IFN consensus sequence binding protein potentiates
STAT1-dependent activation of IFNy-responsive

promoters in macrophages

Cristina Contursi*, I-Ming Wang**, Lucia Gabriele*, Massimo Gadina$, John O’Shea$, Herbert C. Morse, III,

and Keiko Ozato*"

*Laboratory of Molecular Growth Regulation, National Institute of Child Health and Human Development, *Laboratory of Inmunopathology, National
Institute of Allergy and Infectious Diseases, and SArthritis and Rheumatism Branch, National Institute of Arthritis and Musculoskeletal Diseases, National

Institutes of Health, Bethesda, MD 20892

Communicated by Igor B. Dawid, National Institutes of Health, Bethesda, MD, November 15, 1999 (received for review December 15, 1998)

IFNy, once called the macrophage-activating factor, stimulates
many genes in macrophages, ultimately leading to the elicitation
of innate immunity. IFNy’'s functions depend on the activation of
STAT1, which stimulates transcription of IFNy-inducible genes
through the GAS element. The IFN consensus sequence binding
protein (icsby or IFN regulatory factor 8), encoding a transcription
factor of the IFN regulatory factor family, is one of such IFNy-
inducible genes in macrophages. We found that macrophages from
ICSBP—/— mice were defective in inducing some IFNy-responsive
genes, even though they were capable of activating STAT1 in
response to IFNy. Accordingly, IFNy activation of luciferase report-
ers fused to the GAS element was severely impaired in ICSBP—/—
macrophages, but transfection of ICSBP resulted in marked stim-
ulation of these reporters. Consistent with its role in activating
IFNy-responsive promoters, ICSBP stimulated reporter activity in a
GAS-specific manner, even in the absence of IFNy treatment, and
in STAT1 negative cells. Indicative of a mechanism for this stimu-
lation, DNA affinity binding assays revealed that endogenous
ICSBP was recruited to a multiprotein complex that bound to GAS.
These results suggest that ICSBP, when induced by IFNy through
STAT1, in turn generates a second wave of transcription from
GAS-containing promoters, thereby contributing to the elicitation
of IFNYy's unique activities in immune cells.

FNs are pleiotropic cytokines that play a major role in the host

defense against microbial pathogens (1-3). Although IFN«
and IFNp are produced by many cell types and confer antiviral
activities on them, IFNwy is produced by T lymphocytes and
natural killer cells when stimulated by the macrophage-derived
cytokine, IL-12. IFNv elicits broad effects, particularly on cells
of the immune system (1, 2). IFN+y was previously called the
“macrophage activation factor,” and indeed, it plays particularly
important roles in macrophages, which include elicitation of
antipathogenic activity and antitumor activity, stimulation of
chemokine/cytokine production, and enhanced antigen presen-
tation. Activation of the JAK/STAT pathway is the first event in
IFNYy signal transduction (4, 5). Binding of IFNy to the receptor
(IFNvyR1 and IFN+vyR2; ref. 6) results in activation of JAK1 and
JAK2 kinases, which phosphorylate the latent transcription
factor STAT1 (7). STATTI is then translocated into the nucleus
to bind to the IFNy activation site (GAS), after which transcrip-
tional induction of IFNy-responsive genes ensues (5). The GAS
element is found in numerous IFN+y-inducible genes, many of
which are expressed specifically in the immune system (8).
Studies with statl1—/— mice as well as human cells lacking
STAT1 expression have established that STAT1 is required for
IFNvy-dependent transcription and for its biological activities
(9-11). Transcription factors induced by STAT1, such as CIITA,
in turn stimulate their own target genes, generating diversity in
IFNvy-dependent gene expression patterns (12). Other factors
including IFNy receptors and additional proteins interacting

with JAK signaling pathways also contribute to the variability in
gene expression patterns in response to IFNy (7, 13).

