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The interferon (IFN)-stimulated gene factor 3 (ISGF3) transcription factor with its Statl, Stat2, and interferon regulatory factor
9 (IRF9) subunits is employed for transcriptional responses downstream of receptors for type I interferons (IFN-I) that include
IFN-« and IFN- and type Il interferons (IFN-III), also called IFN-A. Here, we show in a murine model of dextran sodium sul-
fate (DSS)-induced colitis that IRF9 deficiency protects animals, whereas the combined loss of IFN-I and IFN-III receptors wors-
ens their condition. We explain the different phenotypes by demonstrating a function of IRF9 in a noncanonical transcriptional
complex with Stat1, apart from IFN-I and IFN-III signaling. Together, Stat1l and IRF9 produce a proinflammatory activity that
overrides the benefits of the IFN-III response on intestinal epithelial cells. Our results further suggest that the CXCL10 chemo-
kine gene is an important mediator of this proinflammatory activity. We thus establish IFN-\ as a potentially anticolitogenic
cytokine and propose an important role for IRF9 as a component of noncanonical Stat complexes in the development of colitis.

nterferons (IFN) are subdivided into three distinct types, type I

IEN (IFN-I; mainly IFN-a/B), type II IFN (IEN-II; IFN-vy), and
type 111 IFN (IFN-III; IFN-N/interleukin-28 [IL-28]/IL-29). Col-
lectively, IEN are potent regulators of immune responses to
pathogens (1, 2). In addition, they contribute to autoimmunity-
related or other types of sterile inflammation (3-5). Biological
responses to IFN require transcription of a large number of IFN-
stimulated genes (ISGs), regulated by signal transducers and acti-
vators of transcription (Stat) and interferon regulatory factors
(IRF). In their canonical signaling pathways, the type I and type III
IEN receptors stimulate the assembly of the IFN-stimulated gene
factor 3 (ISGF3) complex that contains tyrosine-phosphorylated
Statl and Stat2 in association with IRF9, whereas the IFN-v recep-
tor employs Janus tyrosine kinases (Jaks) to produce the gamma
interferon-activated factor (GAF), a homodimer of tyrosine-
phosphorylated Stat1 (6). In addition, noncanonical complexes of
Stat1/2 and IRF9 can be formed in response to IFN-I or IFN-y
signaling and contribute to gene selectivity of the transcriptional
response (7—12). Statl homodimers bind to gamma interferon-
activated sequences (GAS) in target promoters, whereas ISGF3
binds to IFN-stimulated response elements (ISRE), which can be
found in a large number of antimicrobial and antiviral genes.
Noncanonical complexes containing IRF9 would similarly be ex-
pected to associate with the ISRE, consistent with the DNA-bind-
ing specificity of this subunit.

In keeping with the common deployment of ISGF3, immuno-
logical activities of IFN-I and IFN-III appear to be very similar.
However, the IFN-I receptor (IFNAR) is expressed on virtually all
nucleated cells, whereas IFN-III receptor expression in mice is
restricted to epithelial tissues (13). It is not entirely clear yet
whether IFEN-I and -IIT lead to completely identical signaling out-
puts, as their receptors may differ in their ability to activate Stats
other than 1 and 2 or the mitogen-activated protein kinase
(MAPK) pathway (14, 15).

Inflammatory bowel disease (IBD) is a health problem affect-
ing a rising number of individuals, especially in the western world.
A multistep process initiates this chronic disease, with a distur-
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bance of the epithelial layer as an early event (16). Host factors as
well as gut microbiota have been implicated in the development
and maintenance of IBD, with specific innate and adaptive im-
mune signaling pathways as well as specific bacterial species, such
as members of the Enterobacteriaceae, shown to be associated with
the disease (17, 18). IFN-I both reduce and enhance colitis in
animal models, depending on the intensity of inflammation and
whether the acute or resolution phases are examined (5, 19). Clin-
ical studies testing IFN-I in the treatment of IBD support this
view, as they led to conflicting results concerning their therapeutic
potential (5, 20). Loss of IFN-v signaling exacerbated disease in
some reported animal studies (21, 22), while it was protective in
others (23, 24). Blockade of IFN-+y caused a fairly subtle improve-
ment of symptoms in human IBD patients (25, 26). IEN-III have
not been studied in the context of colitis. However, such studies
appear of high priority in light of recent reports showing they
control rotavirus infections by targeting the intestinal epithelium
(27). This study further demonstrated that polarized intestinal
epithelial cells (IEC) respond to IFN-III from the basolateral and
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apical sides but to IFN-I only from the apical side. The authors
suggested IFN-III might be more relevant for immune signaling in
IEC than IEN-I. Earlier in vitro studies showed that IFN-IIT de-
crease proliferation and induce antiviral proteins in human IEC
lines (28). Also, infection of IEC lines with various Gram-positive
bacteria induced production of IFN-IIT (29).

