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Neurobiology of Disease

Overexpression of the Dominant-Negative Form of
Interferon Regulatory Factor 1 in Oligodendrocytes Protects
against Experimental Autoimmune Encephalomyelitis
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Dusan Stefoski,! and Roumen Balabanov!
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Interferon regulatory factor 1 (IRF-1) is a transcription factor that has been implicated in the pathogenesis of the human autoimmune
demyelinating disease multiple sclerosis (MS) and in its animal model, experimental autoimmune encephalomyelitis (EAE). The goal of
the present study was to directly examine the role of IRF-1 in oligodendrocyte injury and inflammatory demyelination. For the purpose
of this study, we generated a transgenic mouse line (CNP/dnIRF-1) that overexpresses the dominant-negative form of IRF-1 (dnIRF1)
specifically in oligodendrocytes. CNP/dnIRF-1 mice exhibited no phenotypic abnormalities but displayed suppressed IRF-1 signaling in
oligodendrocytes. The major finding of our study was that the CNP/dnIRF-1 mice, compared with the wild-type mice, were protected
against EAE, a phenomenon associated with significant reduction of inflammatory demyelination and with oligodendrocyte and axonal
preservation. The observed protection was related to suppressed IRF-1 signaling and impaired expression of immune and proapoptotic
genes in oligodendrocytes. No significant differences in the peripheral immune responses between the wild-type and the CNP/dnIRF-1
mice were identified throughout the experiments. This study indicates that IRF-1 plays a critical role in the pathogenesis of EAE by
mediating oligodendrocyte response to inflammation and injury. It also suggests that oligodendrocytes are actively involved in the
neuroimmune network, and that exploring oligodendrocyte-related pathogenic mechanisms, in addition to the conventional immune-

based ones, may have important therapeutic implications in MS.

Introduction

Experimental autoimmune encephalomyelitis (EAE) is an ani-
mal model of the human autoimmune inflammatory demyeli-
nating disease multiple sclerosis (MS) (Steinman and Zamvil,
2006). EAE is induced by immunization of animals with myelin-
specific proteins, which initiates an autoimmune inflammatory
reaction against CNS myelin and oligodendrocytes (Swanborg,
1988). It has been hypothesized that the inflammatory reaction is
driven by activated self-reactive CD4(+) cells and involves complex
interactions between immune cells and CNS cellular elements, ex-
pression of immunoregulatory molecules, and recruitment of sec-
ondary effector cells (Ercolini and Miller, 2006). Demyelination and
oligodendrocyte and axonal injury follow as a result of immune-
mediated cytotoxicity and induction of stress responses (Lassmann
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et al., 1988; Ruulus et al., 1995; Huseby et al., 2001; Waxman, 2001;
Lin et al., 2006; Krishnamoorthy et al., 2009).

A number of experimental studies have demonstrated strong
positive correlation between oligodendrocyte susceptibility to in-
jury and the extent of CNS inflammation in EAE. In a knock-out
mouse system, absence of oligodendrocyte protective factors not
only increases oligodendrocyte susceptibility to injury but also
augments the inflammatory reaction and the severity of symp-
toms (Butzkueven et al., 2002; Linker et al., 2002; Balabanov et al.,
2007). In contrast, mice lacking proapoptotic genes or overex-
pressing antiapoptotic molecules, specifically in oligodendro-
cytes, display resistance to EAE and inflammatory demyelination
(Hisahara et al., 2000, 2003; Hovelmeyer et al., 2005). The critical
role of oligodendrocytes in CNS inflammation is further exem-
plified by mice with peroxisome-deficient oligodendrocytes,
which develop spontaneous neuroinflammation (Kassmann et
al., 2007). However, the molecular mechanisms involving oligo-
dendrocytes in the regulation of EAE remain poorly understood.

Interferon regulatory factor 1 (IRF-1) is a transcription factor
that belongs to a family of transcription regulatory proteins
whose cellular expression is controlled by interferons (Taniguchi
et al., 2001). Absence of IRF-1, as demonstrated in IRF-1(—/—)
knock-out mice, does not produce any gross morphological ab-
normalities but results in abnormal interferon-gamma (IFN-vy)
responses (Matsuyama et al., 1993). IRF-1 has also been impli-
cated as a severity factor for both MS and EAE (Tada et al., 1997;
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Buch et al., 2003; Fortunato et al., 2008;
Ren et al., 2010, 2011). The role of IRF-1
in oligodendrocyte susceptibility to injury
is largely unknown. However, potential
associations can be contemplated because
increased expression of IRF-1 and IRF-1-
regulated genes, such as major histocom-
patibility (MHC class I) molecule, tumor
necrosis factor-« receptor (TNF-aR), and
Caspase 1, has been associated with oligo-
dendrocyte apoptosis in MS and EAE le-
sions (Agresti et al., 1998; Furlan et al., 1999;
Ming et al., 2002; Hoftberger et al., 2004;
Hovelmeyer et al., 2005; Ren et al., 2011).
In addition, IRF-1 appears to be in-
volved in a signaling pathway that me-
diates the injurious effects of IFN-vy on
oligodendrocyte progenitor cells (OPC)
(Wang et al., 2010).

In the present study, we report that
suppression of IRF-1 activity in oligoden-
drocytes resulted in significant protection
against EAE, reduction of inflammatory
demyelination, and oligodendrocyte and
axonal preservation. Our results provide a
novel perspective on the pathogenesis of
EAE that is likely to have important impli-
cations in MS.

Materials and Methods

CNP/dnIRF-1 transgenic mice. The CNP/dnIRF1
transgenic mouse line was generated using a
transgene containing the 2'3’-cyclic nucleotide
3'-phosphodiesterase (CNP) expression cassette
and the dominant-negative form of IRF-1
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Figure1. Characterization of CNP/dnIRF-1mice. A, IRF-1and dnIRF-1. Note that dnIRF-1 has a lower molecular weight (MW; 17
kDa) and is recognized only by the antibody against the C terminus (C-term) but not by the antibody against middle part (M-part),
and by a 456 bp probe (line) and PCR primers (arrow) spanning the fourth to eighth exons. B, Map of the CNP/dnIRF-1 transgene.

(dnIRF-1) cDNA. The CNP expression cassette
(a gift from Dr. Alexander Gow, Wayne State
University, Detroit, MI) has been previously de-
scribed in detail and used for oligodendrocyte-
specific expression of transgenes (Gravel et al.,
1998; Aguirre et al., 2007). It contains four com-
ponents: (1) the CNP promoter, which drives
expression; (2) a TATA box; (3) a polylinker
region containing a BamH]1 site, and (4) a
polyadenylate signal. Exons 1 and 2 have been
mutated during the initial preparation of the
cassette. dnIRF-1 ¢cDNA has been previously
described by us (R.C.) and used experimentally
for the purpose of knocking down IRF-1 activ-
ity (Bouker et al., 2005). It was generated from
the wild-type IRF-1 by a deletion of base pairs 647-1173, which lacks the
transcription-activating domain and the region implicated in targeting
the molecule for degradation through the ubiquitin proteasome pathway
(Fig. 1A). dnIRF-1 ¢cDNA retains both the 3’ and 5" untranslated regions,
as well as the sequences encoding the DNA binding domain, repression
domain, homodimerization domain, and nuclear localization domain of
IRF-1. dnIRF-1 suppresses IRF-1 activity by competitive interactions for
IRF-1 DNA binding sites (IRF-E) and preventing IRF-1 transcriptional
activities (Bouker et al., 2005).

