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Neurobiology of Disease

The Type I Interferon-a Mediates a More Severe
Neurological Disease in the Absence of the Canonical
Signaling Molecule Interferon Regulatory Factor 9
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1School of Molecular and Microbial Biosciences and the Bosch Institute, University of Sydney, Sydney, New South Wales 2006, Australia, and 2Abteilung
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Type I interferons (IFN) are crucial in host defense but also are implicated as causative factors for neurological disease. Interferon
regulatory factor (IRF9) is involved in type I IEN-regulated gene expression where it associates with STAT1:STAT2 heterodimers to form
the transcriptional complex ISGF3. The role of IRF9 in cellular responses to type I IFN is poorly defined in vivo and hence was examined
here. While transgenic mice (termed GIEN) with chronic production of low levels of IFN-a in the CNS were relatively unaffected, the same
animals lacking IRF9 [GIFNxIRF9 knock-out (KO)] had cataracts, became moribund, and died prematurely. The brain of GIFNxIRF9 KO
mice showed calcification with pronounced inflammation and neurodegeneration whereas inflammation and retinal degeneration af-
fected the eyes. In addition, IFN-+y-like gene expression in the CNS in association with IFN-y mRNA and increased phosphotyrosine-
STATI suggested a role for IFN-y. However, GIFNxIRF9 KO mice deficient for IFN-vy signaling developed an even more severe and
accelerated disease, indicating that IFN-y was protective. In IRF9-deficient cultured mixed glial cells, IFN-c induced prolonged activa-
tion of STAT1 and STAT2 and induced the expression of IFN-vy-like genes. We conclude that (1) type I IFN signaling and cellular responses
can occur in vivo in the absence of IRF9, (2) IRF9 protects against the pathophysiological actions of type I IFN in the CNS, and (3) STAT1
and possibly STAT2 participate in alternative IRF9-independent signaling pathways activated by IFN-« in glial cells resulting in en-

hanced IFN-+y-like responses.

Introduction

Interferon (IFN)-a is crucial in host defense against pathogens
and tumors (for review, see Sen and Ransohoff, 1993; Stark et al.,
1998). This cytokine is also implicated in disease pathogenesis,
including neurological disorders such as Aicardi-Goutiéres syn-
drome (AGS) (Aicardi and Goutiéres, 1984; Lebon et al., 1988b;
Rice et al., 2007), Cree encephalitis (Black et al., 1988; Crow et al.,
2003), and congenital viral encephalopathy (CVE) (Dussaix et al.,
1985; Lebon et al., 1988a). AGS is a genetic disorder with in-
creased production of IFN-« that results in neurodegeneration
and characteristic cerebral calcification. Similar pathologic
changes are also observed in patients with CVE (for review, see
Shaw and Cohen, 1993; Kenneson and Cannon, 2007). Although
the causes of AGS and CVE are unknown, a role for IFN-« is
suggested by the finding that transgenic mice with astrocyte-
targeted production of IFN-a (termed GIFN mice) develop sim-
ilar neurodegeneration, inflammation, and cerebral calcification
(Akwa et al., 1998; Campbell et al., 1999).
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The biological actions of IFN-« are mediated through a well
characterized signal transduction pathway (Stark et al., 1998;
Schindler and Brutsaert, 1999) that triggers phosphorylation of
the signal transducer and activators of transcription (STAT) 1
and STAT2 proteins. STAT1 and STAT2 then form heterodimers
that translocate to the nucleus and associate with IRF9 to form
the IFN-stimulated gene factor 3 (ISGF3). ISGF3 regulates the
transcription of many type I IFN-regulated genes through bind-
ing to a specific DNA motif termed the IFN-stimulated response
element (ISRE). Mice deficient for STAT1, STAT2, or IRF9 have
impaired ISGF3-mediated responsiveness to type I IFNs and are
more susceptible to microbial infection (Durbin et al., 1996;
Kimura et al., 1996; Meraz et al., 1996; Park et al., 2000; Karst et
al., 2003). Nevertheless, there is evidence for the existence of
ISGF3-independent signal transduction pathways that are acti-
vated in the cellular response to type I IFNs (for review, see van
Boxel-Dezaire et al., 2006). For example, although several studies
show that IRF9-deficient cells have impaired responses to type I
IFNs (John et al., 1991; Kimura et al., 1996), it is clear that such
cells are not completely unresponsive (Li et al., 1996). However,
the biological significance of the cellular response to type I IFN in
the absence of IRF9 and its impact on the CNS is unknown. The
objective of the present study was to examine this problem
in the brain of GIFN mice that were sufficient or deficient for
IRF9. The results showed that far from crippling the actions of
IEN-q, the absence of IRF9 markedly aggravated the detrimental
effects of the type I IFN in the brain. Moreover, the findings
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Figure 1.  Survival of GIFN mice is reduced in the absence of STATT or IRF9. Survival was
significantly longer in GIFNXIRF9 KO mice compared with GIFNXSTATT KO mice ( p << 0.0001, x
logrank test). While IFNGR-null GIFNxIRF9 KO mice were not viable (*), IFNGR-
haploinsufficiency resulted in a significantly shorter survival of these animals compared with
GIFNXIRF9 KO mice ( p << 0.0001, x* logrank test).

showed that some key pathologic features mediated by IFN-« in
the brain that are associated with AGS and CVE can occur in an
ISGF3-independent manner.

