10
ng/ml), and varying concentrations of IFN-«a or IFN-vy (10-fold
higher to 10-fold lower than the concentrations used in Fig.
2A). Atavery high concentration of IFN-a (1000 units/ml), the
cooperative activity with IL-29 was lost, presumably due to
maximum activation of the antiviral response by IFN-« alone
(Fig. 2C). Importantly, however, when equivalent unit concen-
trations of IFN-« or IFN-vy are compared (10 or 100 units/ml; as
opposed to normalization to antiviral activity against HCV as
shown in Fig. 2A4), the combination of IL-29 and IFN-y was
again more effective at inhibiting HCV replication compared
with the IL-29 + IFN-oa-treated cells.

Additionally, we examined the combined activity of the cyto-
kines over a time course ranging from 1 to 5 days. As early as 2
days post-treatment, significant differences in HCV RNA levels
were found, and these became more pronounced at later time
points (Fig. 2D). Thus, as we found 72 h post treatment, the
combination of IL-29 and IFN-vy produced the greatest inhibi-
tion of virus replication at multiple time points.

Microarray Analysis of Gene Expression—Based on the
results of the virus inhibition studies, we hypothesized that the
cytokine combinations would induce different changes in IFN-
stimulated gene expression compared with the individual cyto-
kines alone. However, it was possible that this was occurring
through a greater number of genes being induced, a different
subset of genes being induced, or an increase in the expression
of induced genes. We therefore performed a gene expression
analysis using Huh7/Con1/SG-Neo(I) cells treated for 24 h with
the individual cytokines (IFN-¢, IFN-vy, and IL-29) or the
respective combinations (IFN-«/IL-29 and I[FN-vy/IL-29). We
chose 24 h post-stimulation for this analysis for two reasons.
First, Marcello et al. (9) demonstrated that the greatest num-
bers of IL-29-induced genes are found 24 h post treatment in
Huh?7 cells. Second, this group also found differences in signal-
ing kinetics by the IFN-« and IL-29 receptors during the first
3 h after cytokine stimulation. Therefore, we chose the time
point where the greatest numbers of IL-29 genes are induced,
and where the gene expression results would not be influenced
by differences in early signaling kinetics.

We first determined the number of genes with induced
expression compared with control untreated cells. The expres-
sion of 78, 85, and 92 genes was increased more than 2-fold (p <
0.003) in cells treated with IFN-q, IL-29, or the combination of
the two, respectively. Treatment with IFN-vy either alone or in
combination with IL-29 up-regulated 173 and 189 genes,
respectively. Although subsets of these genes (19 for the IFN-
a/IL-29 combination, 42 for IFN-vy/IL-29) were induced only
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FIGURE 2. Cytokine combinations inhibit HCV RNA replication but do not affect cell viability. A, Huh7/
Con1/5G-Neo(l) cells (Sub) were treated with 100 units of IFN-a/ml, 10 units of IFN-y/ml, 100 ng of IL-29/ml, or
combinations as indicated. Sfil full-length replicon cells (Full) were treated with 10 units of IFN-a/ml, 3 units of
IFN-y/ml, 1 ng of IL-29/ml, or combinations as indicated. p values for greater than additive effects are as follows:
(*)p =0.38, (**) p = 0.016, (1) p = 0.33, (t1) p = 0.046. B, Huh7/Con1/SG-Neo(l) cells were treated with 100 units
of IFN-a/ml, 10 units of IFN-y/ml, 100 ng of IL-29/ml, or combinations as indicated. Cell viability was determined
by MTT assay and counting in trypan blue. C, Huh7/Con1/SG-Neo(l) cells were treated with the indicated
concentrations of IFN-a or IFN-vy in the presence or absence of 10 ng of IL-29/ml. D, time course of HCV
inhibition. Huh7/Con1/5G-Neo(l) cells were treated with 100 units of IFN-a/ml, 10 units of IFN-y/ml, 100 ng of
IL-29/ml, or combinations as indicated. For all experiments, data are presented as the mean of triplicate exper-

iments, and error bars represent S.E.

after treatment with the cytokine combinations, the magnitude
of expression of these genes was generally very low (data not
shown). Therefore, the cytokine combinations induced the
expression of both more genes and different genes compared
with the individual cytokines, but these effects were relatively
modest.