IFN consensus sequence binding protein (ICSBP), a member
of the IFN regulatory factor (IRF) family (14), is an IFNy-
inducible, immune-system-specific transcription factor (15, 16).
ICSBP is induced by IFNy through the GAS sequence present
in its promoter (17). Similar to several other members of the IRF
family (18), ICSBP represses IFNa/B-inducible promoters
through the IFN-stimulated responsive element (ISRE; refs. 19
and 20). However, studies of ICSBP knockout mice indicated
that ICSBP is required for establishing IFN+y-mediated resis-
tance to various pathogens (21-23). This unexpected deficiency
in IFNvy-dependent host defenses prompted us to examine the
role of ICSBP in IFN+y-dependent transcription. Herein, we
report that ICSBP is capable of stimulating transcription from
IFNvy-inducible promoters in a GAS-dependent manner. Our
results raise the possibility that ICSBP is a late-acting activator
of IFNvy-responsive genes involved in the elicitation of IFNy’s
unique activities in the immune cells.

Materials and Methods

Transfection. Murine macrophage-like RAW264.7 (RAW) cells
and human 2fTGH, U3A, U4A, and y1A cells (refs. 11 and 24;
10° cells) were transfected with 10-50 ng of luciferase reporter
containing four copies of the wild-type (WT) GAS element from
the ICSBP promoter or mutant (mt) GAS (see Fig. 1f) con-
nected to the herpes virus thymidine kinase gene promoter (17)
and 0.4-1.6 pg of ICSBP expression vector (19) or a control
vector without insert (LK440) by using the SuperFect reagent
(Qiagen, Chatsworth, CA). As controls, cells were transfected
with a luciferase reporter containing the ISRE (25) and/or
expression vectors for IRF-1 (pActl) or IRF-2 (pAct2; ref. 18;
both were gifts from T. Taniguchi, University of Tokyo, Tokyo)
in the same manner, and luciferase activity was measured 16-24
h later. CL-2 cells (ICSBP—/—) were established from
ICSBP—/— bone marrow, which expressed the Mac-1 (CD11b)
but not GR-1 marker and which expressed IL-1a and IL-18 in
response to IFNy plus lipopolysaccharide as RAW cells (L.-
M.W., C.C.,, A. Masumi, X. Ma., G. Trinchieri, and K.O.,
unpublished work). Reporter (10 ug) and expression vectors (30
ug) were transfected into 107 CL-2 cells by electroporation, and
luciferase activity was measured 16 h later. When indicated,
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Impaired IFNy responsiveness in ICSBP—/— cells. (a) RNA expression of IFNy-inducible genes was examined by quantitative reverse transcription-PCR

in ICSBP+/+ or —/— peritoneal macrophages stimulated with IFNy for indicated times. iNos, induction of nitric oxide synthase; FcyRl, Fcy receptor |; hprt,
hypoxanthine-guanine phosphoribosyl transferase. (b) NO production in ICSBP+/+ and —/— macrophages after stimulation with IFNy for 72 h. The values
represent the average of measurements from three independent pools of two to three animals = SD. (c) IFNy induction of IRF-1 and ICSBP in RAW and CL-2 cells.
Immunoblotting was performed with cells treated with IFNy for 12 h. (d) Impaired GAS reporter activity in ICSBP—/— cells. RAW and CL-2 cells were transiently
transfected with luciferase reporters containing WT or mt GAS. Values represent five determinations =SD. (e) Electrophoretic mobility-shift assay analysis was
performed with 10 ug of nuclear extracts from RAW or CL-2 cells treated with IFNy for 8 h by using 32P-labeled, single-copy WT-GAS oligonucleotide as a probe.
(f) GAS sequences (8, 17); the ICSBP WT and mt sequences were used in this work.

mouse or human recombinant (r)IFNvy (a gift from G. Adolf,
Boehringer Ingelheim, Bender, Austria) was added at 200
units/ml 6-12 h before harvest. Reporter activity was normal-
ized according to the activity of cotransfected B-galactosidase
gene in the early stage and to protein concentrations in the later
stage. ICSBP deletion constructs (120, 150, 250, and 350 in Fig.
2d) were constructed by cloning appropriate PCR fragments into
the control vector LK440.