CNP/dnIRF-1 transgene was generated by sequential digestion fol-
lowed by ligation of the CNP cassette and the dnIRF-1 sequence (Fig.
1B, C). Briefly, a pCG plasmid carrying the CNP expression cassette was
linearized at the BamH1 site and the overhanging ends were Klenow
filled. dnIRF-1 sequence was digested out from the original pcDNA3
vector using Xhol and the overhanging ends of the fragment were also
Klenow filled. The dnIRF-1 was then subcloned into the CNP expression

€, Generation of the CNP/dnIRF-1 transgene. Linearized pCG/CNP vector (MW 7656 bp) and dnlRF-1fragment (MW 1507 bp) were
ligated and their orientation in relation to the promoter was assessed using Smal. Digestion of the pCG/CNP/dnIRF-1 (P1) with Notl
yielded the CNP/dnIRF-1 transgene (MW 6237 bp). D, Southern blot of tail DNA; 1% agarose gel. £, Northern blot of total brain RNA.
Note the positive signal with the 458 bp probe in the transgenic samples: 1.2% denaturing gel. F, RT-PCR of brain RNA. Note that
the expected product of 267 bp was found only with the transgenic (Tg) and not with the wild-type (WT) brain samples; controls:
(NP (C—) and CNP/dnIRF-1 (C+) plasmids. G, Western blot of total brain protein. Note that anti-IRF-1 antibody against the C
terminus of IRF-1 (C-term) yielded a 17 kDa band only with the transgenic but not with the wild-type samples. No signal was
detected with the antibody against the middle part (M-part) in any of the samples; 8 =15% PAGE. H, EMSA of brain nuclear
extracts. Note that a significant mobility shift of Caspase 1 IRE was detected with the transgenic but not with the control (; no cell
extract) samples. Wild-type samples produced a weak signal that was close to the control; 5% retardation gel. /, Organ expression
of dnIRF-1 (RT-PCR). Note the positive signals in brain (B) and spinal cord (Sc) but not in kidney (K), thymus (T), or spleen (Sp). J,
Organ expression of dnIRF-1 (Q-PCR). Note that the positive signal for dnIRF-1 expression was detected in brain, spinal cord, and
sciatic nerve (N) of the transgenic mice. The signals detected in thymus, spleen, and kidney were insignificant (n = 3 animals).

cassette using blunt-end ligation, multiplied in high transformation effi-
ciency bacteria and selected by ampicillin resistance. The orientation of
the insert was assessed using enzymatic digestion with Smal and the
whole transgene was sequenced. CNP/dnIRF-1-containing vector was
then digested with NotI and a linear 6327 bp transgene was isolated and
purified for microinjections. Fertilized C57BL/J6 oocytes were microin-
jected with ~2 pl of CNP/dnIRF-1 transgene (dilution to 2 ng/ul) and
then surgically implanted into surrogate mothers. Six F1 founders were
identified by PCR of tail DNA using transgene-specific primers and bred
to C57BL/6] mice (The Jackson Laboratory). The CNP/dnIRF-1 mouse
line used in the EAE experiments was selected based on the highest trans-
gene expression in the CNS.

IEN-vy-overexpressing mice. Transgenic mouse line MBP/IFN-y has
been previously described in detail (Corbin et al., 1996). Briefly, MBP/
IFN-vy mice are transgenic animals in which IFN-+y expression is driven
by the myelin basic protein (MBP) promoter. IFN-vy expression in these
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mice is at low constitutive levels and does not result in any clinical phe-
notype. MBP/IFN-y mice have been used previously for assessing the
efficacy of transgenic targeting of IFN-1vy signaling pathway in vivo (Bal-
abanov et al., 2006).

Induction of EAE. EAE was induced actively by antigen immunization
of naive animals, as we have previously described (Balabanov et al.,
2007). Six- to eight-week-old wild-type and CNP/dnIRF-1 female mice
from the same litter were randomly separated into immunized and con-
trol subgroups. Each immunized mouse received 200 ug of myelin oli-
godendroglial protein (MOG);5_s5 (MEVGWYRSPESRVVHLYRNGK;
Genemed Synthesis) emulsified in complete Freund’s adjuvant (CFA)
containing 600 g of Mycobacterium tuberculosis H37Ra (Difco) intrad-
ermally into three flank areas. Control mice were injected with the same
amount of emulsion containing CFA only. All the mice also receive 100
ng of Pertussis toxin (List Biological Laboratories) intraperitoneally on
day 1 postimmunization (PI). In some of the experiments, EAE was
induced by an adoptive transfer of MOG;5_ss-activated lymphocytes to
naive mice via the tail vein (2 X 107 cells/mouse). Donor lymphocytes
were collected from spleens of fully immunized mice at day 8PI and
cultured in vitro for 72 h in RPMI-1640 medium containing 20 wg/ml
MOG;;_ss, 20 ng/ml mouse interleukin 12 (R&D Systems), and 10 pg/ml
anti-mouse IFN-y antibody (BD Pharmigen) (Thakker et al., 2007).
Mice were examined daily and the severity of clinical disease quantitated
using a six-point scoring scale: 0 = normal, 1 = flaccid tail, 2 = ataxia,
3 = paraparesis/paraplegia, 4 = quadriparesis/quadriplegia, and 5 =
death. Clinical data were presented as the mean = SD of the daily clinical
scores of the experimental groups.

Cellular localization of dnIRF-1 expression. A—F, Localization of dnIRF-1 in vivo. Brains from (NP/dnIRF-1 (A-C) and
wild-type (WT; D—F) mice were immunostained with anti-IRF-1 (C terminus)/FITC and CC1/Cy3 antibodies and with DAPI. Note
that the immunopositivity for Cterminus IRF-1 colocalized with CC1(+) cells and their DAPI-stained nucleiin the transgenic tissue
samples. All wild-type samples were immunonegative for IRF-1 C terminus. Scale bar, 200 pum. 6L, Localization of dnIRF-1 in
vitro. Oligodendrocytes from CNP/dniRF-1(G-1) and wild-type (J-L) mice were immunostained with anti-IRF-1 (C terminus)/FITC
and anti-PLP/Cy3 antibodies and with DAPI. In the transgenic cultures, IRF-1 C terminus colocalizated with the PLP(+) cells and
their DAPI-stained nuclei. No such positivity was detected in the wild-type PLP(+) cells. Scale bar, 50 pm.
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Southern blot, PCR, and genotyping. All ex-
perimental animals were genotyped using iso-
lated tail DNA as we have previously described
(Balabanov et al., 2006). Southern blot was
performed using EcoRI digested tail DNA and
a 458 bp Dig-labeled probe recognizing the re-
gions flanking the deleted portion of dnIRF-1
using the Dig high prime DNA labeling and
detection kit II (Roche Applied Science). An
immunofluorescence detection method was
used as described in the Dig high prime kit. The
membrane was exposed to Kodak Biomax film
for 30 min at room temperature and the film was
developed using the M7B Kodak processor. A
similarly prepared GAPDH (glyceralaldehyde-3
phosphate dehydrogenase) probe was used to
control for sample load and signal normalization.

PCR (Qiagen) for transgene detection was
performed using transgene-specific screening
primers: dnIRF-1 sense primer, 5 AGAG-
CAAGGCCAAGAGGAAGT 3’ and dnIRF-1
antisense primer, 5 GGGCCAGCTTTACAC-
CACAAG 3’ (Integrated DNA Technologies).
The reaction was performed in a Bio-Rad cy-
cler unit under the following conditions: 1 cy-
cle at 95°C/3 min followed by 35 cycles
(95°C/30's,58°C/305s,72°C/60s), and 1 cycle at
72°C/10 min.

Northern blot, reverse transcriptase PCR, and
quantitative PCR. RNA analyses for detection of
mRNA transcripts were performed as we have
previously described (Balabanov etal., 2006). To-
tal RNA was isolated from the examined animals
using the TRIzol reagent (Invitrogen). Northern
blot was performed by electrophoresing 20 ug of
total RNA in a 1.2% denaturing agarose gel. The
samples were transferred to a nylon membrane
and hybridized overnight with a Dig-labeled 458
bp dnIRF-1 probe (Dig high prime kit; Roche
Applied Science). As above, a Kodak film was ex-
posed to the hybridized membrane for 30 min at
room temperature and then developed. Hybrid-
ization with the GAPDH probe was used to con-
trol for sample load and signal normalization.

Reverse transcriptase PCR (RT-PCR) and quantitative PCR (Q-PCR)
were performed by first reverse transcribing 1 ug of DNAasel-treated
total RNA using oligo(dT),,_,5 and SuperScript II reverse transcriptase
(Invitrogen). The PCR step was performed using 20 ng of cDNA in the
same conditions described above. Q-PCR was performed using 20 ng of
the cDNA in a reaction containing iQSupermix and the following prim-
ers and probes: dnIRF-1 sense primer, 5 TGGAGATGTTAGCCCGGA-
CAC3’; dnIRF-1 antisense primer, 5" AGCGTAACAGTCCTGGAGTTA
3'; dnIRF-1 probe, 5 GACCTGATGACCACAGCAGTT-56FAM-1/-3';
GAPDH sense primer, 5'-CTCAACTACATGGTCTACATGTTCCA-
3'; GAPDH antisense primer, 5'-CCATTCTCGGCCTTGACTGT-3';
and GAPDH probe, 5'-5TxRd-XN/5"-TGACTCCACTCACGGCAAAT-
TCAACG-3BHQ-2-3' (Integrated DNA Technologies). The reactions were
performed in a Bio-Rad I-cycler real-time PCR unit (Bio-Rad) under the
following conditions: 1 cycle at 95°C/3 min, and 40 cycles (95°C/30 s,
60°C/30 s). The mRNA levels of dnIRF-1 were normalized to the expression
levels of GAPDH based on threshold cycles (dnIRF-1/GAPDH ratio).

