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Abstract

Some aspects of CNS-directed autoimmunity in multiple sclerosis are modeled in mice by
immunization with myelin Ags where tissue damage is driven by myelin-reactive Thl and Th17
effector lymphocytes. Whether the CNS plays an active role in controlling such autoimmune
diseases is unknown. We used mice in which | xB kinase Swas deleted from Ca?*/calmodulin-
dependent kinase Il a-expressing neurons (nIKK/AKO) to investigate the contribution of neuronal
NF-xB to the development of myelin oligodendrocyte glycoprotein 35-55-induced experimental
autoimmune encephalomyelitis. We show that nIKK KO mice developed a severe, nonresolving
disease with increased axon loss compared with controls and this was associated with significantly
reduced CNS production of neuroprotective factors (vascular endothelial growth factor, CSF1-R,
and FLIP) and increased production of proinflammatory cytokines (IL-6, TNF, IL-12, IL-17, and
CD30L) and chemokines. The isolation of CNS-infiltrating monocytes revealed greater numbers
of CD4* T cells, reduced numbers of NK1.1* cells, and a selective accumulation of Th1 cells in
nIKKAKO CNS from early in the disease. Our results show that neurons play an important role in
determining the quality and outcome of CNS immune responses, specifically that neuronal 1B
kinase fis required for neuroprotection, suppression of inflammation, limitation of Thl
lymphocyte accumulation, and enhancement of NK cell recruitment in experimental autoimmune
encephalomyelitis-affected CNS and stress the importance of neuroprotective strategies for the
treatment of multiple sclerosis.
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Multiple sclerosis (MS)? is a chronic inflammatory disease of the CNS in which complex
immunopathological mechanisms cause demyelination, neurodegeneration, and progressive
neurological disability (1-3). Modern approaches aim to understand the mechanisms
underlying inflammatory neurodegeneration and to develop effective neuroprotective
therapies for MS (4). Neuroprotection in MS would have a 2-fold benefit: first, because it
would slow the neurodegenerative process which starts early in the disease and is probably a
secondary consequence of inflammation (3, 5) and, second, because healthy neurons have
immune-regulatory effects (6). Thus, although neurons do not normally express MHC class |
and Il molecules and therefore do not present Ags to T cells (7), they may contribute to the
down-regulation of microglia/macrophages by their expression of CD200 (8) or CD22 (9)
and interact with T cells to affect their survival (10), bind to them through LFA-1/ICAM-5
interaction (11, 12), and alter their effector phenotype from encephalitogenic T cellsto T
regulatory cells (13). The mechanisms by which neurons and axons are damaged in MS and
its best-studied animal model experimental autoimmune encephalomyelitis (EAE) are not
yet known, but the MS-associated immune mediator TNF is known to exert strong
neuroprotective effects in other disease models of excitotoxic and ischemic injury through
the induction of NF-#B activity in neurons (14-17) and the maintenance of several
integrated neuroprotective pathways (18). We hypothesized that NF-xB activity might be
important for protecting neurons during the development of EAE and thereby also modulate
the encephalitogenic response within the CNS tissues.

The transcription factor NF-xB mediates many of the effects of inflammatory stimuli
through induction of genes encoding for cytokines, chemokines, adhesion molecules, growth
factors, and antiapoptotic molecules (19, 20). In addition, NF-xB controls transcription of
HIF-1q, the oxygen-regulated subunit of the hypoxia-inducible transcription factor HIF-1
and the induction of HIF-1a target genes (21). NF-#B activation is controlled by 1B
kinases, mainly IKK S, which phosphorylate and mediate the degradation of 1xB, thereby
allowing NF-xB to translocate to the nucleus to bind to xB sequences on DNA (22).
Conditional gene targeting of vital NF-xB components, such as IKKf, in selected cell
lineages of mice has allowed the study of cell-specific NF-xB function in adult mice under
physiological and pathological conditions. In the normal CNS, NF-B is constitutively
active in neurons and is further activated by basal synaptic input and glutamate in a Ca2*-
dependent manner in hippocampal neurons (23). Neuronal NF-xB regulates spatial memory
formation and synaptic transmission and plasticity in mice (23-25). In CNS pathology,
however, the role of NF-#B is much less clear. NF-xB becomes activated in most cell types,
particularly neurons, astrocytes, and microglia, and both neurotoxic (26) and neuroprotective
(27-29) effects have been described. The mechanisms that underlie such diverse effects of
NF-xB and one of its main activating ligands TNF in the CNS are not yet fully understood,
but are likely to reflect complexities in the cellular basis of their action and the different
mechanisms of injury. The deletion of IKKfrom Ca2*/calmodulin-dependent kinase Il

