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ABSTRACT

Cytokines are a group of small secreted proteins that mediate a diverse range of immune and nonimmune responses to inflam-
matory and microbial stimuli. Only a few of these cytokines mount an antiviral response, including type I, II, and III interferons
(IFNs). During viral infections and under inflammatory conditions, a number of cytokines and chemokines are coproduced with
IFN; however, no systematic study exists on the interactions of the cytokine repertoire with the IFN response. Here, we per-
formed the largest cytokine and chemokine screen (the human cytokinome, with >240 members) to investigate their modula-
tion of type I and type II IFN responses in a cell line model. We evaluated the cytokine activities in both IFN-stimulated response
element (ISRE) and IFN-v activation sequence (GAS) reporter systems. Several cytokine clusters that augment either or both
ISRE- and GAS-mediated responses to IFNs were derived from the screen. We identified novel modulators of IFN response—
betacellulin (BTC), interleukin 11 (IL-11), and IL-17F—that caused time-dependent induction of the IFN response. The ability
to induce endogenous IFN-{3 and IFN-stimulated genes varies among these cytokines and was largely dependent on Stat1, as as-
sessed by Statl mutant fibroblasts. Certain cytokines appear to augment the IFN-f3 response through the NF-kB pathway. The
novel IFN-like cytokines augmented the antiviral activity of IFN-« against several RNA viruses, including encephalomyocarditis
virus, vesicular stomatitis virus, and influenza virus, in susceptible cell lines. Overall, the study represents a large-scale analysis
of cytokines for enhancing the IFN response and identified cytokines capable of enhancing Stat1, IFN-induced gene expression,
and antiviral activities.

IMPORTANCE

Innate immunity to viruses is an early defense system to ward off viruses. One mediator is interferon (IFN), which activates a
cascade of biochemical events that aim to control the virus life cycle. In our work, we examined more than 200 cytokines, soluble
mediators produced within the body as a result of infection, for the ability to enhance IFN action. We identified enhanced inter-
actions with specific IFNs and cytokines. We also revealed that betacellulin, IL-17, and IL-11 cytokines have the novel property of
enhancing the antiviral action of IFN against several viruses. These results demonstrate that the human genome codes for previ-
ously unknown proteins with unrelated functions that can augment the innate immunity to viruses. Knowing these interactions
not only helps our understanding of immunity to viruses and emerging diseases, but can also lead to devising possible new ther-
apeutics by enhancing the mediator of antiviral action itself, IFN.

he interferon (IFN) response plays an important role in innate

immunity to viruses (1, 2). Many cell types produce IFN in
response to a viral invasion, and IFN acts on neighboring healthy
cells to ward off further viral attack. IFN stimulates the expression
of a multitude of genes (IFN-stimulated genes [ISGs]) that collec-
tively participate in the control of the virus life cycle (3-7). During
viral infections, many cytokines and chemokines are coproduced
and secreted in tissues and into the circulation, but only a few
mediators have been investigated for their effects on the IFN re-
sponse.

Type I IFN, which includes the multiple IFN-a subtypes,
IFN-B, IFN-k, IFN-w, and IFN-¢, binds to the IFNAR1/IFNAR2
receptor complex, while IFN-+ (also called immune IFN) binds to
the IFNGR1/IENGR2 complex (reviewed in references 8 and 9).
Type III IFN (interleukin 28A [IL-28A]/IFN-A2/IFNL2, IL-28B/
IFN-A\3/TFNL3, and IL-29/TFEN-A1/IFNL1) comprises distantly re-
lated proteins of the IL-10 cytokine family and binds a different
receptor complex, IFN-AR1/IL10R2 (10, 11), in which IL10R2 is
common to other IL-10 members (12). This heterogeneous group
of IFNs shares signaling via the JAK/Stat pathway (e.g., Statl phos-
phorylation), although each type has distinct regulatory compo-
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nents. Type I and type III IFNs activate similar signaling pathways
but with different kinetics that lead to IFN-stimulated response
element (ISRE)-mediated transcription (13). IFN-vy leads to
IFN-+ activation sequence (GAS)-mediated transcription (14).
Despite the fact that a plethora of cytokines are coproduced
with IFN during viral infections, there is no study that investigates
the cytokinome effect on the IFN response. As “ome” refers to an
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entire set of objects, e.g., kinome, the cytokinome is also defined as
the totality of these proteins and their interactions in and around
cells (15). Using an ISRE/GAS reporter system in human hepa-
toma Huh7 cells, a well-established model of IFN biology, we
performed a cytokinome screen targeting 244 cytokines and ana-
lyzed cytokine synergy in the IFN response. We identified positive
regulators and interactions of the cytokines with the IFN response.
We pinpointed those that affect the IFN response either directly or
in combination with IFN, which included both known and un-
known mediators. Finally, we show that the cytokines betacellulin
(BTC) and IL-17 possess novel characteristics in that they aug-
ment the antiviral action of IFN.

