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Abstract
Type I IFNs (IFN-α and IFN-β) and type II IFN (IFN-γ) mediate both regulation and inflammation
in multiple sclerosis (MS), neuromyelitis optica (NMO) and in experimental autoimmune
encephalomyelitis (EAE). However the underlying mechanism for these Janus-like activities of
type I and II IFNs in neuroinflammation remains unclear. Although endogenous type I IFN-
signaling provides a protective response in neuroinflammation, we find that when IFN-γ signaling
is ablated, type I IFNs drive inflammation resulting in exacerbated EAE. IFN-γ has disease stage-
specific opposing function in EAE. Treatment of mice with IFN-γ during initiation phase of EAE
leads to enhanced severity of disease. In contrast, IFN-γ treatment during effector phase attenuated
disease. This immunosuppressive activity of IFN-γ required functional type I IFN-signaling. In
IFN-α/β receptor (IFNAR) deficient mice, IFN-γ treatment during effector phase of EAE
exacerbated disease. Using an adoptive transfer-EAE model, we found that T-cell intrinsic type I
and type II IFN signals are simultaneously required to establish chronic EAE by encephalitogenic
Th1 cells. However in Th17 cells loss of either IFN signals leads to the development of a severe
chronic disease. The data implies that type I and type II IFN signals have independent but non-
redundant role in restraining encephalitogenic Th17 cells in vivo. Overall our data show that type I
and type II IFNs function in an integrated manner to regulate the pathogenesis in EAE.

INTRODUCTION
Interferons (IFNs) are a family of related cytokines exerting an essential role in
inflammation and autoimmunity. They are classified into two subtypes according to receptor
specificity and sequence homology (1). Type I IFNs consist of IFN-β and several other
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members whereas type II IFN has only one single member, IFN-γ. Types I and II IFNs bind
distinct cell surface receptor complexes: the IFNAR (IFN-α/β receptor) and the IFNGR
(IFN-γ receptor), respectively. IFNAR and IFNGR are comprised of two transmembrane
glycoproteins: IFNAR1 and IFNAR2, and IFNGR1 and IFNGR2 (2, 3). A common feature
of both type I and II IFNs is the employment of the JAK-STAT signal transduction pathway
to regulate nuclear gene expression (1).

Although types I and II IFNs bind distinctive receptors and differentially regulate the
expression of a variety of other cytokines, they develop synergistic functions priming
macrophages for tumor cell killing (4), enhancing CTL responses to melanoma cell vaccines
(5), and inhibiting viral replication (6). Recruitment and modulation of STAT1 are central
elements in the cross-talk between types I and II IFNs triggered in response to viral infection
(7, 8). However, the cooperative action of types I and II IFNs and the pathophysiological
significance of this interaction in autoimmunity have been less studied.

Multiple Sclerosis (MS) is a chronic inflammatory demyelinating disease of the central
nervous system (CNS) and the leading cause of neurological disability in young adults (9).
There is compelling evidence supporting the individual role of types I and II IFNs in the
pathogenesis of MS and its animal model, experimental autoimmune encephalomyelitis
(EAE3). The lack of either IFN-β or IFNAR results in a more severe and chronic EAE (10–
12) and the systemic administration of IFN-β is, to date, the most commonly used therapy
for MS providing longer periods of remission, reducing the severity of relapses, and
decreasing the inflammatory lesion in the CNS (13–16). In contrast, controversial evidence
has been reported in relation to the role of IFN-γ in MS and EAE. A positive association
between increased levels of IFN-γ and clinical manifestations attributed a pathological role
of IFN-γ in MS (17–20). Subsequent studies have challenged the notion that IFN-γ is
pathogenic, and they have even suggested a protective role for IFN-γ in EAE, and perhaps in
some forms of MS (21–27). Furthermore, EAE can be ameliorated after IFN-γ-treatment
(24, 28–30), whereas MS patients treated with IFN-γ exhibited exacerbations of disease
(31). Therefore, the role of IFN-γ in MS and EAE is still unresolved.

Th cells producing either IFN-γ (Th1) or IL-17 (Th17) have been shown to play a critical
role in the immunopathogenesis of MS and EAE (32–35). Recently, we have demonstrated
that IFN-β is very effective in the treatment of EAE induced by Th1 cells but it is ineffective
and induces exacerbations when disease is led by Th17 lymphocytes (36). Remarkably, IFN-
β treatment significantly worsened EAE in IFNGR deficient mice suggesting that
immunosuppression by IFN-β required functional activity of IFN-γ (36). In this study we
tested the hypothesis that IFN-β and IFN-γ act cooperatively to modulate autoimmune
neuroinflammation. Our results revealed an intricate interaction between types I and II IFNs
signaling in the pathogenesis of EAE regulating the threshold of EAE susceptibility, the
effector function of Th1 and Th17 cells and the severity of disease. A functional and
reciprocal interaction between types I and II IFNs signaling was indispensable to promote a
protective response.

MATERIALS AND METHODS
Mice

C57BL/6 (45.1 and 24.2) mice were purchased from Frederick Cancer Research. B6.129S7-
Ifngr1tm/Agt/J (Ifngr1−/−) mice were purchased from the Jackson Laboratory and
backcrossed onto C57BL/6 (B6) background for 10–12 generations. The B6.Ifnar1−/−

3Abbreviations used in this paper: CNS, central nervous system; EAE, experimental autoimmune encephalomyelitis; MS, multiple
sclerosis; MOG, myelin oligodendrocyte glycoprotein; wild type, WT; SC, spinal cord; MOGp, MOG35–55 peptide.
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mouse (37) was obtained from Dr. Jocelyn Demengeot (Instituto Gulbenkian de Ciência,
Oeiras, Portugal). Ifnagr1−/− mice were developed by crossing Ifnar1−/− and Ifngr1−/− mice.
The Stat1−/− mice was provided to us by Dr. R. Lorenz (University of Alabama at
Birmingham). All mice were maintained and bred at the UAB mouse facility and treated in
accordance with National Institute of Health and the University of Alabama Animal Care
and Use Committee guidelines.