The aim of our study was to determine the effect of simultane-
ous elimination of IFN-I and IFN-III responses by inducing colitis
with the chemical dextran sodium sulfate (DSS) in mice lacking
the ISGF3 subunit IRF9. We report that mice were strongly pro-
tected from colitis when deficient for IRF9. Surprisingly, the op-
posite effect was observed after combined deletion of IFN-I and
IEN-III receptors. Our results suggest that the procolitogenic ac-
tivity of IRF9 results from its participation in a noncanonical com-
plex with Statl independently of IFN-I and IFN-III receptor sig-
naling. In addition, they support the notion that IFN-III prevent
damage of the gut mucosa after DSS treatment and might provide
a novel therapeutic option.

MATERIALS AND METHODS

Mice, animal experiments. Animal experiments were approved by the
University of Veterinary Medicine Vienna institutional ethics committee
and carried out in accordance with protocols approved by Austrian law
(BMWE-66.006/002-11/10b/2010).

Mice lacking functional type IIT IEN receptors (IL28ra”’ ™) were pro-
vided by Bristol-Myers-Squibb Company (NJ). B6.A2G-Mx1 wild-type
(WT) mice carrying intact Mx1 alleles (Mx1), B6.A2G-Mx1-1L28ra /™ mice
lacking functional type IIT IFN receptors (Mx1-IL28ra” /"), and B6.A2G-
Mx1-IL28ra/“Ifnarl '~ double-knockout mice (Mx1-IL28ra /™
Ifnarl ~/7) (30) lacking functional receptors for both type I and type III
IFN were provided by Peter Stiheli (Freiburg, Germany). The mice were
backcrossed to C57BL/6 mice as previously described for BALB/c mice
(31). C57BL/6N, Ifnarl~'~, Irfo~'~ (32), Statl™’~ (33), and Stat2™/~
mice (34) backcrossed for more than 10 generations on a C57BL/6N back-
ground were housed in the same specific-pathogen-free (SPF) facility un-
der identical conditions according to recommendations of the Federation
of European Laboratory Animal Science Association and additionally
monitored for being norovirus negative. Colitis experiments were per-
formed in individually ventilated cage isolators.

To induce colitis, mice were provided with 2% dextran sodium sulfate
(DSS; molecular mass of 36 to 50 kDa; MP Biomedicals) in autoclaved
drinking water ad libitum for 7 days, after which they received DSS-free
autoclaved drinking water for 2 days. Mice were weighed daily and sacri-
ficed on day 0 (untreated), 5, or 10 of the colitis protocol. Upon sacrifice,
the intestine was removed and flushed with phosphate-buffered saline
(PBS) (pH 7.2). The colon was halved lengthwise, and one half was snap-
frozen, while the other half was fixed in 2% paraformaldehyde, prepared
as a Swiss role, and embedded in paraffin. Sections of whole intestine were
stained with hematoxylin and eosin (H&E) using a standard protocol and
blind-scored by a pathologist using an established method that evaluates
inflammation severity, crypt damage, inflammation extent, and percent
tissue involvement (35).

IHC. Tissue sections were rehydrated and boiled 20 min in a citric
buffer (pH 6) to unmask antigens. For proliferation assessment, slides
were incubated with rabbit polyclonal anti-Ki67 antibody (NovoCastra)
diluted 1:1,000 and, to evaluate apoptosis, with rabbit polyclonal anti-
cleaved caspase-3 antibody (Cell Signaling) diluted 1:200. Epitope bind-
ing was revealed with peroxidase-conjugated secondary antibodies. Sec-
tions were counterstained with hematoxylin and imaged on an
epifluorescence microscope (Zeiss Axiolmager). Immunohistochemistry
(IHC) images were photographed and quantified with the HistoQUEST
software (TissueGnostics GmbH). At least 3 pictures per colon were
taken, and the percentage of positive-stained cells per number of nucle-
ated cells was calculated.
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RNA isolation, cDNA synthesis, and quantitative PCR (qQPCR). For
RNA preparation, colon tissue was homogenized and bone marrow-de-
rived macrophages (BMDMs) were lysed in 700 wl RA1 buffer of the
NucleoSpin II RNA isolation kit (Macherey and Nagel) and processed
according to the manufacturer’s protocol. cDNA was prepared as de-
scribed previously (36). PCRs were performed with 60°C annealing tem-
perature on an Eppendorf cycler. Expression of every sample was calcu-
lated relative to the OAZ1 housekeeping gene. Primer sequences are
summarized in Table S1 in the supplemental material.