MATERIALS AND METHODS

Cell culture, small interfering RNAs (siRNAs), cytokines, and reagents.
U3A (a Statl-deficient cell line) generated from HT1080 was obtained
from George Stark (Cleveland Clinic Foundation, Cleveland, OH). The
Huh-7 cell line was obtained from the JCRB Cell Bank, Japan. The human
epithelial amnion cell line WISH (HeLa markers) was obtained from the
ATCC. Huh-7 and U3A cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, CA, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS) and antibiotics. WISH
cells were maintained in minimal essential medium (MEM) (Invitrogen)
supplemented with 10% FBS and antibiotics. The recombinant human
IFN-a2a (rIFN-a2a) (Roferon; Hoffman-LaRoche, Basel, Switzerland)
used had a specific activity of 2 X 10® TU/mg. Recombinant human IFN-y
(1 X 10”7 U/ml) was obtained from R&D Systems. The cytokines were all
human recombinant forms obtained from Peprotech and R&D Systems
and were stored as a stock solution at —20°C in 0.1% bovine serum albu-
min (BSA)-phosphate-buffered saline (PBS). Based on the manufactur-
ers’ information sheets, all the cytokines were endotoxin free. The NF-kB
inhibitor is (E)-2-fluoro-4’-methoxystilbene (Calbiochem; San Diego,
CA).

Plasmids, IFN response, and NF-kB reporter assay. The constructs
utilized expression cassettes that contained a minimal cytomegalovirus
(CMV) promoter linked to a strongly expressed TT/TA-reduced en-
hanced green fluorescent protein (EGFP) coding region (16) and a stable
3" untranslated region (UTR) (17). The ISRE expression cassette con-
tained the sequence GATTCTGTTTCAGTTTCCCCTCAGTTTCACTT
TCCTTTCCCCTTTCAGCAGTTTCACTTTCCTTTCCCCTTTCC and
was cloned into the expression vector using Sall and EcoRV. The GAS
reporter construct contained the promoter sequence AGCCTGATTT
CCCCGAAATGACGGCAGCCTGATTTCCCCGAAATGACGGCC. The
minimal IFNB1 promoter sequence is GTAAATGACATAGGAAAAC
TGAAAGGGAGAAGTGAAAGTGGGAAATTCCTCTGAATAG
AGAGAGGACCATCTCATATAAAT. We previously described the ISRE
and mutant ISRE constructs (17). The NF-«kB response element-linked
reporter was constructed as previously described (17); the NF-«kB element
sequence is as follows: CCAAGGGAAACCCCAGGGAAGTACCGGGAA
GGACTTTCCAGTTCTGGAAATTCCCA GAAATCCCCGGTAGGCGT
GTACGGTG. Transfection of these constructs was performed as follows.
Huh-7 cells were seeded in a 96-well microplate at a density of 5 X10°
cells/ml (0.1 ml/well) and incubated for 6 h. The cells were transfected
with 50 ng/well of either ISRE or GAS reporters. After 24 h of incubation,
the cells were treated with 10 IU/ml IFN-a2a or 1 nM the recombinant
cytokines or their combinations, unless otherwise indicated. The fluores-
cence intensity was measured using a high-throughput BD-Pathway 435
imager (BD Biosciences, San Jose, CA). Automated image acquisition and
quantification were performed using the ProXcell algorithm (18). Trans-
fection efficiency was monitored by fluorescence before the addition of
cytokines, and the coefficient of variation was <10% among replicate
wells. The final results are presented as normalized fold changes. All data
were collected at least in triplicate, and the experiments were indepen-
dently repeated at least twice.
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Reverse transcription-quantitative PCR. Huh-7 cells were seeded in
6-well plates at a density of 3 X 10° cells/ml (0.1 ml/well). After 24 h of
incubation, the media were replaced with fresh media, the selected cyto-
kines, and/or 10 IU/ml of IFN-«2a. To assess the role of the NF-kB path-
way, Huh-7 cells were treated with 10 uM NF-kB small-molecule inhib-
itor (Calbiochem) or dimethyl sulfoxide (DMSO) for 1 h before adding 1
nM cytokine and were incubated for a further 6 h. Total RNA was then
extracted and subjected to reverse transcription (RT) to generate cDNA.
TagqMan expression quantitative PCR (qPCR) was then performed using
a TagMan primer pair/hybridization probe (Applied Biosystems) with a
6-carboxyfluorescein (FAM) probe specific for human IFIT3, IEN-§, and
OAS1 and normalized using a GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) TagMan primer (as a VIC probe). For quantitation of viral
RNA replication, EvaGreen Real-Time PCR was performed using 5X
EvaGreen master mix (Al-Bio, Riyadh, Saudi Arabia) with a primer pair
specific for vesicular stomatitis virus (VSV) rhabdovirus nucleocapsid
protein (P) (forward, CGCCAGAGGGTTTAAGTGGA, and reverse, TA
TTTGACTCTCGCCTGATTGT) and primers specific for the influenza
virus HIN1 strain Puerto Rico/8/34 nonstructural protein NS1 (forward,
TAAGGGCTTTCACCGAAGAG, and reverse, TTACTGCTTCTCCAAG
CGAA). Both reactions were normalized using the endogenous human
GAPDH primers (forward, CACCATCTTCCAGGAGCGAG, and re-
verse, TCACGCCACAGTTTCCCGGA). The final results were converted
to ratios * standard errors of the mean (SEM) of the gene-specific nRNA
levels to housekeeping gene mRNA levels. The qPCR was performed in
multiplex with Chromo4 DNA engine cycler (Bio-Rad).

