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Abstract
Background: The interplay between IFN-γ, IL-17 and neutrophils during CNS inflammatory disease is complex due
to cross-regulatory factors affecting both positive and negative feedback loops. These interactions have hindered
the ability to distinguish the relative contributions of neutrophils, Th1 and Th17 cell-derived effector molecules from
secondary mediators to tissue damage and morbidity.
Methods: Encephalitis induced by a gliatropic murine coronavirus was used as a model to assess the direct
contributions of neutrophils, IFN-γ and IL-17 to virus-induced mortality. CNS inflammatory conditions were
selectively manipulated by adoptive transfer of virus-primed wild-type (WT) or IFN-γ deficient (GKO) memory CD4+
T cells into infected SCID mice, coupled with antibody-mediated neutrophil depletion and cytokine blockade.
Results: Transfer of GKO memory CD4+ T cells into infected SCID mice induced rapid mortality compared to
recipients of WT memory CD4+ T cells, despite similar virus control and demyelination. In contrast to recipients of
WT CD4+ T cells, extensive neutrophil infiltration and IL-17 expression within the CNS in recipients of GKO CD4+ T
cells provided a model to directly assess their contribution(s) to disease. Recipients of WT CD4+ T cells depleted of
IFN-γ did not express IL-17 and were spared from mortality despite abundant CNS neutrophil infiltration, indicating
that mortality was not mediated by excessive CNS neutrophil accumulation. By contrast, IL-17 depletion rescued
recipients of GKO CD4+ T cells from rapid mortality without diminishing neutrophils or reducing GM-CSF, associated
with pathogenic Th17 cells in CNS autoimmune models. Furthermore, co-transfer of WT and GKO CD4+ T cells
prolonged survival in an IFN-γ dependent manner, although IL-17 transcription was not reduced.
Conclusions: These data demonstrate that IL-17 mediates detrimental clinical consequences in an IFN-γ-deprived
environment, independent of extensive neutrophil accumulation or GM-CSF upregulation. The results also suggest
that IFN-γ overrides the detrimental IL-17 effector responses via a mechanism downstream of transcriptional
regulation.
Keywords: Central nervous system, Encephalomyelitis, CD4+ T cells, IFN-γ, IL-17, Neutrophils, Neurotropic
coronavirus

Background
IL-17 and IFN-γ play diverse and often opposing functions during microbial infections, as well as autoimmune
diseases. These interactions are partially attributed to
their distinct regulation of the neutrophil response. Both
IL-17A and IL-17 F signal through the IL-17R to induce
granulocyte colony-stimulating factor and stem cell
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factor, thereby expanding neutrophil progenitors in the
bone marrow and spleen as well as increasing mature
neutrophils in the blood [1-3]. IL-17 also induces ELR+
CXC chemokines, which attract neutrophils [2,3]. By
contrast, IFN-γ opposes neutrophil recruitment by
downregulating expression of neutrophil chemoattractants [4]. Analysis of polarized T cell subsets and genetically deficient mice has provided insight into the
distinct effector functions of IL-17 and IFN-γ; however,
the interplay between IL-17 and IFN-γ in vivo remains
complex [5,6]. Moreover, downstream effector mechanisms
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mediating pathological consequences may be tissue- and
pathogen-specific and are largely unresolved. For example,
Th17 cell-mediated protection is critical during bacterial
pneumonia [2]. IL-17-mediated neutrophil recruitment to
the infection site also indicates a protective role for Th17
cells during oropharyngeal candidiasis [7]. By contrast,
Th17-mediated inhibition of both protective Th1 responses
and antimicrobial neutrophil functions increased tissue destruction following gastric candidiasis and pulmonary aspergillosis [8]. These differences may reflect distinct
infection sites, as indicated by the distinct immune
responses to Candida albicans, which are dependent upon
the anatomical site of infection [7].
Viral infections are often dominated by Th1 responses.
However, the coemergence of Th17 and Th1 cells has
recently been documented in several infections, including human immunodeficiency virus [9], simian immunodeficiency virus [10] and cytomegalovirus [11]. A
deleterious role of IL-17 is implied by acute lung injury
associated with IL-17-mediated neutrophil recruitment
during influenza virus infection [12]. By contrast, Th17
responses are protective against lethal influenza virus infection in IL-10-deficient mice [13]. Similarly, IFN-γmediated protection during herpes simplex virus-1 corneal infection correlated with reduced IL-17 production
and subsequent neutrophil infiltration [14]. However,
the function of IL-17 during central nervous system
(CNS) viral infections, including human immunodeficiency virus encephalitis, is unclear, although Th17 cells
promote Theiler’s murine encephalomyelitis virus persistence and chronic demyelination by limiting the antiviral cytotoxic T-lymphocyte response [15].
In contrast to the limited information on IL-17 function during viral encephalitis, analysis of experimental
autoimmune encephalitis (EAE) has revealed numerous
insights into effector mechanisms as well as crosstalk between Th1 and Th17 cells [16]. Although the inflammatory CNS disease multiple sclerosis and its animal model
EAE were historically associated with a Th1 immune response [17,18], a pro-inflammatory role of IFN-γ was
contradicted by substantially increased disease severity
and mortality in mice deficient in IFN-γ (GKO) or the
IFN-γR [19,20]. The correlation between increased EAE
severity, enhanced Th17 responses and neutrophil infiltration into the CNS of GKO mice suggested that IFN-γ
might be protective by inhibiting the Th17 response
[21]. Although IL-17−/− mice are susceptible to EAE
[22], adoptive transfer of polarized encephalitogenic
CD4+ T cells support Th17 cells as detrimental participants in EAE [23,24]. However, the pathogenic mechanisms associated with Th17 cells remain an ongoing
challenge and may involve multiple pathways. These include excessive CNS neutrophil infiltration and release
of degrading enzymes, free radicals and pro-inflammatory
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cytokines, direct IL-17-mediated neuronal toxicity [25],
and/or secretion of granulocyte macrophage colonystimulating factor (GM-CSF) as the pathogenic effector
molecule [26-28]. These data suggest that the balance between IFN-γ and IL-17 effector functions, as well as their
regulation of neutrophils may dictate the outcome of
non autoimmune-driven CNS inflammation, such as viral
encephalitis.
During encephalomyelitis induced by the strain designated JHMV, CD4+ T cells not only contribute to antiviral effects by enhancing CD8+ T cell function within
the CNS [29] but also mediate viral control in absence
of CD8+ T cells [30]. Nevertheless, they also contribute
to both clinical disease and demyelination [30]. To define the role of CD4+ relative to CD8+ T cells in viral encephalitis, memory CD4+ T cells from immunized
donors were transferred into infected severe combined
immunodeficiency (SCID) mice [31]. This study revealed
an early morbidity and mortality in infected recipients of
CD4+ T cells lacking the ability to secrete IFN-γ compared to recipients of IFN-γ-sufficient CD4+ T cells or
infected unreconstituted control mice [31]. Notably,
both memory populations were equally effective in controlling virus replication [31]. The lethal outcome was
specific for CD4+ T cells lacking IFN-γ [31], but not for
a similar memory CD8+ T cell population deficient in
IFN-γ [32]. These data suggest that mortality was related
to immune effector functions specific to CD4+ T cells
and controlled by IFN-γ.
In this study, SCID recipients of GKO CD4+ T cells
infected with JHMV were characterized by extensive
neutrophil accumulation and IL-17 expression within
the CNS. Neutrophil infiltration in the absence of IFN-γ
correlated with significantly elevated levels of CXCL1,
independent of IL-17. Moreover, comparison of infected
recipients of wild-type (WT) CD4+ T cells depleted of
IFN-γ and recipients of GKO CD4+ T cells depleted of
IL-17 revealed mortality was due to IL-17, irrespective
of abundant neutrophil accumulation. IFN-γ introduced
by co-transfer of WT CD4+ T cells with IL-17-producing
GKO CD4+ T cells abrogated the detrimental effects of
IL-17 without affecting IL-17 transcription within the
CNS. These data thus segregate the effects of toxic neutrophil components from IL-17-mediated pathogenesis.