ChIP and ChIP sequencing (ChIP-Seq). Chromatin immunoprecipi-
tation (ChIP) was performed as described previously (37). A total of 2 pl
(anti-Statl and anti-Stat2; Santa Cruz) or 4 pl (anti-IRF9; Santa Cruz)
antiserum was used per 50 pg chromatin. ChIP data were normalized to
and expressed as a percentage of input. Primers used for qPCR of the
CXCL10 gene enhancer regions (E1 and E2) and IFN response region of
Mx1 are listed in Table S1 in the supplemental material. Next-generation
sequencing was carried out by the Vienna Biocenter Campus Support
Facilities. A total of 5 to 10 ng of DNA precipitate was used for the gener-
ation of sequencing libraries using the KAPA library preparation kit for
Mlumina systems. Libraries were quantified with a Bioanalyzer double-
stranded DNA (dsDNA) 1000 assay kit (Agilent) and a qPCR NGS library
quantification kit (KAPA). Cluster generation and sequencing were per-
formed with a HiSeq 2000 system with a read length of 100 nucleotides
according to the manufacturer’s guidelines (Illumina).

In the re-ChIP experiments (12), the immune complexes were eluted
by adding 10 mM dithiothreitol (DTT) and incubating for 40 min at room
temperature. The samples were diluted 40-fold and reimmunoprecipi-
tated.

Cell isolation and treatment. For IEC isolation, colons were washed
in cold PBS containing 50 wg/ml gentamicin, cut into pieces, and incu-
bated for 10 min in 15 mM EDTA-PBS at 37°C with shaking. After 1 g
sedimentation to remove cell sheets, supernatants were collected, spun
down, washed in PBS, and resuspended in buffer RA1 for RNA isolation.
For Western blotting, cells were resuspended in RPMI 1640 with or with-
out 5 ng/ml IFN-vy (eBioscience) for 15 min and processed as described
previously (36).

For lamina propria mononuclear cell (LPMC) isolation, colons where
incubated in RPMI 1640 containing gentamicin and 5 mM EDTA 3 times
for 15 min at 37°C with shaking to fully remove IEC. Remaining tissue
pieces were washed in RPMI and incubated for 90 min in RPMI contain-
ing 15 mM HEPES and 0.2 mg/ml type VIII collagenase (Sigma). The
digest was filtered through a 70-pm-pore-size cell strainer, spun down,
washed in PBS, and resuspended in buffer RA1. These fractions contained
>50% LPMC.

Bone marrow-derived macrophages (BMDM:s) were differentiated
from bone marrow isolated from femurs and tibias of 6- to 8-week-old
mice. Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich) supplemented with 10% fetal calf serum (FCS)
(Sigma-Aldrich), 10% L929 cell-conditioned medium as a source of col-
ony-stimulating factor 1 (CSF-1), 100 units/ml penicillin, and 100 pg/ml
streptomycin (Sigma-Aldrich) as previously described (36). The culture
contained >99% F4/80™ cells. BMDMs were treated with 5 ng/ml of
IFN-vy (Affymetrix; eBioscience).

CXCL10 determination. Frozen tissue was homogenized in PBS con-
taining proteinase inhibitors (phenylmethylsulfonyl fluoride; Roche
cOmplete protease inhibitor cocktail), 1 mM vanadate, and 1 mM DTT.
The homogenate was freeze-thawed twice. Total protein in the superna-
tants was determined by bicinchoninic acid (BCA) assay (Pierce), and
CXCL10 levels were determined using a FlowCytomix kit (eBioscience)
on 25 pl supernatant according to the manufacturer’s instructions. The
CXCL10 amount was normalized to total protein.

Western blotting. Organs or isolated IEC where homogenized in
Frackelton buffer containing protease and phosphatase inhibitors and
centrifuged at 12,000 X g. The supernatant was used for Western blotting
as described previously (36). Total Statl was detected using monoclonal
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FIG 1 Decreased weight loss and pathology in IRF9-deficient animals upon 2% DSS treatment. (A) Representative weight loss curve (n = 4 mice/group); (B)
representative H&E stainings from colons on day 10 of 2% DSS colitis (200-fold magnification) and pathology score data from 3 independent experiments (WT
n=19,1rf9"'~ n = 18). (C) Proliferation rates are increased in IRF9-deficient colons. Representative pictures (X 200 magnification) and quantification of colon
tissue of WT and Irf9 ™/~ mice after 5 days of 2% DSS treatment, stained for Ki67 (n = 10/group). Data are presented as means * standard errors of the mean
(SEM) and are representative of at least 3 independent experiments. *, P < 0.05; **, P < 0.01, Mann-Whitney U test.

antibody (MADb) to the Statl N terminus (BD Biosciences) at a dilution of
1:1,000. Tyrosine 701 phosphorylated Statl was detected using a 1:1,000
diluted antibody (Cell Signaling). As a loading control, the blot was
probed with Abs to the Erkl and Erk2 kinases (panErk) (BD Transduction
Laboratories) at a dilution of 1:2,000.