DNA Affinity Binding Assay (26). A biotinylated DNA fragment
containing four copies of the WT GAS (Fig. le) was synthesized
from the luciferase reporter by PCR. Biotinylated DNA (2 ng;
~20 pmol) was conjugated to 100 ng of Dynabeads (M-280
Streptavidin, Dynal, Great Neck, NY) in buffer containing 10

92 | www.pnas.org

mM TrissHCI (pH 8.0), 1 mM EDTA, and 0.1 M NaCl. GAS-
conjugated beads (10 ul) were incubated with 500 ug of nuclear
extracts from RAW or CL-2 cells treated with or without IFNvy
(200 units/ml), prepared as described in ref. 25. When indicated,
rICSBP or rIRF-1 produced in baculovirus vectors (100 ng; ref.
26) was added to the nuclear extracts. Beads, extracts, and
recombinant proteins were incubated at 4°C for 2 h in the
presence of 20 pg of herring sperm DNA (Sigma). Bound
materials were eluted in 20 ul of buffer containing 0.5% SDS and
1 M NaCl and were separated by SDS/4-20% gradient PAGE.
Bound proteins were detected by immunoblot assays with rabbit
antibodies against ICSBP, IRF-1, TFIIB, or STAT (15, 25).

Quantitative PCR, Inmunoblot Analysis, and NO Production. Perito-
neal macrophages from ICSBBP+/+ and —/— mice were

Contursi et al.
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Stimulation of GAS reporter activity by ICSBP. (a) RAW or CL-2 cells were cotransfected with the WT GAS or mt GAS reporter as described for Fig. 1d,

along with the ICSBP vector or empty vector, and treated with or without IFNy as described for Fig. 1. (b) Absence of ISRE-reporter stimulation by ICSBP. Cells
were cotransfected and assayed as described for a, except that the ISRE luciferase reporter was used. (c) RAW cells were cotransfected with WT GAS reporter
and empty vector, vector for IRF-1, IRF-2, or ICSBP, and then luciferase activity was measured as described for a. (d) ICSBP domain analysis. RAW cells were
cotransfected with the WT GAS reporter and indicated deletion constructs and assayed as described for a. DBD, DNA-binding domain; CTD, C-terminal domain;

FL, full length.

allowed to adhere (>85% pure) and were treated with murine
IFNvy (100 units/ml). cDNA was constructed from total RNA
(23). Serially diluted cDNA was subjected to PCR by using
appropriate primers: 5'-acaagctgcatgtgacatcg-3’ and 5'-
ggcaaagatgagctcatcca-3' for mouse iNos (27), 5'-gtcactttatggtg-
gtggagee-3' and 5'-tccatcegtgacacctcaag-3" for FeyRI (28), and
5'-gttggatacaggctttgttg-3’ and 5'-gattcaacttgegcetcatcttagge-3' for
HPRT (23). PCRs (32 cycles) were performed for iNos and
HPRT, and 35 cycles were performed for FcyRI. PCR products
were fractionated on a 1.3% agarose gel and hybridized with
appropriate 3?P-labeled probes. Immunoblot analysis was per-
formed as described (15). For NO production, adherent mac-
rophages were treated with IFN+y (200 units/ml) for 70 h and
then stimulated with phorbol 12-myristate 13-acetate for 2 h.
The amount of NO was measured by a colorimetric reaction with
the Total Nitric Oxide Assay kit (R & D Systems; ref. 29).

Results

Impaired Induction of IFNy-Responsive Genes in ICSBP—/— Macro-
phages. IFNvy induction of iNos and FcyRI genes (27, 28) was
tested in freshly isolated peritoneal macrophages from
ICSBP—/— and ICSBP+/+ mice. These genes carry a func-
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tional GAS in their promoters (30, 31). As shown in Fig. 1a,
induction of both genes was markedly reduced in ICSBP—/—
cells relative to that in ICSBP+/+ cells. Accordingly, NO
production was significantly reduced in IFNv-treated
ICSBP—/— macrophages compared with +/+ cells (Fig. 1b),
confirming that the reduction in iNos mRNA is reflected in
reduction of the gene products. We then tested IFNy induction
of IRF-1 and ICSBP proteins in two macrophage-like cell lines,
CL-2 (ICSBP—/-) and RAW (ICSBP+/+) cells. CL-2 cells
were established from ICSBP—/— bone marrow cells. In RAW
cells, ICSBP and IRF-1 proteins were both induced by IFNvy.
However, in CL-2 cells, IRF-1 was barely induced by IFNy,
whereas ICSBP was not expressed, as expected. Both IRF-1 and
ICSBP carry a GAS element in their promoter (17, 32). IRF-2,
tested as a control, was not induced by IFNv, and its levels were
comparable in the two types of cells. These results indicated that
ICSBP—/— cells are deficient in inducing certain IFNvy-
responsive genes.