Material and Methods
Mice

Homozygous BALB/c Thy1.1 mice, provided by Dr. J. Harty
(University of Iowa, Iowa City, IA, USA) and GKO
BALB/c mice, provided by Dr. R. Coffman (DNAX Research, Palo Alto, CA, USA), were bred locally at the
Cleveland Clinic. SCID mice were obtained from the National Cancer Institute (Frederick, MD, USA). Recipients
and donors were maintained under sterile conditions
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and all procedures were performed in compliance with
Cleveland Clinic Institutional Animal Care and Use
Committee-approved protocols.
Virus

The gliatropic JHM strain of mouse hepatitis virus
(JHMV)-neutralizing mAb variant designated 2.2v-1 was
used for intracerebral infection [33]. JHMV was propagated and plaque assayed on monolayers of DBT cells, a
continuous murine astrocytoma cell line [32]. SCID mice
were injected in the left hemisphere with 30 μl volume
containing 500 PFU of JHMV diluted in endotoxin-free
Dulbecco’s modified PBS. The severity of the JHMVinduced clinical disease was graded as follows: 0, healthy;
1, ruffled fur and hunched back; 2, partial hind limb paralysis or inability to turn to the upright position; 3,
complete hind limb paralysis; 4, moribund or dead.
Virus titers were determined on plaque assay on monolayers of DBT cells as previously described [32,33].
Briefly, brains were homogenized in ice-cold Dulbecco’s
PBS using Ten Broeck tissue homogenizers (Kimble
Chase, Vineland, NJ, USA). After clarification by centrifugation at 400 x g for 7 minutes at 4°C, supernatants
were stored at −70°C whereas pellets containing CNSderived cells were suspended in Percoll (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden) and used for flow
cytometry analysis (see below).
T cell purification and adoptive transfer

BALB/c Thy1.1 and GKO donors were immunized by
intraperitoneal (i.p.) injection with 2 × 106 PFU of JHMV.
Donor splenocytes were prepared four to sixteen weeks
post immunization. CD4+ T cells were purified by positive selection using anti-CD4-coated magnetic beads
(Miltenyi Biotec Inc., Auburn, CA, USA). Purity of the
purified population was assessed by flow cytometry
using fluorescein isothiocyanate- (FITC) labeled antiCD4 (clone GK1.5), phycoerythrin- (PE) labeled antiCD8 (clone 53-6.7) and peridinin chlorophyll protein(PerCP) labeled anti-CD19 (clone 1D3) mAbs (BD Pharmingen, San Diego, CA, USA). Recipients received
5 × 106 donor CD4+ T cells composed of 100% Thy1.1
(WT), 100% GKO or a 50/50% mixture of Thy1.1/GKO
(WT/GKO) CD4+ T cells by intravenous (i.v.) injection
coupled with a single i.p. injection of 250 μg of anti-CD8
mAb (clone TIB.210). Mice were challenged with virus
two to three hours after adoptive transfer. For neutrophil
depletion, mice received i.p. injections of either 500 μg
of anti-Ly-6G (clone 1A8) or anti-Gr1 (clone RB6-8C5)
mAb every other day until sacrifice, starting two days
before infection. Depletion was confirmed in both cases
by flow cytometric analysis using anti-Ly-6G (clone 1A8)
mAb in addition to examination of hematoxylin and
eosin- (H&E) stained sections of brain. Only data for the
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anti-Ly6G experiments are shown. No differences in survival relative to control-treated mice were observed following treatment with either neutrophil-depleting mAb.
Similarly, for anti-IFN-γ treatment, mice received i.p.
injections of 500 μg of anti-IFN-γ (clone XMG1.2) mAb
every other day, starting two days before infection. For
anti-IL17 treatment, mice received i.p. injections of 1 mg
of anti-IL-17A (clone 1D10) mAb at day zero and six
post infection (p.i.).
Isolation of central nervous system-derived cells

After brain homogenization and centrifugation to obtain
supernatants for virus determination as described above,
cell pellets were resuspended in RPMI containing 25
mM HEPES, pH 7.2 and adjusted to 30% Percoll (GE
Healthcare Bio-Sciences BA). A 1 ml underlay of 70%
Percoll was added prior to centrifugation at 800 x g for
30 minutes at 4°C. Cells were recovered from the 30% to
70% interface and washed with RPMI medium prior to
analysis.
Flow cytometry

CNS mononuclear cell suspensions were blocked with
anti-mouse CD16/CD32 (clone 2.4G2, BD Pharmingen)
mAb on ice for 15 minutes prior to staining. Cells were
then stained with FITC-, PE-, PerCP- or allophycocyaninconjugated mAb for 30 minutes on ice in PBS containing
0.1% BSA. Expression of surface molecules was characterized using the following mAbs (all obtained from BD
Pharmingen except when indicated): anti-CD45 (Clone
Ly-5), anti-CD4 (clone GK1.5), anti-Thy1.1 (clone OX-7),
anti-CD8 (clone 53-6.7), anti-CD11b (clone M1/70), antiF4/80 (Serotec, Oxford, UK), anti-Ly6G (clone 1A8) and
anti I-A/I-E (clone 2G9). Samples were analyzed on a
FACSCalibur flow cytometer using CellQuest software
(Becton Dickinson, Mountain View, CA, USA).
Gene expression analysis

RNA was isolated from three or more individual brains per
group using TRIzoL reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. cDNAs
were prepared using SuperScript II Reverse Transcriptase
(Invitrogen) and oligo (dT)12–18 primers (Invitrogen). Semiquantitative RNA expression was assessed using LightCycler and SYBR Green kit (Roche, Basel, Switzerland) and
the following primers; ubiquitin: F: 5’- TGGCTATTAATTATTCGGTCTGCAT-3’, R: 5’- GCAAGTGGCTAGAGT
GCAGAGTAA -3’; IFN-γ: F: 5’- TGATGGCCTGATTGTC
TTTCAA-3’, R: 5’- GGATATCTGGAGGAACTGGCAA3’; IL-17: F: 5’-CTTCATCTGTGTCTCTGATGCTGTT-3’,
R: 5’- TCGCTGCTGCCTTCACTGT-3’; IL-22: F: 5’- CAT
GCAGGAGGTGGTACCTT-3’, R: 5’- CAGACGCAAGC
ATTTCTCAG-3’; IL-21: F: 5’- GGACAGTATAGACGCT
CACGAATG-3’, R: 5’- CGTATCGTACTTCTCCACTT
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GCA-3’; MHC class II: F: 5’- TCAACATCACATGGCT
CAGAAATA-3’, R: 5’- AGACAGCTTGTGGAAGGAA
TGG-3’; GM-CSF: F: 5’- TTTCCTGGGCATTGTGGT
CTA -3’, R: 5’- AAGGCCGGGTGACAGTGAT -3’; IL-6: F:
5’- ACACATGTTCTCTGGGAAATCGT -3’, R: 5’- AAG
TGCATCATCGTTGTTCATACA-3’; IL-1β: F: 5’- GACG
GCACACCCACCCT-3’, R: 5’- AAACCGTTTTTCCAT
CTTCTTCTTT-3’; CCL7: F: 5’-GGGAAGCTGTTATCT
TCAAGACAAA-3’, R:5’-CTCCTCGACCCACTTCTGA
TG-3’; CCL20: F: 5’-GGTGGCAAGCGTCTGCTC-3’, R:
5’-GCCTGGCTGCAGAGGTGA-3’; CXCL2: F: 5’-CCTG
CCAAGGGTTGACTTCA-3’, R: 5’-TTCTGTCTGGGC
GCAGTG-3’; MMP9: F: 5’- CCATGCACTGGGCTTAG
ATCAT-3’, R: 5’- CAGATACTGGATGCCGTCTATGTC3’; MMP3: F: 5’- TTTAAAGGAAATCAGTTCTGGGC
TATA-3’, R: 5’-CGATCTTCTTCACGGTTGCA-3’; M
MP12: F: 5’- GGAGCTCACGGAGACTTCAACT-3’, R: 5’CCTTGAATACCAGGTCCAGGATA -3’. TaqMan primers
and 2X TaqMan fast master mix (Applied Biosystems,
Carlsbad, CA, USA) were used to assessed CXCL1 and
CCL2 mRNA levels. Levels of mRNA expression were normalized to ubiquitin mRNA using ΔCt method as previously described [31].
Immunofluorescence