Statistics. Statistical analysis was done using the Mann-Whitney U
test, considering P values of <0.05 as significant.

RESULTS

DSS-induced colitis in mice lacking IRF9, comparison to IFN
receptor deficiency. To examine the importance of ISGF3 target
genes in intestinal inflammation without affecting transcriptional
activity of Statl homodimers, we examined DSS colitis in mice
deficient for IRF9. We expected the dominant effect of IRF9 defi-
ciency to reflect the loss of canonical ISGF3 signaling. Following
treatment with 2% DSS for 7 days, Irfo™’~ mice started losing
weight with a delay of up to 2 days compared to C57BL/6 (WT)
controls and lost significantly less weight than WT mice (Fig. 1A).
Pathology scoring of H&E-stained tissue confirmed a significant
protection of Irf9™/~ mice from DSS-induced colitis (Fig. 1B).
Proliferation, as determined by the amount of Ki67-positive cells,
decreased in WT colons during the early phase of colitis, consis-
tent with previous reports (23). This decrease was not observed in
IRF9-deficient colons. The difference between the Irfo/~ and
WT genotypes was readily apparent in immunohistochemistry
and confirmed by quantitative analysis (graph in Fig. 1C). Thus,
the loss of IRF9 leads to profound protection from intestinal in-
flammation.

According to the Jak-Stat paradigm, ISGF3 formation results
from signaling by the IFN-I and IFN-III receptors. We recently
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observed that the loss of IFN-I signaling has minor consequences
for acute colitis after the moderate DSS dose used here (19). To
seek an explanation for the impact of IRF9, we therefore examined
the role of IFN-III in DSS colitis. Intestinal epithelial cells (IEC)
from colon expressed low levels of IEN-A mRNA if isolated from
untreated or 5-day-DSS-treated mice (Fig. 2A). Fifteenfold-
higher levels of IFN-III were detected in cell fractions strongly
enriched for LPMC than in IEC. There was slight but not statisti-
cally significant reduction in expression upon DSS treatment.
IFN-III receptors consist of the IL-10R2 chain shared with the
IL-10 receptor and an IFN-III-specific IL-28Ra chain. We per-
formed qPCR analysis of the IL-28Ra chain on IEC (Fig. 2B). In
cells isolated from colons after 5 days of DSS treatment, we ob-
served a small but significant increase of receptor expression over
cells from healthy animals, indicating upregulation due to inflam-
matory signals. These results suggest that IFN-III are expressed in
the colon and that IFN-III signaling might increase during colitis
through enhanced receptor expression.

To evaluate whether the protection from disease upon IRF9
deficiency is due to a loss of ISGF3 activity downstream of the
IEN-IIT or combined IFN-I/TEN-III receptors, we analyzed mice
lacking IFN-III receptors only or lacking IFN-I as well as IFN-IIT
receptors. For studies with influenza virus (30), these animals
were bred to contain an intact Mx1 gene, unlike normal C57BL/6
mice. They are designated —-Mx1 and compared to their own
Mx1" C57BL/6 WT controls. When Mx1-WT, IL28rac” /", and
IL28rac™ '~ Ifnarl '~ mice were treated with 2% DSS, we recorded
a pronounced and significant increase in weight loss for the
IL28ra.™'~ genotype compared to that of the WT. Mice deficient
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FIG 2 Type III IFNs are expressed in colon cells, IL-28Ra is upregulated during inflammation, and loss of IL-28R signaling leads to increased pathology upon
2% DSS treatment. (A) qPCR analysis of IFN-IIIT (IFN-A2 and IFN-A\3) expression in isolated colon epithelial cells and crude purified lamina propria mononu-
clear cells from untreated and 5-day-DSS-treated WT mice (# = 4 to 6). (B) Colon epithelial cells from untreated and 5-day-DSS-treated (n = 6 or 7) WT mice
were analyzed for IL-28Ra expression by qPCR. *, P < 0.05; **, P < 0.01, Student’s ¢ test. (C and D) Representative weight loss curve (n = 4 mice/group) (C) and
pathology scoring (n = 10 for Mx1 C57BL/6 and Mx1 IL28rac™’~ and n = 7 for Mx1 IL28ra /™ Ifnar1~/7) (D). (E) Representative H&E staining from colons
after 10 days of 2% DSS treatment (200-fold magnification). Data shown are from male animals. Data are presented as means = SEM. *, P < 0.05; **, P < 0.01,

Mann-Whitney U test.

for both receptors lost more weight than WT controls as well, but
without differing significantly from the IL28ra. '~ mice (Fig. 2C).
Pathology scoring of colon H&E sections revealed a significant
increase of damage in animals of both genotypes compared to
their WT controls (Fig. 2D and E). Additional loss of IFN-I sig-
naling did not change pathology scores with regard to the loss of
IFN-III signaling alone. This confirms our earlier observations
that IFN-I deficiency does not significantly affect acute colitis after
treatment with moderate DSS concentrations (19).

