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The Journal of Immunology

A Novel Role for IFN-Stimulated Gene Factor 3II in IFN-g
Signaling and Induction of Antiviral Activity in Human Cells

Angel N. Morrow,*,† Hana Schmeisser,* Takaya Tsuno,*,1 and Kathryn C. Zoon*

Type I (e.g., IFN-a, IFN-b) and type II IFNs (IFN-g) have antiviral, antiproliferative, and immunomodulatory properties. Both

types of IFN signal through the Jak/STAT pathway to elicit antiviral activity, yet IFN-g is thought to do so only through STAT1

homodimers, whereas type I IFNs activate both STAT1- and STAT2-containing complexes such as IFN-stimulated gene factor 3. In

this study, we show that IFN-stimulated gene factor 3 containing unphosphorylated STAT2 (ISGF3II) also plays a role in IFN-g–

mediated antiviral activity in humans. Using phosphorylated STAT1 as a marker for IFN signaling, Western blot analysis of IFN-

a2a–treated human A549 cells revealed that phospho-STAT1 (Y701) levels peaked at 1 h, decreased by 6 h, and remained at low

levels for up to 48 h. Cells treated with IFN-g showed a biphasic phospho-STAT1 response with an early peak at 1–2 h and

a second peak at 15–24 h. Gene expression microarray following IFN-g treatment for 24 h indicated an induction of antiviral

genes that are induced by IFN-stimulated gene factor 3 and associated with a type I IFN response. Induction of these genes by

autocrine type I and type III IFN signaling was ruled out using neutralizing Abs to these IFNs in biological assays and by

quantitative RT-PCR. Despite the absence of autocrine IFNs, IFN-g treatment induced formation of ISGF3II. This novel tran-

scription factor complex binds to IFN-stimulated response element promoter sequences, as shown by chromatin immunoprecip-

itation analysis of the protein kinase R promoter. STAT2 and IFN regulatory factor 9 knockdown in A549 cells reversed IFN-g–

mediated IFN-stimulated response element induction and antiviral activity, implicating ISGF3II formation as a significant com-

ponent of the cellular response and biological activity of IFN-g. The Journal of Immunology, 2011, 186: 1685–1693.

I
nterferons are members of a family of cytokines that have
antiviral, antiproliferative, and immunomodulatory properties
(1). There are several types of IFNs, each of which interacts

with a type-specific receptor complex. Type I IFNs, which include
IFN-a, IFN-b, and IFN-v, are ubiquitously expressed in mammals
and interact with the IFN-a receptor (IFNAR) subunits 1 and 2
(2). Activated T lymphocytes, monocytes, and NK cells produce
the single species of type II IFN (IFN-g), which interacts with the
IFN-g receptor (IFNGR) subunits 1 and 2. Nearly every cell type
expresses receptors for type I IFNs and IFN-g (3, 4). The recently
characterized type III IFNs include IFN-l1 (IL-29), IFN-l2 (IL-
28A), and IFN-l3 (IL-28B), which bind to the IFN-l receptor

(IFNLR1) and the IL-10Rb subunit (IL-10Rb). All IFNs exhibit
species specificity (2, 5).
Each IFN initiates a biological response by binding to its cognate

cellular receptor and activating the Jak/STAT pathway. Once bound,
IFN-g activates, by phosphorylation, Jak1 and Jak2, whereas IFN-a
binding results in phosphorylation of Jak1 and Tyk2 (6, 7). Type III
IFNs are also thought to activate Jak1 and Tyk2 (8). Subsequently,
the activated protein kinases recruit and phosphorylate one or more
of the cytoplasmic STAT proteins, which will then dimerize to
form transcription factor complexes (4, 9–11).
The major transcription factor formed after IFN-g stimulation,

and to a lesser degree in response to type I IFNs, is a STAT1
homodimer (2). This complex, termed the g activation factor/a
activation factor, activates IFN-stimulated genes (ISGs) containing
g activation site promoter elements, including IFN regulatory fac-
tor 1 (IRF1) and guanylate-binding protein 1 (GBP1) (12–14). In
contrast, the major complex formed after type I and type III IFN
stimulation is ISG factor 3 (ISGF3), which is a heterotrimer com-
posed of phosphorylated STAT1 and STAT2, and a third component,
IRF9 (ISGF3g/p48) (8, 15–17). ISGF3 binds to DNA containing
IFN-stimulated response element (ISRE) promoter elements and
stimulates transcription of ISGs such as 29,59-oligoadenylate syn-
thetase 1 (OAS1), protein kinase R (PKR), myxovirus resistance
protein A (MxA), and IRF7 (2, 18, 19).
Although the primary function of IFN-g is modulating the

immune response, it also has direct antiviral properties (3, 4, 20).
However, most of the classical antiviral genes contain ISRE pro-
moter motifs and are regulated through ISGF3 (21, 22). Several
studies demonstrated ISGF3 complex activation following IFN-g
treatment in murine cells (23–25), but there is currently no evi-
dence of this phenomenon in human cells. In this study, we pro-
vide evidence of the ISGF3 containing unphosphorylated STAT2
(ISGF3II) complex in human A549 cells after treatment with
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IFN-g. Moreover, we provide evidence for the necessity of this
transcription factor in IFN-g–mediated antiviral activity.