Materials and Methods

Animals. The GIFNI12 mouse line (termed GIFN) with low levels of
astrocyte-directed production of IFN-al (Akwa et al., 1998; Campbell et
al., 1999), STAT1-deficient mice [STATI knock-out (KO) (Durbin et al.,
1996), kindly provided by Dr. Joan Durbin, The Research Institute at
Nationwide Children’s Hospital, Ohio State University, Columbus, OH],
IRF9-deficient mice [IRF9 KO (Kimura et al., 1996), obtained from
Riken Bioresource Center, Ibaraki, Japan], and IFN-vy receptor-
deficient mice [IFNGR KO (Huang et al., 1993), purchased from
Jackson Laboratories] have been described previously and were all on
the C57BL/6 background. GIFNxSTATI KO, GIFNxIRF9 KO, and
GIFNxIRF9 KOxIFNGR KO mice were produced by interbreeding and all
genotypes were verified by PCR analysis of tail DNA. All mice were main-
tained under pathogen-free conditions in the animal facility of the School
of Molecular and Microbial Biosciences, University of Sydney, Sydney,
Australia. Ethical approval for the use of all mice in this study was obtained
from the University of Sydney Animal Care and Ethics Committee.

Primary mixed glial cells and extraction of nuclear protein. Mixed glial
cell (MGC) cultures from 3-d-old mice were prepared as described by
Milner and ffrench-Constant (1994) using a modified technique from
McCarthy and de Vellis (Bressler et al., 1980). Briefly, meninges were
removed and the forebrain finely chopped and dissociated in papain
before being cultured on poly-p-lysine-coated (Sigma-Aldrich) T75 cul-
ture flasks (BD Falcon) in DMEM (Invitrogen) supplemented with 10%
FBS (Thermo Scientific) and ampicillin and streptomycin (Invitrogen).
The cellular composition of the MGCs was 96% astrocytes and 2-3%
microglia, as determined by immunocytochemistry. For treatment with
IEN-a, cells were serum starved overnight and then incubated with
serum-free medium containing 1000 U/ml IFN-« (Sigma-Aldrich) for
the indicated times. Cells were washed in ice-cold PBS pH 7.4, scraped
from the flasks, and incubated on ice for 15 min in 500 ul of lysis buffer
[10 mm HEPES pH 7.9, 1.5 mm MgCl,, 10 mm KCI, 0.5 mm DTT, 0.5 mm
PMSEF, protease inhibitor cocktail set III (1:200, Calbiochem) and phos-
phatase inhibitor cocktail set IT (1:200, Calbiochem)]. Following the ad-
dition of 25 ul of 10% (v/v) NP-40, nuclei were pelleted at 4000 X g for
20 s. The pellet was lysed in 150 ul of buffer [20 mm HEPES pH 7.9, 1.5
mM MgCl,, 420 mm NaCl, 0.2 mm EDTA, 25% (v/v) glycerol, 0.5 mm
PMSF, protease inhibitor cocktail set III and phosphatase inhibitor cock-
tail set IT] for 30 min at 4°C and shaken vigorously. Nuclear extracts were
recovered after centrifugation at 4°C for 10 min at 15,000 X g.

RNase protection assay. Total RNA was isolated from snap frozen
medial-ventral forebrain tissue or primary mixed glial cells using
TriReagent (Sigma-Aldrich) according to the manufacturer’s instruc-
tions. RNase protection assays (RPAs) were performed and analyzed as
described previously (Asensio and Campbell, 1997). Multiprobe sets
used for RPA included IFN-regulated genes (Asensio et al., 2001), STAT
and SOCS (Maier et al., 2002), cytokines (Hobbs et al., 1993), interferons
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Figure2.  GIFN mice deficient for IRF9 develop ocular disease. A—C, In contrast to GIFN mice,
whose eyes appeared normal (A), the eyes of GIFNXIRF9 KO mice showed cataracts (B). Histo-
logical examination of the eyes of GIFNxIRF9 KO mice showed destruction of the retinal archi-
tecture (C, arrows) and increased cellularity in the vitreous body (C, arrowhead). Infiltrating
(D4 (D, arrows) and (D8 ™ T cells (E, arrows) were presentin the retinaand the vitreous body,
and in the lens dysplastic bladder-like fibers were present (F, arrow). No overt pathological
changes were observed in the eyes of GIFN mice (G), whereas the eyes of GIFNXSTATT KO mice
showed increased cellularity of the vitreous body (H, arrowheads) and few infiltrating cells in
the retinal layers (H, arrows). €, G, H, Original magnification 50 X; D, E, 400X;; F, 1000 X..

(Asensio et al., 1999), and chemokines (Asensio and Campbell, 1997;
Boztug et al., 2002).