Induction of EAE, scoring and treatment
Active EAE was induced by immunizing WT and knock-out mice 8 to 12 weeks of age with
a s.c. injection of MOG35–55 peptide (MOGp) (CPC Scientific) at the dose indicated as
described previously (38). For treatment with IFN-γ, either 400 ng or 1 μg of recombinant
murine IFN-γ (Millipore) was administered i.p.. Onset and classical clinical progression of
EAE symptoms were monitored daily using a standard scale of 0 to 6 as described
previously (38). Atypical EAE symptoms were scored as follows: 0- no clinical signs, 1 -
slight head tilt, 2 - severe head tilt, 3 - slight axial rotation/staggered walking, 4 - severe
axial rotation/spinning, 5 - moribund, 6 - death.

CD4+ T cell differentiation and adoptive transfer of EAE
Single-cell suspensions were harvested from pooled spleens and lymph nodes (5 mice per
group) 11 days after immunization with MOGp in CFA. The cells were restimulated with
MOGp under non-polarizing (unpolarized) conditions or under Th1 or Th17 polarizing
conditions as described previously (36, 39). The cell populations were characterized by flow
cytometry for cellular populations expressing CD4, CD8, B220, CD11b, CD11c, CD25,
FoxP3, IFN-γ and IL-17 as described reviously with antibodies obtained from BioLegend
(San Diego, CA) (39). For induction of adoptive transfer EAE, unpolarized, Th1 1 polarized
or Th17 polarized cells injected i.v. (6×106/mouse) into irradiated naïve WT mice. On the
day of transfer and 48 hours later, each mouse received 200 ng of pertussis toxin (List
Biologicals). To determine fate of Ifngr1−/− Th1 cells, 5 × 106 WT or Ifngr1−/− (CD45.2)
Th1 polarized encephalitogenic cells were transferred into naïve WT CD45.1 mice. Donor
and recipient infiltrating CD4+ T-cells were evaluated in spinal cords on day 14 and day 25
post transfer.

Cell proliferation
Encephalitogenic cells (5×105) were cultured in triplicate in 96-well U-bottomed plates in
the presence or absence of 10 μg/ml of MOGp and under either Th1 or Th17 polarizing
conditions at 37°C, 5% CO2 for 72 hours. Cells were pulsed with 1 μCi [3H]–thymidine/well
during the last 18 hours of culture and then [3H]–thymidine incorporation was measured.

Protein extraction and cytokine quantification
Brain tissues (brain stem and cerebellum) and SC were quickly removed from mice after 20
days of EAE induction, snap-frozen and stored at −80°C until processing. For the extraction
of total proteins, samples were homogenized in lysis buffer (20 mM Tris-HCl, pH=7.5; 150
mM NaCl; 1 mM PMSF; 0.05% Tween-20) containing proteinase inhibitors (Roche) and
frozen at −80°C. After thawing, samples were sonicated on ice and centrifuged at 20,000 x g
for 45 minutes at 4°C. The protein concentration in the supernatants was determined using
the bicinchronic acid (BCA) assay (Pierce). Samples were analyzed for protein levels of a
panel of 31 cytokines and chemokines (IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9,
IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17, IFN-γ, TNF-α, CCL2, CCL3, CCL4,
CCL5, CCL11, CXCL1, CXCL2, CXCL9, CXCL10, G-CSF, GM-CSF, M-CSF, VEGF,
LIF) using the Luminex-based Bio-Plex multiplex suspension protein array (Millipore),
according to the manufacturer’s instructions. 100 μg and 50 μg of protein from each brain
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(brain stem and cerebellum) tissue and spinal cord (SC) were assayed, respectively.
Concentrations of each cytokine and chemokine were determined using Bio-Plex Manager
version 4.1.1 software. Cytokine concentration was normalized by the total protein
concentration and expressed as picograms per milligram total protein.

Intracellular cytokine staining
Encephalitogenic cells were incubated with 50 ng/ml PMA, 500 ng/ml ionomycin and 10
μg/ml brefeldin A (all from Sigma-Aldrich) for the last 4 hours of culture. Cells were then
surface stained with PerCp-conjugated anti-mouse CD4 (BioLegend), washed, fixed and
permeabilized with Cytofix/Cytoperm kit (BD Biosciences-Pharmingen) according to the
manufacturer’s directions. Finally, cells were stained intracellularly with PE-conjugated
anti-mouse IFN-γ (BioLegend) and Alexa488-conjugated anti-mouse IL-17 (BioLegend).
Samples were acquired on a FACSCalibur and data analyzed with CellQuest Pro Software
(BD Bioscience).

Histology and immunohistochemistry
Cross sections of brain stem, cerebellum and spinal columns were obtained from mice at 20
days after EAE induction and were immersion-fixed in Bouin’s fixative. Histochemical and
immunohistological analysis were performed as described previously (40). Inflammatory
infiltrates and demyelination were analyzed histochemically by H&E and Luxol fast blue
staining, respectively. Neutrophils (anti-myeloperoxidase, Lab Vision), CD4+ T-cells (goat
anti-CD4, R&D Systems) and activated microglia (anti-GS-I-B4) were evaluated by
immunohistological staining. Images were captured using a Zeiss LSM 710 Confocal
Scanning microscope and Zen 2008 4.7.2 software (Carl Zeiss, Inc.)

Statistical analysis
All EAE disease scores were analyzed using Mann-Whitney non-parametric test or one-way
ANOVA Kruskall-Wallis with Dunns post-test using Prism 5 software (GraphPad
Software). Mann-Whitney (with Tukey’s multiple comparisons) was used for all other
analyses.

RESULTS
Type I interferon signals exacerbate the effector phase of EAE in IFNGR deficient mice

We reported that functional IFN-γ signaling is necessary for IFN-β to be therapeutically
effective in EAE (36). Thus, in order to test the hypothesis that type I and type II IFNs
cooperatively modulate pathogenesis in EAE, we examined the development and
progression of EAE in Ifnar1−/−Ifngr1−/− mice (Ifnagr1−/−) and compared it to that in
Ifngr1−/−, Ifnar1−/− and WT mice. EAE in Ifngr1−/− mice was delayed in onset but more
severe during the effector phase than that in WT and Ifnar1−/− mice (Fig. 1A, Table I). In
comparison, EAE in Ifnagr1−/− mice was less severe than that in Ifngr1−/− mice but just as
delayed in onset. In fact, the overall severity of disease in Ifnagr1−/− mice was slightly and
significantly lower than in Ifnar1−/− and WT mice (Fig. 1A). From these data we infer that
(i) IFN-γ has a dual activity in the pathogenesis of EAE: pathogenic during the inductive
phase, but protective during the effector phase; (ii) type I IFN signals exacerbate EAE in the
absence of IFN-γ signals as suggested by the lowest EAE severity observed in Ifnagr1−/−

mice; (iii) during the initiation phase of disease type II IFN signals are dominant over type I
IFN.