Despite identical food and housing conditions for our mice,
differences in intestinal microbiota composition cannot be ruled
out (38). To minimize the possibility that microbiota variability
accounts for the differences between Irf9 ™/~ mice and those lack-
ing IFN receptors, we performed cohousing experiments with
Mx1-WT, Mx1-1L28ra~'~, Mx1-I1L28rac ™'~ Ifnarl~'~, C57BL/6,
and Irf9 ™'~ mice. Three weeks of housing all the mentioned ge-
notypes together did not change the results shown in Fig. 1 and 2
(not shown). This experiment corroborates our notion that the
adverse impact of IRF9 on DSS-induced colitis does not reflect
individual or combined signaling by IFN-I and IFN-III receptors
during acute intestinal inflammation.

IFN-induced gene expression in mice lacking IFN receptors,
Stats, or IRF9. To seek an explanation for the phenotypic differ-
ence between IRF9 deficiency and the lack of IFN-I and IFN-III
receptor signaling, we analyzed the expression of established IFN
target genes in colon tissue. To obtain additional information
about the Stat complexes involved, Statl ™/~ and Stat2™’~ mice
were included in our analysis. According to the data of Fig. 1 and
2, the influence of IFN and IRF9 on colitis must be established before
weight loss and inflammatory pathology occur; therefore, day 5 of the
DSS protocol was chosen for the sampling of intestinal tissue.

Expression of the IRF7, IFIT2, ISG15, and CXCL9 ISGs in co-
lon tissue was similarly decreased upon either the combined loss
of IFN-I and -III receptors, Statl, Stat2, or IRF9, suggesting their
expression requires the canonical ISGF3 complex (Fig. 3A). IFIT1
and Stat1 genes were regulated in a similar fashion, while there was
no decrease in expression of IRF1, IRF2, or CXCL2 in IRF9 '~ or
Mx1-IL28rac '~ Ifnarl ~/~ mice compared to that of their respec-
tive WT controls (not shown).

The genes shown in Fig. 3 are a representative fraction of 27
ISGs examined in total. Compared to expression in WT mice the
only ISG mRNA with significantly reduced expression in mice
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with IRF9™'~ and Stat1 ~'~ genotypes but with normal expression
in IFN-I/TEN-TIT receptor double-deficient or Stat2 ™/~ mice was
that encoding the chemokine CXCL10, also known as IP10. (Fig.
3A). To examine whether the amount of CXCL10 chemokine cor-
responded to its mRNA expression, colon tissue was analyzed for
protein. As in the case of mRNA, there were no significant differ-
ences in CXCLI10 protein between healthy tissues of the investi-
gated genotypes (Fig. 3B and not shown). On day 5, levels of
CXCL10 were increased in WT colon tissue compared to those in
untreated mice, while unchanged in Irf9 ™/~ mice. This difference
between WT and Irf9 ™/~ mice was not statistically significant. On
day 10, during full-blown colitis, CXCL10 amounts in WT mice
were significantly higher than in Irfo™'~ mice, where levels were
still at baseline. In both Mx1-WT and Mx1-1L28ra /™ Ifnarl '~
mice, on the other hand, CXCL10 was increased on day 10 of
colitis compared to that in healthy tissue. In keeping with the
pathology scores of Fig. 2, CXCLI10 levels were higher in mice
lacking type III or both type I and type III IEN receptors (Fig. 3B).

The CXCL10 gene has previously been identified as a target of
IFN-vy signaling in colitic tissue (24). To directly compare the
dependency of CXCL10 mRNA expression on IRF9 and IFN-vy
signaling, we analyzed day 10 colitic tissues of Irf9-, Statl-, and
IFN-vy receptor-deficient animals (Fig. 4). While CXCL10 expres-
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sion was strongly upregulated in WT tissue at the peak of colitis, its
expression was significantly lower in the absence of IRF9 but still
upregulated compared to healthy tissue. In the absence of Statl or
IFN-v signaling, however, CXCL10 expression was barely detect-
able. These findings suggest that IRF9, together with Statl, plays a
role in the regulation of the CXCL10 gene by IFN-v, indepen-
dently of Stat2, IFN-I, and IFN-III signaling. To examine whether
IFN-v is a driver of DSS-induced colitic pathology, scores of If-
ngrl /7 Irf9™'~, and WT mice at day 10 after DSS treatment were
compared (Fig. 4B). In agreement with published results (23, 24),
loss of IFN-y responsiveness, like IRF9 deficiency, protected from
DSS-induced colon inflammation.