After ice-cold PBS perfusion, brains in OCT were frozen
in liquid nitrogen and stored at −80°C until 10 μm sections were prepared. Sections were fixed with methanol/
acetone (1:1 ratio) for 15 minutes and then treated with
blocking solution for 30 minutes at room temperature.
Rat anti-mouse IL-17 (R&D systems, Minneapolis, MN,
USA) and hamster anti-mouse CD3 primary mAbs (Serotec) were incubated overnight at 4°C. Alexa Fluor 488
goat anti-rat (Invitrogen) and Alexa Fluor 546 goat antihamster (Molecular Probes, Eugene, OR, USA) were
added for 1 hour at room temperature. Sections were
mounted with Vectashield mounting medium with 4’-6Diamidino-2-phenylindole (DAPI) (Vector Laboratories,
Burlingame, CA, USA) and analyzed using a Leica
DM4000B fluorescent microscope (Leica, Wetzlar,
Germany).
In vitro T cell stimulation

Cytokine expression by CD4+ T cells derived from cervical lymph nodes of SCID recipients were analyzed directly at day eight p.i. without stimulation with viral
antigen. For analysis of cytokine production by cells
prior to transfer, JHMV was adsorbed to donor splenocytes for 60 minutes at 4°C and cells cultured for six
days in RPMI complete, 10% FCS at 2.5 × 106 cells/ml.
Cytokine production from both splenic cultures or
ex vivo lymph node cells was measured following four
hours stimulation with PMA (10 ng/ml) (Acros Organics, Geel, Belgium) and ionomycin (1 μM) (Calbiotech,
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Spring Valley, CA, USA). Monensin (2 μM) (Calbiotech)
was added to the cultures for the last two hours. After
stimulation, cells were harvested and stained for surface
expression of CD4. Cells were then permeabilized using
the cytofix/cytoperm kit (BD Pharmingen) according to
the manufacturer’s instructions and stained for intracellular FITC-IFN-γ and PE-IL-17.
Statistical analyses

Statistical differences were calculated using the twotailed unpaired Student’s t-test. P values <0.05 were
considered significant. *p < 0.05, **p < 0.01, ***p < 0.001.

Results
IFN-γ mediated control of central nervous system
neutrophil infiltration is not the sole factor regulating
survival

One characteristic of GKO CD4+ T cell recipients
infected with JHMV was the large CNS infiltrating neutrophil population (72.3% compared to 17.5% in WT
CD4+ T cells recipients) (Figure 1A) [31]. Increased neutrophil accumulation in GKO recipients is consistent
with IFN-γ-mediated downregulation of ELR+ neutrophil
chemokines [4]. Indeed, analysis of cytokine and chemokine mRNA expression in infected T cell recipients
demonstrated that high IFN-γ mRNA correlated inversely with mRNA expression of the neutrophil chemoattractant CXCL1 (Figure 1B). Thus, IFN-γ mRNA in
WT CD4+ T cell recipients was associated with sparse
CXCL1 expression and neutrophil recruitment, while
low IFN-γ mRNA expression in both GKO CD4+ T cell
recipients and infected SCID controls correlated with
high CXCL1 expression and extensive neutrophil recruitment. Infected mice were depleted of neutrophils to
explore a possible correlation between neutrophilderived proteases, free radicals and proinflammatory
cytokines with virus-induced mortality. Depletion was
confirmed by the absence of Ly6G+ CD11b+ neutrophils
within the CNS-derived inflammatory cells (Figure 1C).
However, the absence of neutrophils did not prevent
early mortality of GKO CD4+ T cell SCID recipients
(Figure 1C), implicating alternate mechanisms inducing
mortality in GKO recipients.
In contrast to memory GKO CD4+ T cells derived
from JHMV-immunized donors, memory GKO CD8+ T
cells did not trigger early mortality in infected SCID
recipients [32]. These data suggest that IFN-γ deficiency
was not the sole factor controlling early death. WT CD4+
T cell recipients were depleted of IFN-γ to confirm
that a CD4+ T cell factor distinct from IFN-γ controls
disease outcome. The modestly reduced survival rate of
IFN-γ-depleted WT CD4+ T cell recipients (Figure 2A)
demonstrated IFN-γ blockade did not reproduce the
mortality of GKO CD4+ T cell recipients. The efficiency
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Figure 1 Neutrophil depletion does not prevent early mortality. (A) Neutrophil infiltration was characterized by flow cytometry based on
CD45hi Ly6G+ expression (R4 region) in the CNS of controls (control (ctr); infected SCID mice without CD4+ T cell transfer), infected SCID
recipients of WT (WT) or GKO CD4+ T cells (GKO) eight days p.i. (B) Mean expression (±SEM) of IFN-γ and CXCL1 mRNA analyzed in brains of
naïve (n = 4), controls (n = 3), SCID recipients of WT (n = 4) or GKO (n = 4) CD4+ T cells at day eight p.i. Data are representative of two experiments.
(C) Survival rates of SCID recipients of WT or GKO CD4+ T cells (with and without neutrophil depletion) observed daily following JHMV infection.
Data represent the mean of sixteen mice per group combined from two separate experiments with n = 8 per group in each experiment.
Efficiency of neutrophil (CD45hi Ly6G+, R4 region) depletion after antibody (Ab) treatment analyzed by flow cytometry in the CNS of SCID
recipients of GKO CD4+ T cells at day eight p.i. Density plots are representative of eight animals per group.

of IFN-γ blockade within the CNS was confirmed by analyzing IFN-γ-dependent MHC class II expression on
microglia [34]. In contrast to class II expression on the
vast majority of microglia in recipients of WT CD4+ T
cells, class II remained undetectable in anti-IFN-γ-treated WT recipients (Figure 2B), confirming inhibition of
local IFN-γ signaling within the CNS. IFN-γ depletion
also had minimal effects on T cell recruitment into the
CNS, reducing the CD4+ T cells within the inflammatory
population from 15.4% to 12.3% (data not shown). In
support of the role of IFN-γ in regulating neutrophils,
IFN-γ-depleted WT recipients exhibited vastly increased
CNS neutrophil infiltration, approaching the numbers
found in GKO CD4+ T cell recipients (Figure 2C). In

addition to confirming IFN-γ-mediated control of CNS
neutrophil recruitment [4], these data reassert that abundant CNS neutrophils are insufficient to account for early
mortality.
IL-17 mediates mortality, independent of neutrophils