In addition to classical EAE, mice with loss of IFNGR signals also develop an atypical form
of disease (41, 42). Ifngr1−/− mice developed atypical EAE at an incidence greater than 85%
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and additional loss of IFNAR signaling, unlike classical EAE, had no effect in this form of
disease (Fig. 1B, Table II).

Opposing activity of IFN-γ in EAE
To test the prediction that IFN-γ has disease stage-specific opposing activity in EAE, we
treated mice daily with IFN-γ beginning at the time of immunization (day 1–9) or after onset
of clinical symptoms (day 10–19). Mice treated with 1 μg rIFN-γ beginning on the day of
immunization developed exacerbated EAE with greater mortality than those treated with
PBS (Fig. 2A, Table III). rIFN-γ treatment did not alter the mean day of onset (Table III). A
lower daily dose of rIFN-γ (400 ng) had no effect on disease severity or mortality. Most
remarkably, initiation of treatment with either 1 μg or 400 ng of rIFN-γ after first sign of
clinical symptoms (day 10–19) suppressed disease progression for the course of the
treatment (Fig. 2B). Following cessation of treatment, EAE severity bounced to levels
equivalent to that of PBS treated mice. Re-initiation of rIFN-γ therapy moderately induced
recovery (data not shown). The mean day of onset was also significantly delayed by both
doses of rIFN-γ treatment (Table III).

Our results from active EAE (Fig. 1A) suggested that IFN-α/β signaling work in cooperation
with IFN-γ signaling to modulate EAE severity. Therefore, we interrogated if type I IFN
signals participates in the disease amelioration induced by IFN-γ treatment. To test this
hypothesis we induced EAE in Ifnar1−/− mice and on day 10 we initiated treatment with
IFN-γ or PBS. Remarkably, EAE in Ifnar1−/− treated with IFN-γ was slight by significantly
more severe than in PBS treated mice (Fig. 2C, Table IV). This leads us to infer that type I
IFN signals cooperate with IFN-γ signals to attenuate disease. Not surprisingly, IFN-γ
treatment has no effect on EAE in mice lacking STAT1, the major STAT activated in
response to engagement of both IFN-γ and IFN-α/IFN-β receptors (Fig. 2D, Table IV) (1).

Type I and II IFN signals are required to sustain Th1 EAE but not Th17 EAE
Both Th1 and Th17 cells contribute to the pathogenesis of EAE, albeit through different
mechanisms (32, 43). To determine the T-cell intrinsic role of type I and II IFN signals in
Th1 versus Th17 EAE, we generated non-polarized, Th1 or Th17 polarized encephalitogenic
T-cells from WT and the different IFNR-deficient mice and transferred them into WT naïve
recipients. The donor cell populations from all groups of mice contained equal proportion of
CD4, CD8 and B220+ cells, Treg (CD4+CD25+FoxP3+) and no CD11b+ or CD11c+ cells at
the time of transfer (Supplemental Fig. 1A, 1B and data not shown). Irrespective of the
genotype of donor mice, restimulation cultures under non-polarizing conditions contained
Th1 cells, Th17 cells and a small proportion of CD4+ T cells that co-expressed IFN-γ and
IL-17 (ThIFN-γ+IL-17+) (Fig. 3). The proportion of Th1, Th17 and ThIFN-γ+IL-17+ cells in
cultures from WT and Ifnar1−/− mice was similar. Likewise, non-polarized cultures from
Ifngr1−/− and Ifnagr1−/− mice contained equal proportion of the three Th effector
subpopulations with respect to each other, but greater than Th effector subpopulations from
WT or Ifnar1−/− mice (Fig. 3). The elevated numbers of Th17 cells in non-polarized and
Th17 polarized cultures from Ifngr1−/− mice is expected and reflects inability of IFN-γ to
suppress Th17 differentiation (44, 45). However, the finding that lack of IFNGR signaling
led several fold greater numbers of Th1 cells is unexpected since it opposes the dogma that
IFN-γ is a feed forward signal for Th1 differentiation (46).

Cells cultured under Th1 or Th17 polarizing conditions predominantly contained IFN-
γexpressing cells or IL-17-expressing cells, respectively, independent of the genotype of the
donor (Fig. 3). This reflects a good efficiency in the generation of encephalitogenic Th1
cells or Th17 cells.
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We found that WT encephalitogenic T-cells induced a more severe disease in naïve
recipients than Ifnar1−/− donor T-cells, but with similar onset (11 days) (Fig. 4A, Table V).
Ifngr1−/− or Ifnagr1−/− donor encephalitogenic T-cells induced disease with earlier onset and
peak of severity than disease induced by WT or Ifnar1−/− encephalitogenic cells (Table V).
A feature common to recipients of Ifngr1−/− or Ifnagr1−/− cells is the partial remission of
disease to a severity less than that induced by WT donors and equivalent to that induced by
Ifnar1−/− donors (Fig. 4A).

Th1 polarized encephalitogenic T-cells from Ifngr1−/− and Ifnagr1−/− mice induced a very
rapid and acute disease followed by a near complete remission (Fig. 4B, Table V). In
contrast, WT Th1 polarized cells induced a slightly delayed but a non-remitting chronic
disease. This rapid remission in the recipients that received IFNGR-deficient Th1 polarized
encephalitogenic T-cells was impressive considering that the transferred cell population
contained up to 6 fold greater IFN-γ expressing CD4+ T-cells than in the WT Th1 polarized
population. We observed that Ifnar1−/− encephalitogenic Th1 polarized cells induced EAE
with onset and peak of severity equivalent to WT Th1 polarized cells, but this was followed
by a partial remission of disease (Fig. 4B). The results suggest that whereas there is a T-cell
intrinsic requirement for type I IFN signals to maintain severity of Th1 EAE, type II IFN
signals are essential for sustaining disease. The rapid recovery in recipients of IFNGR-
deficient Th1 polarized cells does not represent increased numbers of Treg cells
(Supplemental Fig. 1B), but may reflect the ability of the innate cells to respond to IFN-γ
stimulation. IFN-γ induces inducible nitric oxide synthase in innate cells and production of
NO leading their death and consequently disease attenuation (47). This property is likely to
be more pronounced in recipients of Ifngr1−/− Th1 cells since the donor populations contain
greater numbers of Th1 cells expressing high levels of IFN-γ (Fig. 3). To test this
possibility, we performed a converse experiment in which WT encephalitogenic Th1 cells
were transferred into naïve WT and Ifngr1−/− recipients. We observed that WT and Ifngr1−/−

recipients of encephalitogenic WT Th1 cells induced non-remitting EAE that ultimately
reached equal severity (Fig. 4C). The Ifngr1−/− recipients did exhibit a delay to reach peak
of disease. We suggest that this delay in reaching peak of disease mechanistically reflects
the delayed onset of active EAE in Ifngr1−/− mice (Fig. 1A), however this requires
additional investigation.