Western blotting. Western blotting was used to assess the effects of the
selected panel of cytokines on IFN-stimulated genes. Huh-7 cells were
plated in 6-well plates at a density of 6 X 10° cells/well and incubated for
24 h. The cells were treated with 1 nM cytokines with or without 10 IU/ml
of IFN-a2a and incubated for an additional 24 h. An equal amount of
protein samples (50 pg) was resolved into sodium dodecyl sulfate-10%
polyacrylamide gels (NuPAGE; Invitrogen), followed by gel transfer to
nitrocellulose membranes (Hybond ECL; Amersham Biosciences, United
Kingdom). The membranes were blotted with primary mouse monoclo-
nal anti-human OAS1 antibody (1/500) or rabbit polyclonal anti-human
IFIT3 antibody (1/500) (Santa Cruz Biotechnology, CA), followed by sec-
ondary horseradish peroxidase (HRP)-conjugated antibody. The blots
were reprobed with an anti-human B-actin antibody as a control. Protein
signals were detected using enhanced chemiluminescence (ECL)-Western
blotting detection reagents (Amersham, NJ). Protein molecular weight
markers were included for each blot.

Viruses and CPE assays. Encephalomyocarditis virus (EMCV), VSV
(strain Indiana), human respiratory syncytial virus (HRSV), and human
influenza virus (H1N1 strain A/Puerto Rico/8/34) were obtained from the
ATCC. Virus preparations were propagated and titrated in their appro-
priate host cells (18)—Vero cells (African green monkey kidney cell line;
ATCC) for EMCV and VSV, HEp-2 cells (human epidermoid carcinoma
cell line; ATCC) for HRSV, and embryonated eggs for HIN1—followed
by clarification and filtration through 0.22-pm membranes for steriliza-
tion. The titers of the viruses were as follows: EMCV, 1.5 X 10® PFU/ml;
VSV, 8 X 10® PFU/ml; RSV, 107 50% tissue culture infective doses
(TCID;g)/ml; and HINT1, 5,120 hemagglutinin (HA) units/ml. The virus
stocks were aliquoted and stored at —70°C until use. The crystal violet
stain assay was used to assess the virus-induced cytopathic effect (CPE)
and to establish correlation with the real-time label-free electronic bio-
sensor system (see below). Cells were seeded in 96-well plates at a density
of 3 X 10* cells per well for 16 h. Then, the cells were replaced with
appropriate concentrations of the cytokines alone or in combination with
IFN-a prepared in 2% FBS medium. After overnight incubation, the me-
dium was replaced with 0.1% BSA containing MEM and an appropriate
virus dilution. Depending on the virus, there was a 16- to 40-h incubation,
after which significant CPE was observed (~80 to 90%), and the cells were
fixed with 5% formalin-0.9% saline solution. The cells were then stained
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with 0.5% crystal violet (Fisher, Inc., NJ) solution, washed extensively,
and air dried.

Label-free continuous monitoring of virus-induced changes. A la-
bel-free cell-based assay (ACEA Biosystems, San Diego, CA) was em-
ployed to monitor virus-induced cellular changes in real time (19, 20).
Cells were seeded in electrode strip-coated 96-well electrode-integrated
microplates at a density of 3 X 10° cells per well. After overnight incuba-
tion, the cytokine-IFN combinations were added, and the cultures were
further incubated for 16 h. Viruses were added at the appropriate dilution
in reduced-serum MEM, and the CPE was continuously monitored at
15-min intervals for 48 h. The cell index (CI) parameter was derived to
represent the cell status based on the change in the electrode impedance
due to cell growth and attachment relative to that of background, i.e.,
without cells. The percent CPE inhibition was calculated using the follow-
ing formula: [(experiment CI — virus control CI)/(cell control CI — virus
control CI)] X 100. Both the percent inhibition and the time to CPE could
be deduced continuously at any time point.

Data analysis. For screening studies, fluorescence levels normalized to
the control were converted to fold ratios and then used for centroid clus-
tering using the JMP SAS program (SAS Institute, Cary, NC). The cen-
troid method is a form of hierarchical clustering based on the distance
between two clusters as the squared Euclidean distance between their
means. Heat maps were also generated with JMP SAS. Student’s ¢ test was
used to determine the significance of the difference when comparing two
columns of data. One-way and two-way analysis of variance (ANOVA)
was used in cases of multiple-column comparisons of one or two factors,
respectively.

RESULTS

Cytokinome screen and IFN response. Cytokines and chemo-
kines are coproduced during viral infections and inflammatory
diseases. Therefore, we first evaluated the abilities of 244 of these
mediators representing almost the entire cytokine list (Gene On-
tology) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
cytokine activity pathway (see Table S1 in the supplemental ma-
terial). We used the human hepatoma cell line Huh-7 because it
responds to all types of IFNs (i.e., types I, II, and III) and it ex-
presses receptors for a multitude of cytokines and chemokines
(21-25). It is also highly sensitive to IFN when using an IFN re-
sponse reporter system (17, 26). We utilized ISRE/GAS response
reporter cell-based assays, which respond to all types of IFNs, and
generated large-scale data (see Table S2 in the supplemental ma-
terial). A centroid clustering of fold changes in ISRE/GAS reporter
fluorescence due to the combination of each cytokine with IFN-a
(10 IU/ml) was generated. The gene cluster of cytokines that pos-
sessed the most upregulated reporter activity (Fig. 1) was also
studied. This cytokine gene cluster included known IFN and IFN-
like cytokines, in addition to a few non-IFN cytokines (Fig. 1).
These cytokines boosted the IFN response from nearly 2-fold to
6-fold. The greatest ability to augment IFN-a-induced ISRE/GAS
activity occurred with IFN-y, IEFN-N1/IFNL1, and IFN- (nearly
6-fold each; P < 0.001; n = 4). Both TNF-a (TNF) and TNF-3
(LTA) also enhanced the IFN-a response. Oncostatin M (OSM)
and cytokines not previously known for their ability to elicit an
IEN response, namely, BTC, IL-17F, IL-11, and neurotrophins 3
and 4 (NTF3/4), were able to augment IFN-a and induced further
ISRE/GAS activity (Fig. 1).