Histology and immunocytochemistry. Mice were killed, brains removed,
and one hemisphere fixed overnight in ice-cold 4% paraformaldehyde in
PBS, pH 7.4. Following paraffin embedding, 5-um-thick sections were
prepared and stained with hematoxylin and eosin to determine patho-
logical changes. For immunohistochemistry, the other hemisphere was
embedded in Tissue Tek (Sakura Finetek) and snap frozen in liquid
nitrogen-cooled isopentane. Immunohistochemistry was performed as
described previously (Hofer et al., 2008). Dilution of the primary anti-
bodies against CD4 and CD8 (BD Pharmingen) was 1:50; 1:50 against 7/4
(Serotec), and 1:20 against Macl (ATCC clone TIB 128). Immunohisto-
chemistry for the glial fibrillary acidic protein (GFAP; 1:1000; Dako) was
performed on paraffin-embedded sections. Sections incubated with sec-
ondary antibodies alone were used as controls. Stained sections were
examined under a DM4000B bright field microscope (Leica) and images
were captured using a Spot Flex camera and Spot V4.5 software (Diag-
nostic Instruments).
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Immunoblot analysis. Snap frozen medial-ventral forebrain tissue was
homogenized with 50 mm Tris-HCI pH 7.4 containing 1% Nonidet-P40,
10% (v/v) glycerol, 1 mm EDTA, 1 mm DTT, protease inhibitor cocktail
set III (1:200; Calbiochem) and phosphatase inhibitor cocktail set II
(1:200; Calbiochem). Nuclear extracts from MGCs were obtained as de-
scribed above. Proteins were fractioned by SDS/PAGE using precast gra-
dient gels (Invitrogen) and transferred to polyvinylidene difluoride
membranes. Immunoblot analysis was performed as described previ-
ously (Wangetal., 2002). All primary antibodies [phosphotyrosine (pY)-
STAT1, phosphoserine (pS)-STAT1, STAT1, STAT2, pY-STATS3,
STAT3, phosphothreonine and phosphotyrosine (pT/Y) ERK1/2,
ERK1/2, pT/Y-P38MAPK, p38MAPK (Cell Signaling Technology), pY-
STAT2 (Millipore), and TBP (Abcam)] were diluted at 1:1000 with the
exception of GAPDH (Sigma-Aldrich), which was diluted 1:40,000.

Results

Lack of IRF9 in mice with CNS-targeted production of IFN-«
results in severe disease

Over the time course under study, GIFN, STATI KO (Durbin et
al.,, 1996), and IRF9 KO (Kimura et al., 1996) mice had survival
times comparable to wild type (WT) mice (Fig. 1) and showed no
obvious clinical phenotype. GIFN mice deficient for STAT1
(GIFNxSTATI1 KO) failed to thrive after birth and survived for
only 1-2 months, confirming our previous finding (Wang et al.,
2002). GIFN mice that lacked IRF9 (GIFNxIRF9 KO), exhibited
progressive weight loss, became moribund, and showed in-
creased lethality compared with WT mice. However, GIFNXIRF9
KO mice had a significantly longer mean survival time than
GIFNxSTATI1 KO mice (72 vs 38 d, respectively) (Fig. 1). In ad-
dition, compared with WT and GIFN mice (Fig. 2A) that had
normal healthy eyes, the GIFNxIRF9 KO animals developed cat-
aracts (Fig. 2B). In summary, these observations show that in

Marked pathological changes in the CNS of GIFNXSTATT KO and GIFNxIRF9 KO mice. A, B, The medial—ventral forebrain
of 12-week-old GIFN mice showed no obvious pathological changes. C, D, In contrast, the medial—ventral forebrain of similarly
aged GIFNXIRF9 KO mice showed areas of calcifying necrosis (€, arrow) with loss of neurons and leukocyte infiltrates that accumu-
lated around blood vessels (D) but also diffusely infiltrated the parenchyma. In addition to lymphocytes (D, white arrowheads),
monocytes, and macrophages/microglia, some neutrophils (D, inset, arrow) were present. Endothelial cells in the GIFNxIRF9 KO
mice appeared hypertrophicand nuclei were increased and broadened in size (D, black arrowhead). E, F, Areas of calcifying necrosis
(E, arrow) with neuronal loss and significant numbers of infiltrating leukocytes and microglia/macrophages were also present in
the medial—ventral forebrain of GIFNXSTATT KO mice. Lymphocytes (F, white arrowheads) and neutrophils (F, inset, arrow) were
seen and endothelial cells of blood vessels were activated (F, black arrowheads). A, €, E, Original magnification 400%;
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GIFN mice, loss of IRF9 results in the de-
velopment of severe physical deteriora-
tion, ocular disease, and premature death.