In opposition to Th1 EAE, recipients of Th17 polarized encephalitogenic T-cells from all
IFN receptor deficient mice developed EAE that was significantly rapid in onset followed by
a chronic phase showing no recovery over the 30 days of observation (Fig. 4D, Table V).
The development of Th17 EAE with WT donor cells was delayed and followed by a limited
recovery. A previous study showed that transfer of IFN-γ-deficient Th1 cells induced
atypical EAE in recipients (47). None of the recipient mice transferred with type II IFN
receptor-deficient Th1 or Th17 polarized cells developed atypical EAE. This supports the
premise that IFN-γ inducible factors, such as CXCL9 and CXC10 (47, 48), in the host and
not donor T cells are necessary to restrain encephalitogenic Th1 cells from entering the
brain.

Th1 cells and not Th17 cells from mice lacking IFNGR hyperproliferate in response to
antigen

The rapid remission or development of chronicity may also reflect the differential ability of
Th1 and Th17 cells from the IFNR deficient mice to proliferate in response to antigen
restimulation. To test for this possibility, we determined the proliferation of
encephalitogenic T cells stimulated with MOGp and cultured under non-polarizing, Th1
polarizing or Th17 polarizing conditions. In absence of stimulation or under Th17 polarizing
condition, the proliferation was similar in T-cells from all mice (Fig. 5A, 5B). In contrast, T
cells from Ifngr1−/− and Ifnagr1−/− mice cultured under non-polarizing or Th1 polarizing
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conditions significantly hyperproliferated in response to MOGp stimulation compared to
WT and Ifnar1−/− cells (Fig. 5C, 5D). Thus the failure of type II IFN receptor-deficient Th1
cells to sustain disease is not due to T-cell intrinsic inability to proliferate in the recipient
mice. We next determined if Ifngr1−/− Th1 cells are unable to persist in recipients. We
transferred equivalent numbers of WT or Ifngr1−/− Th1 polarized cells (CD45.2+) into naïve
WT CD45.1 mice and the number of CNS (SC) infiltrating recipient and donor CD4+ T-cells
were determined 14 and 25 days following transfer. The number of infiltrating recipient
CD4+ T-cells were equivalent in the recipients of WT or Ifngr1−/− Th1 polarized cells. In
contrast, the SC of recipients that received IFNGR-deficient cells contained fewer donor
cells than that of WT recipients on day 14 (Fig. 5 E). By day 28, less than 3500 IFNGR-
deficient donor cells were recovered from the recipients. From these results we infer that the
near complete remission of EAE in recipient mice that received IFNGR-deficient Th1 cells
is, at least in part, due to a T-cell intrinsic requirement for IFNGR-signaling for the
persistence of encephalitogenic Th1 cells.

IFNAR signaling does not affect IFN-γ regulated migration to brain
The infiltration of mononuclear cells into the CNS is dependent on Th1:Th17
encephalitogenic T-cell ration and is regulated by IFN-γ (47, 49). To determine whether
IFNAR signaling altered IFN-γ-regulated migration of leucocytes into the CNS, we
evaluated infiltration and demyelination in brain stem, cerebellum and SC at the peak of
disease (day 20). We observed detectible mononuclear infiltration and demyelination of
brain stem and cerebellum only in sections from Ifngr1−/− and Ifnagr1−/− mice (Fig. 6A,
6B). The levels of activated microglia/macrophages and the extent infiltration of neutrophils
and CD4+ T-cells were similar in the CNS of Ifngr1−/− mice and Ifnagr1−/− mice. The
results show that type I IFN signaling does not alter IFN-γ-dependent entry of inflammatory
cells into the brain.

Although the clinical score was similar to WT (3.5) and Ifnar1−/− (3.5) mice, the SC sections
from Ifngr1−/− mice (3.0) showed the greatest extent of mononuclear cell infiltration,
demyelination, presence of neutrophils, CD4+ T-cells and activated microglia/macrophages
(Fig. 6C). There was no difference between WT and Ifnar1−/− for all parameters evaluated.
The extent of mononuclear cell infiltration and demyelination in SC from Ifnagr1−/− mouse
was the least and this correlated with the lower classical EAE score of 1.0. However, this
mouse had severe atypical EAE (3.5).

Contribution of combined absence of IFNGR and IFNAR in modulating expression of
cytokines and chemokines in the spinal cord and brain

In order to determine the effect of the cooperative IFNAR and IFNGR signaling on the
expression of cytokines and chemokines in the CNS, we evaluated the expression of 31
cytokines and chemokines at the peak of disease (day 20) in brain and SC. IFN-γ expression
was elevated to equivalent levels in SC of WT and IFNAR-deficient mice (Fig. 7A). Small
amounts of IFN-γ were detected in brains of some WT and IFNAR-deficient mice, but
overall the levels were not significantly different from unimmunized mice (Supplemental
Table I). Notably, IFN-γ was expressed at significantly higher levels in brain and SC of
Ifngr1−/− and Ifnagr1−/− mice than in WT and Ifnar1−/− mice (Fig 7A, Supplemental Table
I). In both CNS tissues, there was a trend for lower IFN-γ in mice with combined lack of
IFNAR and IFNGR compared to IFNGR-only deficient mice; however, the difference was
not statistically significant within this sample size. This elevated level of IFN-γ in the
absence of IFNGR-signaling was not associated with increased expression of Tbet as
determined by real-time PCR or IL-12 p70 (data not shown). IL-17 was detected in all mice
with EAE in both SC and brain (Fig. 7B). We observed significantly higher levels of IL-17
in the SC, but not in the brain of Ifnar1−/− mice, compared to WT mice. The CNS of
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IFNGR-deficient− mice contained greatly elevated levels of IL-17 that was not altered by the
co-deletion of IFNAR (Fig. 7B). WT mice had the highest levels of IL-13 in comparison to
any of the IFNR-deficient mice (Fig 7C). IL-13 was essentially absent when IFNGR
signaling was ablated.