Materials and Methods

Cell culture materials, viruses, neutralizing Abs, and IFNs

A549 human lung epithelial cells were obtained from American Type
Culture Collection (Manassas, VA), maintained in RPMI 1640 (Invitrogen,
Carlsbad, CA), and supplemented with 10% FBS (Invitrogen), 2 mM L-
glutamine (Invitrogen), 50 U/ml penicillin G, and 50 mg/ml streptomycin
(Invitrogen) at 37˚C and 5% CO2 (complete RPMI 1640). IFN-a2a was
obtained from Hoffman La Roche (Nutley, NJ), and human rIFN-g was
obtained from Genentech (South San Francisco, CA). Encephalomyocar-
ditis virus (EMCV) was obtained from American Type Culture Collection,
grown in murine-derived L929 cells (American Type Culture Collection),
and its titer was determined by plaque assays on A549 cells. The neu-
tralizing murine mAb (A10) for IFNAR2 was raised against rIFNAR2
extracellular domain by A&G Pharmaceutical (Columbia, MD), and the
neutralizing mouse mAb for IFNGR1 was obtained from Santa Cruz Bio-
technology (Z0-14; Santa Cruz, CA).

Western blot analysis

Three million A549 cells were seeded overnight in 10 ml complete RPMI
1640, treated as indicated, and harvested at the indicated times by trypsin/
EDTA. Cells were lysed in mammalian protein extraction reagent lysis
buffer with Halt protease inhibitor mixture and Halt phosphatase inhibitor
mixtures (Thermo Fisher Scientific, Waltham, MA) for 30 min on ice.
Equivalent amounts (10–20 mg) of total protein were subjected to elec-
trophoresis in 10–20% Tris-glycine gels (Invitrogen) and transferred to
polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA) on ice for 2 h
at 30 V. Membranes were probed using mouse monoclonal anti-STAT1,
anti–phospho-STAT1 (pSTAT1) (Y701), anti-IRF9, and anti–IFN-induced
protein with tetratricopeptide repeats 3 (IFIT3) from BD Biosciences (San
Jose, CA); rabbit polyclonal anti-PKR from Santa Cruz Biotechnology
(Santa Cruz, CA); and mouse monoclonal anti–b-actin from Abcam
(Cambridge, MA). The mouse anti-MxA mAb was generously provided by
O. Haller (University of Freiburg, Germany). Secondary goat anti-mouse
and goat anti-rabbit Abs were purchased from Southern Biotechnology
Associates (Birmingham, AL). Membranes were developed using the
SuperSignal West Femto ECL kit (Thermo Fisher Scientific).

Coimmunoprecipitation

Three million A549 cells were seeded overnight in 10 ml complete RPMI
1640 and treated with 10 IU/ml IFN for the indicated times. Samples were
harvested by trypsin/EDTA (Invitrogen) and lysed for 30 min on ice in 50
mM Tris (pH 8.0), 280 mM NaCl, 0.5% Nonidet P-40, 0.2 mM EDTA, 2
mMEGTA, 10% glycerol, 1 mMDTT, 1 mM PMSF, Halt protease inhibitor
mixture, and Halt phosphatase inhibitor mixtures (Thermo Fisher Scientific)
(10, 26). Five hundred micrograms of total protein was incubated with 0.5
mg STAT2 Ab (C-20; Santa Cruz Biotechnology) for 2.5 h and precipitated
by protein A-agarose beads (Santa Cruz Biotechnology) for 1 h. Samples
were resolved on 10–20% Tris-glycine gels (Invitrogen) and transferred
onto polyvinylidene fluoride membranes (Bio-Rad). Membranes were
probed using anti-STAT1, anti-STAT2, and anti-IRF9 Abs (BD Bio-
sciences).

Chromatin immunoprecipitation

Three million A549 cells were seeded overnight in 10 ml complete RPMI
1640 and treated with 10 IU/ml indicated IFN for 24 h. Samples were lysed
using the manufacturer’s directions of the MAGnify chromatin immuno-
precipitation kit (Invitrogen). Chromatin was sheared at 21% power for 20
cycles of 5 s on and 5 s off using a Sonics VCX-500 sonicator. Chromatin
immunoprecipitation (ChIP) was carried out according to manufacturer’s
directions using STAT1 (E-23), STAT2 (C-20), and IRF9 (C-20) Abs from
Santa Cruz Biotechnology or a nonimmune serum (IgG) Ab (Invitrogen).
The ChIP-specific PKR (EIF2AK2) primer [(-)01Kb Assay Tile, catalog
GPH020784(-)01A] was purchased from SABiosciences (Frederick, MD).