In some cell types, the loss of IFN-I responsiveness decreases
Statl expression, due to the absence of autocrine or tonic signals
from the IFN-Ireceptor (39). Reduced Stat1 expression may, in turn,
decrease responsiveness to IFN-y. While potential consequences of
tonic signaling to the Stat1 gene should affect Ifnarl /" cells as well,
they might be particularly strong in Irf9 ™'~ cells in case constitu-
tive signals from the IFN-A receptor maintain Stat1 expression. To
investigate whether lack of IRF9 decreases Stat1, we first analyzed
its mRNA in the colon of healthy as well as 5-day-DSS-treated
mice (see Fig. S1A in the supplemental material). While the loss of
IRF9 was without effect on Stat] mRNA under tissue homeostasis,
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DSS treatment revealed an approximately 2-fold reduction in
Irfo~’~ mice. Western blot analysis of mesenteric lymph nodes,
spleens, and colons confirmed that steady-state amounts of total
Stat1 protein are not reduced in Irf9 ™/~ organs, suggesting intact
IFN-vy responsiveness (see Fig. S1B). In spite of its impact on
mRNA induction during colitis, the loss of IRF9 did not cause a
reduction of Statl protein in colonic tissue 5 days after DSS treat-
ment. In keeping with these results, phospho-Stat1 levels in iso-
lated intestinal epithelial cells treated with IFN-y were highly sim-
ilar (see Fig. SI1C). In further agreement with intact IFN-y
responsiveness, immunity of Irfo’~ mice to Listeria monocyto-
genes was not decreased (not shown).

Reduced numbers of CXCR3 " cells in DSS-treated, IRF9-de-
ficient mice. The CXCL10 chemokine attracts various inflamma-

tory cell types expressing the CXCR3 receptor to sites of inflam-
mation (40). We therefore tested whether the reduced CXCL10
expression in inflammatory intestinal tracts of IRF9 ™'~ mice cor-
responded to a decrease of CXCR3 ™ cells. Visual inspection of the
immunohistochemical analysis shown in Fig. 5A suggested this
was the case, and this notion was confirmed by quantitative anal-
ysis of CXCR3 ™ cells (Fig. 5B). In keeping with reduced numbers
of CXCL10-responsive cells, the total amount of Cxcr3 mRNA
was reduced in colon tissue of IRF9 /'~ mice (Fig. 5C). Our data
strengthen the idea that IRF9-dependent CXCL10 production
plays an important role in shaping the inflammatory infiltrate
during DSS-induced colitis.

IRF9-dependent gene regulation in IFN-y-treated macro-
phages. Macrophages are a prime source of CXCL10, particularly
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FIG 5 Colon tissue of IRF9-deficient mice contains reduced numbers of CXCR3-positive cells. (A) Representative images (X 20 magnification) of immunobhis-
tochemistry with anti-CXCR3 antibodies. Counterstaining was with hematoxylin. Colon sections of WT and Irf9 '~ mice at day 10 after treatment with 2% DSS
are shown as indicated. (B) Means of CXCR3-positive cells in colon tissue from WT and Irfo~/~ mice per microscopic field on day 10 after treatment with 2%
DSS (8 to 12 mice per genotype and 5 slides per animal were evaluated). (C) Mean of the relative Cxcr3 mRNA expression in colon tissue on day 10 after treatment
with 2% DSS colitis (mean expression of 5 to 8 mice per genotype).
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when activated by IEN-vy (3). Because it is virtually impossible to
purify colon macrophages in sufficient quantities for biochemical
experiments, we considered bone marrow macrophages (BMM)
as suitable surrogates. qPCR analysis of IFN-y-inducible genes
confirmed that CXCL10 expression required Statl and was
strongly dependent on IRF9 in this cell type (Fig. 6A). Stat2
independence was observed in the early phase of the CXCL10
gene response to IFN-v, consistent with Stat2 independence of
colonic CXCL10. At later time points, CXCL10 expression was
reduced in Stat2™’~ BMM. This finding conforms with the
regulation of selected ISRE-containing genes by IFN-vy through
a noncanonical, Stat2-containing complex designated ISGF3",
acting at delayed stages of the transcriptional response to
IEN-vy (10). In keeping with our previous studies, IRF9 was
needed for the induction of the IRF7 gene by IFN-v (12). Con-
trasting the CXCL10 gene, the response of the Irf7 gene re-
quired Stat2 at all time points, suggesting it makes use of ISGF3
complexes (Fig. 6E). The same behavior was noted for the
DDX58 gene encoding the Rig-I helicase (Fig. 6D). The other
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examined genes (Gbpl, Irfl, and ClIta genes) (Fig. 6B, C, and
F) behaved like canonical responders, requiring Statl but not
IRF9 or Stat2. The data suggest that IFN-y-treated BMM re-
produce the IRF9-dependent CXCL10 regulation observed in
the gut. They suggest that ISRE-containing promoters select
IRF9/Statl complexes either with or without the Stat2 subunit
for the cellular response to IFN-vy.