ISRE- and GAS-dependent cytokine augmentation of the
IFN response. In order to determine whether ISRE or GAS was
responsible for cytokine enhancement of IFN-a signaling, we ex-
amined the effector cytokine cluster obtained from the screen
(Fig. 1) for either ISRE- or GAS-linked fluorescent reporter exper-
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FIG 1 Cytokinome modulation of the IFN response. The Huh-7 liver cell line
was transfected with ISRE/GAS-EGFP reporter constructs for 20 h. The cells
were treated with a combination of IFN-« (10 IU/ml) and ~1 nM each mem-
ber of the cytokinome (>200 recombinant human cytokines [see Table S1 in
the supplemental material]). The screening experiments (see Table S2 in the
supplemental material) were performed twice independently in triplicate (to-
tal, 6 replicates). After 20 h of additional incubation, the fluorescence intensity
was detected using a BD-Pathway cell imager and quantified with the ProXcell
program. The heat plot represents the clustering of fold increases in fluores-
cence intensity due to IFN and cytokine combinations compared to IFN treat-
ment alone. The inset shows the cytokine cluster that boosted the IFN response
from nearly 2-fold to 6-fold.

iments in the presence of IFN-a and IFN-vy, respectively. The en-
hanced response to the ISRE reporter was generally lower (range,
1.5- to 3.5-fold) (Fig. 2A) than to the combined ISRE/GAS re-
porter (range, 1.6- to 6-fold) (Fig. 1). All types of IFNs (types I to
I1I), as well as the cytokines BTC, IL-11, IL-17F, OSM, and TNF,
were able to enhance the IFN response through ISRE, but not with
the mutant ISRE reporter activity (Fig. 2A). The highest modula-
tors of the ISRE response were the type III IFNL1 (3.5-fold),
IFNBI1, BTC, IL-11, and IFN-v, with each cytokine eliciting an
approximately 2.0-fold increase in reporter activity compared to
IFN-o alone.

Because the above-described experiments focused on the abil-
ities of combinations of various IFNs and cytokines to augment
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FIG 2 ISRE-dependent cytokine augmentation of the IEN response. (A and B) Huh-7 cells were transfected with either ISRE-linked or ISRE-mutant (Mut)-
linked EGFP reporter constructs. After 20 h of incubation, the cells were treated with 1 nM each selected cluster cytokine in the presence (A) or absence (B) of
10 U/ml IFN-a. pA denotes 3" UTR poly(A) signal. (C) Cytokine modulation of the IFN response. Huh-7 cells were transfected with ISRE-linked reporter
constructs for 20 h. The cells were then treated with increasing log, 5 doses of IFN-« in the absence or presence of the indicated cytokines (1 nM each). The data
shown are mean (=SEM) fold increases in fluorescence activities (pixels), compared to IFN alone, from one representative experiment out of two. The P values
were determined by two-curve comparison by F test. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.

IFN-a or IEN-A responses, we examined the ability of one cyto-  tent alone than with the different doses of IFN-a (approxi-
kine to directly activate ISRE or GAS responses. As expected, type  mately 2-fold over mock treatment). Although most of the
I IFNs were able to directly activate ISRE by more than 20-fold prior experiments were performed with a fixed dose of IFN
(Fig. 2B). The combined effects of the cytokines IL-11, IL-17F,  (e.g., 10 IU/ml), the enhanced ISRE-mediated responses ap-
and BTC on ISRE activation were tested with increasing doses  peared to be operative across the linear dose-response curves
of IFN-a (Fig. 2C). The cytokines themselves were far less po- (P < 0.001; F test) (Fig. 2C).
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FIG 3 GAS-dependent cytokine augmentation of the IFN response. (A and B) Huh-7 cells were transfected with GAS-linked EGFP reporter constructs. After 20
h of incubation, the cells were treated with 1 nM each selected cytokine cluster in the presence (A) or absence (B) of 1 nM IFN-v. (C and D) Huh-7 cells were
transfected with GAS-linked reporter constructs for 20 h and then were treated with increasing doses of IFN-v in the absence or presence of 1 nM OSM (C) or
BTC (D). CC, cell control. The data shown are mean (and SEM) fold increases in fluorescence activities (pixels) from three independent experiments; P < 0.0001

as determined by two-way ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

The response to GAS-mediated activity demonstrated a re-
stricted pattern: OSM augmented IFN-y-mediated activation of
GAS from 9-fold to 17-fold in the absence or presence of I[FN-v,
respectively (P < 0.001) (Fig. 3A). This appears to be lower than
ISRE-mediated activation by IFN-a (7- to 12-fold; P < 0.01) (Fig.
2A). Other cytokines, specifically, BTC and TNF, interacted
slightly with IFN-v in GAS-linked reporter activity but with only a
40% increase (1.4-fold).