In both the SC and brain the levels of CXCL10 (IP10) was lower in IFNAR-deficient mice
than in WT mice, however, this difference was significant only in the brain (Fig. 7D). IP10
levels were further significantly reduced in CNS of IFNGR-deficient mice and mice lacking
both IFN receptors had the lowest levels of the chemokine. In fact, the expression of
CXCL10 in Ifnagr1−/− mice was comparable to that in unimmunized mice. The results
indicate that both IFNAR and IFNGR independently induce CXCL10 and combined loss of
both IFN receptors has an additive effect. Mice lacking only IFNAR had levels of CXCL9
(MIG) or CCL5 (RANTES) similar to WT mice (Fig. 7E, 7F). However, ablation of IFNGR
resulted in complete absence of CXCL9. IFNGR-deficient mice also had dramatically
reduced levels of CCL5 that was decreased to levels equivalent to that in unimmunized mice
when both IFNGR and IFNAR was absent (Fig. 7F). IFNAR-signaling dependent expression
of CCL5 has been observed previously (50) and our data suggest that does so only in the
absence of IFN-γ signaling.

Higher levels of G-CSF were observed in SC and brains of mice lacking IFNGR compared
to IFNAR-deficient or WT mice (Fig. 7G). This observation is consistent with the elevated
infiltration of neutrophils in the CNS of Ifngr1−/− mice (Fig. 6). In the SC, the levels of G-
CSF were significantly higher in IFNAR-deficient mice compared to WT mice but this was
not associated with any significant increase in neutrophil infiltration (Fig 7G). We found no
significant effect of IFN receptor deletion on the remaining 24 cytokines (see Materials and
Methods and data not shown).

Type I and II interferon signals regulate threshold of response to development of EAE
Two previous studies using the same Ifnar1−/− mouse as this study showed that loss of
IFNAR signaling exacerbates EAE, a finding that differs from our result (Fig. 1A) (10, 11).
We noticed that in both these reports EAE was induced with greater amount of MOGp than
our protocol. To determine if the difference in antigen dose explains the divergence of
results, we immunized the different IFN-receptor deficient mice and WT mice with 300 μg
of MOGp (high dose) and evaluated the development and progression of EAE. At this
higher immunization dose of MOGp, EAE in Ifnar1−/− mice as well as in Ifngr1−/− and
Ifnagr1−/− mice was more severe that in WT mice, thus reproducing the published reports
(Fig. 8A, Table I) (10, 11). However, increasing the MOGp immunization dose from 150 μg
to 300 μg led to a decrease in disease severity in WT mice (Table I). This decrease in
disease severity with increase in immunization dose might reflect the phenomenon of high-
dose tolerance (51, 52). Such decrease in disease severity was not observed in Ifnar1−/−

mice. In Ifngr1−/− mice the increase in peptide immunization dose did lead to significant
increase in disease severity and mortality (Supplemental Fig. 2D, Table I).

The above results suggest that type I and II IFNs have a role in regulating the threshold or
response to immunization dose and consequently affecting EAE disease course. We
therefore examined the effect of low dose MOGp (50 μg) immunization on development of
EAE in all groups of mice. The severity of EAE in all of the IFN-receptor deficient mice
was similar to each other but greater than that in WT mice (Fig. 8B, Table I). Importantly,
immunization with lower amounts of peptide did not significantly alter onset, incidence or
severity of disease in any of the IFNR deficient mice. In contrast, in WT mice immunized
with 50 μg of MOGp EAE was significantly less severe than mice immunized with 150 μg
of MOGp (Supplemental Fig. 2, Table I). The severity of atypical EAE in Ifngr1−/− mice
and Ifnagr1−/− was not significantly altered with 300 μg peptide immunization
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(Supplemental Fig. 3). However, in mice immunized with 50 μg peptide, Ifnagr1−/− mice
exhibited lower atypical disease severity than Ifngr1−/− mice. Overall the results show that
type I (IFNα and/or IFN-β) and IFN-γ signals are each independently involved in setting the
thresholds for susceptibility to EAE.

DISCUSSION
This study reveals a remarkable cooperative relationship between type I and II IFN signaling
in regulating pathogenesis of EAE. We show that the exacerbated disease observed in
IFNGR-deficient mice is reversed to levels observed in WT mice when there is concomitant
ablation of type I IFN signaling. IFN-β is highly expressed by brain-resident glial cells and
possibly infiltrating DC subsets in the CNS of mice during active EAE (11, 53–55). In fact,
we recently showed that endogenous IFN-β continues to be highly expressed in the CNS of
mice lacking IFNGR (56). This local expression of IFN-β is a protective response in EAE
and is the principle behind using it as therapy for the treatment of MS (10–12, 57). Our
results now show that in the absence of IFN-γ co-signaling endogenous IFN-α/β drives
inflammation rather than immunosuppression. This is consistent with our recent finding that
administration of IFN-β to IFNGR deficient mice with EAE further exacerbates disease (36).
This Janus like property of IFNAR signaling is also evident for IFNGR signaling. During
the initiation phase of EAE, IFN-γ drives pathogenesis as suggested by the delayed onset of
disease in IFNGR-deficient mice. Indeed, we found that administration of IFN-γ during this
period leads to exacerbation of disease. In contrast, type I IFN signaling seems to have
limited role in disease initiation. In comparison to EAE in WT mice, the lack of IFNAR or
IFN-β does not alter disease onset (10–12). The disease onset in mice with combined
absence of IFNAR and IFNGR was not different from those lacking only IFNGR, indicating
that type I IFN signaling begins to participate in EAE at a time point later than IFN-γ
signaling. In fact, IFN-β in EAE is first detected in the CNS only after onset of clinical
symptoms (11).