Microarray

ThreemillionA549 cells were seeded overnight in 10ml completeRPMI 1640
and treated with IFN, as indicated, for 24 h. Cells were harvested by trypsin/
EDTA. Total RNA was purified using RNeasy mini kits (Qiagen, Valencia,
CA). Total RNA (5 mg) was reverse transcribed using 59-amino–modified
oligo(dT) primer along with reagents from FairPlay III Microarray Indirect
Labeling kit (Stratagene, La Jolla, CA). Dye coupling was performed using

Table I. Primers used for qRT-PCR

Gene
Name Primer Sequence

GAPDH F 59-GAG TCA ACG GAT TTG GTC GT-39
R 59-TTG ATT TTG GAG GGA TCT CG-39

HLA-A F 59-GAC CAG GAG ACA CGG AAT GT-39
R 59-GAT GTA ATC CTT GCC GTC GT-39

IFNA1 F 59-GCA AGC CCA GAA GTA TCT GC-39
R 59-ACT GGT TGC CAT CAA ACT CC-39

IFNA2 F 59-AAA TAC AGC CCT TGT GCC TGG-39a

R 59-GGT GAG CTG GCA TAC GAA TCA-39a

IFNB F 59-AAG GCC AAG GAG TAC AGT C-39a
R 59-ATC TTC AGT TTC GGA GGT AA-39a

IFNL1 F 59-CGC CTT GGA AGA GTC ACT CA-39a

R 59-GAA GCC TCA GGT CCC AAT TC-39a

IFNL2/3 F 59-AGT TCC GGG CCT GTA TCC AG-39a

R 59-GAG CCG GTA CAG CCA ATG GT-39a

IFNW F 59-TGG TAA AAG GGA GCC AGT TG-39
R 59-TGC AGT TGC TGA TGA AGT CC-39

IFIT3 F 59-GAA CAT GCT GAC CAA GCA GA-39
R 59-CAG TTG TGT CCA CCC TTC CT-39

PKR F 59-ACG CTT TGG GGC TAA TTC TT-39
R 59-TTC TCT GGG CTT TTC TTC CA-39

MxA F 59-ACC ACA GAG GCT CTC AGC AT-39
R 59-CTC AGC TGG TCC TGG ATC TC-39

OAS1 F 59-ACA GGC AGA AGA GGA CTG GA-39
R 59-TAG AAG GCC AGG AGT CAG GA-39

aFrom Ref. 28.
F, forward; R, reverse.

FIGURE 1. STAT1 signaling response in A549

cells treated with IFN-a2a and IFN-g. Western blot

of A549 cells treated with IFN-a2a and IFN-g

showing kinetics of STAT1 (via phosphorylation at

Y701) and STAT2 (via phosphorylation at Y689)

activation as well as total STAT1, STAT2, and IRF9

expression. Cells were treated with 200 IU/ml IFN-

a2a or 10 IU/ml IFN-g, and cell lysates were pre-

pared at the indicated times. Equal amounts of total

protein were subjected to SDS-PAGE and analyzed

by Western blot using the indicated Abs. b-actin is

shown as a control.
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Cy3 or Cy5 obtained from Amersham Biosciences (Piscataway, NJ). Hy-
bridization of sample onto arrays was carried out using a MAUI Hybrid-
ization System (BioMicro Systems, Salt Lake City, UT). Arrays consisted of
∼21 K 70-mer oligonucleotides (Operon Biotechnologies, Huntsville, AL)
printed onto epoxy-coated slides by the National Institute of Allergy and
Infectious Diseases Microarray Research Facility (National Institutes of
Health, Bethesda, MD). After overnight hybridization, arrays were washed,
dried, and then scanned using an Axon GenePix 4200A microarray scanner
along with GenePix Pro image analysis software (Molecular Devices, Sun-
nyvale, CA). Gene expression raw data were then uploaded to mAdb
microarray database provided by Research Technologies Branch/National
Institute of Allergy and Infectious Diseases (National Institutes of Health).
Two group t tests using separate (unequal) variance analysis were performed
on the data set by the mAdb microarray database software. Genes were
considered significant by a symmetrical 1.8-fold upregulation or downreg-
ulation cutoff. The complete microarray data set is available at National
Center for Biotechnology Information Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/), accession number GSE25113.

RNA interference antiviral assays

A549 cells were seeded at a concentration of 2.5 3 105/well in 24-well
plates in antibiotic-free RPMI 1640 containing 10% FBS and 2 mM L-
glutamine. Cells were immediately transfected with 20 nM small in-
terfering RNA (siRNA) oligos complexed in Lipofectamine 2000 (Invi-
trogen) in Opti-MEM (Invitrogen) for 24 h. IFN was then added for an
additional 24 h. The media was then removed and replaced with RPMI
1640 containing 2% FBS, 2 mM L-glutamine, 50 U/ml penicillin G, and 50
mg/ml streptomycin with EMCVat a multiplicity of infection of 0.01. Cells
were stained with crystal violet at 48 h and assessed for cytopathic effect.
To determine efficiency of knockdown, cells were harvested prior to ad-
dition of EMCV, and lysates were prepared and analyzed, as described for
Western blot analysis. Short interfering RNA oligo sequences were de-
scribed previously (27), and were obtained from Invitrogen (25 bp) and
Thermo Fisher Scientific Dharmacon (19 bp).

Quantitative RT-PCR

For siRNA-treated samples, cells were treated and harvested, as described
in the previous section. For all other samples, 3 3 106 cells were seeded

overnight in 10 ml RPMI 1640 and treated as indicated. Cells were har-
vested by trypsin/EDTA. Extraction of RNA from cells was performed
using RNeasy mini kits (Qiagen). Twenty nanograms of total RNA was
used for each reaction, and the assay was performed using the Brilliant
SYBR Green QRT-PCR Master Mix Kit, 1-Step (Stratagene, La Jolla, CA).
A three-step cycling protocol was performed consisting of one 30-min
cycle at 50˚C, followed by a 10-min cycle at 95˚C, followed by 45 cycles
of the following: 30 s at 95˚C, 1 min at 55˚C, and 30 s at 72˚C on the
Stratagene Mx3000p QPCR system. Relative mRNA expression was de-
termined by normalization to GAPDH expression. Primers were obtained
from Integrated DNATechnologies (San Diego, CA) and are listed in Table
I (28).