For GAS (type II) responses, IFN-a had little effect, but IFN-3
had a modest effect (Fig. 3B). The highest direct GAS activation
was triggered by IFN-y or OSM treatment (Fig. 3B). Moderate
GAS induction was also achieved with BTC, IL-11, and TNF (Fig.
3B). The cytokines IL-11, BTC, and IL-17F had the ability to di-
rectly trigger ISRE by at least 4-fold but did not affect the mutant
ISRE. IFNL2, which has a strong effect on the dual ISRE/GAS
reporter, did not activate GAS reporter activity. Alone, OSM, but
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not BTC, displayed dose-response characteristics, but both en-
hanced GAS activation in combination with different doses of
IFN-v (Fig. 3C and D).

Induction of IFN-stimulated gene expression by the cytokine
cluster. Next, we examined the abilities of all types of IFN plus the
newly identified IFN response modulators to induce ISGs. We
predicted that ISG mRNA expression would be stronger than that
of the transcriptional reporter system. There was strong induction
of mRNA levels for IFIT3, one of the highly inducible ISGs in
Huh-7 cells (17), by the various IFN and cytokine combinations.
When the cytokines were used alone, the highest IFIT3 mRNA
levels were induced with all types of IFN (100 to >1,000-fold; P <
0.001), and IFNL2 was the most potent, followed by IFNB, IFN-v,
and IFNLI. The cytokines BTC, IL-17F, and OSM were able to
increase this ISG only up to 2-fold (P < 0.01) (Fig. 4A). However,
these cytokines, and also TNF, LTA, TIMP2, and NTF3, potently
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FIG 4 Induction of ISG expression by the cytokine cluster. (A) Huh-7 cells were pretreated with selected cytokines (~1 nM) or a combination for 6 h.
Quantitative RT-PCR using TagMan primers specific for human IFIT3 and control GAPDH was performed. (B and C) Huh-7 cells were treated with IFN-« (10
IU/ml) with or without selected cytokines (~1 nM) for 6 h. Quantitative RT-PCR using TagMan primers specific for human IFIT3 (B) or for human OAS1 (C)
was performed, while GAPDH primers were used for GAPDH housekeeping control. (D) Huh-7 cells were treated with cytokines individually or in combination
with IFN-a (10 IU/ml) for 6 h. Quantitative RT-PCR using TagMan primers specific for human MX1 and GAPDH mRNA levels was performed. The values
shown represent the mean ISG/GADPH mRNA ratio plus SEM from two independent experiments. **, P < 0.01. (E and F) Huh-7 cells were treated with IFN-«
(10 IU/ml) with or without selected cytokines (~1 nM). The Huh-7 cells were treated with the indicated cytokine combinations for 20 h, and then lysates (50 p.g)
were obtained and resolved by SDS-PAGE. Western blots were performed using an OASI antibody. The blots were reprobed with an anti-B-actin antibody for
loading control. The images are from a representative experiment out of two. *, P < 0.01; **, P < 0.001.

ability to induce MX1, another ISG, was also studied. The most
potent inducers were type I IFN and type III IFNs (300- to
1,000-fold enhancement), followed by IFN-y and OSM (Fig.
4D). The other cytokines did not individually trigger MX1
mRNA expression, similar to mRNA OAS1 expression pat-
terns. The IFN combinations led to enhanced MX1 mRNA ex-

upregulated IFIT3 mRNA expression when combined with IFN-a
at nearly 15-fold (Fig. 4B). Among the IFNs, IFNB caused a
notable 1,000-fold enhancement of IFN-a-induced IFIT3
mRNA, followed by IFN-v, which caused a 200-fold enhance-
ment of IFN-a-induced IFIT3 mRNA (Fig. 4B). We also que-
ried another ISG mRNA, OAS1, which showed that these cyto-

kines caused a 3-fold enhancement of IFN-a-induced OASI
mRNA (Fig. 4C). The effect of combining cytokines with
IFN-a on OAS1 mRNA induction was weaker than that on
IFIT3 mRNA. There was virtually no induced expression of
OAS1 by other cytokines individually (data not shown). The
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pression, and the most potent was when type III IFNs (IFNL1/
L2) were combined with IFN-« (Fig. 4D). When cytokines were
combined with IFN-a, BTC had the most potent activity, with
5-fold enhancement over IFN-a alone, followed by TNF and
LTA and, to a lesser extent, the rest of the cytokine cluster
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FIG 5 Roles of endogenous IFN-B and Statl in the activity of the cytokine cluster. (A) Huh-7 cells were treated with selected cytokines (1 nM) for 6 h.
Quantitative RT-PCR using TagMan primers specific for human IFN-B (and GAPDH as a control) was performed. (B) Time-dependent expression of IFN-3
mRNA. Huh-7 cells were treated with IL-17F, BTC, and IFNL2 (1 nM) for the indicated times. Quantitative RT-PCR using TagMan primers specific for human
IFN-B and GAPDH was performed. (C) Wild-type (WT) and U3A (Statl-deficient) fibroblasts were treated with the selected cytokine panel (1 nM) for 6 h.
Quantitative RT-PCR using TagMan primers specific for human IFN-{ was performed, and the results were normalized to human GAPDH levels. (D) WT and
U3A (Stat1-deficient) cells were treated with a selected cytokine panel (1 nM) for 6 h. Quantitative RT-PCR using TagMan primers specific for human IFIT3 was
performed, and the results were normalized to human GAPDH levels. (E) Huh-7 cells were transfected with nanoluciferase (NanoLuc) reporter fused to a
minimal IFNBI1 promoter and then subjected to the indicated IFN and cytokines for 6 h. Cells were lysed, and luciferase activity was quantitated and presented
as fold increase over the control (no cytokine treatment). The data represent means and SEM of triplicate readings from two independent experiments. (F) Huh-7
cells were transfected with nanoluciferase reporter fused to NF-«kB response elements and then subjected to the indicated IFN and cytokines for 6 h. The cells were
lysed, and the luciferase activity was quantitated and presented as fold increase over the control (no cytokine treatment). (G) Huh-7 cells were pretreated with 10
M NF-kB inhibitor or DMSO for 1 h before adding 1 nM each of the cytokines and incubating for a further 6 h. Quantitative RT-PCR using TagMan primers
specific for human IFN-B (and GAPDH as a control) was performed. The data are means and SEM from two independent experiments. ¥, P < 0.01; **, P < 0.001.