To define the basis of this deficiency, we next tested, by
transfection assays, whether IFNvy is capable of stimulating the
activity of a luciferase reporter containing GAS elements in
ICSBP—/— cells. As shown in Fig. 1d, IFN+y robustly stimulated
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Fig. 3.

ICSBP stimulates GAS reporter activity in JAK/STAT-pathway-deficient cells. 2fTGH, U3A, U4A, and y1A cells were cotransfected with the WT GAS

reporter and expression vector for ICSBP, IRF-1, or STAT1 and then were treated with or without human IFNy (200 units/ml) for 6 h before harvest. Values

represent the average of five determinations +SD.

reporter activity in RAW cells but only very weakly in CL-2 cells.
Supporting the specificity of activation, IFN+y did not activate the
mt GAS reporter (17) in either cell type (Fig. 1d). One expla-
nation for these results was that IFNy signaling was disrupted in
ICSBP—/— cells. To assess the integrity of signal transduction
in these cells, we tested STAT1 activation by IFNvy. As seen in
Fig. le, an electrophoretic gel mobility-shift assay with a WT
GAS probe showed comparable activation of STATI in both
ICSBP+/+ and —/— cells. Phosphorylation analysis revealed
that STAT1 was phosphorylated at the expected Tyr-701 and
Ser-727 residues (33) in both cells (not shown). These results
suggested that STAT1 activation is insufficient for IFNvy-
stimulated promoter activity, and additional ICSBP-dependent
steps are necessary for optimal IFNvy response.

Transfected ICSBP Stimulates Activity of GAS-Containing Reporters.
We tested whether reintroduction of ICSBP relieves the defi-
ciency in ICSBP—/— macrophages. As seen in Fig. 2a, cotrans-
fection with an ICSBP expression vector strongly stimulated the
activity of the WT GAS reporter both in ICSBP+/+ and —/—
cells, even in the absence of IFN, but did not affect the mt GAS
reporter. In ICSBP+/+ cells, IFNy treatment resulted in a
further increase in promoter activity, whereas the treatment had
little effect on ICSBP—/— cells. Several additional GAS-
containing reporters, including one with the IRF-1 GAS (32),
were also stimulated by cotransfected ICSBP (not shown).
Activation was specific for GAS, because a luciferase reporter
containing the ISRE element from the GBP gene, which could
also be stimulated by IFNvy (25), was not stimulated by ICSBP
(Fig. 2b). Experiments in Fig. 2c¢ investigated whether other
members of the IRF family are similarly capable of stimulating
the GAS reporter. In contrast to ICSBP, IRF-1 and IRF-2 did
not stimulate GAS reporter activity in the absence or presence
of IFNy. Although unable to stimulate GAS reporter activity,
IRF-1 was able to stimulate ISR E-reporter activity, as expected
(ref. 18; data not shown). To study whether GAS reporter
stimulation depends on a specific domain of ICSBP, deletion
constructs shown in Fig. 2d were tested in cotransfection assays.
The C-terminal truncations 250, 150, and 120, containing the
DNA-binding domain and increasing portions of the C-terminal
region, failed to stimulate reporter activity, whereas the longer
construct 350 weakly stimulated promoter activity. The C-
terminal construct lacking the DNA-binding domain (CTD,
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C-terminal domain) also failed to stimulate reporter activity.
These results suggest that both the DNA-binding and C-terminal
domains of ICSBP are required for stimulation of GAS-
containing promoter activity.