Inflammation and neurodegeneration
in the brain and eyes of GIFN mice
deficient for IRF9
The possible basis for ocular disease in
GIFNxIRF9 KO mice was examined further
at the cellular level. Compared with WT, no
obvious histological changes were present in
the eyes of GIFN mice (Fig. 2G). However,
histological and immunohistochemical
analysis of the eyes of GIFNxIRF9 KO mice
showed epiretinal and subchoroidal edema
with focal detachment of the retina from the
choroid (Fig. 2C). The retinal architecture
was partially destroyed with destruction of
the retinal layers (Fig. 2C, arrows). Mono-
nuclear infiltrates including CD4 * (Fig.
2D, arrows) and CD8 " T cells (Fig. 2E,
arrows) were present in the retina and vitre-
ous body. Dysplastic bladder-like fibers that
are characteristic for posterior subcapsular
cataracts were seen in the lenses of some
GIFNxIRF9 KO mice (Fig. 2F, arrow).
Moderate inflammatory changes that in-
cluded increased number of cells in the vit-
reous body and the retina were also present
in the eyes of some GIFNxSTAT1 KO mice
(Fig. 2H). Yet, the overall architecture of the
retinal layers was preserved in the eyes of
most GIFNxSTATI KO mice analyzed and
none of the GIFNxSTAT1 KO mice showed bladder-like fibers or
developed visible cataracts. These findings indicate that GIFN mice
deficient for IRF9 develop a severe inflammatory ocular disease that
likely contributes to the development of cataracts in these animals.
The brain was then examined to determine the contributing
underlying causes for the adverse physical signs and premature
death of GIFN mice lacking either IRF9 or STAT1. No abnormal
features were seen in the brain of 3-month-old WT (supplemen-
tal Fig. S1 A, available at www.jneurosci.org as supplemental ma-
terial), GIEN (Fig. 3A,B), STATI KO, or IRF9 KO mice. In
contrast, reactive astrocytes with abundant eosinophilic cyto-
plasm, characteristic processes, loss of neurons, and infiltrates of
leukocytes including lymphocytes (Fig. 3C,D, white arrowheads)
and some neutrophils (Fig. 3D; inset, arrow) surrounding areas
of necrosis and calcification (Fig. 3C, arrow) were seen in the
medial-ventral forebrain of 2-month-old GIFNxIRF9 KO mice.
Reactive astrocytosis was also confirmed by immunohistochem-
ical staining for GFAP (Fig. 4 F) while reactive astrocytosis was
absent in GIFN mice (Fig. 4A). Vascular endothelial cells exhib-
ited features of activation including hypertrophy and increased
nuclear size and shape (Fig. 3D, black arrowhead). Other areas of
the CNS, such as the frontal cortex, olfactory bulb, midbrain, and
hindbrain, showed either no or few infiltrating leukocytes and
an absence of reactive and degenerative changes. Similar
pathological changes were also observed in the medial-ventral
forebrain of 1-month-old GIFNxSTAT1 KO mice (Fig. 3E,F)
and included marked astrocytosis (Fig. 4K). In line with the ab-
sence of a phenotype, similarly aged GIFN mice haploinsufficient for
either IRF9 or STAT1 showed no apparent changes in the CNS (data
not shown).
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Immunohistochemistry was per-
formed to differentiate the phenotype of
the infiltrating leukocytes in the medi-
al-ventral forebrain of GIFNxIRF9 KO
and GIFNxSTATI KO mice. Few, if any,
infiltrating leukocytes were observed in
WT (supplemental Fig. S1B-E, available
at www.jneurosci.org as supplemental
material), GIFN (Fig. 4 B-E), STATI KO
(data not shown), or IRF9 KO (data not
shown) mice. In contrast, increased num-
bers of CD4 " (Fig. 4G) and CD8 " (Fig.
4H) T cells, 7/4 positive cells presumed to
be neutrophils (Fig. 4I), and microglia/
macrophages (Fig. 4]) were present in the
GIFNxIRF9 KO mice. A similar pattern of
infiltrating CD4* (Fig. 4L) and CD8™
(Fig. 4M) T cells, 7/4 positive cells (Fig.
4N), and microglia/macrophages (Fig.
40) was observed in the GIFNxSTAT1 KO
mice. These results indicate that, contrary
to expectation and similar to the loss of
STAT1, the absence of IRF9 in GIFN mice
produces an accelerated and more severe
neurodegenerative disease, which is associ-
ated with an immuno-inflammatory re-
sponse in the brain.

Altered cerebral expression of
IFN-regulated and cytokine genes in
GIFN mice deficient for IRF9

Since IRF9 has a key role in the induction
of many IFN-stimulated genes (John et
al., 1991; Kimura et al., 1996), we exam-
ined the expression of a number of IFN-
regulated as well as cytokine genes in the
medial-ventral forebrain (Fig. 5A,B). In
comparison with WT mice, PKR, 2’,5'-
oligoadenylate synthetase (OAS), STAT],
STAT2, IRF9, and IRF7 mRNA transcripts
were upregulated significantly in 2-month-
old GIFN mice, whereas the CXCL9, T-cell
specific GTPase (TGTP), IRFI, class II
transactivator (CIITA), SOCS1, SOCS3,
and IRF8 mRNA transcripts showed no sig-
nificant changes. Consistent with the ab-
sence of clinical disease, GIFN mice showed
only minor changes in TNF, IL-1a, IL-13,
and IFN-y mRNA levels compared with
levels in WT mice. In GIFNxSTAT1 KO
mice, there was modest upregulation of
the TGTP, OAS, SOCS1, SOCS3, STAT2,
IRF7, IRF8, and IRF9 mRNA transcripts
compared with WT mice. While CXCL9,
TGTP, CIITA, IRF1, SOCSI, and IRF8
mRNA levels in WT mice were similar to
GIFN mice, PKR, OAS, STATI, STAT2,