IFN-γ treatment controls the progression of experimental autoimmune myocarditis (58). In
rodent, IFN-γ treatment ameliorated EAE in some studies but induced encephalomyelitis in
others (24, 28–31, 59, 60). In MS, IFN-γ treatment led to exacerbations in some patients and
no benefit in others, an outcome recapitulated to some extent in a novel marmoset model of
EAE (31, 61). Overall these studies led to ambiguity regarding the role of IFN-γ in EAE and
MS (17–26). Our current study contributes to clarify this paradoxical evidence and provides
insight into the complex role of IFN-γ during EAE pathogenesis. Our results indicate that
the previous mixed outcome likely reflects disease-stage specific Janus-like function of IFN-
γ. We found that IFN-γ treatment during initiation phase promoted pathogenesis; in contrast
such treatment during the effector phase was immunosuppressive in EAE. However, this
immunosuppressive activity of IFN-γ required functional type I IFN signaling. The
composite developing picture reinforces the model that integration of type I and II IFN
signaling pathways are necessary to regulate pathogenesis in EAE. Imbalance of either
pathway drives pathogenesis.

We found that encephalitogenic Th1 cells require type II IFN signals for inducing persistent
and chronic EAE. In comparison, IFN-α/β signals are not necessary for chronicity but
important for disease severity. As reported here and shown previously, MOGp induced EAE
in IFN-γ signaling deficient mice is severe and chronic and this seems to conflict with the
self-limiting EAE induced by IFNGR-deficient Th1 cells (21–23, 27). We suggest this
difference reflects role of IFNGR signaling in Th1 cells versus other effector cells. IFN-γ
signaling is needed (1) to restrain Th17 differentiation and expansion (44, 45), (2) for
efficient IL-27 induction by dendritic cells and macrophages (62, 63), and (3) for induction

Naves et al. Page 9

J Immunol. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of inducible nitric oxide synthase and consequently production of nitric oxide (23, 28). Loss
of these key protective mechanisms would lead to exacerbation of disease.

The absence of persistent EAE induced by IFN-γ signaling-deficient Th1 donor cells can
also be attributed to the protective effects of IFN-γ. We find that Th1 polarized cell cultures
from IFNGR deficient mice contain several fold greater proportion of IFN-γ expressing cells
and these cells also express higher levels of IFN-γ compared to cells from WT or IFNAR
deficient mice. The high levels of IFN-γ can initially promote pathogenesis by promoting
activation of antigen presenting cells and other accessory cells such as upregulation of MHC
class II, co-stimulatory molecules, and adhesion molecules (64). Subsequently this higher
level of IFN-γ can suppress CNS inflammation by inducing expression of NO in activated
macrophages (65), inducing apoptosis of CNS-infiltrating lymphocytes and other
mononuclear cells (28) and/or production of anti-inflammatory or neuroprotective cytokines/
chemokines such as IL-13 and LIF(66–69). Indeed, we did observe that both IL-13 and LIF
were barely induced in the CNS of IFNGR deficient mice with EAE.

In opposition to Th1 cells, type I and II IFN signals restrain encephalitogenic Th17 cells and
do so independently of each other. These observations recapitulate in vivo our previous in
vitro finding of the ability of IFN-β to directly suppress Th17 cells but not Th1 cells (36).
The direct suppression of Th17 cell differentiation by IFN-γ or IFN-β in vitro has been
reported in several studies (10, 44, 45, 70).

Prinz et al. (11) using Ifnar1−/− conditional mice demonstrated that development and
severity of MOGp induced EAE was not altered in mice with selective loss of IFNAR in
CD4+ T cells. On first examination our result is inconsistent with their findings. However, it
is important to note that the previous study represents active EAE and therefore the
combined result of Th1 and Th17 cells. Our study dissects the relative role of IFNAR in Th1
cells versus Th17 cells. Since loss of IFNAR signaling has opposing outcomes in Th1 and
Th17 EAE, the combined effect could be null and therefore it reconciles the inconsistencies
between the two studies.

The higher levels of IFN-γ and IL-17 in brains and SC of IFNGR−/− mice is expected since
IFN-γ signals inhibit IL-17 gene expression (44, 45). However, the expanded numbers of
Th1 cells induced in the absence of IFNGR is counter-intuitive when considering the
paradigm that IFN-γ provides feed-forward signals for the expression of Tbet (46). This
suggests that IFN-γ may also have regulatory effects in Th1 cells. IFNAR-deficient mice
showed significantly lower concentration of CXCL10 and IL-13 in brain whereas higher
levels of G-CSF and CCL11 were detected in SC with respect to WT mice. Remarkably, the
absence of IFN-γ signaling resulted in a similar effect on these cytokines. These results
suggest that the expression of CXCL10, IL-13, G-CSF and CCL11 is independently
regulated by both type I and II IFN signaling and in a tissue-specific manner. The CNS of
mice lacking both IFNAR and IFNGR contained lower levels of CXCL10 and higher levels
of IL-17 than the CNS of mice that only lacked IFNGR. This indicates modulation by type I
IFN signaling on those IFN-γ-regulated cytokines. The brain and spinal cords of IFNGR-
deficient mice with EAE contained high levels of G-CSF and very low expression of the
IFN-γ regulated chemokines, CXCL9, CXCL10 and CCL5. The elevated G-CSF might
contribute to the enhanced numbers of neutrophils detected in the CNS of IFN-γ signaling
deficient mice. CXCL9 and CXCL10 are chemokines that restrain the entry of leukocytes
into the brain and their down regulation is associated with atypical EAE (47, 48), whereas
CCL5 is an important chemokine for firm adhesion of leukocytes to the vasculature in the
brain (71). Collectively these results reveal the independent and dependent action of types I
and II IFNs in the CNS-specific modulation of key cytokines and chemokines in the
pathogenesis of EAE.
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As previously reported, we found high levels of IFN-γ and IL-17 in the brains of IFNGR-
deficient mice as they developed atypical EAE (35, 47). Mice with atypical EAE have much
greater infiltration of encephalitogenic effector cells into the brain and brain stem than those
with classical EAE (47). Our finding that IFNAR-deficient does not develop symptoms or
pathological features of atypical EAE indicates that IFN-γ signaling, but not IFNAR
signaling is necessary to restrain encephalitogenic cells from entering the brain. None of the
mice receiving IFNGR-deficient Th1 or Th17 cells developed clinical symptoms of atypical
EAE. This implies that loss of IFNGR signals in T-cells is insufficient to induce atypical
EAE and suggest a role of other cells such as macrophages, epithelial cells, and glial cells in
this process.