Results

Distinct activation profiles of cells treated with IFN-a2a or
IFN-g

To determine any differences between the cellular response of IFN-
a2a and IFN-g, we first examined the activation of STAT1 after
each IFN treatment. Both IFN-a2a and IFN-g treatment increased
production of total STAT1 protein with similar kinetics, starting at
6 h and continuing through 48 h (Fig. 1). However, they activate
STAT1 differently; treatment with IFN-a2a leads to immediate
phosphorylation of STAT1 that begins to decrease at 2 h and
remains at low levels for up to 48 h, whereas IFN-g treatment
results in the same initial phosphorylation profile as IFN-a2a, with
an additional increase in pSTAT1 at 15–24 h (Fig. 1).

Upregulation of ISRE-containing genes by IFN-g in A549 cells

Because the profile of STAT activation between IFN-a2a and
IFN-g showed a major difference in STAT1 phosphorylation at
24 h, we used gene expression microarrays to examine differences
in gene expression at this time point. Table II includes the data
comparing statistically significant differences in gene expression

Table II. Gene expression of select ISGs differentially regulated by either type I, type II, or both type I and type II IFNs

IFN-a2a IFN-g p Value Entrez GeneID Gene Name Description

3.21 1.60 0.0002 5359 PLSCR1 Phospholipid scramblase 1
3.11 1.65 0.0058 445372 TRIM6–TRIM34 IFN-responsive finger protein 1 (IFP1)
3.62 1.82 0.0102 4061 LY6E Lymphocyte Ag 6 complex, locus E (Rig-E)
2.91 0.98 0.0164 87178 PNPT1 Polyribonucleotide nucleotidyltransferase 1
4.40 1.31 0.0199 87178 PNPT1 Polyribonucleotide nucleotidyltransferase 1
2.78 1.74 0.0284 9830 TRIM14 Tripartite motif-containing 14
8.44 1.23 0.0288 51191 HERC5 Hect domain and RLD 5

1.16 20.36 0.0002 7453 WARS Tryptophanyl-tRNA synthetase
1.27 13.62 0.0023 3659 IRF1 IFN regulatory factor 1
1.52 2.72 0.0110 840 CASP7 Caspase 7, apoptosis-related cysteine peptidase
0.77 23.97 0.0122 10537 UBD Ubiquitin D
1.03 6.87 0.0162 2635 GBP3 Guanylate-binding protein 3
1.25 2.72 0.0192 7098 TLR3 Toll-like receptor 3
1.24 1.90 0.0322 6774 STAT3 Signal transducer and activator of transcription 3
1.25 6.11 0.0353 2634 GBP2 Guanylate-binding protein 2
0.89 6.64 0.0437 972 CD74 CD74 molecule, MHC, class II
0.84 5.98 0.0442 8651 SOCS1 Suppressor of cytokine signaling 1

27.37 4.93 0.0018 4939 OAS2 29-59-Oligoadenylate synthetase 2, 69/71 kDa
9.80 3.44 0.0045 4938 OAS1 29-59-Oligoadenylate synthetase 1, 40/46 kDa
4.66 7.50 0.0072 3105 HLA-A MHC, class I, A
38.52 3.52 0.0082 3434 IFIT1 IFN-induced protein with tetratricopeptide repeats 1
45.95 10.56 0.0097 4599 MX1 Myxovirus resistance 1, IFN-inducible protein p78
19.67 3.60 0.0123 3429 IFI27 IFN, a-inducible protein 27
4.62 7.25 0.0134 3135 HLA-G MHC, class I, G
3.69 2.15 0.0142 5610 EIF2AK2 Eukaryotic translation initiation factor 2-a kinase 2
8.57 2.23 0.0369 3665 IRF7 IFN regulatory factor 7

Relative transcript levels, as determined by gene expression microarray, of select ISG upregulated by type I IFN only, type II IFN only, and both
type I and type II IFNs in IFN-a2a– and IFN-g –treated cells. A549 cells were treated with 200 IU/ml IFN-a2a or 10 IU/ml IFN-g for 24 h. Genes
shown were selected by a 1.8-fold symmetric cutoff value. Fold upregulation or downregulation shown is the average of three independent experi-
ments, arranged by decreasing statistical significance of at least 1.8-fold, as determined from an unpaired, two-tailed Student t test with separate
(unequal) variance, with a cutoff of 0.05.
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(of at least 1.8-fold), as determined by Student t test, of A549 cells
treated with 1 ng/ml IFN-a2a (200 IU/ml) or 1 ng/ml IFN-g (10
IU/ml) for 24 h. Type I IFN (IFN-a2a) treatment resulted in dis-
tinct upregulation of several genes, including PLSCR1, TRIM6-
TRIM34 (IFP1), LY6E (RIG-E), PNPT1, and HERC5 (Table II).
Similarly, IFN-g treatment resulted in upregulation of a specific
subset of genes, including IRF1, GBP2, GBP3, WARS, and genes
involved in Ag presentation such as CD74 (Table II). Interestingly,
IFN-a2a and IFN-g both upregulated a subset of genes that are
traditionally associated with a type I IFN antiviral response and
contain ISRE promoter motifs, including MxA (Mx1), PKR
(EIF2AK2), and OAS1 (Table II). We used quantitative RT-PCR
(qRT-PCR) to validate the microarray data for a small subset of
genes involved in the antiviral response. As expected, IFN-a2a
treatment resulted in upregulation of MxA, OAS1, PKR, and
IFIT3. However, these genes were also upregulated after treatment
with IFN-g (Fig. 2). Addition of a neutralizing Ab to IFNAR1
(which blocks type I IFN signaling) had no effect on induction of
these genes by IFN-g (data not shown).
We also examined expression of MxA, PKR, and IFIT3 (which