Western blot. Western blot analysis was performed as we have previ-
ously described (Wang et al., 2010). Protein samples, at concentration of
50 ug, were electrophoresed on 8—15% SDS-polyacrylamide gels and
transferred to polyvinylidene fluoride membranes (trans-blot SD appa-
ratus; Bio-Rad). The membranes were incubated first with anti-IRF-1 (C
terminus catalog #sc-640/497, dilution 1:1000; or M-part #sc-13401, di-
lution 1:1000) and anti-GAPDH (dilution 1:1000; Santa Cruz Biotech-
nology) antibodies overnight, followed by species-matched, infrared

IRF-1/DAPI
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(IR)-labeled secondary anti-mouse or anti-
rabbit antibodies (dilution 1:10,000; Li-Cor
Biosciences). The blot membranes were im-
aged using Odyssey IR Imaging system (Li-Cor
Biosciences).

Electromobility shift assay. Electromobility
shift assay (EMSA) using brain nuclear extracts
was performed as we have previously described
(Wang et al.,, 2010). Nuclear extracts, at con-
centration of 2 ug, were incubated with 1 ul of
the IR dye end-labeled oligonucleotide (50 nm)
in a medium containing 2 ul of 10X buffer
(Li-Cor Biosciences), 2 ul of dithiothreitol,
and 1 pul of salmon DNA for 20 min at room
temperature. Oligonucleotide containing the
IRF-1 binding element (IRF-E) of Caspase 1
promoter, 5'-ACTTTCAGTTC-3’, was used in
the reaction. The samples were resolved on a
5% retardation gel at 100 V for 1-2 h and im-
aged using a Li-Cor IR scanner (Li-Cor
Biosciences).

Histochemistry and immunohistochemistry.
Mouse CNS tissue was prepared as frozen
blocks as we have previously described (Bal-
abanov et al., 2007). Frozen blocks for histo-
chemistry were then sectioned at a thickness of
30 wm at —20°C (CM1800 cryostat, Leica Mi-
crosystems) and stained with hematoxylin and
eosin (H&E) or Luxol fast blue and neutral red
(LFB&NR) using standard protocols. Tissue for
immunohistochemistry was similarly prepared.
Indirect immunostaining was performed by se-
quential incubation with primary antibodies (for
2 h at room temperature or overnight at 4°C)
followed by species-matching fluorescein
(FITC)-conjugated or cyanin 3 (Cy3)-conju-
gated secondary antibodies (for 30 min). All of
the primary and secondary antibodies used in the
study were commercially available: anti-IRF-1 (C
terminus and M-part antibodies, dilution 1:200;
Santa Cruz Biotechnology), anti-STAT1 (signal
transducer and activator of transcription 1, dilution 1:200; Santa Cruz Bio-
technology), anti-adenomatous polyposis coli protein (CC1) antibody (di-
lution 1:20; Oncogene Science), anti-MHC class I molecule (dilution 1:200;
Novus Biological), anti-apolipoprotein (APO) E (dilution 1:200; Abcam),
anti-proteolipid protein (PLP, dilution 1:500; Santa Cruz Biotechnology),
anti-Caspase 1 antibody (dilution 1:200; Santa Cruz Biotechnology), anti-
mouse or anti-rabbit FITC-conjugated secondary antibody (dilution 1:200),
and anti-mouse or anti-rabbit Cy3-congugated antibody (dilution 1:800;
Jackson Immunoresearch). Terminal deoxynucleotidyl transferase-medi-
ated dUTP-biotin nick end labeling (TUNEL) was performed using
the Apoptag kit (Serological) according to manufacturer’s protocol.
DAPI (4', 6-diamidino-2-phenyldole) nuclear stain (dilution 1:10,000)
was obtained from Vector Laboratories.

Quanitative cell analysis was performed using the Axiovision software
of the Axoplan digital microscope (Zeiss) as we have previously described
(Balabanov etal., 2007). Briefly, the area of interest of a given section was
digitally selected and the corresponding total area (in mm?) obtained.
Degree of inflammation was assessed by digitally counting the inflamma-
tory foci (inflammatory focus was defined as the presence of >20 mono-
nuclear cells/vessel) within a given tissue area (Balabanov et al., 2007).
The number of immunopositive cells within an area of interest was ob-
tained in a similar fashion. Results were presented as mean * SD inflam-
matory foci/millimeters squared or immunopositive cells/millimeters
squared, with #n = 3 animals per group.

Oligodendrocyte cultures. Mixed primary oligodendrocyte cultures
were prepared from 3-d-old newborn pups as we have previously de-
scribed (Balabanov et al., 2006). Because the transgenic mouse litters
contained transgenic and wild-type pups, the brain of each animal was
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Differential suppression of MHC class | molecule expression by dnIRF-1 in vivo. A-P, Dual immunostaining of corpus
callosum of wild-type (WT, A-D), CNP/dnIRF-1 (E-H ), MBP/IFN--y (I-L), and MBP/IFN--y XX CNP/dnIRF-1 double-transgenic mice
(2xTg; M—=P) using anti-PLP/Cy3 and anti-MHC class I/FITCantibodies and DAPI. Arrows, PLP(+) cells; arrowheads, PLP(—) cells;
boxed areas, area of high magnification shown in D, H, L, and P. No MHC class | expression was detected in the wild-type (B) or
CNP/dnIRF-1 (F) mice. In MBP/IFN-~y mice, MHC class | was detected in both the PLP(+) and PLP(—) cells and structures (K, L,
overlays). In double-transgenic mice, the PLP(+) corpus callosum displayed little immunopositivity for MHC class | (N, 0; aster-
isks). Higher magnification (P) further demonstrated the coexistence of PLP(+)/MHC class I(—) cells (arrow) and the PLP(—)/
MHC class(+) cells (arrowhead). Scale bars: A-C, E-G, I-K, M-0 (in €), 300 pem; D, H, L, P (in D), 50 um.

processed separately, cultured in individual flasks, and later genotype
matched. The cultures were maintained ina DMEM containing 10% fetal
bovine serum (Sigma-Aldrich) for ~10 d. OPC were enriched by shaking
the culture flasks at 240 rpm for 16 h at 37°C, sieving through a 30 um
nylon filter (Tetko), and differential nonadherence to uncoated plastic
plates. The free-floating cells were then cultured on poly-p-lysine-coated
glass coverslips at desired cell numbers and allowed to differentiate for
5 d in a DMEM-based serum-free media containing 5 ug/ml insulin, 50
pg/ml transferrin, 30 nm selenium, 10 nM biotin, 10 nm progesterone, 15
nM tri-iodothyronin, 0.1% bovine serum albumin, and 1% ampicillin/
streptomycin (Sigma-Aldrich). Oligodendrocyte cultures were treated
depending on the experimental design with IFN-y (0-100 U/ml)
(Calbiochem).

Promoter reporter assay. Promoter reporter assay was performed as we
have previously described in detail (Wang et al., 2010; Ren et al., 2011).
Human oligodendroglioma (HOG) cells were transfected with pGL4.71
reporter vector containing Caspase 1 promoter and/or pcDNA3 dnIRF-1
vector using TFX-50 transfection agent (Promega) at a 1:4 ratio (DNA:
TFX agent). After 24 h of recovery, the cells were stimulated with IFN-vy
(100 U/ml for 0—48 h) and the luciferase expression was measured using
a commercially available kit (Renilla luciferase assay kit; Promega). Re-
sults were presented as mean * SD of relative luminescence units per
micrograms protein (rlu/ug protein).