and IRF9 mRNA levels were significantly lower. The TNF, IL-13,
and IFN-y mRNA levels were increased significantly in GIFNx-
STAT1 KO mice compared with GIFN mice. In GIFNxIRF9 KO
mice, PKR, OAS, and IRF7 mRNA levels were significantly lower
than in GIFN mice, whereas STAT1 and STAT2 mRNA levels
were upregulated to similar levels (Fig. 5A,B). In addition, in
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Figure 4. Leukocytes in the CNS of GIFNXSTATT KO and GIFNxIRF9 KO mice consisted of T cells, macrophages/monocytes, and
neutrophils. A—E, The medial—ventral forebrain of 12-week-old GIFN mice showed no reactive astrocytosis () orinfiltrating (D4 *
(B) or (D8 T cells (0), neutrophils (D), or macrophages (E). F-1, Pronounced reactive astrocytosis (F) was present in the
medial-ventral forebrain of GIFNxIRF9 KO mice, and leukocyte infiltrates consisted of (D4 * (G) and (D8 ™ (H) T cells and some
neutrophils (/).J, Pronounced microglia/macrophage accumulation was evident. K—0, In GIFNXSTATT KO mice reactive astrocytosis (K ) was
similar to GIFNXIRF9 KO mice. Significant numbers of infiltrating (D4 * (L) and (D8 * (M) T cells, neutrophils (N'), and microglia/macro-
phage accumulation (0) were observed in the medial—ventral forebrain of GIFNXSTATT KO mice. Original magnification 400 <.

GIFNXIRF9 KO mice the CXCL9, TGTP, CIITA, SOCS1, SOCS3,
IRF1, IRF8, TNF, IL-1a, and IFN-y mRNA levels were signifi-
cantly higher. GIFNxIRF9 KO mice also had increased IFN-al
mRNA levels (supplemental Fig. S1K, available at www.
jneurosci.org as supplemental material). This latter observation
likely reflects increased GFAP-transgene expression due to reac-
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Figure 5.

Deficiency of IRF9 in GIFN mice resulted in IFN-+y-like gene expression and increased pY-STAT1 and pY-STAT2 levels. A, RPAs with RNA from the medial—ventral forebrain showed

increased expression of type | IFN-requlated genes and transcription factors in GIFN mice. In contrast to this, GIFNxIRF9 KO mice showed pronounced expression of genes associated with an [FN--y-like
response as well as of proinflammatory cytokines. Increased mRNA levels for proinflammatory cytokines were present in the CNS of GIFNXSTATT KO mice. GIFNxIRF9 KOxIFNGR HT mice also showed
increased expression of genes characteristic of an IFN-+y-like response. B, Quantification of the autoradiographs was performed by densitometry. Values were normalized to the housekeeping gene
132 and shown as mean == SEM. (, Inmunoblot analysis of protein lysates from the medial—ventral forebrain showed increased levels for pS-STATT and STAT1 but not pY-STAT1 in GIFN mice
compared with WT mice. In contrast, pS-STAT1, pY-STAT1, and pY-STAT2, as well as total STAT1 and STAT2, were increased in the CNS of GIFNXIRF9 KO and GIFNXIRF9 KOXIFNGR HT mice. D, Bar graphs
showing quantification of immunoblot results for phosphorylated and total STAT1 and STAT2. For each genotype, three independent samples were analyzed. Protein levels were normalized to
GAPDH levels and means == SEM are shown. *p << 0.05, **p << 0.01, ***p << 0.001 compared with GIFN mice by one-way ANOVA.

tive astrocytosis. In all, these findings indicate that in GIFNxIRF9
KO mice there is an apparent switch from a type I IFN-response
to an IFN-v-like response concomitant with increased IFN-y
gene expression.

IFN-vy partially protects IRF9-deficient GIFN mice

from disease

The switch from type I IFN to IFN-vy-like regulated gene expres-
sion, together with the infiltration of the medial-ventral fore-

brain by T cells observed in GIFNxIRF9 KO mice, suggested that
IFN-y might contribute to the development of disease in these
animals. To examine this possibility, we attempted to generate
IEN-+y receptor (IFNGR)-deficient GIFNxIRF9 KO mice. Unex-
pectedly, viable GIFN mice that lacked both IRF9 and the IENGR
were not obtained (Fig. 1). Furthermore, GIFNxIRF9 KO mice
haploinsufficient for the IFNGR (GIFNxIRF9 KOxIFNGR HT)
developed similar but more severe disease than GIFNxIRF9 KO
mice and had a mean survival time of 26 d (Fig. 1). Analysis of the
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Figure 6.  IFN-c induces prolonged nuclear accumulation of pY-STAT1 and pY-STAT2 in
IRF9-deficient MGCs. Immunoblot analysis of nuclear protein lysates from untreated and IFN-
a-treated MGCs shows a transient accumulation of pY-STAT1 and pY-STAT2 in WT cells and
prolonged accumulation in IRF9-deficient cells.