is also regulated by an ISRE-containing promoter element) at the
protein level. PKR is both constitutively expressed and IFN in-
ducible. There was a significant increase in PKR after treatment
with IFN-a2a beginning at 6 h. We observed the same pattern of
expression in IFN-g–treated cells, albeit to a much lesser extent
(Fig. 3). Additionally, IFN-g treatment resulted in a delay of PKR
expression compared with IFN-a2a: induction started at 6 h for

IFN-a2a and 15 h for IFN-g. MxA and IFIT3 had the same pattern
of protein expression as PKR after treatment with both IFN-a2a
and IFN-g; however, in both cases, IFN-a2a induction of these
proteins was greater than for IFN-g.

IFN-g induces formation of ISGF3II

To determine how these ISRE-containing genes were being up-
regulated, we examined the possibility that IFN-g induces ISGF3.
We were able to isolate the three components of the ISGF3 com-
plex by coimmunoprecipitation following treatment with IFN-
a2a or IFN-g for 24 h (Fig. 4A, lanes 7 and 8, respectively). The
amount of the ISGF3 proteins precipitated did not decrease in the
presence of a neutralizing Ab to IFNAR2 during the course of
IFN-g treatment (Fig. 4A, lane 9). However, the amount of STAT1
and IRF9 that precipitated with STAT2 at 24 h decreased when an
Ab that neutralized IFN-g signaling was added to the media after
15 h of IFN-g treatment (Fig. 4A, lane 10). The complex was not
present in untreated cells (Fig. 4A, lane 6) or in samples pre-
cipitated with nonspecific immune serum (Fig. 4A, lane 11). One
percentage of the total cell lysate used for each sample was in-
cluded to compare relative amounts of ISGF3/ISGF3II formation
to the total amount of STAT1, STAT2, and IRF9 in each treatment
group (Fig. 4A, lanes 1–5). STAT1 and IRF9 were upregulated
with each treatment, but STAT2 was not. We also used coimmu-
noprecipitation to determine whether STAT1 and STAT2 were
phosphorylated after IFN-a and IFN-g treatment. As expected,
STAT1 was phosphorylated after each treatment (Fig. 4B). Al-
though IFN-g treatment results in more STAT1 phosphorylation at
24 h, there is less pSTAT1 in the precipitated complex in response
to IFN-g compared with IFN-a2a. It is also interesting to note
that whereas STAT2 was phosphorylated after IFN-a treatment,
we were not able to detect phosphorylation of STAT2 in response
to IFN-g treatment (Fig. 4B). Therefore, to avoid confusion with
the classical ISGF3 complex, the complex containing unphos-
phorylated STAT2 will be referred to as ISGF3II.
To exclude the possibility that autocrine type I IFN led to the

formation of ISGF3II, we then used qRT-PCR to determine whether
a 24-h IFN-g treatment induced other IFNs. IFN-g treatment did
not upregulate IFN-a1, IFN-a2, IFN-b, IFN-l1, IFN-l2 or IFN-l3,
and IFN-v at 24 h (Fig. 5). Although IFN-a2a treatment led to sta-
tistically significant upregulation of IFN-l1 at 24 h, none of the
other IFNs were upregulated.
Next, we added a neutralizing Ab for IFNAR2 prior to treating

cells with IFN-g, then used pSTAT1 as a marker for IFN activa-
tion. There was no difference in the activation of pSTAT1 in IFN-

FIGURE 2. Gene expression of select antiviral ISGs after IFN-a2a and

IFN-g treatment. Cells were treated with IFN for 24 h, after which total

RNA was collected and assayed for relative mRNA transcript amounts of

the ISGs MxA (A), OAS1 (B), PKR (C), and IFIT3 (D). The results are

shown as the mean and SD of triplicate PCR reactions from three separate

experiments. ***p , 0.001 by an unpaired, two-tailed t test for the in-

dicated group compared with the untreated group.