We next compared the number of genes whose magnitude of
expression was significantly changed more than 2-fold above or
below the level induced after treatment with the individual
cytokines alone. Compared with IFN-« alone, treatment of cells
with the IL-29/IFN-a combination increased the expression of
14 genes, and no genes displayed decreased expression. Com-
pared with IFN-+y alone, cells treated with the combination of
IL-29 and IFN-v also showed increased expression of a much
larger number of genes (42 genes) than were decreased (2
genes). Therefore, treatment with the cytokine combinations
led to overall higher expression levels of specific IFN-a- or IFN-
y-stimulated genes.

We then further characterized this pattern of enhanced
gene expression in greater detail. Among all of the genes that
showed differential expression after any cytokine treatment
(Fig. 3A), the 14 genes that were enhanced by the IFN-a +
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analysis, these genes were moder-
ately induced by the individual cyto-
kine treatments or combination of
IFN-a and IL-29. However, their
expression was much greater after
treatment with the combination of
IL-29 and IFN-v, thus confirming
their synergistic activation.

Synergistic Gene Expression Does
Not Require ISG Expression—To
determine whether the observed combined effects of IL-29 and
IEN-v were due to initial signal transduction events or to sec-
ondarily expressed activating factors, cytokine-induced
expression of a representative gene (/FI27) was compared in
cells treated with cycloheximide to untreated controls (Fig.
5A). Although the overall level of expression of I[FI27 mRNA
was lower in the cycloheximide-treated cells under all con-
ditions, the relative -fold increase induced by the combined
cytokines was not significantly different in the presence or
absence of cycloheximide. Therefore, the enhanced gene
expression activated by IFN-y and IL-29 does not require de
novo expression of IFN-stimulated genes.

We also measured changes in interferon-regulatory factor-1
(IRE-1) expression following cytokine treatment. IRF-1 is a
transcription factor induced by IFN-+y that can also induce
expression of certain ISGs (42, 43). Therefore, we measured
IRF-1 protein levels after 6 or 12 h of treatment with the cyto-
kines, either individually or in combination (Fig. 5B). We
observed no increase in IRF-1 expression with the combined
cytokine treatments compared with IFN-vy alone, indicating
that the enhanced gene expression is not due to increased IRF-1
expression.
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vidual cytokine stimulation. All genes displaying differential expression
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kine treatments. Lines represent no change in expression (slope = 0.5) or
additive expression (slope = 1) following the combined treatment relative to
the individual treatments. Points above the additive line indicate synergy.
A, gene expression after treatment with IFN-, IL-29, or the combination. Inset
displays 14 induced genes that are differentially expressed after treatment
with IFN-« and IL-29 compared with either IFN-« or untreated controls. Data
are displayed as expression X 103, B, heat map of genes shown in A, inset.
Untreated control cells are indicated in the lane marked “—." Colors range
from green (low relative expression) through black to red (high relative
expression), equally spaced across all treatment conditions. This image was
generated using the Heatplus package in BioConductor. C, gene expression
after treatment with IFN-v, IL-29, or the combination. Inset displays 37 syner-
gistically expressed genes. These genes are defined as exhibiting differential
expression under three conditions: 1) after treatment with IFN-y and IL-29
compared with IFN-v; 2) after treatment with IFN-yand IL-29 compared with
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controls. Data are displayed as expression X 10>, D, heat map of genes
shown in C, inset.

Increased STAT Phosphorylation by Cytokine Combinations—
To understand in greater depth the molecular mechanisms
underlying the enhanced gene expression, we next measured
STAT-1, STAT-2, and STAT-3 tyrosine phosphorylation fol-
lowing treatment with IFN-q, [FN-v, IL-29, or combinations.
The combination of IFN-« and IL-29 resulted in increased
STAT-1 and STAT-2 phosphorylation compared with the sin-
gle cytokines alone at two different IL-29 concentrations (Fig. 6,
A and B). In contrast, the IL-29/IFN-y combination did not
enhance STAT-1 or STAT-2 phosphorylation compared with
IFN-vyalone at two different concentrations of IL-29 and IFN-+.
Like STAT-1 and -2, tyrosine phosphorylation of STAT-3 was
also increased in cells treated with IL-29 in combination with
IFN-a compared with the individual cytokines alone. In con-
trast to STAT-1 and -2, however, the IL-29/IFN-vy combination
also enhanced STAT-3 phosphorylation. Therefore, the
enhanced gene expression may in part be explained by
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increased STAT activation, particularly for the IL-29/IFN-«
combination.