Lymphocyte proliferation assay and flow cytometry. Lymphocyte prolif-
eration assay was performed using spleens from MOG;;_s5- and OVA
(ovalbumin)s,; 530-immunized and CFA-injected wild-type and trans-
genic mice as we have previously described (Balabanov et al., 2007).
Briefly, mouse lymphocytes were isolated at day 8PI by compressing the
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Figure 4.  Expression of STAT1 and IRF-1 in the presence of dnIRF-1 in vivo. A, B, Immunostaining of corpus callosum of

wild-type (WT, A) and CNP/dnIRF-1 (B) mice using anti-STAT1/FITC antibody. C-J, Dual immunostaining of MBP/IFN-+y (C, E, G, I)
and MBP/IFN-~y X CNP/dnIRF-1 double-transgenic (2XTg; D, F, H, J) mice using anti-STAT1/FITC and CC1/Cy3 antibodies. K, L,
Immunostaining of corpus callosum of wild-type (K) and CNP/dnIRF-1 (L) mice using anti-IRF-1 (M-part)/FITCantibody. M—T, Dual
immunostaining of MBP/IFN-y (M, 0, Q, S) and MBP/IFN--y X CNP/dnIRF-1 double-transgenic (N, P, R, T) mice using anti-IRF-
1/FITC and CC1/Cy3. Note the upregulated expression of STAT1 and IRF-1 and their colocalization with CC1(+) cells in the
MBP/IFN-~y and MBP/IFN-y X CNP/dnIRF-1 mice at lower (G, H, @, P) and at higher (1, J, S, T) magnification. Boxed areas, Areas
of magnification; arrows, dual-positive cells. Scale bars: A~H, K—R (in R), 200 wm; 1, J,S, T (in T), 50 em.

spleen tissue against a metallic mesh, filtering through a 30 wm filter, and
plating them in a 90-well plate at density of 5 X 10° cells/well in a total
volume 0f 200 ul of HL-1 medium (BioWhittaker) and 1% ampicillin/strep-
tomycin (Sigma-Aldrich). MOG;5 55 or OVA,,; 554 (Genemed Synthesis)
were added to the cultures at various concentrations (0—50 ug/ml) in tripli-
cates for 72 h. Cell proliferation was measured by quantitation of 5'-bromo-
2'-deaxyuridine incorporation into the genomic DNA using a commercially
available calorimetric kit and according to the manufacturer’s protocol (Cal-
biochem). The results are presented as mean * SD of samples’ optical den-
sity (O.D.) measured at 450 nm (Balabanov et al., 2007).

Flow cytometry was performed using multicolor analysis as we have pre-
viously described (Ren et al., 2011). Immunostaining was performed using
anti-CD4/FITC (dilution 1:100; BD Bioscience), anti-IFN-y/PerCPCy5.5
antibodies (Peridinin-chlorophyll protein-Cyanin 5.5, dilution 1:100; BD
Bioscience), anti-interleukin 17a/APC-Cy7 (Allophycocyanin-Cyanin 7, di-
lution 1:100, BD Bioscience), and MOG;;_s5 tetramer-phycoerytrin (con-
centration 6 pg/ml; NTH tetramer facility at Emory University, Atlanta, GA).

Animal care and procedures. All animal procedures were conducted in
compliance with the National Institutes of Health Guide for Care and Use
of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee of the Rush University Medical Center.

Statistical analysis. All data were generated from at least three indepen-
dent experiments. Means and SDs were calculated using Average, Stdev,
in Microsoft Excel (Microsoft). Comparison of variables was performed
using one-way ANOVA in SSPS program (SPSS). A statistically signifi-
cant difference was defined as p < 0.05.
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L
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CNP/dnIRF-1 Results

Characterization of CNP/dnIRF-1 mice

CNP/dnIRF-1 transgenic mice were de-
signed to express the dnIRF-1 specifically
in oligodendrocytes (Fig. 1A-C). Newly
generated transgenic mice were identified
by Southern blot and PCR using a dnIRF-
1-specific 458 bp hybridization probe and
primers, respectively, recognizing the re-
gions flanking the deleted portion of
dnIRF-1 (Fig. 1 D). These mice exhibited
no phenotypic abnormalities and lived a
normal life span. They bred normally and
produced a litter with a size (8—12 pups)
comparable to the wild-type mice. The
mode of transgene inheritance followed
the Mendelian pattern for a single gene
without gender predilection.

Expression of dnIRF-1 was character-
ized at RNA, protein, and cellular levels.
Brains of CNP/dnIRF-1 and wild-type
mice were obtained at the age of 4 weeks,
and total RNA and protein were isolated.
Northern blot was performed with the 485
bp hybridization probe and revealed a
high intensity band with the CNP/dnIRF-1
but not wild-type RNA samples (Fig. 1 E).
Similarly, RT-PCR performed using
transgene-specific primers generated
products with the expected molecular size
of 267 bp only with the CNP/dnIRF-1 and
not wild-type RNA samples (Fig. 1F).
Western blot was performed using pro-
tein samples from both mouse groups and
anti-IRF-1 antibodies recognizing the C
terminus (which is present in both the
dnIRF-1 and wild-type IRF-1) and the
middle portion (M-part, which is present
in wild-type IRF-1 but absent in dnIRF-1)
of the molecule. The blots demonstrated a
band with the expected molecular size of 17 kDa (the molecular
size of wild type IRF-1 is 48 kDa) only with the CNP/dnIRF-1,and
only with the anti-C terminus IRF-1 antibody, but not with the
M-partantibody (Fig. 1 A, G). No immunopositivity was detected
with the wild-type protein samples with either IRF-1 antibody.
Additionally, EMSA was performed using brain nuclear extracts
from either CNP/dnIRF-1 or wild-type mice and from Caspase 1
promoter IRF-E oligonucleotides. The assay demonstrated a sig-
nificant mobility shift with the CNP/dnIRF-1 samples compared
with control (no nuclear extract) and wild-type samples, indicat-
ing that dnIRF-1 has the capacity to bind to IRF-1 regulatory
sequence. Mobility shift with wild-type samples was minimal and
close to the control levels, reflecting the minimal baseline expres-
sion of IRF-1 (Fig. 1 H). Finally, RT-PCR and Q-PCR analysis of
RNA from various peripheral mouse organs, including thymus
and spleen, revealed insignificant transgene expression outside
the nervous system (Fig. 11,]).

Oligodendrocyte-specific expression of dnIRF-1 was estab-
lished by dual immunostaining of CNP/dnIRF-1 and wild-type
brain tissue using the anti-IRF-1 (C terminus) and CC1 antibod-
ies (Fig. 2A—F). Strong immunopositivity for C terminus IRF-1
was observed in the transgenic brains only, which colocalized

2XTg
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with the CC1(+) cells and their DAPI-
stained nuclei. Overall, >94% of the
CC1(+) cells were also positive for C ter-
minus IRF-1; non-colocalizing immuno-
positivity for C terminus IRF-1 was not
detected. As expected and previously re-
ported, wild-type brains demonstrated
virtually no immunopositivity for C ter-
minus IRF-1 (Wang et al., 2010). No sig-
nificant difference in the number of
CC1(+) cells was observed in the corpus
callosum between the transgenic and the
wild-type mice (298 = 4.6/mm? and
288 =+ 6.0/mm?, respectively; p > 0.05).
Transgene expression was also exam-
ined in vitro. Dual immunostaining with
anti-IRF-1 (C terminus) and anti-PLP an-
tibodies of CNP/dnIRF-1 and wild-type
oligodendrocyte cultures demonstrated
colocalizing immunopositivity only in the
transgenic cultures (Fig. 2G-L). At the
subcellular level, the dnIRF-1 protein ap-
peared to be localized in the cell body and
cell nucleus of the transgenic oligoden-
drocytes. Virtually all PLP(+) cells in the
transgenic cultures were also positive for
C terminus IRF-1. No C terminus IRF-1
was detected in the PLP(—) transgenic
cells or in any of the wild-type cultures.