FIGURE 3. Expression of antiviral ISGs in A549 cells treated with

IFN-a and IFN-g. Cell lysates (from Fig. 1) were evaluated for expression

of the ISGs MxA, PKR, and IFIT3. Cells were treated with 200 IU/ml

IFN-a2a or 10 IU/ml IFN-g, and cell lysates were prepared at the indicated

times. Equal amounts of total protein were subjected to SDS-PAGE and

analyzed by Western blot using the indicated Abs. b-actin is shown as

a control.
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g–treated cells with neutralized IFNAR2 compared with those
treated with IFN-g alone (Fig. 6A, lanes 4 and 2, respectively).
The Ab was capable of neutralizing the activity of any type I IFN
present over the course of the treatment (Fig. 6A, lane 6). An Ab
that neutralizes IFN-g signaling was added to IFN-g–treated cells
at 15 h to allow for any possible cytokine production that might
have corresponded to the induction of the second signaling peak
from Fig. 1. The presence of this Ab completely abrogated pSTAT1
activity at later time points (Fig. 6A, lane 5). We also used a neu-
tralizing Ab for IL-10Rb to inhibit any possible type III IFN sig-
naling. This also had no effect on pSTAT1 activity after treatment
with IFN-g (data not shown).
To further demonstrate that no other cytokines were responsible

for the second pSTAT1 signaling peak, we added an Ab to neu-
tralize IFN-g signaling at 15 h, then harvested the cells at 24 h.
The upregulation of PKR, IFIT3, MxA, and OAS1 gene expres-
sion was also reversed upon neutralization of IFN-g signaling after
treatment for 15 h; each of these ISRE-inducible genes showed
significant downregulation to steady state or near steady state
levels at 24 h (Fig. 6B–E, respectively). In contrast, HLA-A, which
is regulated by IRF1-containing transcription factors rather than
ISGF3, showed no significant downregulation upon addition of

the neutralizing Ab (Fig. 6F), demonstrating that IRF1-mediated
transcription continued after neutralization of IFN-g signaling,
and PKR, IFIT3, MxA, and OAS1 transcription was independent
of IRF1.

STAT2 binds to ISRE-containing antiviral gene promoters after
IFN-g treatment

To show that ISGF3II is involved in transcribing IFN-g–inducible
genes, we used ChIP to demonstrate that STAT1, STAT2, and IRF9
physically bind to the promoters of the ISRE-containing genes
following IFN-g treatment. As expected, IFN-a2a induces re-
cruitment of STAT1- and STAT2-containing complexes to the
PKR promoter at 24 h (Fig. 7). However, STAT1-, STAT2-, and
IRF9-containing transcription factor complexes are also recruited
to the PKR promoter after treatment with IFN-g (Fig. 7). Inter-
estingly, IFN-a2a treatment did not result in statistically significant
recruitment of IRF9 to the PKR promoter compared with untreated
cells in this assay (Fig. 7C).
In addition, we analyzed the expression of ISRE-driven anti-

viral genes in IFN-g–treated cells lacking STAT2 and IRF9. Both
STAT2 and IRF9 siRNA treatment in A549 cells resulted in effi-
cient inhibition of protein expression to nearly undetectable
amounts (Fig. 8A). Knocking down one protein had no effect on
expression of the other, and neither siRNA treatment resulted in
decreased expression of STAT1. We used qRT-PCR to examine
how absence of these proteins affected the gene expression of the
ISGF3-inducible proteins PKR and IFIT3. Loss of both STAT2
and IRF9 resulted in significant downregulation of PKR mRNA
expression when treated with IFN-a and IFN-g (Fig. 8B). Similar
results were obtained for IFN-mediated mRNA expression of
IFIT3 following STAT2 and IRF9 siRNA treatment (Fig. 8C).

Biological role for ISGF3II in the antiviral activity of IFN-g

Although ISGF3II is present and classical antiviral genes driven
through the ISRE promoter are expressed in A549 cells treated
with IFN-g, it is unclear whether this phenomenon has any bi-
ological function in these cells. Therefore, to disrupt ISGF3/
ISGF3II formation after IFN treatment, we used siRNA to knock
down STAT2 and IRF9. STAT2 and IRF9 siRNA reduced the
ability of A549 cells to mount an antiviral response against ECMV
after treatment with either IFN-a2a (Fig. 9A) or IFN-g (Fig. 9B).
In IFN-a2a–treated samples, antiviral activity was inhibited up to
a concentration of 25 IU/ml in the STAT2 knockdowns, and

FIGURE 4. Neutralization of STAT1 activation in IFN-g–treated cells and accumulation of ISGF3 lacking STAT2 phosphorylation. A, STAT2 Abs were

used to coimmunoprecipitate the ISGF3 complex in A549 cells. Cells were left untreated (lane 6) or treated with 10 IU/ml IFN-a (lane 7) or IFN-g (lanes

8–11) and harvested at 24 h. The IFNAR1 Ab was added immediately prior to IFN addition (lanes 4, 9), and the IFNGR1 Ab was added after IFN-g

treatment for 15 h (lanes 5, 10). AWestern blot for the ISGF3 components (STAT1, STAT2, and IRF9) was performed on the immunoprecipitated samples.

One percent of the total amount of input protein for each immunoprecipitation treatment (untreated, lane 1; IFN-a2a, lane 2; IFN-g, lanes 3–5) was added

for comparison purposes. B, Western blot for pSTAT2 (Y689), pSTAT1 (Y701), and total STAT2 and STAT1 on immunoprecipitated samples, as described

in A.