Neither IL-6 nor IL-1β, whose over expression is associated with adverse effects on the CNS [35,36], were
increased in the CNS of GKO compared to WT CD4+ T
cell recipients (Figure 3A). Previous data demonstrated
that TNF and inducible nitric oxide synthase were also
not associated with early mortality of GKO recipients
[31]. Indeed, passive transfer of neutralizing anti-TNF
mAb was unable to alter the mortality of the GKO CD4+
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Figure 2 Anti-IFN-γ induced CNS neutrophil infiltration but did not increase mortality in SCID recipients of WT CD4+ T cells. (A) Survival
of infected SCID recipients of WT CD4+ T cells in the absence or presence of anti-IFN-γ mAb and recipients of GKO CD4+ T cells assessed daily
until day ten p.i. Data are mean of at least six mice per group combined from two separate experiments (B) Anti-IFN-γ mAb efficiency assessed
by flow cytometry by measuring MHC class II expression on microglia (CD45lo F4/80+) in infected SCID recipients of WT (n = 6), WT + anti-IFN-γ
mAb (n = 8) or GKO (n = 8) CD4+ T cells. Data are representative of two experiments. (C) Numbers of infiltrating neutrophils in the brain of
infected SCID recipients of WT, WT + anti-IFN-γ mAb or GKO CD4+ T cells determined by flow cytometry at day eight p.i. Data represent the mean
(±SD) from two independent experiments (n = 6, untreated group and n = 8, anti-IFN-γ treated group).
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Figure 3 IL-17 expression in SCID recipients of GKO CD4+ T cells. IL-6 and IL-1β (A), IL-17 (B), and IL-22 and IL-21 (C) mRNA expression
analyzed by quantitative real-time PCR in brains of naïve (n = 4), infected control (n = 3), infected SCID recipients of WT (n = 4) or GKO (n = 8) CD4+ T
cells at day eight p.i. IL-17 mRNA expression was measured in infected SCID recipients of WT CD4+ T cells + anti-IFN-γ mAb (n = 8). Data represent the
mean (±SEM) from two separate experiments. (D) IL-17 (green) and CD3 (red) expression in the brains of SCID recipients of GKO CD4+ T cells. CD3+
(arrows) and IL-17-producing T cells (arrow heads) detected at day eight p.i. (E) IL-17-expressing CD4+ T cells from cervical lymph nodes of SCID
recipients of GKO CD4+ T cells at day eight p.i. Dot plots are representative of four individuals. (F) Expression of IFN-γ and IL-17 by donor-derived CD4+
T cells prior to transfer analyzed by flow cytometry after in vitro stimulation. Intracellular cytokine expression measured using FITC-IFN-γ, PE-IL-17 and
the corresponding isotype controls. Dot plots are representative of duplicates from two separate experiments. N.D = Not Detected.
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T cell recipients (data not shown). These results suggested additional factor(s) intrinsic to GKO CD4+ T cells
in mediating disease outcome. Inhibition of IL-17 production by IFN-γ [37], suggested IL-17 as a potential
candidate. Consistent with this concept, IL-17 mRNA
expression was increased in the CNS of GKO CD4+ T
cell recipients (Figure 3B), although IL-17 is not
expressed in the CNS of infected WT mice [38]. Importantly, IL-17 mRNA remained below detection not only
in SCID-infected control mice lacking T cells, but also in
recipients of WT CD4+ T cells depleted of IFN-γ
(Figure 3B), both of which are characterized by vast
CNS neutrophil infiltration (Figure 1A). Although
neutrophil-derived IL-17 has been implicated in enhancing tissue damage during reperfusion injury [39], these
data suggest that neutrophils recruited into the CNS do
not secrete IL-17 during acute viral encephalitis. Expression of IL-17 mRNA only in GKO CD4+ T cell recipients
also ruled out a potential contribution of resident CNS
cells. IL-17 expression exclusively in the CNS of GKO
recipients thus implied that the source of IL-17 was the
GKO-derived CD4+ T cell population itself. In support
of this concept, transcript levels encoding IL-22, another
cytokine produced by Th17 cells [40], were also significantly increased in infected GKO recipients compared
to WT recipients and infected SCID control mice
(Figure 3C). By contrast, IL-21, a CD4+ T cell-derived
cytokine known to provide helper functions to CD8+ T
cells and B cells [41] was expressed at similar levels in
both the GKO and WT CD4+ T cell recipient groups
(Figure 3C). IL-17 production by CD4+ T cells in the
CNS of GKO recipients was confirmed by immunofluorescence histochemistry. A substantial fraction of T cells
within the CNS of GKO recipients expressed IL-17.
Moreover, all IL-17 positive cells co-expressed CD3
(Figure 3D), indicating that T cells are the predominant
source of IL-17 within the CNS of SCID recipients. In
contrast to the CNS, only ~8% of T cells in the cervical
lymph nodes of GKO recipients secreted IL-17 at day
eight p.i. (Figure 3E), suggesting enrichment of IL-17expressing T cells within the CNS. To determine if IL-17
expression is imprinted during the primary response following immunization of GKO donor mice, cytokine expression was analyzed in the memory WT and GKO T
cell populations prior to transfer (Figure 3F). WT memory CD4+ T cells prominently expressed IFN-γ and very
little, if any, IL-17 following in vitro stimulation. By contrast, immunization of GKO mice primed a small fraction
of memory CD4+ T cells capable of producing IL-17.
These results were consistent with IFN-γ-mediated inhibition of Th17 cells [42] and suggested that IL-17 expression was imprinted prior to transfer and re-expressed in
the infected recipients. To confirm a role of IL-17 in the
early mortality of GKO recipients, WT and GKO
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recipients were treated with anti-IL-17 mAb. Consistent
with the absence of IL-17 mRNA in the CNS of the WT
recipients, anti-IL-17 treatment had no effect on the survival of WT recipients (Figure 4A). By contrast, inhibition
of IL-17 in GKO recipients lead to a significant decrease
in mortality, with 73% of mice surviving to day 18 p.i.
(Figure 4A). In support of the concept that mortality was
not influenced by neutrophils, the increased neutrophil infiltration in the CNS of GKO recipients was not altered by
anti-IL-17 treatment (Figure 4B), confirming their primary regulation by IFN-γ [4].
IFN-γ overcomes IL-17-derived CD4+ T cell mediating
mortality

Cross-regulation of IFN-γ and IL-17 in shaping CD4+ T
cell subsets is well established during primary T cell activation and expansion [43,44]; however, less is known
about cross-regulation during antigen-induced restimulation of memory T cells. IL-23 has recently been shown
to promote GM-CSF expression by Th17 cells, which in
turn enhances detrimental disease outcomes [27,28].
Based on the observation that GM-CSF is downregulated by IFN-γ [27], we tested whether IFN-γ-producing
CD4+ T cells can override the detrimental function of
GKO CD4+ T cell-mediated IL-17 expression. Memory
CD4+ T cells from WT Thy1.1 immunized mice were
co-transferred with Thy1.2 GKO CD4+ T donor cells
(WT/GKO recipients) prior to infection. MHC class II
expression was measured in the CNS of all recipient
groups to confirm functional IFN-γ expression [34].
Class II mRNA was maximal in the CNS of WT recipients, reaching 22-fold higher levels than in GKO recipients. MHC class II mRNA was increased 10-fold
following the co-transfer of WT and GKO CD4+ T cells
compared to mice receiving GKO CD4+ T cells alone
(Figure 5A). Increased mRNA expression correlated with
MHC class II protein expression by the majority of
microglia in both WT and co-transfer groups (Figure 5A).
Although the proportion of microglia expressing MHC
class II was decreased in the co-transfer compared to the
WT groups, differences were not statistically significant
(Figure 5A). Co-transfer of WT and GKO CD4+ T cells
protected recipients from early mortality (Figure 5B).
Disease severity was similar in WT and WT/GKO recipients and significantly reduced compared to GKO-only
recipients, especially after day six p.i. (data not shown). In
addition, control of CNS virus replication was identical
at day eight p.i. in recipients of WT, WT/GKO or GKO
CD4+ T cells (Figure 5C), confirming previous results
that accelerated mortality does not correlate with uncontrolled virus replication [31]. CNS leukocyte infiltration
in WT/GKO CD4+ T cell recipients was similar to WT
recipients, and lower than GKO recipients (Figure 5D).
Specifically, neutrophils within CD45hi bone-marrow-
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Figure 4 IL-17 mediates mortality, independent of CNS neutrophil infiltration. (A) Survival was assessed daily in infected SCID recipients of
WT (n = 8), WT + anti-IL-17 mAb (n = 12), GKO (n = 8) and GKO + anti-IL-17 mAb (n = 12) CD4+ T cells until day 18 p.i. Data are mean from two
separate experiments (B) Total numbers of neutrophils determined by flow cytometry at day eight p.i. in infected SCID recipients of WT,
WT + anti-IL-17 mAb, GKO, GKO + anti-IL-17 mAb CD4+ T cells. Data represent the mean from two independent experiments (n = 4, untreated
mice and n = 8, anti-IL-17-treated mice per experiment).