CNP/dnIRF-1 mice displayed
suppressed IRF-1 signaling

in oligodendrocytes

The functional capacity of dnIRF-1 to sup-
press IRF-1 signaling was explored in both
in vivo and in vitro systems (Figs. 3-5). Spe-
cifically, we assessed the capacity of dnIRF-1
to inhibit the IRF-1-dependent induction of
MHC class I molecule and Caspase 1 expres-
sion. The dependency of MHC class I mol-
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Figure 5. Differential suppression of Caspase 1 expression by dnIRF-1 in vitro. Mixed glial cultures generated from wild-type
(WT, A—F) and CNP/dnIRF-1 (G-L) mouse brains were treated with IFN--y (100 U/ml/24 h) and tested for Caspase 1 expression. D,
E, The cells were immunostained with anti-PLP/Cy3 and anti-Caspase 1/FITC antibodies and DAPI. Note that treatment of wild-

ecule and Caspase 1 expression on IRF-1
signaling has been previously described in
detail by us and others (Matsuyama et al.,
1993; Agresti et al., 1998; Wang et al., 2010,
Ren et al,, 2011). MBP/IFN-vy transgenic
mice, which constitutively express IFN-y
and MHC class I molecule in the CNS, were chosen as the in vivo
experimental system. MBP/IFN-vy mice were mated to the CNP/
dnIRF-1 mice and the single- and double-transgenic progeny were
examined for differences in MHC class I molecule expression in the
CNS (Fig. 3). In addition, we monitored for oligodendrocyte expres-
sion of STAT1 and IRF-1, the upstream regulators of MHC class I
molecule expression, in these experiments (Fig. 4). Dual immuno-
staining was performed using anti-MHC class I molecule and anti-
PLP antibodies, as well as using anti-STAT1, anti-IRF-1 (M-part
antibody), and CC1 antibodies, and their signals were overlaid to
determine colocalization. Predictably, wild-type and CNP/dnIRF-1
mice expressed no detectable levels of MHC class I molecule expres-
sion (Fig. 3A—H). STAT1 expression was detected in both mouse
groups but no IRF-1 was observed in any of them (Fig. 4A,B,K,L).
MBP/IFN-vy single-transgenic mice, as previously described, dis-
played increased expression of MHC class I molecule that colocal-
ized with the PLP(+) myelined tracts, as well as with the

type cultures induced Caspase 1 expression in PLP(+) (arrow) and PLP(—) (arrowheads) cells. J-L, In contrast, treatment of
transgenic culturesinduced Caspase 1 expression only in the PLP(—) (arrowheads) but notin the PLP(+) (arrow) cells. None of the
unstimulated cells (control) expressed Caspase 1. Scale bar, 30 um. M, Map of the Caspase 1 promoter vector depicting the IRF-E
sequence. N, Promoter reporter (luciferase) assay. Note the induction of luciferase expression upon stimulation with [FN-yand its
suppression in the presence of dnIRF-1. *p < 0.05.

surrounding PLP(—) regions (Fig. 3I-L) (Balabanov et al., 2006).
Correspondingly, increased expression of STAT1 and IRF-1 colocal-
izing with the CC1(+) cells was observed in these mice (Fig. 4C,E,
G,,M,0,Q,S) (Wang et al., 2010). However, double-transgenic
(MBP/IFN-y X CNP/dnIR-1) mice demonstrated a differential
pattern of MHC class I molecule and PLP expression (Fig. 3M—
P). MHC class I molecule expression colocalized with the PLP(—)
regions but not with the PLP(+) myelinated tracts. The lack of
MHC class I molecule expression in the myelinated tracts was
observed throughout their entire length and structural margins.
Furthermore, CC1(+) cells expressing STAT1 and IRF-1 were
detected in the corresponding monitoring samples in patterns
similar to those seen in the MBP/IFN-vy mice (Fig. 4C-],M-T).
Differential suppression of IRF-1 signaling was also observed
in vitro (Fig. 5). Primary mixed oligodendrocyte cell cultures
originating from CNP/dnIRF-1 and wild-type mice were treated
with IFN-vy (100 U/ml/24 h) and immunostained using anti-PLP
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was also performed to examine the effect of
dnIRF-1 on Caspase 1 promoter activity.
Cells were treated with 100 U of IFN-y for
48 h and luciferase expression was measured
by luminometry. Predictably, treatment of
HOG cells containing Caspase 1 promoter

20 30 40 50 60 70 0
Day (PI)

0o 10

LS

CNP/ il
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with IFN-vy resulted in significant up-
regulation of luciferase expression com-
pared with untreated cells (2850 = 152 vs
1875 * 214 rlu/pug protein in treated and
untreated cells, respectively; p < 0.05) (Ren
et al., 2011). However, treatment of HOG
cells containing both Caspase 1 promoter
and dnIRF-1 resulted in suppressed activity
of Caspase 1 promoter and reduced IFN-y
induction of luciferase expression (2850 *=

Inflammatory focimm? @)

-

CNP/
dnIRF-1

containing vs 1215 = 318 rlu/ug protein in
Caspase 1 promoter/dnIRF-1-containing
cells; p < 0.05).

ﬁ 152 rlu/pg protein in Caspasel promoter
N

CNP/dnIRF-1 mice were protected
against EAE

To examine the effect of transgenically ex-
pressed dnIRF-1 on inflammatory demy-
elination, we performed EAE experiments
(Fig. 6). A total of 34 mice, wild-type and
CNP/dnIRF-1, from identical litters were
selected for the EAE experiments; three
— separate experiments were performed.

m perivascular
Odemyelinating

Inflammatory foci/mm?

Figure 6.

against EAE compared with wild-type mice.

and anti-Caspase 1 antibodies along with DAPI nuclear stain. As
expected, stimulation of wild-type cultures with IFN-+y resulted
in upregulation of Caspase 1 expression by both PLP(+) and
PLP(—) cells (Fig. 5A—F). Virtually all wild-type PLP(+) oligo-
dendrocytes were also Caspase 1(+) (96 = 0.6% of all cells).
However, stimulation of transgenic cultures induced differential
expression by only the PLP(—) cells (Fig. 5G-L). The transgenic
PLP(+) oligodendrocytes did not upregulate Caspase 1 signifi-
cantly. Caspase 1 was detected only occasionally in PLP(+) trans-
genic oligodendrocytes (6 £ 0.8% of all cells). Notably, this was in
contrast to the response of the surrounding PLP(—) cells, in addition
to the PLP(+) and PLP(—) cells in the wild-type cultures. In confir-
mation of these findings, a promoter reporter assay was also per-
formed using HOG cells transfected with a pGL4.17 vector construct
containing the human Caspase 1 promoter/luciferase gene and/or a
pcDNA3 containing the dnIRF-1. Cotransfection with both vectors

EAE in CNP/dniRF-1 mice. A, Active immunization EAE. Clinical scores of CNP/dnIRF-1 and wild-type (WT) mice (n =
12 animals/group). CFA-injected controls were not included in the figure. B, Adoptive transfer of EAE, wild-type-to-wild-type
(WT—WT), wild-type-to-CNP/dnIRF-1 transgenic (WT—> Tq), and CNP/dnIRF-1 transgenic-to-wild-type (Tg—> WT) mice (n = 3
animals/group). For clarity, only the mean values of the daily scores are presented. (—F, Representative images depicting inflam-
matory foci in CNP/dnIRF-1 and wild type mice that were either injected with CFA only or fully immunized (EAE). H&E staining of
spinal cords at day 12P!; arrows, inflammatory foci. Scale bar, 200 r.m. G, Quantitation of the inflammatory foci in EAE samples
(n = 3 animals/group). *p < 0.05. H—K, Representative images depicting demyelinating foci in CNP/dn/RF-1 and wild-type mice
that were either injected with CFA only or fully immunized (EAE). LFB&NR staining of spinal cords at day 12PI; arrow, non-
demyelinating perivascular focus. Asterisk marks a parenchymal demyelinating focus and the dotted line its margin. Scale bar, 200
m. L, Quantitation of demyelinating foci in EAE samples (n = 3 animals/group). Note that the CNP/dnIRF-1 mice were protected

The mice were divided in four experimen-
tal groups, as follows: (1) 12 wild-type
mice and (2) 12 CNP/dnIRF-1 mice re-
ceived full immunization (MOGss 55
emulsified in CFA) and (3) six wild-type
mice and (4) six CNP/dnIRF-1 mice were
injected with CFA only. Fully immunized
wild-type mice developed significant clin-
ical disease. The pattern of a severe acute
phase followed by a milder chronic phase
was observed during the clinical course of
their disease. In contrast, the CNP/dnRF-1
mice appeared to be protected against
EAE (Fig. 6A). They developed signifi-
cantly milder clinical symptoms and
shorter disease duration compared with
the wild-type mice (maximum clinical
score: 1.2 = 0.3 in CNP/dnRF-1 mice vs 3.5 = 0.2 in wild-type
mice, p < 0.05; disease duration: 9.8 = 1.8 d in transgenic mice vs
47 * 1.4 d in wild-type mice, p < 0.05). None of the CFA-injected
control mice, either transgenic or wild-type, developed clinical
symptoms during the course of these experiments.