(Fig. 4D). The protein levels of OAS confirmed the enhanced
expression of IFN and cytokine combinations (Fig. 4E and F).

Roles of endogenous IFN-{3 and Stat1 in cytokine-IFN inter-
actions. Because endogenous IFN- may play a role in the induc-
tion of the IFN response by cytokines, such as TNF-a (27), we
examined IFNB1 mRNA expression in response to the various
types of IFNs and cytokines (Fig. 5A). BTC and IFNL2 displayed
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the strongest triggering of IFNBI mRNA expression, whereas
other IFNs and cytokines had a modest 2-fold effect (Fig. 5A).
Several cytokines were examined for the kinetics of induction of
IFNB1 mRNA. IFNL2 and IL-17 displayed transient induction of
IFNB1 mRNA expression, which peaked at 3 to 5 h after induc-
tion, while BTC-induced IFNB1 mRNA levels displayed sustained
production over the 24-h period (Fig. 5B). The requirement for
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monitored in 15-min windows in real time. The cell index (plus SEM), representing live-cell activity in relation to time postinfection, is shown. (B) WISH cells
were seeded in 96-well microplates overnight. The cells were treated with IFN-a at the indicated doses for 16 h and then challenged with EMCV at an MOI of 0.1.
The cells were fixed and stained as shown. (C) WISH cells were seeded in a 96-well microplate and then treated with the indicated IFN and cytokine combinations
for 16 h, followed by EMCYV challenge at an MOI of 0.1. The cells were fixed, stained with crystal violet, and then eluted for optical density (OD) quantitation.
The data are percent CPE from triplicate readings from one representative experiment out of two. VC, virus control. (D) Representative images of WISH-EMCV

experiments performed using the classical crystal violet assay for visual monitoring. ¥, P < 0.01; ***, P < 0.001.

Statl was also explored using U3A cells, which lack Statl and do
not respond to IFNs (28). Stat1 was required for all of the effector
cytokines (BTC, IL-11, IL-17F, and IFNL2) except TNF-a (Fig.
5C). The cytokine cluster induced ISG expression (IFIT3) in a
Statl-dependent fashion (Fig. 5D).

The ability of the cytokine cluster to induce the transcription of
the IFNB1 gene was assessed using the IFNB1 minimal promoter-
linked luciferase reporter (Fig. 5E). Three of the cytokines, BTC,
OSM, and TNF, but not others, were able to induce IFNBI pro-
moter activity by 2-fold (Fig. 5E), suggesting that other posttran-
scriptional regulatory mechanisms may exist. To explore the in-
volvement of the IFN-independent pathway, the NF-«kB reporter
cell assay and NF-kB inhibitor experiments were utilized. Except
for IL-17F and IFNL2, the cluster cytokines were able to induce
NEF-kB element-linked reporter activity by at least 2-fold (Fig. 5F).
The NF-kB inhibitor was also able to reduce the ability of the
cluster cytokines to induce IFNBI mRNA by =25% (Fig. 5G),
except IFNL2.