Transfected ICSBP Can Stimulate GAS Reporter Activity in the Absence
of JAK/STAT Pathway Activation. To determine whether ICSBP
stimulation of GAS-containing reporter depends on the activa-
tion of the JAK/STATI1 pathway, mt cells lacking a discrete
component of the pathway were tested in transfection assays. As
shown in Fig. 3a, in the 2fTGH cells (parental line), which do not
express ICSBP, GAS reporter activity was significantly enhanced
by cotransfection of ICSBP (Fig. 3a, lanes 3 and 7 vs. lanes 2 and
6). As expected, transfection of STAT1 also led to an increase in
reporter activity, albeit a modest one (Fig. 3a, lane 8). As shown
in Fig. 3b, ICSBP also stimulated GAS reporter activity in U3A
cells, which lack expression of STAT1 (34). IFNy did not
stimulate reporter activity in U3A cells, but transfection of
STAT1 restored IFNy-mediated reporter activation (Fig. 3b,
lane 7). U4A and y1A cells lack the JAK1 and JAK2 kinase,
respectively; these kinases are activated by IFNvy and are re-
quired for activation of STAT1 (24, 30). Similar to the results
obtained with U3A cells, the GAS reporter was not stimulated
by IFNy in these cells (Fig. 3 ¢ and d, compare lane 1 vs. lanes
4 and 5). However, cotransfection of ICSBP, but not IRF-1, led
to marked stimulation of reporter activity in either the presence
or absence of IFNy (Fig. 3 ¢ and d, lanes 3 and 6). Little
stimulation was observed when these cells were cotransfected
with STAT1 and stimulated by IFNv, as expected (Fig. 3 ¢ and
d, lane 7). Thus, ICSBP, when ectopically expressed, is capable
of stimulating GAS reporter activity without requiring activation
of the JAK/STAT signaling pathway.

Recruitment of ICSBP to the GAS Element. Given the strong stimu-
lation of GAS reporter activity by ICSBP, it was of importance
to test whether ICSBP binds to this element. Initial electro-
phoretic mobility-shift assays failed to reveal ICSBP binding to
GAS probes (not shown); therefore, we employed the DNA
affinity binding assay depicted in Fig. 4a (26). A biotinylated
DNA fragment containing the WT GAS element (Fig. le) was
conjugated to magnetic beads and incubated with nuclear ex-
tracts from IFNvy-treated RAW cells; bound proteins were
detected by immunoblotting. Both STAT1 and ICSBP, present

Contursi et al.
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Recruitment of endogenous and rICSBP to the GAS. (a) Diagram of DNA affinity binding assay. GAS-conjugated beads were incubated with nuclear

extracts (NE) with or without rlICSBP, and bound materials were detected inimmunoblot assays. (b) Binding of endogenous ICSBP to the GAS element: competition
analysis. GAS-conjugated beads were incubated with nuclear extracts from RAW cells treated with IFNvy in the absence (lane 1) or presence (lanes 2-5) of a 100-
or 25-fold molar excess of WT-GAS or mt-GAS oligomers. Bound (lanes 1-5) or unbound (lane 6, WT GAS competitor; lane 7, mt GAS competitor) fractions were
analyzed for ICSBP and STAT1 proteins. (c) Binding assays were performed by using rICSBP or rIRF-1 in the absence (lanes 1-3) or presence of extracts from RAW
cells treated without (lanes 5 and 6) or with (lanes 8 and 9) rIFNy. (d) rICSBP binding in the presence of extracts from CL-2 cells treated without (lanes 1 and 2)
or with (lanes 3 and 4) IFNy. (e) A model for IFNy action. IFNy-responsive genes including ICSBP are first activated by the classic JAK/STAT pathway through GAS.
ICSBP is recruited to GAS through protein—-protein interaction, providing a second wave of transcription from certain IFNy-inducible genes in an immune-cell-

specific manner.