As we mentioned above, dnIRF-1 was expressed exclusively in
the nervous system of the CNP/dnIRF-1 mice. Nonetheless, we
performed a number of experiments to control for any aberrant
effect of the transgene on the immune system, including an adop-
tive transfer of EAE and a comparison of peripheral lymphocyte
responses to MOG;5_s5 and OVAj,5 55, antigens. Six additional
wild-type and CNP/dnIRF-1 mice were killed at day 8PI and their
spleens were harvested and lymphocytes purified. The lympho-
cytes were proliferated in vitro in the presence of the MOGs;5_55
and then injected into the tail veins of naive mice to induce EAE
(Fig. 6 B). Adoptive transfer of wild-type or CNP/dnIRF-1 cells
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into wild-type mice resulted in significant disease that was com-
parable in severity in both transfers (maximum clinical score:
2.6 = 0.4 in wild-type-to-wild-type transfer and 2.5 * 0.2 in
transgenic-to-wild-type transfer, n = 3 animals/group, p > 0.05).
In contrast, significantly milder disease was induced in a wild-
type-to-transgenic transfer compared with the wild-type-to-
wild-type transfer (maximum clinical score: 1.4 = 0.3 vs 2.6 =
0.4; disease duration: 10 = 1 d vs 20.5 * 1.3 d, respectively; n = 3
animals/group, p < 0.05 for both comparisons). Correspond-
ingly performed experiments with lymphocytes derived from
CFA-injected mice failed to produce any disease.

The capacities of wild-type and CNP/dnIRF-1 lymphocytes to
respond to MOGg;;_s5 were also examined in these experiments
by comparing the percentages of total CD4(+), IFN-y(+)/
CD4(+), IL17(+)/CD4(+), and MOG;s 55 tetramer(+)/
CD4(+) cells, as well as the rate of lymphocyte proliferation,
upon antigen stimulation in vitro (Figs. 7, 8). Flow cytometry
analysis revealed no significant differences among the tested cell
populations of wild-type and CNP/dnIRF-1 mice (Fig. 7A-D,
8 A-D). More specifically, the CD4(+) populations of the fully
immunized mice that were also stimulated with MOG;5_55 were
statistically similar (10.3 * 0.9% vs 9.4% =1 for total CD4(+)
cells, 4.1 = 0.3% vs 3.7 + 0.15% for IFN-y(+)/CD4(+), 1.2 +
0.25% vs 0.9 = 0.34 for IL17(+)/CD4(+), and 1.7 = 0.4% vs
1.8 = 0.15% for MOG;5_ss tetramer(+)/CD4(+) cells, for wild-
type vs CNP/dnIRF-1 mice, respectively; n = 3 animals/group,
p > 0.05 for all comparisons). Lymphocyte proliferation experi-
ments demonstrated significant antigen-dependent lymphocyte
proliferation in all cultures originating from MOG;s_ss-
immunized mice. The proliferative responses to MOGj;5_s5 stim-
ulation were antigen-specific, dose-dependent, and compatible
between wild-type and CNP/dnIRF-1 mouse lymphocytes (0.2 =
0.03 O.D. for wild-type and 0.195 * 0.04 O.D. for CNP/dnIRF-1
lymphocytes at 50 pg/ml peptide concentration; n = 3 animals/
group, p > 0.05) (Fig. 7E,F). In contrast, the lymphocytes pro-
liferative responses of CFA-injected control mice were close to
the background levels even at the highest peptide concentration.
Similar antigen-specific and dose-dependent lymphocyte prolif-
erative responses were observed following immunization with
OVA,,; 33 and subsequent restimulation in vitro (0.078 £ 0.004
O.D. for wild-type and 0.075 % 0.006 O.D. for CNP/dnIRF-1
mice; n = 3 animals/group, p > 0.05) (Fig. 7 G, H). Most impor-
tantly, however, no significant differences were observed between
the lymphocyte proliferative responses of wild-type and CNP/
dnIRF-1 mice with any immunization or in vitro treatment (me-
dium, MOGs;5_s5, OVA5,5_539) Or any peptide concentration.

In an effort to determine the underlying mechanism of the
observed protection in CNP/dnIRF-1 mice, we compared the
CNS pathology of fully immunized and CFA-injected wild-type
and transgenic mice. Three mice per study group were killed
during the acute phase of the disease and their brains and spinal
cords were harvested. Tissue samples were processed as sagittal
frozen sections and stained with either H&E or LFB&NR to assess
for the presence of inflammatory foci and demyelination. Exam-
ination of the pathological samples of fully immunized CNP/
dnIRF-1and wild-type mice revealed general similarities in lesion
distribution. Perivascular mononuclear infiltrates involving the
meninges and spinal cord parenchyma were observed in both
groups (Fig. 6C—F). However, while the CNP/dnIRF-1 and wild-
type mice have displayed comparable inflammatory involvement
of the meninges, they significantly differed in the number of pa-
renchymal inflammatory foci (1.3 = 0.8 vs 17.7 * 4.9 inflamma-
tory foci/mm?> in CNP/dnIRF-1 mice and wild-type mice,
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Figure 7. Lymphocyte responses of CNP/dnIRF-1 mice. A-D, Quantitation of various
(D4(+) cell populations derived from spleens of fully immunized wild-type (WT) and CNP/
dniRF-T mice at day 8PI, stimulated with either culture medium or MOG;;_s in vitro. The data
are based on flow cytometry analysis (1 = 3 animals/group). A, Quantitation of total (D4(+)
cells. B, Quantitation of CD4(+)/IFN-y(+) cells. C, Quantitation of CD4(+)/IL-17(+) cells. D,
Quantitation of CD4(+)/MO0G;;_ss tetramer(-+) cells. E, F, Lymphocyte proliferation (BrdU)
assays using cells derived from spleens of MOG;5_s-immunized wild-type (WT MOG) and (NP/
dnIRF-1(Tg MOG) and CFA-injected (WT CFA and Tg CFA) mice at day 8P|, and stimulated with
medium, MOG;5_gs, or OVA;,5_s50in vitro (n = 3 animals/group). E, Lymphocyte proliferation
assay using medium or MOG;5_ss (050 wg/ml). F, Lymphocyte proliferation assay using
medium or OVA;,;_330 (050 weg/ml). G, H, Lymphocyte proliferation (BrdU) assays using cells
derived from spleens of OVA;,; _s3,-immunized wild-type (WT OVA) and CNP/dniRF-1 (Tg OVA)
and CFA-injected mice at day 8PI, and stimulated with medium, OVA;,; 334, 0r MOG;5_gs in
vitro (n = 3 animals/group). G, Lymphocyte proliferation assay using medium or OVA;5; 334
(050 peg/ml). H, Lymphocyte proliferation assay using medium or MOG;5_ (0—50 eg/ml)
Note that nossignificant differences were identified between the lymphocyte responses of wild-
type and CNP/dnIRF-1 mice ( p > 0.05 in all comparisons).

respectively; p < 0.05) (Fig. 6G). They also differed in terms of the
spread of the inflammatory foci and loss of myelin (loss of
LFB&NR staining). The inflammatory foci in the CNP/dnIRF-1
mice appeared to be localized predominantly in the perivascular
space and associated with little myelin loss. In contrast, the in-
flammatory foci in the wild-type mice were observed to have
invaded the parenchyma and the myelinated tracts. The latter
were associated with significant myelin loss, presence of myelin
debris, and phagocytosis (Fig. 6 H-K ). Quantitatively, the paren-
chymal demyelinating lesions accounted for up to 85.7% of all
lesions in the wild-type mice as opposed to 0.1% in the CNP/
dnIRF-1 mice (Fig. 6L). No inflammatory or myelin changes
were observed in the CFA-injected mice.