Antiviral activity of the cytokine cluster. We developed a real-
time label-free IFN bioassay based on the existing electric imped-
ance technology, which comprises microwells in culture plates
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coated with micro-electronic chips. We used the WISH cell line,
which is susceptible to EMCV and sensitive to IFN. As cells are
grown or destroyed by a virus (CPE), the change in the ionic chip
environment is registered, and an electric impedance cellular in-
dex curve is generated. There was a clear cellular change due to the
virus-induced CPE, with a distinct peak in cellular changes at ap-
proximately 14 h postinfection (Fig. 6A, red arrow), which likely
corresponded to the virus being released. Subsequently, there was
a sharp decline in the cell index within a few hours to complete
cellular destruction. IFN, in a dose-dependent manner, was able
to delay the onset of cellular destruction and to protect the cells
from the virus-induced CPE. Interestingly, notable IFN-induced
delay and flattening of the virus release/shedding curve peaks were
noted in this technology (Fig. 6A, arrows). At the maximum dose
of IFN-a used (10 U/ml), there was a dramatic change in the onset
of virus effect and curve kinetics with a smoother decline in the
cellular index than in the virus. As a validation of this method, we
found the data obtained with the method comparable to the data
obtained with the traditional crystal violet CPE assay and superbly
correlated (Fig. 6B). Using the standard assay first, we evaluated
several combinations; among the novel candidates, IL-17F and
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FIG 7 Antiviral activities of cytokines and IFN combinations. (A) Huh-7 cells were seeded for overnight incubation in microwell plates precoated with
micro-electronic chip electrodes. The cells were treated with the indicated cytokines and combinations with IFN-a and challenged with VSV at an MOI of 1. The
CPE was monitored at 15-min intervals in real time. The cell index, representing live-cell activity in relation to time postinfection is presented as means = SEM
from triplicate wells. (B) Huh-7 cells were treated with the indicated cytokines in the presence or absence of IFN-a (10 IU/ml) for 16 h and then infected with VSV
atan MOI of 1 for 6 h. Total RNA was extracted, and VSV nucleocapsid P RNA levels were assayed by RT-qPCR with primers specific for VSV P RNA. GAPDH
mRNA was used as a control. UD, undetectable. (C) WISH cells were seeded in microwell plates precoated with micro-electronic chip electrodes. The cells were
treated with the indicated cytokines and/or combinations with IFN-« and challenged with EMCV at an MOI of 0.1. The CPE was monitored at 15-min intervals
in real time. The cell index, representing live-cell activity in relation to time postinfection, is presented as means = SEM from triplicate wells. The results are from
one representative experiment out of two. The horizontal line shows EDs, readings. (D) Confluent A549 lung cells were treated with cytokines (3 nM) in the
presence or absence of IFN-a (100 IU/ml) for 16 h. The cells were infected with the human influenza virus HIN1 for 6 h, and then the RNA was extracted and
assayed for HIN1 NS1 RNA using RT-qPCR with primers specific for HIN1 NS1. GAPDH was also measured as a control. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

BTC were able to protect the cells from EMCV-induced CPE both  the novel cytokines in enhancing IFN activity against VSV in
directly and in combination with IFN-a (Fig. 6C). Representative =~ WISH cells (data not shown) as opposed to Huh-7 cells. ¥, P <
images showing the protection of the cells in response to IFN and ~ 0.05; **, P < 0.01; ***, P < 0.001.
cytokines were obtained (Fig. 6D). A human respiratory disease virus, influenza virus HIN1, was
Compared to control noninfected cells, the negative-strand  evaluated here using a relevant cellular model, the A549 lung cell
RNA virus VSV induced CPE in Huh-7 cells, recorded as a re- line. We looked at the effect of the cytokine-IFN combination on
duced cell index by the electronic biosensor (Fig. 7A). Addition of human HINTI replication using a viral-RNA assay; we chose a
a low dose of IFN-a (3 IU/ml) caused partial protection from  sensitive viral-RNA measurement rather than a cell-based assay
virus-induced CPE. Cytokines alone did not cause a change in the  because IFN has weak activity against HIN1 due to its IFN-antag-
cell index in the absence of the virus (data not shown). Although  onistic NS1-mediated activity, mostly seen as post-mRNA tran-
the cytokines exerted little or no antiviral action, the combination  scriptional/posttranslational effects (29, 30). The BTC and IL-11
of IFN-a and either BTC or IL-17F resulted in enhanced antiviral  treatment itself reduced HIN1 NS1 mRNA and enhanced IFN-
action of IFN-« as measured by a reduction in the 50% effective  suppressing activity against HIN1 NS1 mRNA (Fig. 7D).
dose (EDs5,) and delayed time to CPE (Fig. 7A). The IFN-IL-11
combination led to a modest effect compared to IFN-« activity ~DISCUSSION
alone. Using qPCR for VSV rhabdovirus nucleocapsid P mRNA  IFNs are part of the cytokine family, a large group of small secreted
assessment, we also found that the combinations of IFN-BTCand  proteins that comprise a complex and highly interactive network
IFN-IL-17F were the most effective in inhibiting VSV P mRNA  that orchestrates innate and adaptive immunity. Viruses and
(Fig. 7B). IL-17F was most potent against VSV infection of Huh-7  other stimuli trigger the biosynthesis and release of IFNs from
cells, while BTC was most potent against EMCV infection of many cell types, with a plethora of coexpressed cytokines. The
WISH cells (Fig. 7A and C). Unlike EMCV, there was no activityof  number of cytokines that make up the cytokinome is now more
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than 200. In this study, we used a systems biology approach for
analyzing the potential of each molecule of the currently known
cytokinome to modulate the IFN response in Huh-7 liver cells. We
studied different combinations of cytokines and IFNs and focused
on the resulting cluster, which contains the classical IFNs and a
number of cytokines, including molecules with putative novel an-
tiviral effects.

We used the Huh-7 cell line for several reasons. It is a well-
established human hepatocyte-derived liver cell line model that
responds to all types of IFNs and to many cytokines and chemo-
kines (21-25) and is susceptible to several viruses, including liver
and respiratory viruses (7, 31). It is important to note that despite
the choice of Huh-7 liver cells based on their broad response to a
wide variety of IFNs and cytokines, our study is limited by the
repertoire of responsive receptors in the liver cells. Despite this
limitation, we were still able to identify multiple combinatorial
interactions between IFNs and cytokines. To broaden the scope
for detecting responses, three different reporters, the dual ISRE/
GAS-linked reporter, the ISRE-linked reporter, and the GAS-
linked reporter, were utilized. The screen showed that certain
IFNs and cytokines respond to both ISRE and GAS reporters, but
with different potencies, while others do not respond. Notably, the
response is higher to the ISRE/GAS composite reporter than to the
individual reporters. There are many ISGs that respond to both
IFN-a and IFN-y (32), and thus, they harbor both ISRE and GAS.