brain from GIFNxIRF9 KOXIFNGR HT mice revealed marked his-
tological changes with leukocyte infiltrates and necrosis (supple-
mental Fig. S1 F-J, available at www.jneurosci.org as supplemental
material) and the expression of IFN-y-regulated genes and proin-
flammatory cytokine genes (Fig. 5A, B). The overall severity of in-
flammation in the medial-ventral forebrain of GIFNxIRF9
KOXIFNGR HT mice was greater than in GIFNxIRF9 KO mice. In
summary, these findings demonstrate that IFN-vy signaling in the
brain confers partial protection against the adverse actions of type I
IFNs mediated in the absence of IRF9.

Cerebral STAT1 and STAT? are activated in GIFNxIRF9

KO mice

Next, we investigated the possible involvement of STAT1 and
STAT2 in IRF9-independent signaling in the medial-ventral
forebrain of GIFNxIRF9 KO mice. The increased STAT1 and
STAT2 mRNA levels observed in the GIFN and GIFNxIRF9 KO
mice (Fig. 5A) were matched by increased amounts of STAT1 and
STAT2 protein compared with WT mice (Fig. 5C,D). STAT2
protein levels were significantly higher in GIFNxIRF9 KO mice
compared with GIFN mice but not detectable in GIFNxSTAT]
KO mice. Of note, in WT, GIFN, and IRF9 KO mice, pS727-
STAT1 but not pY701-STAT1 was present and the amount of
pS727-STAT1 was significantly higher in GIFN mice compared
with WT or IRF9 KO mice (Fig. 5C,D). Compared with GIFN
mice, GIFNxIRF9 KO mice showed a smaller increase in the level
of pS-STAT1, whereas the level of pY-STAT1 was increased
markedly. In addition, a high level of pY-STAT2 was detectable in
the GIFNxIRF9 KO but not in the GIFN mice. The levels of total
or phosphorylated ERK1/2 or p38MAPK were unaltered in
GIFN, GIFNxSTATI KO, and GIFNxIRF9 KO mice compared
with WT mice (supplemental Fig. S1L, available at www.
jneurosci.org as supplemental material). In summary, these re-
sults show that in the brain of GIFN mice deficient for IRF9 but
not STATI, there was a significant activation of STAT1 and
STAT? and a shift of phosphorylation of STAT1 away from S727
to Y701.

Absence of IRF9 but not STAT1 in MGCs shifts the response
to IFN-a toward an IFN-vy-like response

To determine whether IFN-« can directly activate STAT1 and
STAT? in the absence of IRF9, we analyzed nuclear extracts from
primary MGCs. In nuclei from untreated WT or IRF9-deficient
MGCs, low levels of STAT1 and STAT2 but not pY-STATI or
pY-STAT?2 were detected (Fig. 6). However, in nuclei from IFN-
a-treated MGCs from WT and IRF9-deficient mice, the levels of
phosphorylated and total STAT1 and STAT2 were increased after
0.5 h treatment, indicating that IRF9 is not required for nuclear
translocation of pY-STAT1 and pY-STAT2. The levels of phos-
phorylated and nonphosphorylated STAT1 and STAT2 were
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considerably lower in the nuclei of IRF9-deficient MGCs com-
pared with WT MGCs. Although the levels of pY-STAT1 and
pY-STAT2 were increased transiently in WT MGCs, in IRF9-
deficient MGCs these phosphoproteins increased over the entire
12 h period following treatment with IFN-« (Fig. 6). No STAT1
or STAT2 was detectable in the nuclei of STAT1-deficient MGCs
with or without IFN-« treatment. These findings demonstrate
that despite the absence of IRF9, IFN-« is able to induce, albeit at
alower level, the prolonged activation of both STAT1 and STAT2
in MGCs.

Next, we determined whether the activation of STAT1 and
STAT2 mediated by IFN-« in the absence of IRF9 was associated
with changes in the expression of various IFN-regulated genes in
the MGCs. In untreated WT, STAT1 KO, and IRF9 KO cells,
PKR, TGTP, IRF1, SOCS1, and SOCS3 mRNA levels were com-
parable whereas STAT1, STAT2, and IRF9 mRNA transcripts
were reduced in untreated STAT1-deficient and IRF9-deficient
MGCs compared with MGCs from WT mice (Fig. 7 A, B). Follow-
ing treatment of WT cells with IFN-a, the levels of PKR, TGTP,
IRF1, STAT1, STAT2, IRF9, and SOCS1 mRNAs were signifi-
cantly increased at 4 h and, with the exception of SOCS1 mRNA,
remained elevated at 12 h. In IFN-a-treated STAT1-deficient
cells, none of the mRNA transcripts examined were altered sig-
nificantly. In IFN-a-treated IRF9-deficient MGCs, STAT1 and
IRF1 mRNA levels were significantly upregulated at 4 h, whereas
TGTP, IRF1, STAT1, STAT2, and SOCS1 RNA levels were signif-
icantly upregulated at 12 h. However, in contrast to WT MGCs,
the expression of PKR mRNA was not altered by IFN-« treatment
of MGCs that lacked IRF9. These findings show that in the ab-
sence of IRF9, IFN-a induces a subset of IFN-regulated genes that
includes genes that are associated with an IFN-+y-like response.