Ren et al. ® DnIRF-1in EAE

Medium
WT CNP/dnIRF-1
A 10 10
3

SsC

0 0
10 o L £l | T |2 T ]3 T 10 o T |‘ T ]2 T ]3 T
10 10‘ 10 10 10 10 10 10 10 10
CD 4-FITC
B 10% 10
P 3
2, 10”5 107 5
O
¢
2 2
o 1 d
g 10
b
£
= 10" 10' 4
100 T T ‘00 T T
0
10 10 10 10
CD 4-FITC
C. .
Y
o 107 10”4
[&]
o
<
m . 4
8 10 10
- E
=
10" o 10" 5
0 0
10 — - 10 — =
1 1
T 10 10 10 10
CD 4-FITC
D . 1o*
&
£ 107 3
5 10
£
£
8 107 1074
(Y]
g
10" 10" 4
0 ()
10 e . 10 . .
1
10 10 10 10 10 10 1o 10
CD 4-FITC
Figure 8.

J. Neurosci., June 8, 2011 - 31(23):8329 - 8341 + 8337

MOG 3555
WT CNP/dnIRF-1
(04 10
3

SSC

T T T i o R T o
10 10 10 10 10 10 10 10 10

CD 4-FITC

IFN-y-PerCPCy5.5

CD 4-FITC

10 10*
~
Iy 10° 107
[$)
<
@ 10° 107
~
R
=
10" 4 10" 4
0 0
10 — T 10 Tree T
1
10 10! 10 10 10 10
CD 4-FITC
10 10
o
L 10° 4
5 10 3 10
£
&
g .2
2 107 10° 5
o =
g
1 1"
0
(mmasiaas rree T 10 rree T
10! 10° 10° 10 10 10 10

CD 4-FITC

Flow cytometry analysis of CNP/dnIRF-1 mice. A-D, Representative images of multicolor flow cytometry analysis of CD4(+) cells derived from fully immunized wild-type (WT) and

CNP/dnIRF-1 mice that were stimulated with either culture medium or MOG_ss in vitro. A, Dot plots depict the gating of (D4(+) cell populations. B, Dot plots depict CD4(+)/IFN-y(+) cells. C,
Dot plots depict (D4(+)/IL-17(+) cells. D, Dot plots depict CD4(+)/M0G;;_s, tetramer(+) cells. Note that the (D4(-+) cell populations of interest are gated.

CNP/dnIRF-1 mice displayed oligodendrocyte and axonal
preservation in EAE

Because the oligodendrocytes in CNP/dnIRF-1 and wild-type
mice differ in their IRF-1 signaling, we examined the pathological
samples for differential expression of Caspase 1 and presence of
TUNEL positivity (a marker for DNA fragmentation and cell
apoptosis) in oligodendrocytes (Fig. 9). Dual immunostaining
using anti-Caspase 1 and CC1 antibodies was performed with all
four groups and the number of Caspase 1(+)/CCI1(+) cells was
quantitated (Fig. 9A-F). A significant difference in the number of

double-positive cells was observed between the fully immunized
CNP/dnIRF-1 and wild-type mice (0.3 + 0.2/mm?in CNP/dnIRF-1
mice vs 7.2 = 0.2/mm? in wild-type mice; p < 0.05) (Fig. 9G).
Caspase 1 expression was not detected in any of the CFA-injected
control mice. TUNEL staining and immunostaining with CC1 anti-
body were performed in parallel, and the number of the
TUNEL(+)/CC1(+) cells was quantitated as above (Fig. 9H-M).
Similarly, we found a significant difference in the number of double-
positive cells between the fully immunized CNP/dnIRF-1 and wild-
type mice (0.2 + 0.1/mm? in CNP/dnIRF-1 and 10.6 + 0.5/mm?in
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wild-type mice; p < 0.05) (Fig. 9N). No CFA
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EAE

TUNEL(+) cells were observed in the CFA- Caspase 1
injected control mice.

Pathological samples were also ex-
amined for evidence of axonal injury in
relation to inflammatory demyelination.
Dual immunostaining using anti-ApoE (a
marker for axonal injury) and anti-PLP
antibodies was performed and the immu- WT
nopositive signals were overlaid. Distinct
pattern differences between the fully im-
munized CNP/dnIRF-1 and wild-type
mice were observed. CNP/dnIRF-1 mice
displayed diffuse and faint linear ApoE
immunopositivity, which was observed in
close proximity to, as well as distally from,
the inflammatory foci, and colocalized
with the PLP immunopositivity. This pat-
tern of immunopositivity was also ob-
served in the CFA-injected control mice.
In contrast, fully immunized wild-type
mice demonstrated increased and dis-
continuous spheroid-like immunoposi-
tivity within the areas of inflammation
that poorly colocalized with the PLP im-
munopositivity, since the latter appeared
shattered (Fig. 90-T). Direct comparison
of the number of ApoE(+) spheroids in
fully immunized CNP/dnIRF-1 and wild-
type mice showed significant differences
(0.03 = 0.01/mm? in CNP/dnIRF-1 mice and
8.3 = 1.5/mm? in wild-type mice; p < 0.05) WT
(Fig. 9U). No ApoE(+) spheroids were de-
tected in the CFA-injected controls.

CNP/
dnIRF-1

CC1/TUNEL

CNP/
dniRF-1

ApoE

CNP/
dniRF-1

Discussion
The goal of this study was to examine the
role of IRF-1 in oligodendrocyte injury
and inflammatory demyelination. For the
purpose of this study, we generated a
CNP/dnIRF-1 transgenic mouse line that
overexpresses dnIRF-1 specifically in oligo-
dendrocytes. CNP/dnIRF-1 mice exhibited
no phenotypic abnormalities but displayed
suppressed IRF-1 signaling in oligoden-
drocytes, as assessed by impaired induc-
tion of MHC class I molecule and Caspase 1 expression. The
major finding of our study was that the CNP/dnIRF-1 mice, when
compared with wild-type mice, were protected against EAE, a
phenomenon associated with significant reduction of inflamma-
tory demyelination and oligodendrocyte and axonal preserva-
tion. We did not identify any significant transgene expression or
functional alterations in the immune organs or cells of the CNP/
dnIRF-1 mice throughout these experiments. Therefore, the pro-
tection against EAE observed in the CNP/dnIRF-1 mice is best
attributed to suppressed IRF-1 signaling in oligodendrocytes. In
summary, our study demonstrates that IRF-1 expressed by
oligodendrocytes is involved in the mechanisms of inflamma-
tory demyelination and plays a key regulatory role in the
pathogenesis of EAE.

A single nucleotide polymorphism of the IRF-1 gene has been
identified with patients with progressive MS (Fortunato et al.,
2008). Mice lacking IRF-1 are resistant to EAE, a finding that

Figure 9.
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Oligodendrocyte and axonal preservation in CNP/dnIRF-1 mice. A-F, Representative images of Caspase 1 expression
in CNP/dnIRF-1 and wild-type (WT) mice. Dual immunostaining of spinal cords with anti-Caspase 1/FITC, anti-CC1/Cy3 antibodies,
and DAPI, performed at day 12PI. G, Quantitation of Caspase 1(+)/CC1(+) cells/mm? in FAE samples (n = 3 animals/group).
H-M, Representative images of TUNEL positivity in CNP/dnIRF-1 and wild-type mice. Dual immunostaining of spinal cords with
TUNEL/FITC, CC1/Cy3 antibody, and DAPI at day 12PI. N, Quantitation of TUNEL(+)/CC1(+) cells/mm? in EAE samples (n = 3
animals/group). 0-T, Representative images of ApoE expression in CNP/dn/RF-1 and wild-type mice. Dual immunostaining per-
formed with anti-ApoE/FITC and anti-PLP/Cy3 antibodies of spinal cords at day 12PI. U, Quantitation of the ApoE(+) spheroids/
mm 2in EAE samples (n = 3 animals/group). Note that the CNP/dniRF-1 mice were protected against EAE compared with wild-type
mice. Arrows, Dual-positive cells. Scale bars, 200 m. *p << 0.05.

corroborates with this clinical observation (Tada et al., 1997;
Buch et al., 2003). Recently, we reported that IRF-1 is expressed
by the CNS glial cells in MS and EAE and regulates inflammatory
demyelination independently of the peripheral immune cells
(Ren et al., 2011). Specifically, using the bone-marrow chimera
model of EAE, we demonstrated that mice differentially lacking
IRF-1 in the CNS appear to be protected against EAE despite the
presence of IRF-1 in the peripheral immune cells; in contrast,
mice expressing IRF-1 in the CNS developed severe disease even
the absence of IRF-1 in the periphery (Ren et al., 2010, 2011). To
further dissect the role of IRF-1 in inflammatory demyelination
and oligodendrocyte injury, we generated a transgenic mouse line
that overexpressed the dnIRF-1, a competitive inhibitor of IRF-1
transcriptional activities, under the transcriptional control of an
oligodendrocyte-specific (CNP) promoter. CNP/dnIRF-1 mice
displayed no phenotypic or histological abnormalities. Expres-
sion of dnIRF-1 was significant and restricted to CNS oligoden-
drocytes. Functional examination of CNP/dnIRF-1 mice further
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demonstrated suppression of IRF-1 signaling in oligodendro-
cytes, assessed by inhibition of IEN-y-induced MHC class I mol-
ecule and Caspase 1 expression. Our findings are supported by
the phenotypic characteristics of IRF-1(—/—) knock-out mice,
which display no significant oligodendrocyte or phenotypic ab-
normalities, with the exception of suppressed responses to [FN-y
(Ren et al., 2011). Evidently, IRF-1 signaling is not essential for
the normal development of oligodendrocytes but may play a dif-
ferential role in immune-mediated injury.