in RAW cell extracts, were found on the GAS-conjugated beads
indicating their recruitment to GAS, whereas IRF-1 and TFIIB
were not. Recruitment of ICSBP and STAT1 was abolished by
excess competitor oligomer for the WT but not mt GAS (Fig. 4b).
To study whether ICSBP is recruited to GAS by direct binding
or through protein—protein interaction, baculovirus-derived
rICSBP was tested alone or mixed with extracts from RAW cells.
As a control, rIRF-1 was tested in the same manner. As seen in
Fig. 4¢ (lanes 2 and 3), neither rICSBP nor rIRF-1 alone bound
to the GAS-conjugated beads. However, rICSBP, but not
rIRF-1, was found on the GAS-conjugated beads when mixed
with extracts from RAW cells (Fig. 4¢, lane 6). When extracts
from IFNy-treated RAW cells were tested, both rICSBP and
endogenous ICSBP were recruited to GAS (Fig. 4c, lanes 8 and
9); endogenous ICSBP was distinguished from rICSBP by the
slightly smaller size. In addition, STAT1 was recruited to GAS
when extracts from IFNy-treated RAW cells were tested, as
expected (Fig. 4c, lanes 7-9). Recruitment of rICSBP to GAS
was also observed with extracts from ICSBP—/— CL-2 cells (Fig.
4d). These results indicate that ICSBP is recruited to the GAS
element in cooperation with another factor (or other factors)
present in the cells.

Discussion

Consistent with the initial observations that ICSBP—/— mac-
rophages were defective in inducing certain IFN+y-responsive
genes, transfection of ICSBP led to a marked stimulation of
transcription from GAS-containing promoters. In light of the
established role for STAT1 in activating GAS-dependent tran-
scription (3-5, 7), stimulation of GAS reporter activity by ICSBP
may seem somewhat unexpected. However, the fact that ICSBP
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itself is an IFNy-inducible gene (17) provides a ready meaning
to our observations. ICSBP is specifically expressed in the
immune system, primarily in macrophages, but also in T cells (15,
16); its induction by IFNy is downstream of STAT1 activation
and depends on the GAS element in the promoter (17). There-
fore, the stimulation of GAS reporter activity observed by
ICSBP is a post-STAT1 event in vivo and depends on activation
of the JAK/STAT1 pathway.

The fact that ICSBP was able to stimulate promoter activity in
a GAS-specific manner, even in the absence of IFN+y treatment
and in STAT1/JAK-negative cells, indicates that, once ICSBP is
induced, it can stimulate transcription without requiring STAT1.
The ability to stimulate GAS reporter activity was characteristic
of ICSBP but was not observed with other IRF members such as
IRF-1 and IRF-2. One can envisage that ICSBP might generate
a second wave of transcription from IFNvy-responsive promoters,
which would lead to amplification of IFNvy’s effects in an
immune-cell-specific manner (model in Fig. 4¢). Because STAT1
is labile and rapidly degraded on activation by phosphatases and
proteasomes (35, 36), ICSBP may help prolong transcription
from respective promoters after STATI1 activity declines,
thereby sustaining the effect of IFNvy. These findings are of
interest, because ICSBP has been thought to act as a repressor
of IFN«a/B inducible genes (19), providing an example in which
a transcription factor can act either as an activator or repressor,
depending on promoter elements.

ICSBP’s remarkable ability to stimulate GAS reporter activity
is compatible with the fact that ICSBP—/— macrophages are
profoundly defective in inducing certain IFN+y-responsive genes,
such as iNos and FCyRI, even though IFNy activation of STAT1
is normal in these cells (Fig. 1). In this light, it may not be
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surprising that the most striking defects found in ICSBP—/—
mice are those involving macrophage functions (22, 23, 37).
Because IFNYy is shown to play a role in tumor surveillance (38),
the mechanism described here may partly account for the
increased tendency of ICSBP—/— mice to develop leuke-
mia (39).

In the course of this study, we noted that not all IFNvy-
inducible genes are defective in ICSBP—/— cells, e.g., the mig
gene and MHC class II are normally induced in these cells
(C.C., unpublished work; ref. 23). It is of note that GAS
sequences vary considerably among different IFNvy-inducible
genes (8). ICSBP seems capable of stimulating only a certain
set of GAS elements but not others. This variability may result
in a pattern of IFN+y responses different from that initiated by
STAT1. The way in which ICSBP regulates expression of
IFNy-inducible genes may be affected by additional compo-
nents, such as chromatin structure and recruitment of other
cofactors. These additional components would in turn provide
further complexity to the activities of ICSBP. In a DNA
affinity binding assay (Fig. 4 a-d), endogenous ICSBP was
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