FIGURE 5. Gene expression of IFN genes after IFN treatment. Cells

were left untreated or treated with 10 IU/ml IFN-a2a or IFN-g for 24 h,

after which total RNA was collected and assayed for relative mRNA

transcript amounts of IFN-a1, IFN-a2, IFN-b, IFN-l1, IFN-l2 or IFN-l3,

or IFN-v. The results are shown as the mean and SD of triplicate PCR

reactions from three separate experiments. ***p , 0.001 by two-way

ANOVA with a Bonferroni post-test comparing the indicated gene in the

treatment group compared with the untreated group.
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activity was partially abrogated even at 100 IU/ml in the IRF9
knockdown cells. Either STAT2 or IRF9 knockdown inhibited
the antiviral activity of up to 10 IU/ml IFN-g.
We also added neutralizing Abs for IFNAR2 and IL-10Rb both

during transfection and IFN treatment as well as upon addition

of EMCV to block any possible production and signaling by
type I or type III IFNs. These treatments did not result in in-
creased abrogation of antiviral activity, demonstrating that these
IFNs do not play a role in the antiviral activity of IFN-g (data
not shown).

FIGURE 6. Gene expression of select ISGs in IFN-g–treated cells after neutralization with IFNGR1 Ab. A, IFN-treated cells were examined by Western

blot for phosphorylation of STAT1 (at Y701) as an indicator of autocrine or paracrine IFN action. Cells were left untreated (lane 1) or treated with 10 IU/ml

IFN-g (lanes 2–5) or 10 IU/ml IFN-a2a (lane 6), and cell lysates were prepared at the indicated times. The IFNAR2 Ab was added prior to IFN treatment

(lanes 4, 6), and the IFNGR1 Ab was added after 15-h IFN-g treatment. nAb, neutralizing Ab. B– F, Cells were left untreated or treated with IFN-g and

harvested at 24 h, after which total RNAwas collected and assayed for relative mRNA transcript amounts. The IFNGR1 Ab was added after 15 h of IFN-g

treatment and was present until harvest at 24 h. The relative mRNA levels of PKR (B), IFIT3 (C), MxA (D), OAS1 (E), and HLA-A (F) are shown as the

mean and SD of triplicate PCR reactions from two separate experiments normalized to GAPDH. ***p, 0.001 and n.s., not significant by an unpaired, two-

tailed t test comparing the IFN-g and IFN-g plus neutralizing Ab treatment groups.

FIGURE 7. Occupancy of the PKR promoter by (A) STAT1, (B) STAT2, and (C) IRF9 after IFN-g and IFN-a2a treatment. Cross-linked, sheared

chromatin ∼1 kb in length from cells left untreated or treated with 10 IU/ml IFN-g or 10 IU/ml IFN-a2a was immunoprecipitated with 1 mg nonimmune

serum, 1 mg Ab against STAT1 and IRF9, or 2 mg Ab against STAT2. Quantitative PCR analysis was performed using a ChIP-specific primer for the PKR

promoter. The results are shown as fold upregulation of occupancy at each site compared with background signal, and are the mean and SEM from triplicate

PCR assays of a single biological experiment. The results are representative of three biological assays. ***p , 0.001; **p , 0.01; *p , 0.05 by two-tailed

t test comparing the indicated group with the untreated control group.
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Discussion
ISGF3 is firmly established as a critical component of type I IFN
signaling, and it drives transcription of many classical antiviral
ISGs (15, 29, 30). However, IFN-g is thought to induce tran-
scription and mount an antiviral response entirely without this
transcription factor (15–17). Several studies indicate presence of
ISGF3 after IFN-g treatment in a murine system and impairment
of antiviral activity in STAT2-null mice (23–25, 31). To our
knowledge, the evidence in this study demonstrates both forma-
tion of ISGF3II and its role in IFN-g–mediated antiviral activity
for the first time in a human system.
Whereas most signaling occurs within minutes to hours of IFN-

a2a and IFN-g treatment, both the Western blot and coimmuno-
precipitation data show that significant STAT activation also
occurs much later in IFN-g–treated cells. This may be due to the
fact that type I IFN responses are primarily directed at early stages

of an infection, whereas type II IFN plays a role in eliminating
viral persistence and therefore requires prolonged Jak/STAT sig-
naling for full biological activity (32, 33). Several studies have
suggested that this might be explained by an autocrine type I IFN
signaling loop, and that a very small amount of IFN continually
activates the Jak/STAT pathway to provide a robust response upon
encountering a pathogen (24, 31). However, the use of neutraliz-
ing Abs to both IFNAR1 and IL-10Rb (which block type I and
type III IFNs, respectively) and the qRT-PCR data for the type I
and type III IFN genes ruled out the possibility of autocrine or
paracrine IFN signaling as a cause of ISGF3II formation following
IFN-g treatment. Others have also demonstrated that IFN-g ac-
tivity is not dependent on type I IFNs (34).
At high IFN concentrations, continual signaling results in ac-