derived inflammatory cells were reduced to 16% in WT/
GKO recipients, resembling the proportion in WT recipients (Figure 5D and data not shown).
Overall these data confirm IFN-γ-mediated control of
CNS neutrophil infiltration and suggested a protective
role of IFN-γ during viral encephalitis, via inhibiting IL17 effector function by either directly reducing Th17 cell
expansion and/or CNS entry, or limiting GM-CSF production. To assess whether GKO CD4+ T cells migrated
to the CNS in the presence of WT CD4+ T cells, the
relative proportions of each donor population was examined by co-transfer of Thy1.1 WT CD4+ T cells and
Thy1.2 GKO CD4+ T cells. Surprisingly, T cells recruited
into the CNS of infected co-transferred recipients were
essentially derived from the GKO memory CD4+ T cells,
as less than 20% of CD4+ T cells expressed Thy1.1+
(Figure 6A). Given the large population of infiltrating
GKO CD4+ T cells, we next determined if IFN-γmediated protection correlated with reduced IL-17
mRNA expression. Although protective, the minor

population of WT CD4+ T that infiltrated the CNS did
not reduce expression of IL-17 mRNA in the CNS
(Figure 6B). Protection mediated by IFN-γ, despite elevated IL-17, suggested that IFN-γ interferes with IL-17mediated signaling events, rather than directly influencing Th17 expression. This notion was tested by in vitro
stimulation of memory CD4+ T cells derived from GKO
donors in the presence of recombinant IFN-γ. Exogenous IFN-γ was indeed unable to downregulate IL-17
production (Figure 6C), supporting the in vivo observation that IFN-γ-expressing WT CD4+ T cells did not
alter CNS expression of IL-17 mRNA in WT/GKO recipients (Figure 6B). The maintenance of IL-17 in the
presence of IFN-γ in vitro and in vivo indicates that the
phenotypes acquired during in vivo primary responses
are retained in the transferred memory cells following
reactivation in recipient mice. To confirm this assumption, IFN-γ was depleted in WT/GKO recipients. WT/
GKO recipients treated with anti-IFN-γ succumbed to
infection by day nine p.i. similar to infected recipients of
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Figure 5 WT CD4+ T cell co-transfer prevents GKO CD4+ T cell induced mortality. (A) Relative MHC I-Ad class II mRNA expression in the CNS
of infected SCID recipients of WT, WT/GKO or GKO CD4+ T cells determined by quantitative real-time PCR. Data represent the mean ± SEM of two
independent experiments with n = 4 per experiment. Microglial MHC class II expression quantified by flow cytometry in infected SCID recipients of WT,
WT/GKO or GKO CD4+ T cells. Data represent the mean ± SD of three separate experiments with n = 4 per group per experiment. (B) Survival was
assessed following infection of SCID recipients of WT (n = 20), WT/GKO (n = 20) or GKO (n = 12) CD4+ T cells. Data represent four separate experiments.
(C) Control of virus replication analyzed by plaque assay in infected control, SCID recipients of WT, WT/GKO or GKO CD4+ T cells at day eight p.i. Data
represent the average (±SD) of eight mice per group combined from two independent experiments. (D) Total number of bone-marrow-derived
leukocytes (CD45hi) and neutrophils (Ly6G+) analyzed by flow cytometry at day eight p.i. in brains of infected SCID recipients of WT, WT/GKO and GKO
CD4+ T cells. Data represent the mean of twelve mice per group combined from three independent experiments.

GKO CD4+ T cell (Figure 6D). These data actually suggest that IFN-γ diminishes the detrimental effects of IL17, despite the apparent expansion/survival advantage of
GKO relative to WT CD4+ T cells in the infected
recipients.
To determine potential mechanisms of IL-17-mediated
mortality, IL-17-dependent chemokines and matrix

metalloproteinases (MMPs) [45] were analyzed in
JHMV-infected SCID recipients after transfer of WT or
GKO CD4+ T cells. Similar expression of CCL2, CCL7
and CCL20 was detected comparing infected SCID controls and GKO recipients; by contrast CCL2 and CCL7
were upregulated and CCL20 downregulated in recipients of WT CD4+ T cells (Figure 7A). These data suggest

Savarin et al. Journal of Neuroinflammation 2012, 9:104
http://www.jneuroinflammation.com/content/9/1/104

Page 11 of 15

Figure 6 IFN-γ-mediated protection prevents IL-17-mediated mortality. (A) Number of CD4+ T cells in the infiltrating population and
distribution of Thy1.1 positive cells measured by flow cytometry at day eight p.i. Data represent means (±SD) of twelve mice per group
combined from three separate experiments. (B) IL-17 mRNA expression determined by quantitative real-time PCR in infected SCID recipients of
WT, WT/GKO or GKO CD4+ T cells. Data represent the mean of two experiments with n = 4 in each group per experiment. (C) Splenocytes of
immunized GKO donors cultured in the presence of JHMV with or without recombinant IFN-γ (10 ng/ml) for six days and restimulated four hours
with PMA/Ionomycin. Intracellular cytokine expression on CD4+ T cells analyzed by flow cytometry using FITC-IFN-γ, PE-IL-17 and the
corresponding isotype controls. Dot plots are representative of duplicates from two separate experiments. (D) Survival of infected SCID recipients
of WT/GKO (n = 6), WT/GKO + anti-IFN-γ mAb (n = 8) and GKO (n = 4) CD4+ T cells assessed daily. Data are representative of two separate
experiments.

that in contrast to EAE, CCL2, CCL7 and CCL20 chemokine expression is regulated by IFN-γ rather that IL17 during JHMV infection. Moreover, no significant difference in CXCL2 mRNA was found comparing SCID-

infected controls and recipients of either WT or GKO
CD4+ T cells (Figure 7A), supporting CXCL1 as the
major neutrophil chemoattractant during JHMV infection. CNS infection with JHMV induces a limited
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Figure 7 Alterations in chemokines, MMPs and GM-CSF mRNA do not correlate with IL-17-mediated mortality. (A) mRNA expression
analyzed in the CNS of naïve mice, infected control mice, and SCID recipients of WT or GKO CD4+ T cells at day eight p.i. Data represent the
mean (±SEM) of four individual mice per group (B) MMP9, MMP3, MMP12 and GM-CSF mRNA expression measured in the CNS of naïve, controls,
infected SCID recipients of WT, GKO or GKO + anti-IL-17 CD4+ T cells at day eight p.i.. Data are representative of the mean (±SEM) of four
individual mice per group.

number of MMPs, that is, MMP9, MMP3 and MMP12
[46]. As MMP9 is specifically expressed by neutrophils
[47], abundant neutrophil recruitment in the CNS of
GKO T cell recipients (whether or not treated with antiIL17) correlated with MMP9 expression (Figure 7B).
MMP3 and MMP12 mRNA expression were also upregulated in GKO recipients compared to infected SCID
controls and WT recipients, suggesting a potential role
of these MMPs in GKO mortality by mediating tissue
destruction (Figure 7B). However, survival of GKO recipients treated with anti-IL17 also expressed increased
MMP3 and MMP12 mRNA (Figure 7B), suggesting that
MMP3 and MMP12 play no role in the early mortality
of GKO recipients. Finally, to investigate a potential contribution of GM-CSF to the rapid disease progression,
relative levels of GM-CSF were measured in the CNS of
SCID-infected controls, and recipients of WT and GKO
CD4+ T cells. GM-CSF mRNA expression was increased
in GKO recipients relative to controls and WT CD4+ T
cell recipients. These data were reminiscent of enhanced
GM-CSF expression by Th17 compared to Th1 cells in
EAE [27] and suggested a potentially detrimental role
during JHMV encephalomyelitis. However, the increased
survival of GKO recipients treated with anti-IL17 mAb
did not correlate with a decrease in GM-CSF expression.

These results indicate that GM-CSF expression correlated with IFN-γ deficiency, but not with an IL-17
mediated feedback loop. Nevertheless, these data suggest
that IFN-γ directly affords protection from mortality by
interfering with detrimental IL-17-mediated events, distinct from those mediating EAE.