Our EAE experiments using the CNP/dnIRF-1 mice demon-
strated that oligodendrocyte-specific suppression of IRF-1 sig-
naling had a significant impact on the natural course of the
disease and the degree of CNS inflammation. This finding is
seemingly at odds with the conventional notion that CNS inflam-
mation is regulated only by the cells of the immune system and
that the targets of the immune response, such as oligodendro-
cytes, are merely receivers of injury. However, our finding is in
line with several experimental studies demonstrating that exoge-
nous factors that interfere with the mechanisms of oligodendro-
cyte injury not only alter oligodendrocyte survival but also affect
the degree of CNS inflammation (Butzkueven et al., 2002; Linker
etal., 2002; Mi et al., 2007). Additionally, mice lacking proapop-
totic genes, such as Caspase 11 or Fas, or overexpressing antiapo-
ptotic molecules, such as p35 caspase inhibitor, specifically in
oligodendrocytes display a resistance to EAE and inflammatory
demyelination (Hisahara et al., 2000, 2003, Hovelmeyer et al.,
2005). Furthermore, the critical involvement of oligodendrocytes
in CNS inflammation is suggested by experiments with mice that
have peroxisome-deficient oligodendrocytes. These mice de-
velop not only oligodendrocyte apoptosis, but also spontaneous
CNS inflammation, including T and B cell infiltration, and wide-
spread axonal degeneration (Kassmann et al., 2007).

The oligodendrocyte-dependent mechanisms involved in the
regulation of EAE are still unknown. One can contemplate induc-
tion of chemokine CXCL10 expression by the oligodendrocytes
or release of myelin-derived proinflammatory lipids upon injury
(Balabanov et al., 2007; Kassmann et al., 2007). In addition, in-
creased oligodendrocyte susceptibility to injury may impact the
process of antigen presentation. Because the induction of EAE
depends on de novo antigen presentation in the CNS, injured
oligodendrocytes may increase the availability of priming anti-
gen, thereby accelerating the inflammatory process (Tompkins et
al., 2002). Finally, pyroptosis, a process of cell death mediated by
Caspase 1, characteristically triggers an inflammatory reaction,
thus implying that the process of oligodendrocyte cell death by
itself may impact the extent of inflammation (Fink and Cookson,
2005; Bergsbaken et al., 2009). Our study implicated IRF-1 sig-
naling in oligodendrocytes as a disease-promoting mechanism.
IRF-1 has been shown to positively regulate the expression of
MHC class I molecule and TNF-aR in oligodendrocytes in vitro
(Agresti et al., 1998). Additionally, we have demonstrated that
IRF-1 controls the expression of Caspase 1 in oligodendrocytes,
indicatingits involvement in the mechanisms of cell death (Wang
et al., 2010; Ren et al., 2011). Therefore, it appears that IRF-1
regulates oligodendrocyte response to inflammation and the in-
duction of proinflammatory cell death (pyroptosis).

The present study is a continuation of our efforts to better
understand the molecular mechanisms of how oligodendrocytes
are involved in the neuroimmune network and respond to in-
flammation. Previously, we have reported that targeted expres-
sion of the suppressor of cytokine signaling 1 (SOCS1), a
competitive inhibitor of IFN-+y-induced Jak-STAT1 interactions,
in oligodendrocytes altered the clinicopathological characteris-
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tics of EAE in transgenic mice (Balabanov et al., 2007). SOCS1
transgenic mice developed EAE earlier compared with wild-type
mice, but despite this, they recovered much faster. It was hypoth-
esized that the observed dual effect (proinjurious and protective)
of SOCS1 was due to simultaneous interference with two signal-
ing pathways originating from the activated Jak: STATI-
dependent and STAT1 independent pathways. As described in
peripheral non-CNS cells, the STAT1-dependent pathway con-
trols the expression of MHC molecules and several proapoptotic
molecules, whereas the STAT1-independent pathway promotes
the growth and survival of cells (Ramana et al., 2002). The dichot-
omy of IFN-+y signaling prompted us to investigate IRF-1, which
we previously identified as the STAT1-dependent factor mediat-
ing IFN-v’s injurious effect on OPC (Wang et al., 2010). Our
present study demonstrated that IRF-1 indeed plays a proinflam-
matory role in oligodendrocytes in the course of EAE, likely by
linking the initial Jak/STAT]1 signal and the downstream genes
with immune and proapoptotic functions, such as MHC class I
molecule and Caspase 1. The observed dramatic protection of
CNP/dnIRF-1 mice against EAE further indicates that STAT1/
IRF-1 signaling pathway plays the critical role in oligodendrocyte
response to inflammation.

Protection of oligodendrocytes in our experiments was asso-
ciated with significant axonal preservation. In the settings of de-
myelinating diseases, loss of myelin is a symptom-producing
pathology, as it compromises the saltatory propagation of the
axon potential and results in a conduction block (Smith and
McDonald, 1999). In addition, demyelinated axons become
more vulnerable to inflammatory injury and express altered pat-
terns of sodium channels that can trigger retrograde axonal de-
generation (Trapp et al., 1998; Waxman, 2001). Demyelination
further deprives the axons of the trophic effects of oligodendro-
cytes and compromises the structural integrity and functional
capacity of the axons (Brady et al., 1999; Edgar and Garbern,
2004). Thus, our findings directly demonstrate that protecting
oligodendrocytes and myelin in settings of inflammation can re-
duce axonal injury and, in essence, can provide neuroprotection.

Protecting oligodendrocytes and myelin against inflamma-
tory injury has emerged as a potentially clinically relevant,
disease-modifying strategy in MS. Detailed examinations of MS
pathological specimens have demonstrated that oligodendrocyte
injury and apoptosis can be accompanied by limited inflamma-
tion and may;, in fact, represent the initial event of lesions forma-
tion (Lucchinetti et al., 2000; Barnett and Prineas, 2004).
Therefore, exploring oligodendrocyte-related pathogenic mech-
anisms, in addition to the conventional immune-based ones, can
be of independent therapeutic significance in MS. Perhaps target-
ing IRF-1 and Caspase 1 signaling by pharmaceutical agents can
be of clinical utility in controlling the disease activity in MS (Lin
and Hiscott, 1999; Wannamaker et al., 2007). Interferon-, a MS
therapeutic and a strong inducer of IRF-1 expression, has been
reported to exert a harmful effect on oligodendrocytes (Tanigu-
chi et al., 2001; Heine et al., 2006; Trebst et al., 2007). Hypothet-
ically, agents that block IRF-1 signaling could suppress this
harmful effect of interferon-f and enhance its impact on the
disease. Such strategy can also impact cellular processes, such as
axonal injury, which have been notoriously difficult to affect
therapeutically. Finally, our dominant-negative approach may
have implications in pretransplant manipulation of neuronal
stem cells for the purpose of increasing their survival and repar-
ative potential in MS lesions (Martino et al., 2010).

In conclusion, we demonstrated that suppression of IRF-1
signaling specifically in oligodendocytes results in significant
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protection against EAE, reduction of inflammatory demyelina-
tion, and oligodendrocyte and axonal preservation. Our results
provide a new prospective on mechanisms of inflammatory de-
myelination and are likely to have important therapeutic impli-
cations in MS.
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