Our data demonstrate the ability of the cytokine cluster (BTC,
IL-11, IL-17, and IFNL2), except TNF-a, to induce IFN-f
through Statl signaling. Although Statl signaling is mainly re-
quired for IFN activity rather than for IFN production, the data
indicate that Statl signaling is also important in IFN-f gene ex-
pression, at least for these cytokines. IFN-f gene induction by
viruses also requires coordinated combinations of ATF-2/c-Jun
and IRF-3/IRF-7 (33). Thus, it is also possible that autocrine
IFN-B upon binding to IFNR requires Statl and activates IRF7,
leading to augmentation of IFN-f gene expression, although this
usually happens in dendritic cells (34). In general, the ability of the
candidate cytokine cluster to directly activate the IFNB1 promoter
was weaker than endogenous IFNB gene expression and occurred
only with BTC and TNF. This is not unexpected, because reporter
studies address only one regulatory component—transcription.
Another signaling factor that may explain other regulatory events
in [EN- induction by the cytokines is the NF-kB pathway. NF-kB
signaling is an important signaling pathway in cytokine action,
and it is an accessory factor for IFN-3 induction, as it was previ-
ously known that IFN-f3 induction by double-stranded RNA and
viruses requires NF-kB signaling (35, 36). Our data demonstrated
arole of the NF-kB-dependent pathway in the induction of IFENB
by this candidate cytokine cluster. However, knowledge of further
mechanisms of the synergy will require detailed experimental
studies in the future.

The IFNs, and the IFN-like cytokines identified here, comprise
a functional (IFN-modulating) cluster; however, it belongs to var-
ious structurally unrelated subfamilies: the interferon family (type
I IFNs), the hematopoietin family (OSM and IL-11), the TNF
family (TNF-a and lymphotoxin), the IL-10 family (IL-28 and
IL-29), the IL-17 family (IL-17F), and the epidermal growth factor
(EGF) family (betacellulin). Among these are the less widely
known (OSM) and previously unrecognized IFN-like (BTC, IL-
11, and IL-17F) cytokines. OSM is a cytokine that is primarily
released from dendritic cells and other antigen-presenting cells
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(37). It has been shown to possess anti-hepatitis C virus (HCV)
activity in liver cells and enhances IFN-a action (38, 39). Our
cytokinome study extended these findings by showing OSM indi-
vidual and combined effects on ISRE- and GAS-linked expression,
interaction with IFN-v in a dose-response manner, and partial
involvement of NF-kB-mediated IFN-f3 expression.

All of the indicated members appear to mediate the IFN re-
sponse through a Stat1-mediated pathway, except the TNF family
members. Candidate novel cytokines that possess IFN-like activ-
ity, such as inducing ISRE-mediated and/or GAS-mediated tran-
scription and inducing ISG mRNA expression, were further ana-
lyzed for their antiviral activities. Both IFNL2 and IL-17F caused
transient activation of IFN-3, while the effect of BTC demon-
strated sustained activation. The latter effect is similar to the effect
of type III IFNs on ISG expression in Huh-7 cells (22, 40). The
antiviral effects of IL-17F,IL-11, and BTC are not as broad as those
of classical IFNs in terms of virus-cell-type combinations but ap-
pear to be highly selective in regard to virus type and cell type.
IL-17F, originally named for and derived from Th-17-producing
T cells, is primarily a proinflammatory cytokine that is involved in
innate immunity and autoimmune diseases (reviewed in reference
41). The IL-17 receptor is widely expressed in immune cells, fibro-
blasts, and epithelial cells, including Huh-7 liver cells (42,43). Our
results show that IL-17F induced ISRE-mediated ISG expression,
particularly in combination with IFN; these effects required Statl
signaling and involved endogenous IFN-B. There is very little or
no information on IL-17 and the other cytokines identified here
(IL-11 and BTC) regarding virus-induced production, antiviral
activity, or IFN response.

The IFN biosensor assay is based on real-time monitoring of
the change in electric impedance allowing sensing of cellular ac-
tivity and has been used in several studies in a virology setting (19,
20). It allowed us to develop an IFN assay that made detailed
observations, such as the effective dose at any given time point,
e.g., the ED5,, ED5(, and EDys, and the time until CPE at any
desired percentage of intact cells. We found that assaying IFN
antiviral action correlated with CPE in a dose-dependent manner,
which allowed us to monitor the enhancement action of IL-17F
and BTC on IFN-mediated antiviral activity at both early and later
stages.

The IFN-cytokine combination is clearly superior to IFN alone
in inhibiting viral mRNA and cytopathic effects, including those
of human respiratory viruses. The enhancing effect of the cyto-
kines on IFN is dependent not only on the virus but also on the cell
type. Thus, more detailed work is needed to confirm the effects of
these novel IFN-like cytokines on viral replication with different
viruses and multiple cell types. Also, more work is required to
confirm their suitability for preclinical experiments, including an-
imal models. In addition to the novel findings of additional IFN-
like cytokines, combinations, and ISRE/GAS selectivity, this work
can be utilized as a resource. For example, it can be used for ex-
ploring IFNs, other cytokines, and their combinations in their
selectivity toward ISRE, GAS, or both and for understanding the
relative activities of the IFNs, cytokines, and their combinations in
eliciting IFN activity.
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