In summary our data reveal that cooperative signaling from types I and II IFNs are necessary
to restrain the pathogenesis in EAE. Loss and perhaps imbalance of either IFN signal
aggravates inflammation and results in exacerbated disease. This study also demonstrates
that response to IFN signals by the different effector populations involved in the
pathogenesis of EAE varies and can have opposite outcome. Elucidating these mechanisms
for the different innate and adaptive effector cells that contribute to the pathogenesis of MS
will enable the development of effective therapeutics that selectively target arms of the IFN
signaling pathway.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Type I and II IFN signaling determine severity of disease. (A) Classical and (B) atypical
clinical scores from WT, Ifnar1−/−, Ifngr1−/− and Ifnagr1−/−mice induced with 150 μg of
MOGp per mouse. Error bars represent means ± s.e.m., n=8–14 mice per group. Results are
pooled from three experiments. *P < 0.05 for comparison between Ifngr1−/− vs WT,
Ifnar1−/−and Ifnagr1−/− mice between days 21–30 and for Ifnagr1−/− vs WT, Ifnar1−/−mice
and Ifngr1−/− mice between days 1–30.
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FIGURE 2.
Dual role of IFN-γ in EAE. Clinical scores from EAE in C57BL/6 mice that were treated
with PBS, 400 ng or 1 μg IFN-γ daily from (A) day 1 to day 10 or (B) day 10 to day 19 after
EAE induction. n=9–13 mice/group. (C) Clinical scores from EAE in WT and Ifnar1−/−

mice that were treated with PBS or 1 μg IFN-γ daily from day 10 to day 19 after EAE-
induction. n=8 mice/group. (D) Clinical scores from EAE in WT and Stat1−/− mice treated
with PBS or 1 μg IFN-γ daily from day 10 to day 19 after EAE-induction. n=7–12 mice/
group. Results are pooled from two or three experiments. **P < 0.001 for comparisons
between (A) 1 μg IFN-γ-treated WT mice versus PBS-treated WT and 400 ng IFN-γ-treated
WT between days 16–30; (B) PBS-treated WT versus 400 ng and 1 μg IFN-γ-treated WT
mice between days 10–30; (C) PBS-treated Ifnar1−/− mice versus IFN-γ-treated Ifnar1−/−

between days 16–30.
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FIGURE 3.
Encephalitogenic Th1 and Th17 cell differentiation in the presence or absence of IFN
receptors. Percentage of IFN-γ+CD4+ and IL-17+CD4+ T-cells in mononuclear cells
isolated from pooled spleen and lymph nodes (5 mice per group) of WT, Ifnar1−/−, Ifngr1−/
− and Ifnagr1−/−mice 11 days after EAE induction. Cells were re-stimulated in vitro with
MOG35–55 peptide in nonpolarizing (Non), Th1-polarizing (Th1) or Th17-polarizing
(Th17) conditions. After 72 hours, intracellular cytokine production was determined by flow
cytometry. The data shown are representative of four independent experiments.
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FIGURE 4.
Type I and II IFN signals are required to sustain Th1 EAE but not Th17 EAE. (A, B and D)
Clinical scores of WT mice with EAE induced by adoptive transfer of (A) nonpolarized cells
(NON), (B) Th1 cells or (D) Th17 cells isolated from MOGp-induced WT, Ifnar1−/−,
Ifngr1−/− or Ifnagr1−/− mice. (C) Clinical scores of EAE in WT or Ifngr1−/− mice induced by
adoptive transfer of WT Th1 cells. Error bars represent means ± SEM (n= 7–11 mice/
group). Results are pooled from three experiments. *P < 0.05: (A) WT versus Ifnar1−/−,
Ifngr1−/− and Ifnagr1−/− mice between days 11–30; (B) WT versus Ifnar1−/−, Ifngr1−/− and
Ifnagr1−/− mice between days 12–30 and Ifnar1−/− mice vs Ifngr1−/− and Ifnagr1−/− mice
between days 12–30; (D) WT versus Ifnar1−/−, Ifngr1−/− and Ifnagr1−/− mice between days
10–30. **P < 0.001.
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FIGURE 5.
IFNGR deficient encephalitogenic Th1 cells but not Th17 cells hyperproliferate but don’t
persist in vivo. [3H]-Thy-cell proliferation of donor cells re-stimulated in vitro in (A)
absence (control media) or (B–D) presence of 10 μg/ml MOGp in (B) nonpolarizing (Non),
(C) Th1-polarizing (Th1) or (D) Th17-polarizing (Th17) conditions. Results are expressed
in counts per minute (CPM). Error bars represent mean ± SEM values from three
independent experiments. * P < 0.05. (E) IFNGR1-deficient Th1 polarized encephalitogenic
T-cells do not persist. CD45.2 WT or Ifngr1−/− Th1 polarized encephalitogenic cells were
transferred into naïve WT CD45.1 recipients. On days 14 and 25 post transfer, the number
of infiltrating recipient (CD45.1+) CD4+ T-cells or donor (CD45.2+) CD4+ T-cells was
determined by flow cytometry. Cell number±SD at each time point represents mean from
two pools of three mice each.
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FIGURE 6.
IFN-γ signaling determines the distribution of CNS cell-infiltration independent of type I
IFN signaling. Histology of (A) brain stem, (B) cerebellum and(C) SC sections from
uninduced wild type (WT) mice and EAE-induced wild type (WT), Ifnar1−/−, Ifngr1−/−and
Ifnagr1−/− mice after 20 days of induction. Tissue sections were stained to evaluate cell
infiltration (H&E), demyelination (luxol fast blue, LFB), neutrophil infiltration
(myeloperoxidase, MPO), microglia/macrophages activation (GS-l-B4) and CD4+ T-cells
infiltration. Arrows mark areas of cell infiltration or demyelination. Representative sections
from two serial sections per mouse from two mice per group are shown.
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FIGURE 7. Cytokine and chemokine expression in the CNS of mice lacking type I and/or type II
IFN receptors
Expression of (A) IFN-γ (B) IL-17, (C) IL-13 (D) CXCL10 (IP10), (E) CXCL9 (F) CCL5
(RANTES), and (G) G-CSF in spinal cord and brain isolated from unimmunized (unimm,
n=9) and EAE-induced wild type (WT, n=6), Ifnar1−/− (n=5), Ifngr1−/− (n=5) and Ifnagr1−/−

(n=5) mice at day 20 after EAE induction. Data represent means ± SEM of cytokine/
chemokine concentration expressed as pg/mg total protein. The statistical comparisons are
presented in Table S1.
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FIGURE 8.
Type I and II IFN signaling determine severity of disease and the threshold for EAE
susceptibility. Classical clinical scores from WT, Ifnar1−/−, Ifngr1−/− and Ifnagr1−/− mice
induced with (A) 300 μg (high dose) or (B) 50 μg (low dose) of MOGp per mouse. Error
bars represent mean ± SEM, n=8–14 mice/group. Results are pooled from three similar
experiments. *P < 0.05 for groups of mice compared in the figure between days (A) 17–30
and (B) 20–30.