Enhanced Activation of ISRE Sequences by Cytokine Combi-
nations—We next asked whether the cytokine combinations
function together to activate ISRE or GAS promoter elements.
IEN-« or IL-29 alone induced luciferase expression from a syn-
thetic 5xISRE-driven promoter, and the combination of the two
cytokines induced significantly (p = 0.019) more activity (Fig.
7A). IFN-v also activated the ISRE element in these cells (Fig.
7A), as well as in HepG2 human hepatoma cells and murine
immortalized hepatocytes (data not shown), and this activation
was also enhanced by IL-29 (Fig. 7A). In fact, the highest pro-
moter activity was observed following treatment with the com-
bination of IFN-yand IL-29 (p = 0.001). In contrast, IFN-y was
the only cytokine that induced expression from a 4xGAS-
driven promoter, and the combinations of IL-29 and IFN-+y did
not further enhance GAS-dependent gene expression (Fig. 7B).
These results demonstrate that IFN-«, IFN-vy, and IL-29 all
induce ISRE-dependent gene expression in a hepatocyte-de-
rived cell line, and that the cytokine combinations enhance
ISRE-, but not GAS-, dependent gene expression. Consistent
with this finding, when compared with either all differentially
expressed genes or a random set of genes containing ISRE
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FIGURE 5. Enhanced activation of gene expression is independent of sec-
ondary transcriptional mediators. A, Huh7/Con1/SG-Neo(l) cells were
treated with 100 units of IFN-y/ml, 10 ng of IL-29/ml, or the combination for
12 h in the presence or absence of 100 ug of cycloheximide (CHX)/ml. IFI27
mMRNA expression was measured by quantitative RT-PCR, normalized to
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are mean of three experiments and error bars represent S.E. B, IRF-1 expres-
sion in Huh7/Con1/SG-Neo(l) cells was measured by Western blot following
treatment with 100 units of IFN-a/ml, 100 units of IFN-y/ml, 10 ng of IL-29/m,
or combinations for 6 or 12 h as indicated.

and/or GAS elements within 1 kb of their transcriptional start
site, the genes that showed enhanced expression following
stimulation with the cytokine combinations were more likely to
have multiple ISRE elements located in close proximity to their
transcription initiation site (Fig. 8 and Table 1). Therefore,
increased activation of ISRE elements contributes to enhanced
gene expression.

Simultaneous Activation of ISRE and GAS Elements—Al-
though increased activation of ISRE sequences likely contrib-
utes to enhanced gene expression, the magnitude of this effect
did not appear to fully explain the synergistic expression
induced by the IL-29/IFN-y combination. Furthermore, the
failure of IL-29 to increase GAS-dependent gene expression
(Fig. 7) ruled out increased GAS activity as a mechanism as well.
However, the genes that showed synergistic expression were
also more likely to have both ISRE and GAS elements in their
promoters when compared with all differentially expressed
genes (Table 1). This suggested that the simultaneous activa-
tion of both ISRE and GAS elements in the promoters of certain
genes might also contribute to the enhanced gene expression.

To further test this hypothesis experimentally, we cloned a
500-base pair region immediately upstream of the IFI27 start
site into a luciferase expression vector. This region contains a
cluster of overlapping ISRE and GAS elements that likely
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FIGURE 6. Increased STAT activation with cytokine combinations. Huh7/
Con1/5G-Neo(l) cells were treated with (A) 100 units of IFN-a/ml, 100 units of
IFN-y/ml, 10 ng of IL-29/ml, or combinations as indicated or (B) 100 units of
IFN-a/ml, 10 units of IFN-y/ml, 100 ng of IL-29/ml, or combinations as indi-
cated for 30 min. Phosphorylated and total STAT-1, STAT-2, and STAT-3 were
measured by Western blot. Similar increases in phosphorylation were also
found at 15 and 180 min after stimulation (data not shown).

account for the activation of IFI27 gene expression after IFN
stimulation (Fig. 94). As with the synthetic promoters, the
IFI27 promoter was activated by the individual cytokines alone,
and increased activity was observed with IL-29/IFN-a and
IL-29/TFN-+y combinations (Fig. 9B, solid bars). Consistent with
IFI27 gene expression from the endogenous promoter (Fig. 44),
the largest increase in promoter activity was found following
IL-29 + IFN-vy stimulation.