Discussion
IFN-γ and IL-17 are major effector molecules of tissue
inflammation that play opposing roles in neutrophil recruitment/accumulation [4,48,49]. While their distinct
influence on disease has been demonstrated during
autoimmune-mediated neuroinflammatory responses,
the interplay between IL-17 and IFN-γ, specifically the
effects on downstream targets remain controversial. Furthermore, during microbial infections, protective and
detrimental effects of IFN-γ and IL-17 depend on the
pathogen and prominent cell types affecting microbial
control [50-52]. The present study evaluated how the absence of IFN-γ secretion by CD4+ T cells contributes to
a rapid lethal outcome during viral encephalomyelitis,
without altering viral control. Early virus-induced mortality in SCID recipients of GKO virus-specific memory
CD4+ T cells correlated with both IL-17 production and
extensive neutrophil accumulation in the CNS. Selective
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blockade of either neutrophils or IL-17 demonstrated that
early mortality did not correlate with CNS neutrophil recruitment, but rather with IL-17. This was confirmed by
the prolonged survival of recipients of anti-IFN-γ mAbtreated WT recipients, which were characterized by extensive neutrophil inflammation, but an absence of IL-17.
Neutrophil-independent pathogenic effects of IL-17 in
the JHMV model contrast with non-CNS viral infectious
models including the influenza virus and herpes simplex
virus-1 infections, which attribute Th17 cell-mediated
pathogenesis to neutrophil attraction [12,14]. However,
neutrophil depletion following severe influenza virus infection also suggests that neutrophils play a protective,
rather than a deleterious role [53]. Our data also contrast with the deleterious role of neutrophils during EAE
[49,54]. Adoptive transfer of Th17 cells leads to excessive CNS neutrophil migration after EAE induction,
while impaired neutrophil recruitment restrains leukocyte
access into the CNS [49], indicating a prominent role of
neutrophils in disrupting the blood-brain barrier. However, in contrast to EAE, neutrophils are not essential for
the loss of blood-brain barrier integrity following sublethal
JHMV infection [55]. By contrast, JHMV-induced encephalomyelitis demonstrates that IFN-γ plays a more prominent role than IL-17 in regulating CNS neutrophil
recruitment and/or retention by downregulating ELR+
neutrophil chemokine expression. Increased neutrophils
correlated with high CXCL1 expression in the CNS of
both IFN-γ-depleted WT recipients lacking IL-17, as well
as in GKO recipients treated with anti-IL-17 Ab. Moreover, neutrophil infiltration was reduced by co-transfer of
WT and GKO CD4+ T cells, despite sustained IL-17 expression in the CNS. These results are consistent with
early studies identifying IFN-γ as a critical factor regulating CNS neutrophil infiltration [4], as well as recent observations implicating IFN-γ as a dominant molecule
controlling CNS inflammation [26].
Despite evidence implicating IL-17 as a pathogenic
mediator, independent of neutrophils, the mechanism(s)
involved in IL-17-induced mortality of JHMV-infected
mice remain unclear. Identical viral burden at day eight
p.i. in all recipients [31] indicated that IL-17 does not
alter control of virus replication, in contrast to its role in
facilitating viral persistence following Theiler’s murine
encephalomyelitis virus infection [15]. Sustained Ag independent interaction between Th17 and neuronal cells
during EAE correlated with increased neuronal damage
due to IL-17-mediated neurotoxicity [25]. Increased gray
matter infection, especially in neuronal cells, is associated with premature death following JHMV infection
of mice deficient in innate immune components [56]. In
addition, there is a preferential distribution of CD4+ T
cells in the gray matter of GKO recipients compared to
WT recipients [31], suggesting the possibility that in
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absence of IFN-γ, IL-17-secreting CD4+ T cells localize
proximal to uninfected neurons, contributing to neuronal dysfunction and premature death. However, few
neurons are infected early during JHMV pathogenesis in
SCID mice and the types of infected cells were similar in
all groups, suggesting no alteration in viral tropism [31].
In addition, no differential neuronal loss was found comparing GKO and WT recipients [31]. Similarly, increased
expression of GM-CSF in GKO recipients compared to
the WT counterparts suggested that GM-CSF might also
contribute to disease outcome following JHMV infection. GM-CSF was implicated as a pathogenic effector
molecule secreted by Th17 cells during EAE [27,28].
However, the survival of GKO recipients treated with
anti-IL17 did not correlate with a decrease in GM-CSF
expression. Although GM-CSF expression is reduced by
IFN-γ [27], the data do not support a pathogenic role of
GM-CSF in early mortality of JHMV-infected GKO
recipients.
IL-17 mRNA expression in GKO CD4+ T cell recipients
suggested Th17 cells as the primary mediators of disease.
Nevertheless, IL-17 can also be produced by neutrophils,
γδ T cells, NK and CD8+ T cells [57,58]. A deleterious
contribution of neutrophil-derived IL-17, suggested during kidney ischemia-reperfusion [39], was ruled out by the
inability of neutrophil-depletion to rescue mice from early
death, as well as the absence of IL-17 mRNA in WT recipients treated with anti-IFN-γ, despite high CNS neutrophil infiltration. IL-17 production by CD4+ T cells derived
from immunized GKO donors prior to transfer supports
GKO CD4+ T cells as the primary source of IL-17. Moreover, stimulation of WT donor CD4+ T cells strongly
induced IFN-γ, but not IL-17, indicating that virusspecific Th17 cells only differentiate in the absence of
IFN-γ. These results support previous observations of a
minor, if any, role of Th17 cells in the pathogenesis of
JHMV-infected immunocompetent WT mice [38] and
corroborate the inhibitory function of IFN-γ on Th17 differentiation during T cell priming [59]. However, our data
are novel in demonstrating that memory GKO CD4+ T
cells are committed in their ability to produce IL-17 when
restimulated in the recipient host, even in the presence of
IFN-γ. Although unanticipated, this finding was confirmed
by the inability of IFN-γ to downregulate IL-17 production in GKO donor cells in vitro, as well as on in vitro-differentiated mature Th17 cells [15]. Similarly, the IL-27
suppressive function on Th17 differentiation from naïve
CD4+ T cells could not be reproduced on memory Th17
cells [60], supporting the stability of committed Th17
cells. Importantly, the prolonged survival of co-transferred
recipients, despite sustained CNS IL-17 expression, suggests that IFN-γ overcomes the deleterious effects of IL17. However, the mechanisms by which IFN-γ overrides
IL-17 function remain unclear. In EAE, IL-17 exerts
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detrimental effects via signaling in resident CNS cells,
with astrocytes implicated as major targets [45]. However,
Th17 cell localization proximal to neurons also implicates
potential dysregulation of neuronal function [25]. Responsiveness of both cell types to IFN-γ [61,62] suggests IFN-γ
may counteract signaling molecules downstream of the
IL-17R.

Conclusions
This study demonstrates that IL-17, in the absence of
IFN-γ, can accelerate mortality during viral encephalomyelitis by a mechanism independent of the magnitude
of CNS neutrophil infiltration and reversible by IFN-γ.
Abbreviations
BSA: bovine serum albumin; CNS: central nervous system; DAPI: 4’-6diamidino-2-phenylindole; EAE: experimental autoimmune encephalitis;
FITC: fluorescein isothiocyanate; GKO: IFN-γ deficient; GM-CSF: granulocyte
monocyte colony-stimulating factor; H&E: hematoxylin and eosin; IFNγ: interferon-gamma; IL: interleukin; i.p.: intraperitoneal; i.v.: intravenous;
JHMV: gliatropic JHM strain of mouse hepatitis virus; mAb: monoclonal
antibody; MHC: major histocompatibility complex; MMP: matrix
metalloproteinase; PCR: polymerase chain reaction; p.i.: post infection;
PE: phycoerythrin; PerCP: peridinin chlorophyll protein; SCID: severe
combined immunodeficiency; SD: standard definition; SEM: standard error of
the mean; TNF: tumor necrosis factor; WT: wild-type.

Page 14 of 15

3.
4.

5.
6.
7.

8.

9.

10.
11.

12.

13.

Competing interests
The authors declare they have no competing interests.

14.

Acknowledgments
The authors thank Wenqiang Wei, Kate Stenson and Shabbir Hussain for technical
assistance. This work was supported by National Institutes of Health grant
NS18146 and National Multiple Sclerosis Society fellowship grant FG-1791-A-1 to
CS.

15.