Naves et al. Page 23

J Immunol. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Naves et al. Page 24

Ta
bl

e 
I

C
la

ss
ic

al
 E

A
E

 s
ev

er
ity

 in
 ty

pe
 I

 a
nd

 I
I 

in
te

rf
er

on
 d

ef
ic

ie
nt

 m
ic

e 
is

 n
ot

 s
en

si
tiv

e 
to

 c
ha

ng
es

 in
 in

du
ci

ng
 a

nt
ig

en
 d

os
ea

G
ro

up
 o

f 
m

ic
e

D
ay

 o
f 

O
ns

et
 (

m
ea

n±
SD

)
M

ax
 S

co
re

 (
m

ea
n±

SD
)

T
im

e 
to

 P
ea

k 
(d

ay
s)

 (
m

ea
n±

SD
)

A
cc

um
ul

at
iv

e 
Sc

or
e 

(m
ea

n±
SD

)
M

or
ta

lit
y 

(%
)

St
an

da
rd

 M
O

G
 d

os
e

W
T

11
.3

 ±
 1

.0
4.

3 
±

 0
.7

14
 ±

 1
.5

67
.6

 ±
 1

4.
4

1/
10

 (
10

%
)

If
na

r1
−/

−
12

.6
 ±

 2
.3

4.
2 

±
 0

.5
15

.7
 ±

 1
.6

69
 ±

 1
5.

8
0/

10
 (

0%
)

If
ng

r1
−/

−
15

.6
 ±

 4
.1

b
4.

8 
±

 0
.7

b
23

.6
 ±

 4
.3

c
62

.1
 ±

 1
7.

7
2/

9 
(2

2.
2%

)

If
na

gr
1−/

−
14

.9
 ±

 2
.0

c
3.

9 
±

 1
.0

24
 ±

 2
.9

c
50

.8
 ±

 2
2.

1
1/

8 
(1

2.
5%

)

H
ig

h 
M

O
G

 d
os

e

W
T

12
.6

 ±
 2

.0
3.

8 
±

 0
.6

15
.9

 ±
 2

.7
53

.2
 ±

 1
2.

6d
0/

11
 (

0%
)

If
na

r1
−/

−
12

.4
 ±

 1
.7

4.
2 

±
 0

.7
16

.4
 ±

 2
.7

64
.2

 ±
 1

3.
4

1/
9 

(1
1.

1%
)

If
ng

r1
−/

−
13

.4
 ±

 1
.1

5.
1 

±
 0

.6
c

19
.2

 ±
 1

.5
b,

d
72

.7
 ±

 1
0.

1b
6e

/1
0 

(6
0%

)b

If
na

gr
1−/

−
14

.5
 ±

 0
.9

b
4.

3 
±

 1
.3

18
.5

 ±
 1

.8
b,

d
56

.1
 ±

 1
7

2/
8 

(2
5%

)

L
ow

 M
O

G
 d

os
e

W
T

14
.6

 ±
 2

.7
d

3.
6 

±
 0

.5
d

18
.1

 ±
 3

.6
d

46
.5

 ±
 1

4.
4d

0/
14

 (
0%

)

If
na

r1
−/

−
14

 ±
 1

.6
4.

3 
±

 0
.3

c
18

.1
 ±

 1
.7

d
60

.6
 ±

 1
1.

6
0/

13
 (

0%
)

If
ng

r1
−/

−
15

.9
 ±

 1
.6

4.
3 

±
 1

.0
b

22
.4

 ±
 3

.0
b

53
.7

 ±
 1

7.
5

2/
14

 (
14

.3
%

)

If
na

gr
1−/

−
16

.7
 ±

 3
.1

3.
8 

±
 0

.8
22

.1
 ±

 3
.2

b
48

.7
 ±

 2
0.

2
1/

11
 (

9.
1%

)

a M
O

G
 d

os
e 

w
er

e 
15

0 
μ

g/
m

ou
se

 (
st

an
da

rd
),

 5
0 
μ

g/
m

ou
se

 (
lo

w
) 

an
d 

30
0 
μ

g/
m

ou
se

 (
hi

gh
),

 r
es

pe
ct

iv
el

y.

b p 
<

0.
05

;

c p 
<

0.
00

1.
 C

om
pa

ri
so

ns
 b

et
w

ee
n 

ea
ch

 I
FN

R
 K

O
 m

ic
e 

vs
 W

T
 m

ic
e 

w
ith

in
 a

n 
in

du
ci

ng
 M

O
G

 d
os

e.

d p 
<

0.
05

. C
om

pa
ri

so
ns

 b
et

w
ee

n 
hi

gh
 o

r 
lo

w
 d

os
e 

M
O

G
 v

s 
st

an
da

rd
 d

os
e 

M
O

G
 w

ith
in

 a
 m

ou
se

 li
ne

.

e In
cl

ud
es

 3
 m

or
ib

un
d 

m
ic

e 
th

at
 w

er
e 

sa
cr

if
ic

ed

J Immunol. Author manuscript; available in PMC 2014 September 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Naves et al. Page 25

Table II

Incidence of atypical EAE in IFNGR deficient mice

Group of mice Incidence (%)

Standard MOG dose

WT 0/10 (0 %)

Ifnar1−/− 0/10 (0 %)

Ifngr1−/− 8/9 (89 %)

Ifnagr1−/− 5/8 (63 %)

High MOG dose

WT 0/11 (0 %)

Ifnar1−/− 0/9 (0 %)

Ifngr1−/− 4/10 (40 %)a

Ifnagr1−/− 6/8 (65 %)

Low MOG dose

WT 0/14 (0 %)

Ifnar1−/− 0/13 (0 %)

Ifngr1−/− 12/14 (86 %)

Ifnagr1−/− 8/11 (73 %)

a
These mice rapidly developed severe EAE, complicating the ability to resolve atypical from classical EAE.

The percent of atypical EAE is a conservative estimate; however, the actual incidence is most likely greater than 90 %.
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