Discussion

Type I IFNs are critical mediators of host immune responses in
the CNS and participants in neurological disease pathogenesis
(for review, see Paul et al., 2007). Chronically elevated levels of
IFN-« in the CNS in CVE (Dussaix et al., 1985), AGS (Lebon et
al., 1988b; Rice et al., 2007), and Cree encephalitis (Black et al.,
1988) are linked to neurodegeneration, inflammation, and calci-
fication. However, the underlying pathophysiology of these dis-
orders is not fully understood. IRF9-deficient cells are crippled in
their response to type I IFNs with defective IFN-regulated ISRE-
driven gene expression and increased susceptibility to viral infec-
tion (Kimura et al., 1996). Nevertheless, absence of IRF9 does not
totally circumvent the ability of cells to respond to type I IFNs
since U2A human fibrosarcoma cells lacking IRF9 show activa-
tion of STAT1 and STAT2 and induction of the IRFI gene in
response to IFN-a (Shuai et al., 1993). However, the significance
of cellular responses to type I IFNs in the absence of IRF9 are not
known and are difficult to establish in cell culture models. Here,
we showed that the mild neurological phenotype caused by
chronic production of low levels of IFN-« in the CNS of the GIFN
mice was grossly aggravated when IRF9 was lacking, resulting in
premature death. Thus, far from crippling the response to IFN-q,
absence of IRF9 exacerbated the adverse CNS actions of this cy-
tokine, causing neuropathological changes similar to those found
in patients with AGS or CVE (Dussaix et al., 1985; Lebon et al.,
1988b; Shaw and Cohen, 1993; Kenneson and Cannon, 2007;
Rice et al., 2007).

The neurodegenerative disease in GIFNxIRF9 KO mice was
associated with infiltration of T cells, microglia/macrophages,
and neutrophils, calcification, and increased proinflammatory
cytokine gene expression. However, cerebral expression of several
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GIFNxIRF9 KO mice showed significant
upregulation of several mRNAs, includ-
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Figure 7.

ISRE-dependent genes was significantly reduced in GIFNxIRF9
KO mice compared with GIFN mice. This finding is consistent
with studies in IRF9-deficient fibroblasts (Kimura et al., 1996)
and U2A fibrosarcoma cells (John et al., 1991). A similar reduc-
tion in cerebral ISGF3-dependent gene expression occurred in
GIFNxSTAT1-deficient mice (this study and Wang et al., 2002).
Thus, disruption of canonical type I IFN signaling markedly in-
creases the pathobiological actions of IFN-¢, indicating that
ISGF3-dependent signaling has an important protective function
in the CNS. The molecular mechanisms responsible for neuronal
loss in GIFN mice deficient for STAT1 or IRF9 are unknown.
Notably, STAT1 is required for neurons to respond to IFN-a
(Wang and Campbell, 2005), suggesting that indirect mecha-
nisms are involved in GIFNxSTATI KO mice. It remains to be
clarified whether IRF9-deficient neurons can respond to IFN-«
and whether the observed neuronal loss in GIFN mice deficient
for STAT1 or IRF9 occurs through comparable mechanisms.
The delayed onset of clinical symptoms and the longer sur-
vival of GIFNxIRF9 KO mice highlight differences in disease pro-
gression resulting from the loss of IRF9 versus the loss of STAT1.

IFN-c induces IFN--y-like gene expression in IRF9-deficient MGCs. A, RPA analysis shows a delayed expression of
genes that are characteristic of an IFN-y-like response in IRF9-deficient cells compared with WT cells. B, Quantification of the
autoradiographs was performed by densitometry. Values were normalized to the housekeeping gene L32 shown as mean = SEM.
*p < 0.05, **p < 0.01, ***p < 0.001 compared with respective untreated controls by one-way ANOVA.