We then produced a mutated promoter in which the GAS
elements were no longer functional, but the ISRE elements
remained intact (Fig. 94). As shown in Fig. 9B, this mutation
had no significant effect on promoter activity when cells were
treated with IFN-q, IL-29, or the IL-29/IFN-« combination. As
expected, the mutant promoter exhibited less activity in cells
treated with IFN-+vy alone. Furthermore, the combination of
IL-29 and IFN-v also displayed significantly lower activity with
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FIGURE 7. Cytokine combinations increase activation of the ISRE pro-
moter element. Huh7/Con1/5G-Neo(l) cells transfected with luciferase (luc)
reporter plasmids (A) p(5x)ISRE-luc or (B) p(4x)GAS-luc were treated with 100
units of IFN-a/ml, 100 units of IFN-y/ml, 10 ng of IL-29/ml, or combinations as
indicated for 24 h. Data are presented as the mean of triplicate experiments
and are expressed as percent of maximum relative luciferase activity. Error
bars represent S.E., and p values for Student's t test are indicated.

the mutant promoter. In the absence of the GAS element,
expression after IL-29/IFN-+v stimulation was comparable with
levels observed in cells treated with IL-29 + IFN-a. These data
demonstrate that the highly induced expression of a synergisti-
cally expressed gene requires the presence of a GAS element in
its promoter.

DISCUSSION

Both IFN-«/B and IFN-vy display antiviral activity, and IFN-«
is used to treat chronic viral infections in the liver (HBV, HCV).
The recently characterized IFN-related protein IL-29 inhibits
virus replication, but relatively little is known concerning the
mechanism of how its activity combines with other cytokines.
Despite being induced by the same stimuli as IFN-a, and acti-
vating a similar antiviral response, IL-29 has only weak homol-
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FIGURE 8. ISRE and GAS elements in induced genes. The location of ISRE
(green triangles) and GAS (red circles) motifs among genes that contain these
elements. Each gene is displayed horizontally. A, the 34 additive/synergistic
genes (insets of Fig. 3, A and C) that contain ISRE and/or GAS elements. B, the
164 other genes found to be differentially expressed under any treatment
that contain ISRE and/or GAS elements. C, a selection of 164 random RefSeq
genes that contain ISRE and/or GAS elements. Genes are sorted within each
plot such that those containing only GAS elements appear on top, followed
by those with only ISRE elements, and finally those with both. The transcrip-
tion start site is located at 0.

TABLE 1
Frequency of ISRE and GAS sequences in induced genes
Element Synergistic All p Value

ISRE 27 (73%) 108 (37%) 0.0000023
>1ISRE 15 (40%) 39 (13%) 0.0000071
GAS 22 (59%) 144 (49%) 0.13
>1GAS 10 (27%) 59 (20%) 0.18
ISRE + GAS 16 (43%) 54 (19%) 0.00016
Total 37 291

ogy to IFN-«a and utilizes a receptor that is distinct from both
the IFN-« and IFN-vy receptors (4, 5, 12). We hypothesized that
this unique receptor usage may allow for enhanced antiviral
activity when cells are exposed to IL-29 in combination with
I[FN-a or IFN-v.