Author details
Department of Neurosciences NC30, Lerner Research Institute, The
Cleveland Clinic Foundation, 9500 Euclid Avenue, Cleveland, OH 44195, USA.
2
Department of Pathology, Keck School of Medicine, University of Southern
California, 2011 Zonal Avenue, Los Angeles, CA 90033, USA. 3Merck Research
Laboratories, DNAX Discovery Research, 901 California Ave, Palo Alto, CA
94304, USA.

16.

17.

1

Authors’ contributions
CS designed and performed the experiment, collected and analyzed data,
and wrote the manuscript. SAS designed and performed the research,
interpreted data and wrote the manuscript. DRH analyzed and interpreted
data. RMR interpreted data. DJC provided materials, interpreted data and
edited the manuscript. CCB designed the research, provided materials,
interpreted data and wrote the manuscript. All authors read and approved
the final manuscript.
Received: 7 March 2012 Accepted: 10 April 2012
Published: 29 May 2012
References
1. Schwarzenberger P, Huang W, Ye P, Oliver P, Manuel M, Zhang Z, Bagby G,
Nelson S, Kolls JK: Requirement of endogenous stem cell factor and
granulocyte-colony-stimulating factor for IL-17-mediated granulopoiesis.
J Immunol 2000, 164:4783–4789.
2. Ye P, Rodriguez FH, Kanaly S, Stocking KL, Schurr J, Schwarzenberger P,
Oliver P, Huang W, Zhang P, Zhang J, Shellito JE, Bagby GJ, Nelson S,
Charrier K, Peschon JJ, Kolls JK: Requirement of interleukin 17 receptor
signaling for lung CXC chemokine and granulocyte colony-stimulating
factor expression, neutrophil recruitment, and host defense. J Exp Med
2001, 194:519–527.

18.

19.

20.

21.

22.

23.

24.

Kolls JK, Linden A: Interleukin-17 family members and inflammation.
Immunity 2004, 21:467–476.
Tran EH, Prince EN, Owens T: IFN-gamma shapes immune invasion of the
central nervous system via regulation of chemokines. J Immunol 2000,
164:2759–2768.
Kelchtermans H, Billiau A, Matthys P: How interferon-gamma keeps
autoimmune diseases in check. Trends Immunol 2008, 29:479–486.
Steinman L: A rush to judgment on Th17. J Exp Med 2008, 205:1517–1522.
Conti HR, Shen F, Nayyar N, Stocum E, Sun JN, Lindemann MJ, Ho AW, Hai
JH, Yu JJ, Jung JW, Filler SG, Masso-Welch P, Edgerton M, Gaffen SL: Th17
cells and IL-17 receptor signaling are essential for mucosal host defense
against oral candidiasis. J Exp Med 2009, 206:299–311.
Zelante T, De Luca A, Bonifazi P, Montagnoli C, Bozza S, Moretti S,
Belladonna ML, Vacca C, Conte C, Mosci P: IL-23 and the Th17 pathway
promote inflammation and impair antifungal immune resistance.
Eur J Immunol 2007, 37:2695–2706.
Yue FY, Merchant A, Kovacs CM, Loutfy M, Persad D, Ostrowski MA: Virusspecific interleukin-17-producing CD4+ T cells are detectable in early
human immunodeficiency virus type 1 infection. J Virol 2008, 82:6767–6771.
Cecchinato V, Franchini G: Th17 cells in pathogenic simian immunodeficiency
virus infection of macaques. Curr Opin HIV AIDS 2010, 5:141–145.
Arens R, Wang P, Sidney J, Loewendorf A, Sette A, Schoenberger SP, Peters
B, Benedict CA: Cutting edge: murine cytomegalovirus induces a
polyfunctional CD4 T cell response. J Immunol 2008, 180:6472–6476.
Crowe CR, Chen K, Pociask DA, Alcorn JF, Krivich C, Enelow RI, Ross TM,
Witztum JL, Kolls JK: Critical role of IL-17RA in immunopathology of
influenza infection. J Immunol 2009, 183:5301–5310.
McKinstry KK, Strutt TM, Buck A, Curtis JD, Dibble JP, Huston G, Tighe M,
Hamada H, Sell S, Dutton RW, Swain SL: IL-10 deficiency unleashes an
influenza-specific Th17 response and enhances survival against highdose challenge. J Immunol 2009, 182:7353–7363.
Molesworth-Kenyon SJ, Yin R, Oakes JE, Lausch RN: IL-17 receptor signaling
influences virus-induced corneal inflammation. J Leukoc Biol 2008,
83:401–408.
Hou W, Kang HS, Kim BS: Th17 cells enhance viral persistence and inhibit T
cell cytotoxicity in a model of chronic virus infection. J Exp Med 2009,
206:313–328.
El-behi M, Rostami A, Ciric B: Current views on the roles of Th1 and Th17
cells in experimental autoimmune encephalomyelitis. J Neuroimmune
Pharmacol 2010, 5:189–197.
Ando DG, Clayton J, Kono D, Urban JL, Sercarz EE: Encephalitogenic T cells
in the B10.PL model of experimental allergic encephalomyelitis (EAE) are
of the Th-1 lymphokine subtype. Cell Immunol 1989, 124:132–143.
Waldburger KE, Hastings RC, Schaub RG, Goldman SJ, Leonard JP:
Adoptive transfer of experimental allergic encephalomyelitis after
in vitro treatment with recombinant murine interleukin-12. Preferential
expansion of interferon-gamma-producing cells and increased
expression of macrophage-associated inducible nitric oxide synthase as
immunomodulatory mechanisms. Am J Pathol 1996, 148:375–382.
Willenborg DO, Fordham S, Bernard CC, Cowden WB, Ramshaw IA:
IFN-gamma plays a critical down-regulatory role in the induction
and effector phase of myelin oligodendrocyte glycoproteininduced autoimmune encephalomyelitis. J Immunol 1996, 157:3223–
3227.
Chu CQ, Wittmer S, Dalton DK: Failure to suppress the expansion of the
activated CD4 T cell population in interferon gamma-deficient mice
leads to exacerbation of experimental autoimmune encephalomyelitis.
J Exp Med 2000, 192:123–128.
Irmler IM, Gajda M, Brauer R: Exacerbation of antigen-induced arthritis in
IFN-gamma-deficient mice as a result of unrestricted IL-17 response.
J Immunol 2007, 179:6228–6236.
Haak S, Croxford AL, Kreymborg K, Heppner FL, Pouly S, Becher B, Waisman
A: IL-17A and IL-17 F do not contribute vitally to autoimmune neuroinflammation in mice. J Clin Invest 2009, 119:61–69.
Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD,
McClanahan T, Kastelein RA, Cua DJ: IL-23 drives a pathogenic T cell
population that induces autoimmune inflammation. J Exp Med 2005,
201:233–240.
Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, Lucian L, To W,
Kwan S, Churakova T, Zurawski S, Wiekowski M, Lira SA, Gorman D, Kastelein
RA, Sedgwick JD: Interleukin-23 rather than interleukin-12 is the critical

Savarin et al. Journal of Neuroinflammation 2012, 9:104
http://www.jneuroinflammation.com/content/9/1/104

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.

40.

41.
42.
43.

44.