> like response in the eyes versus the brain.
Although the cellular source of IFN-y
gene expression in the CNS of the GIFNxIRF9
KO mice was not identified, IFN-« can
induce IFN-vy gene expression in murine
T cells lacking either STAT1 or STAT2 via
the activation of STAT4 (Nguyen et al,,
2002; Wang et al., 2003). The presence of IFN-y mRNA in the
brain of the GIFNxIRF9 KO mice is therefore likely to have been
induced in infiltrating T cells that were responding to IFN-a. The
concurrent expression of GAS-regulated genes and IFN-y mRNA
in the brain of GIFNxIRF9 KO mice suggested that IFN-yand not
IFN-a may account for the activation of STAT1 and the observed
IFN-vy-like gene expression. However, partial or complete defi-
ciency for the IFNGR in GIFNxIRF9 KO mice resulted in a more
severe disease with earlier morbidity, indicating that IFN-v sig-
naling was protective. A protective role for IFN-v is observed in
other immunoinflammatory diseases of the CNS, such as exper-
imental autoimmune encephalomyelitis (EAE) (Ferber et al.,
1996; Willenborg et al., 1996; Tran et al., 2000) and Borna disease
virus encephalitis (Richter et al.,, 2009). The precise mecha-
nism(s) for this protective function of IFN-vy remains to be re-
solved. In EAE there is evidence for suppression of neutrophil
recruitment and accumulation via IFN-y-mediated inhibition of
neutrophil-attracting chemokines such as CXCL2 (Tran et al,,
2000). However, a survey by us (S. L. Lim, M. J. Hofer, and I. L.
Campbell, unpublished observation) of the expression of a num-
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ber of chemokine genes, including CCL2, CXCL1, CXCL2, and
CXCL10, in GIFNxIRF9 KO and GIFNxIRF9 KOxIFNGR HT
mice failed to reveal significant differences, suggesting that there
is not a central role for these chemokines in IFN-y-mediated
protection in our model.

Our finding that IFN-a is capable of directly activating STAT1
and STAT2 in IRF9-deficient MGCs indicates that IFN-a-
signaling in the absence of IRF9 is able to induce an IFN-+y-like
response. Consistent with this, the level and kinetics of expression
of several GAS or GAS-like driven genes overlapped with the
respective activation levels and kinetics for STAT1 and STAT2 in
WT and IRF9-null MGCs. The unresponsiveness of STAT1-null
MGC:s to IFN-a confirms that IFN-a-stimulated GAS or GAS-
like driven gene expression in MGCs lacking IRF9 is dependent
on STAT1. In IRF9-deficient U2A fibrosarcoma cells, IFN-« in-
duces STAT1 homodimers and STAT1:STAT2 heterodimers that
bind to GAS-like enhancer elements in the promoter of the IRFI
gene (Haque and Williams, 1994; Li et al., 1996). Stimulation of
IRF1 gene expression in these cells is abolished in the absence of
STAT2, indicating that the STAT1:STAT?2 heterodimer is the piv-
otal signaling complex. Whether STAT?2 is similarly involved in
the induction of IRFI and other genes in IRF9-deficient MGCs in
response to IFN-a as observed in the present study remains to be
determined.

Activation of STAT1 and STAT?2 in IRF9-deficient MGCs in-
creased progressively compared with the transient activation ob-
served in WT MGCs. A similar prolonged activation of STAT1
with increased IRF1 and induction of MHC class II occurs in
STAT2-null macrophages and is due to the loss of induction of
the key negative feedback regulator SOCS1 (Zhao et al., 2007).
However, we found that IFN-a is capable of inducing the expres-
sion of SOCS1 mRNA in the absence of IRF9, although this effect
was delayed. Therefore, unlike in STAT?2 deficiency, the altered
dynamics of IFN-a-mediated STAT1 activation in the absence of
IRF9 is unlikely to be due to an inability to induce SOCSI.

Our findings link activation of STAT1 and STAT2 to the func-
tional response of IRF9-deficient MGCs. The signal transduction
pathway and gene expression changes in IRF9-null, IFN-a-
treated MGCs overlapped remarkably with changes seen in the
brain of GIFNxIRF9 KO mice, suggesting that the direct response
of the glial cells to IFN-a may play a crucial role in initiating and
driving the disease process. Recent findings by us indicate that the
response to IFN-a in the absence of IRF9 is more extensive than
expected with 100 genes upregulated in MGCs (W. Li, M. J.
Hofer, and I. L. Campbell, unpublished observation). Further
analysis of the promoter structure of these IFN-a-stimulated
IRF9-independent genes may shed light on whether other tran-
scription factors (e.g., IRF1) are involved in programming this
response.

In summary, type I IFN-mediated, ISGF3-independent sig-
naling due to the absence of IRF9 activates a potent immunoin-
flammatory response that is associated with a lethal neurological
disease. A key feature of the cellular response to IFN-« in the
absence of IRF9 is a shift from ISRE to a GAS or GAS-like gene
expression pattern in the brain that is replicated in cultured glial
cells. Yet this IFN-vy-like response clearly does not give rise to the
destructive encephalopathy mediated by IFN-« in the absence of
IRF9. Our findings highlight the complex molecular mechanisms
that are involved in type I IFN signaling in the CNS. They dem-
onstrate that a balanced interplay between different type I IFN
signaling factors is critical for the appropriate physiological func-
tions of IFN-a. Moreover, the results here give deeper insight into
our understanding of the pathogenesis of proposed neurological
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“interferonopathies” such as AGS and suggest that some key neu-
ropathological changes in these disorders may arise from nonca-
nonical signaling mediated by IFN-a. Finally, modifications to
type I IFN signaling pathways [as can occur following infection
with certain viruses (Leonard and Sen, 1996; Miller et al., 1999;
Palosaari et al., 2003; Zurney et al., 2009] may cause dramatic
changes in the biological actions of this cytokine, including en-
hanced development of disease.
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