Association of Stats and IRF9 with the CXCL10 promoter. To
strengthen the interpretation of our gene expression analysis,
ChIP was performed to test protein binding to the IFN-responsive
regions of the CXCL10 promoter. Two such regions have been
described. One of these (henceforth called enhancer 1 [E1]) is
located proximal to the transcription start and contains an ISRE
sequence (8, 41). A second IEN response region around —4.6 kB
containing both ISRE and GAS sequences was identified by a com-
puter-assisted search (E2) (42). To confirm the presence of func-
tional ISREs in both regions, we interrogated our ChIP-Seq data
set from IFN-B-stimulated macrophages. These confirmed the as-
sociation of Stat1 and Stat2 with both enhancers (Fig. 7A). Beyond
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that, they showed that the proximal element contains a weaker
binding site, particularly for complexes with Stat2.

Consistent with the ChIP-Seq data, Statl and Stat2 binding to
E2 was stronger than to E1 4 h after treatment with IFN-y (Fig.
7B). Particularly, Stat2 association with E1 was weak. However,

the absence of IRF9, particularly at E1. In contrast, Stat2 binding
was completely abrogated. The data agree with the idea that Stat2
binding occurs in the context of the ISGF3 or ISGF3" complexes,
whereas a fraction of Stat1 binds as homodimers. This notion is in
line with the GAS sequence of E2, whereas no overt GAS consen-

Stat2 binding to both enhancers after 4 h was surprising given the
robust Stat2-independent induction of the CXCL10 gene by
IFN-+ at this time point. Stat] association was strongly reduced in

July 2015 Volume 35 Number 13

Molecular and Cellular Biology

sus in E1 has been found by us or others.
The ChIP data summarized in Fig. 7B explain the clear IRF9
dependence of IFN-y-induced CXCL10 gene expression. How-
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ever, they do not explain the Stat2 independence of expression 4 h
after treatment. To demonstrate the formation of Stat2-indepen-
dent Stat1-IRF9 complexes, ChIP-re-ChIP analysis with antibod-
ies to Statl and IRF9 was performed. Since commercial IRF9 an-
tibodies produce poor signal-to-noise ratios in simple ChIP, the
feasibility of the approach was tested using the strong ISGF3 bind-
ing site of the Mx1 promoter and IFN-B-stimulated BMM. The
left and middle panels of Fig. 7C demonstrate that the technique
reveals the simultaneous presence of Stat2 and IRF9 as well as
Statl and IRF9 at the Mx ISRE. Applying this approach to IFN-+y-
stimulated BMM and the CXCL10 gene E1 region, strong ChIP-
reChIP signals were obtained in wt and Stat2 ™/~ cells but not in
BMM lacking Statl or IRF9 (Fig. 7C, right). The data support the
notion that Stat2-independent Stat1-IRF9 complexes form at
the CXCL10 gene promoter and exert transcriptional activity in
the context of the cellular response to IFN-y.

DISCUSSION

The original aim of this study was to investigate DSS-induced
colitis in Irf9 ™'~ animals as a model for the combined loss of IFN-I
and IFN-III responses. In the course of our experiments, we real-
ized that the activity of IRF9 was not restricted to the classical
ISGF3 complex downstream of the IFN-I and IFN-III receptors.
Rather, the dominant function of the protein was to act in concert
with Statl during IFN-vy signaling. We clearly demonstrate that
IEN-IIT are beneficial by suppressing acute colitis, and this effect is
maintained in the absence of the IFN-I receptor. In striking con-
trast to IFN-III signaling, IRF9 exacerbated colitis, suggesting its
proinflammatory role overrides the benefits of its activity in the
IFN-III pathway.

The search among candidate genes for the relevant target of
IRF9’s proinflammatory activity led us to the CXCL10 chemo-
kine. Our results suggest that during colon inflammation, IRF9 is
necessary for induction of CXCL10, as in the absence of IRF9,
CXCL10 amounts remain at the level of healthy tissue. CXCL10
levels correlate very well with the pathology scores, leading us to
the conclusion that the protective effect of IRF9 deficiency is to a
large extent due to this decrease. Data presented in Fig. 5 are con-
sistent with an important role of IRF9/CXCL10 signaling for the
recruitment of CXCR3™ inflammatory cells. While we cannot rule
outa participation of other Stat1-IRF9 target genes, a major role of
CXCL10 is strengthened by several reports demonstrating the im-
portance of CXCL10 in immune cell recruitment during inflam-
mation of various organs (40). In different experimental models,
blockade of CXCL10 protected from colitis (43-47). Increased
proliferation of epithelial cells contributes to this effect (47). Con-
sistently, loss of the CXCL10 receptor, CXCR3, strongly protected
mice from DSS-induced colitis (48). Based on these results, anti-
CXCLI10 treatment appears as an attractive option for clinical
therapy. In fact, clinical trials exploring anti-CXCL10 treatment of
a patient cohort suffering from ulcerative colitis have been re-
ported (49). Although the prespecified endpoints were not met,
the study suggested that alterations of the dose regimen hold
promise for future clinical benefit. Various treatment protocols
are currently subject to further clinical trials (https://clinicaltrials
.gov/ct2/show/results/NCT01294410). The anticolitogenic activ-
ity of IFN-N\ noted in our study emphasizes the importance of
assessing their clinical potential as well.