45.

cytokine for autoimmune inflammation of the brain. Nature 2003,
421:744–748.
Siffrin V, Radbruch H, Glumm R, Niesner R, Paterka M, Herz J, Leuenberger T,
Lehmann SM, Luenstedt S, Rinnenthal JL, Laube G, Luche H, Lehnardt S,
Fehling HJ, Griesbeck O, Zipp F: In vivo imaging of partially reversible
th17 cell-induced neuronal dysfunction in the course of
encephalomyelitis. Immunity 2010, 33:424–436.
Kroenke MA, Chensue SW, Segal BM: EAE mediated by a non-IFN-gamma/
non-IL-17 pathway. Eur J Immunol 2010, 40:2340–2348.
Codarri L, Gyulveszi G, Tosevski V, Hesske L, Fontana A, Magnenat L, Suter T,
Becher B: RORgammat drives production of the cytokine GM-CSF in
helper T cells, which is essential for the effector phase of autoimmune
neuroinflammation. Nat Immunol 2011, 12:560–567.
El-behi M, Ciric B, Dai H, Yan Y, Cullimore M, Safavi F, Zhang GX, Dittel BN,
Rostami A: The encephalitogenicity of T(H)17 cells is dependent on IL-1and IL-23-induced production of the cytokine GM-CSF. Nat Immunol
2011, 12:568–575.
Stohlman SA, Bergmann CC, Lin MT, Cua DJ, Hinton DR: CTL effector
function within the central nervous system requires CD4+ T cells. J
Immunol 1998, 160:2896–2904.
Stohlman SA, Hinton DR, Parra B, Atkinson R, Bergmann CC: CD4 T cells
contribute to virus control and pathology following central nervous
system infection with neurotropic mouse hepatitis virus. J Virol 2008,
82:2130–2139.
Savarin C, Bergmann CC, Hinton DR, Ransohoff RM, Stohlman SA: Memory
CD4+ T-cell-mediated protection from lethal coronavirus
encephalomyelitis. J Virol 2008, 82:12432–12440.
Bergmann CC, Parra B, Hinton DR, Ramakrishna C, Dowdell KC, Stohlman SA:
Perforin and gamma interferon-mediated control of coronavirus central
nervous system infection by CD8 T cells in the absence of CD4 T cells.
J Virol 2004, 78:1739–1750.
Fleming JO, Trousdale MD, El-Zaatari FA, Stohlman SA, Weiner LP:
Pathogenicity of antigenic variants of murine coronavirus JHM selected
with monoclonal antibodies. J Virol 1986, 58:869–875.
Bergmann CC, Parra B, Hinton DR, Chandran R, Morrison M, Stohlman SA:
Perforin-mediated effector function within the central nervous system
requires IFN-gamma-mediated MHC up-regulation. J Immunol 2003,
170:3204–3213.
Allan SM, Tyrrell PJ, Rothwell NJ: Interleukin-1 and neuronal injury. Nat Rev
Immunol 2005, 5:629–640.
Campbell IL, Chiang CS: Cytokine involvement in central nervous system
disease. Implications from transgenic mice. Ann N Y Acad Sci 1995,
771:301–312.
McGeachy MJ, Cua DJ: Th17 cell differentiation: the long and winding
road. Immunity 2008, 28:445–453.
Kapil P, Atkinson R, Ramakrishna C, Cua DJ, Bergmann CC, Stohlman SA:
Interleukin-12 (IL-12), but not IL-23, deficiency ameliorates viral
encephalitis without affecting viral control. J Virol 2009, 83:5978–5986.
Li L, Huang L, Vergis AL, Ye H, Bajwa A, Narayan V, Strieter RM, Rosin DL,
Okusa MD: IL-17 produced by neutrophils regulates IFN-gammamediated neutrophil migration in mouse kidney ischemia-reperfusion
injury. J Clin Invest 2010, 120:331–342.
Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins
M, Fouser LA: Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells
and cooperatively enhance expression of antimicrobial peptides. J Exp
Med 2006, 203:2271–2279.
Ettinger R, Kuchen S, Lipsky PE: The role of IL-21 in regulating B-cell
function in health and disease. Immunol Rev 2008, 223:60–86.
Mills KH: Induction, function and regulation of IL-17-producing T cells.
Eur J Immunol 2008, 38:2636–2649.
Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM,
Weaver CT: Interleukin 17-producing CD4+ effector T cells develop via a
lineage distinct from the T helper type 1 and 2 lineages. Nat Immunol
2005, 6:1123–1132.
Toh ML, Kawashima M, Zrioual S, Hot A, Miossec P: IL-17 inhibits human
Th1 differentiation through IL-12R beta 2 downregulation. Cytokine 2009,
48:226–230.
Kang Z, Altuntas CZ, Gulen MF, Liu C, Giltiay N, Qin H, Liu L, Qian W,
Ransohoff RM, Bergmann C, Stohlman S, Tuohy VK, Li X: Astrocyterestricted ablation of interleukin-17-induced Act1-mediated signaling
ameliorates autoimmune encephalomyelitis. Immunity 2010, 32:414–425.

Page 15 of 15

46. Zhou J, Marten NW, Bergmann CC, Macklin WB, Hinton DR, Stohlman SA:
Expression of matrix metalloproteinases and their tissue inhibitor during
viral encephalitis. J Virol 2005, 79:4764–4773.
47. Savarin C, Stohlman SA, Atkinson R, Ransohoff RM, Bergmann CC:
Monocytes regulate T cell migration through the glia limitans during
acute viral encephalitis. J Virol 2010, 84:4878–4888.
48. Kroenke MA, Carlson TJ, Andjelkovic AV, Segal BM: IL-12- and IL-23modulated T cells induce distinct types of EAE based on histology, CNS
chemokine profile, and response to cytokine inhibition. J Exp Med 2008,
205:1535–1541.
49. Carlson T, Kroenke M, Rao P, Lane TE, Segal B: The Th17-ELR + CXC
chemokine pathway is essential for the development of central nervous
system autoimmune disease. J Exp Med 2008, 205:811–823.
50. Curtis MM, Way SS: Interleukin-17 in host defence against bacterial,
mycobacterial and fungal pathogens. Immunology 2009, 126:177–185.
51. Peck A, Mellins ED: Precarious balance: Th17 cells in host defense. Infect
Immun 2010, 78:32–38.
52. Schroder K, Hertzog PJ, Ravasi T, Hume DA: Interferon-gamma: an
overview of signals, mechanisms and functions. J Leukoc Biol 2004,
75:163–189.
53. Tate MD, Ioannidis LJ, Croker B, Brown LE, Brooks AG, Reading PC: The role
of neutrophils during mild and severe influenza virus infections of mice.
PLoS One 2011, 6:e17618.
54. McColl SR, Staykova MA, Wozniak A, Fordham S, Bruce J, Willenborg DO:
Treatment with anti-granulocyte antibodies inhibits the effector phase
of experimental autoimmune encephalomyelitis. J Immunol 1998,
161:6421–6426.
55. Savarin C, Stohlman SA, Rietsch AM, Butchi N, Ransohoff RM, Bergmann CC:
MMP9 deficiency does not decrease blood–brain barrier disruption, but
increases astrocyte MMP3 expression during viral encephalomyelitis. Glia
2011, 59:1770–1781.
56. Ireland DD, Stohlman SA, Hinton DR, Atkinson R, Bergmann CC: Type I
interferons are essential in controlling neurotropic coronavirus infection
irrespective of functional CD8 T cells. J Virol 2008, 82:300–310.
57. Cua DJ, Tato CM: Innate IL-17-producing cells: the sentinels of the
immune system. Nat Rev Immunol 2010, 10:479–489.
58. Yen HR, Harris TJ, Wada S, Grosso JF, Getnet D, Goldberg MV, Liang KL,
Bruno TC, Pyle KJ, Chan SL, et al: Tc17 CD8 T cells: functional plasticity
and subset diversity. J Immunol 2009, 183:7161–7168.
59. Bettelli E, Korn T, Kuchroo VK: Th17: the third member of the effector T
cell trilogy. Curr Opin Immunol 2007, 19:652–657.
60. El-behi M, Ciric B, Yu S, Zhang GX, Fitzgerald DC, Rostami A: Differential
effect of IL-27 on developing versus committed Th17 cells. J Immunol
2009, 183:4957–4967.
61. Robertson B, Kong G, Peng Z, Bentivoglio M, Kristensson K: Interferongamma-responsive neuronal sites in the normal rat brain: receptor
protein distribution and cell activation revealed by Fos induction. Brain
Res Bull 2000, 52:61–74.
62. Rubio N, de Felipe C: Demonstration of the presence of a specific
interferon-gamma receptor on murine astrocyte cell surface. J
Neuroimmunol 1991, 35:111–117.
doi:10.1186/1742-2094-9-104
Cite this article as: Savarin et al.: IFN-γ protects from lethal IL-17
mediated viral encephalomyelitis independent of neutrophils. Journal of
Neuroinflammation 2012 9:104.