Previous studies on the combined antiviral activity of IFN-c
and IFN-vy demonstrated synergistic inhibition of replication
for a number of viruses, including herpes simplex virus-1 (23,
24), mouse hepatitis virus type 2 (25), human T-lymphotropic
virus-1 (26), cytomegalovirus (27), and HCV (28, 29). A number
of these reports also assessed the effects of type I IFN combina-
tions (e.g. IFN-a and IFN-B) versus IFN-a and IFN-y combina-

VOLUME 283 -NUMBER 44 -OCTOBER 31, 2008



A. — ISRE
— GAS
Wild Type

GTTTCGGTTTCCTGGAAAATGAAAC . 4ga0pp ... TGGGAAC
CAAAGCCAAAGGACCTTTTACTTTG P ACCCTTG

Mutant
e — —
GTTTCGGTTTCGTCGAAAATGARAC o0 TGGGAAC
CAAAGCCAAAGCAGCTTTTACTTTG P acceTTe
B. —y
12
B wild type {
1011 O Mutant
5 8
©
3
= B
e
g 4 =
2 T
I’ il W
IFN-o - + - - + ;
IFN-y - - + - . +
IL-29 - - - + + +
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(lower) strands. Point mutations were designed so that the mutant promoter
lacks functional GAS elements but maintains the ISRE sites. B, Huh7/Con1/SG-
Neo(l) cells transfected with pGL3 plasmids containing the wild-type or
mutant promoter elements were treated with 10 units of IFN-a/ml, 100 units
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presented as the mean of triplicate experiments and are expressed as -fold
induction relative to untreated controls. Error bars represent S.E.*, p < 0.05 for
Student’s t test.

tion (26, 28, 29). In these studies, the type I combinations gen-
erally had a slight additive or antagonistic effect, whereas the
IFN-a/IFN-vy combination often had a much greater or syner-
gistic activity against the viruses.

Our studies using HCV RNA replicons revealed an additive
antiviral effect with the combination of IL-29 with IFN-«
against HCV. Cooperative antiviral activities of IFN-a and
IL-28/1L-29 against HCV (9, 10) and HSV-2 (6) have also been
reported by other groups. Recently, the combination of 1L-29
and IFN-vy was found to additively inhibit Hantavirus infection
(44). In contrast to this report, we found that IL-29 and IFN-y
resulted in a synergistic reduction in VSV and HCV replication.
Therefore, despite using a unique receptor, IL-29 functions
similarly to the type I IFNs in that it can additively increase the
antiviral activity of IFN-a/B, and synergize with IFN-y to
inhibit virus replication.

We then determined if simultaneous stimulation with IL-29
and IFN-« or IFN-+y leads to an overall positive or negative net
effect on cellular antiviral gene expression. A report from Zhu
et al. (10) demonstrated that combined treatment of cells with
IFN-a and IL-28A increased STAT-1 phosphorylation, sug-

OCTOBER 31, 2008+ VOLUME 283 +NUMBER 44

Cooperative Activity of IL-29 and Interferon

gesting that this would lead to increased gene expression. How-
ever, Brand et al. (11) demonstrated that the antiviral activities
of IL-28 and IL-29 are inhibited by suppressor of cytokine sig-
naling (SOCS) proteins. Induction of SOCS expression is Jak/
STAT dependent and acts as a negative feedback mechanism to
regulate the Jak/STAT pathway (45). It was therefore possible
that IL-29-induced SOCS activation might reduce I[FN-medi-
ated gene expression when these cytokines stimulate the same
cell. We found an overall positive effect on gene expression,
both in the number of genes expressed and in their level of
expression. This suggests that combinations of IL-29 with
IEN-a or IFN-vy elevate antiviral gene expression without
inducing sufficient additional negative regulatory factors to
inhibit signaling.

We further analyzed the expression data to determine
whether combinations of IL-29 and IFN-« or IFN-vy increased
gene expression additively or synergistically. By comparing
gene expression with individual cytokines versus combination
treatment, we found the combined effect of IL-29 and IFN-« to
be limited to additive gene expression, whereas IL-29 and
IFN-v synergistically induced gene expression. The finding of
additive gene expression following treatment with IL-29 and
IFN-a and synergistic gene expression after treatment with
1L-29 and IFN-vy mirrors the effects we observed on virus rep-
lication. This raises the possibility that one or more of these
genes plays a direct role in inhibiting HCV replication. Inter-
estingly, a number of genes found to be synergistically induced
have been implicated in the IFN-mediated antiviral response to
HCV, including USPI18, IFI27, and ISG20 (46—48). Studies
using RNA interference would be necessary to determine
whether any of these proteins are necessary for the synergistic
antiviral activity that we observe with IL-29 and IFN-vy. How-
ever, these experiments are complicated by the fact that more
than one protein may be sufficient to inhibit virus replication.