tivation of many overlapping and redundant signaling pathways (2,
35, 36). For example, overexpression of STAT1 and IRF9 can lead
to transient ISRE activation by homodimers of STAT1 or STAT2
complexed with IRF9, and STAT2 and IRF9 can associate with
each other prior to IFN treatment (26, 37–39). In addition, several
studies indicate that IRF1 complexes can bind to ISRE motifs and
serve as a transcription factor for ISGs (40, 41). However, siRNA
for STAT2 and IRF9 was able to abrogate the antiviral activity of
both IFN-a2a and IFN-g at physiological concentrations. If the
alternative STAT/IRF transcription factors had a functional role in
antiviral gene transcription, both IFNs should have induced an
antiviral state in the cells lacking STAT2 or IRF9. In addition,
relative mRNA quantities of classical antiviral genes in IFN-g–
treated cells neutralized at 15 h were significantly lower at 24 h in
the absence of late IFN-g signaling, whereas those that are tran-
scribed using IRF-1–mediated gene transcription (e.g., MHC-I
[HLA-A]) (42, 43) showed no significant change in expression.
The late time point at which the ISGF3II formation occurred in

response to IFN-g highlights the possible mechanism as to its
formation. IFN signaling, over time, results in the accumulation of
STAT1, STAT2, and IRF9 proteins in the cytoplasm. In these cells,
prolonged signaling and phosphorylation of STAT1 allows these
accumulated proteins to favorably interact to form ISGF3II even
though STAT2 is not phosphorylated. There is growing evidence

FIGURE 8. Gene and protein expression of ISGs in STAT2- and IRF9-

deficient cells after treatment with IFN-a2a or IFN-g. A, STAT2 and IRF9

protein expression was knocked down by siRNA. Cells were either mock

treated (lipofectamine only), treated with a nonspecific (NS) siRNA or

siRNA for IRF9 or STAT2, and incubated with 10 IU/ml IFN-a or IFN-g

for 24 h. Cell lysates containing equivalent amounts of protein were added

to each well and subjected to SDS-PAGE, after which Western blots were

performed with STAT1, STAT2, or IRF9 Abs. B–C, Gene expression for

(B) PKR and (C) IFIT3 was determined by qRT-PCR in cells transfected

with siRNA targeting IRF9 and STAT2 and treated with 10 IU/ml IFN-a2a

or IFN-g. Data are presented as the mean and SD of three replicate assay

wells from a single experiment. ***p , 0.001 by a separate one-way

ANOVA for each IFN treatment, followed by a Bonferroni posttest for

comparison between IRF9 siRNA or STAT2 siRNA treatment and the

nonspecific (NS) siRNA treatment.

FIGURE 9. The absence of IRF9 or STAT2 abrogates the antiviral ac-

tivity of IFN-g in A549 cells. Specific siRNAs targeting IRF9, STAT2, or

nonspecific (NS) control siRNAs were transfected at a concentration of 20

nM for 24 h before addition of the indicated amounts of IFN-a2a (A) or

IFN-g (B). Following 24 h of the indicated treatment, media was removed

and EMCV was added at a multiplicity of infection of 0.01. Cells were

stained with crystal violet at 48 h postinfection. The results are repre-

sentative of greater than three separate experiments.
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that the nonphosphorylated STATs, particularly STAT1 and
STAT2, also play a role in IFN signaling (44–47). Therefore, the
presence of unphosphorylated STAT2 in this complex combined
with the low levels of this complex forming in the cytoplasm
may account for the very low amount of ISGF3II imported into the
nucleus and bound to the PKR promoter in response to IFN-g.
IFN-a2a treatment results in phosphorylation of both STAT1 and
STAT2, resulting in formation of the classical ISGF3 complex that
has high affinity for ISRE sequences. Because ISGF3II contains
phosphorylated STAT1 only, it might be possible that it binds to
ISRE sequences in a transient manner, whereas ISGF3 has a more
stable interaction with antiviral ISG promoters. As such, the classical
ISGF3 complex would be more efficient in inducing gene tran-
scription than ISGF3II. The ability of classical ISGF3 to bind more
efficiently to ISRE sequences could be one possible explanation
for the increased ISG mRNA and protein levels in cells treated
with IFN-a2a compared with IFN-g.
Although ISGF3II does play a role in inducing ISGs and me-

diating antiviral activity in response to IFN-g, it is important to
note that the data suggest that it is not absolutely critical for the
action of IFN at all concentrations; it appears to only play a major
role at low concentrations of type I or type II IFNs. When either
IRF9 or STAT2 was knocked down in A549 cells, the antiviral
ISGs were still upregulated to a small degree. This is most likely
due to residual levels of IRF9 and STAT2 upregulating the ISGs
involved in antiviral activity, but other signaling pathways might
still be involved in gene induction at low concentrations.
ISGF3 is one component of the myriad signaling pathways that

regulate the hundreds of ISGs. Together, these results suggest that
STAT2 and IRF9, via ISGF3II, play a significant role in IFN-g
signaling. Signaling through ISGF3II and ISGF3-like transcription
factor complexes, in addition to those induced by the canonical
STAT1 homodimer signaling pathway, may result in induction of
a broader range of ISGs than typically thought of as IFN-g in-
ducible and explain the overlapping gene expression profiles and
biological activities of type I and type II IFNs. ISGF3II formation
played a crucial role in concentrations similar to those produced
in a natural infection (48), suggesting that this transcription fac-
tor could be a critical component for establishing an antiviral state
in vivo. The data presented in this study provide evidence of a new
pathway by which IFN-g can induce antiviral effects in humans.
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