Originally described as the gene encoding IFN-vy-inducible
protein 10 (IP-10) (50), the CXCL10 gene is regulated via ISRE
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and nuclear factor kappa B (NF-kB) elements (40). Strong tran-
scriptional activation was described for IFN-vy as well as IFN-1. A
weaker response is stimulated by tumor necrosis factor (TNF),
although TNF can synergize with the IFNs for induction (40). Our
results with IFN-y-treated macrophages show that as in colitic
mice, both Statl and IRF9 are necessary for full-blown CXCL10
expression. This is in line with earlier studies in human fibrosar-
coma cells, leading the authors to propose a nonconventional
Stat1-IRF9 complex as the main inducer of expression (8). Our
studies in macrophages cannot answer the question of why IFN-vy
but not IFN-I or IFN-III regulates CXCL10 expression. The po-
tential to form Stat1-IRF9 complexes exists after activation of the
IFN-v, IFN-I, and IFN-III receptors. In spite of this, we demon-
strate in animals with combined loss of IFN-I and -III signaling
that neither IFN-I nor IFN-III regulate the CXCL10 gene during
DSS-induced colon inflammation. Additionally, the data with the
double-deficient mice defy the canonical ISGF3 complex as the
dominant regulator of CXCL10 expression. In contrast, IFN-y
signaling creates the IRF9 complexes required for the upregula-
tion of CXCL10. In support of our findings, a study inducing DSS
colitis in IFN-vy-deficient mice reported not only a protective ef-
fect but also significantly reduced CXCL10/IP-10 levels in in-
flamed colon tissue (24).

Our in vitro experiments further support the idea that IRF9 is
necessary for full CXCL10 induction by IFN-vy and that IRF9 and
Statl are simultaneously present at the CXCL10 promoter. Non-
canonical assemblies of Stats and their associates have been de-
scribed in other situations as well. For example, Stat2-IRF9 com-
plexes exert transcriptional activity independently of Statl in the
antiviral response (7, 9, 11). In addition, unphosphorylated Stat
complexes were described (U-STATS) (51), and the ISGF3" com-
plex containing phosphorylated Stat1 in association with unphos-
phorylated Stat2 and IRF9 subunits was described as a mediator of
delayed gene induction by IEN-vy (10). The ChIP-re-ChIP analysis
of Fig. 7 shows that Stat1-IRF9 complexes form in the absence of
Stat2. In addition, however, our experiments in Stat2~/~ macro-
phages suggest that ISGF3 or, more likely, ISGF3" contributes to
the delayed transcriptional response of CXCL10 to IFN-vy (Fig. 6
and 7, model in Fig. 8). Initially, Stat2 deficiency produces in-
creased expression, most likely because more Statl is available for
the formation of Statl dimers and Stat1-IRF9 complexes. At later
time points, expression decreases with regard to the WT, which we
interpret as a need for ISGF3" in maintaining high levels of tran-
scription (Fig. 8) (10). A contribution of Stat1-IRF9 complexes to
the delayed IFN-v response cannot be deduced from our experi-
ments, as both respective knockouts would affect ISGF3" as well.
Cumulative CXCL10 mRNA expression over all time points is
very similar between WT and Stat2 ™'~ macrophages, and this may
account for the lack of a Stat2 effect on steady-state CXCL10 ex-
pression in colon tissue of mice at day 5 after DSS treatment (Fig.
3A). As an alternative explanation, different cells and tissues
might use different ratios of Statl dimers, Stat1-IRF9, ISGF3, or
ISGF3" complexes for the IFN-y response. While being beyond
the scope of this study, examination of noncanonical complex
formation in primary tissues and different cell types and assess-
ment of its biological relevance are important scientific problems
for future research.

Together with our earlier observations of phase and intensity-
dependent IFN-I activity during colitis (19), our current study
extends the complex impact of the IFN system on colitis to activ-
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Statl, unphosphorylated Stat2, and IRF9, may explain the Stat2 dependence. A contribution by Stat1-IRF9 complexes or GAF at this stage is likely but speculative.

ities of IFN-III, IFN-vy, and noncanonical Stat1-IRF9 signaling,
thus demanding further research of new strategies for colitis treat-
ment.
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