To determine the mechanism of the combined activities, we
examined the activation of ISRE- and GAS-dependent gene
expression. The ISRE is activated by the binding of the IFN-a-
activated transcription factor complex ISGF3 (15, 16), whereas
IFN-v receptor signaling leads to the formation of a STAT-1
homodimer that primarily binds to the GAS (45). Additionally,
IFN-a may also induce expression from GAS promoters (49),
and IFN-y can activate ISRE-dependent promoters (15,
50-53). This cross-reactivity between IFNs and target pro-
moter regions has been reported to be cell type specific (50),
and may depend upon the activity of the secondary transcrip-
tional activator IRF-1 (42, 43). Furthermore, others have shown
that IL-29 can induce transcription factor binding to both ISRE
and GAS promoter elements (4, 21, 22).

We found that both IFN-« and IL-29 activated expression
from an ISRE-dependent, but not a GAS-dependent, promoter
in Huh7 cells, and that the combination of these cytokines
induced significantly greater activity. Although IFN-vy induced
expression from both the ISRE and GAS promoters, the com-
bination of IL-29 and IFN-vy only enhanced expression from the
ISRE-dependent promoter. These data indicate that IL-29 can
potentiate ISRE-, but not GAS-dependent gene expression.
ISRE activation alone, however, may not completely explain the
synergistic gene expression found with the combination of
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IEN-vy and IL-29. Of course, in natural promoters, multiple
transcriptional regulatory elements are often present. We
found that ISGs often contain both ISRE and GAS elements in
their promoters, allowing induction by both IL-29 and IFN-v,
which leads to synergistic activation of gene expression, at least
for certain genes. Therefore, these data indicate that two differ-
ent mechanisms contribute to the enhanced gene expression,
increased activation of ISREs and simultaneous activation of
both ISRE and GAS elements.

We also measured STAT activation to better understand the
mechanism of the additive and synergistic activity. The combi-
nation of IFN-« and IL-29 induced greater STAT-1, STAT-2,
and STAT-3 phosphorylation compared with the individual
cytokines alone. In contrast, although IL-29 and IFN-vy induced
greater phosphorylation of STAT-3 when combined, no
increase was observed for STAT-1 or STAT-2 phosphorylation
relative to IFN-vy alone. These results suggest that the additive
activity of IL-29/IFN-« is due in part to increased activation of
STAT-1and STAT-2. However, the synergistic activity of IL-29
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and IFN-vy cannot be wholly attributed to STAT activation, as
only an increase in STAT-3 phosphorylation was observed,
and the increase was not greater than that observed for the
IL-29/IFN-a combination. Interestingly, it has been re-
ported that STAT-3 plays a role in the IFN-a-mediated inhi-
bition of HCV replication (20, 54). Our data are therefore
also consistent with a potential role for STAT-3 in the anti-
viral responses against HCV induced by the IL-29/IFN-« and
IL-29/IFN-y combinations.

A model summarizing these data is presented in Fig. 10.
When both IFN-a and IL-29 receptors are simultaneously
activated, STAT phosphorylation and ISRE-dependent gene
expression are more highly induced, leading to enhanced
antiviral protein expression and greater inhibition of virus
replication. In contrast, the combination of IFN-vy and IL-29
not only induces greater activation of ISREs, but also
enhances expression of genes with GAS elements in their
promoters. This leads to not only a wider range of antiviral
gene expression, but also a substantial increase in the mag-
nitude of expression of genes containing both ISRE and GAS
regulatory elements, ultimately leading to a synergistic inhi-
bition of virus replication.

A key attribute of cytokines is their ability to interact with
one another to increase or inhibit a specific cellular response in
a coordinated manner. As we have demonstrated here, IL-29 is
no exception, as it can cooperate with both IFN-« and IFN-vyvia
different mechanisms to promote the antiviral response.
Although IFN-« is used therapeutically for patients with
chronic HCV or HBV infections, the undesirable side effects are
amajor drawback of treatment. The results of this study suggest
that IL-29 in combination with other cytokines may prove to be
an attractive alternative for chronic viral infections. Additional
clinical studies are needed to determine the efficacy and feasi-
bility of such treatments.
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