3Abbreviations used in this paper: MS, multiple sclerosis; CamklI, Ca2+/calm0duIin-dependent kinase Ila; EAE, experimental
autoimmune encephalomyelitis; IKKf, 1<B kinase f; lacZ, f-galactosidase gene; MOG, myelin oligodendrocyte glycoprotein; VEGF,
vascular endothelial growth factor; CamklICre, Camkll promoter-derived Cre recombinase; WT, wild type; LN, lymph node; NeuN,
neuronal nuclei; GD, glucose deprivation; LDH, lactate dehydrogenase; hTNF, human TNF.
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(Camkll)- expressing neurons or neurons/astrocytes (30) and neuronal inactivation of NF-
1B (31) in mice significantly reduced lesion volume following experimental cerebral
ischemia, supporting a deleterious effect of neuronal NF-xB in acute ischemic injury. The
deletion of IKK/ from astrocytes or microglia enhanced astrogliosis and reduced vascular
endothelial growth factor (VEGF) expression in a hypoxia model (21), indicating protective
effects of glial IKKg following hypoxia. On the other hand, the deletion of IKK»#/NEMO or
IKK S from neurons/astrocytes (32) or the inactivation of NF-#B in astrocytes (33) resulted
in significant amelioration of EAE showing that NF-xB-mediated astrocyte activation has
deleterious effects in this model of chronic CNS inflammation (32, 34). The role of neuronal
NF-#xB activity in EAE remains unknown.

In this study, we used mice in which IKK/ was selectively deleted in Camkll-expressing
neurons in the brain and spinal cord to clarify the role of neuronal NF-xB during the
development of EAE. Furthermore, we investigated the effect of neuronal IKK/ upon the
regulation of CNS immune reactivity and infiltration by specific populations of immune
cells. Our data show that NF-#B activation through IKK/ is critical for neuron-mediated
immunoregulation during the development of autoimmune demyelination, where it is
important for neuroprotection and limitation of axon loss, for suppression of CNS
inflammation and prevention of Th1 effector cell accumulation, and for enhancing the
recruitment of NK cells in the CNS.

Materials and Methods

Generation of nIKKBKO mice

Mice containing a conditional IKKallele in which exon 3 of the Ikbkb gene, encoding the
IKK S activation loop, is flanked by loxP sites (IKK/47F) have been previously described (35,
36). Mice with a selective deletion of IKKfin CNS neurons (nIKKAKO) were generated by
crossing IKKAF mice with mice that express a neuronal Camkll promoter-driven Cre
recombinase (CamklICre) (37). We used a ROSA26 Cre reporter mouse strain, which
expresses lacZ following Cre recombination (38) (ROSAZ26) to monitor the cell specificity
of Cre expression in CamklICre mice. All mice used in this study were backcrossed into the
C57BL/6 genetic background for at least seven generations. Mice were kept under specific
pathogen-free conditions in the experimental animal unit of the Hellenic Pasteur Institute.
All animal procedures were approved by national authorities and conformed to European
Community guidelines.

Synthesis and purification of MOG35_s5

MOG3s5_s55 Was synthesized in solid phase by F-moc/tBu methodology using the 2-
chlorotrityl chloride resin (0.6-1.0 mmol Cl~/g) and the appropriate N-F-moc-protected
amino acids (39, 40). The final product was further purified using semipreparative RP-
HPLC. The purity of peptide was determined using analytical RP-HPLC, and its
identification was achieved by electron spray ionization-mass spectrometry.
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EAE induction and evaluation

Experiments were performed in female C57BL/6 wild-type (WT), nIKKAO, and IKK4#7/F
littermate control mice of 8-10 wk of age. EAE was induced by s.c. tail base injection of 30
ug of MOG3s_s5 dissolved in 100 pl of saline and emulsified in 100 ul of CFA (Sigma-
Aldrich) supplemented with 300 ug of H37Ra Mycobacterium tuberculosis (Difco). Mice
also received an i.p. injection of 200 ng of pertussis toxin (Sigma-Aldrich) on days 0 and 2.
Mice were assessed daily for clinical signs as previously described (41). Moribund animals
were sacrificed. Mice were allowed free access to food and water throughout the
experiment.

T cell priming and proliferation assay

T cells were primed in vivo by s.c. injection of control and nIKKAKO mice with 30 pg of
MOG3s_55 peptide dissolved in 100 pl of saline and emulsified in 100 pl of CFA (Sigma-
Aldrich). Draining lymph nodes (LN) and spleens were removed 9 days after immunization
and isolated cells were cultured as described previously (41). Results are expressed as the
stimulation index (ratio between radioactivity counts of cells cultured in the presence of Ag
and cells cultured with medium alone).

Extraction and characterization of CNS-infiltrating cells

Draining LN cells, splenocytes, and spinal cord mononuclear cells were isolated from mice
at the peak and chronic phase of EAE. Mononuclear cells from the spinal cords were
isolated by Percoll gradient centrifugation as previously described (42). For detection of cell
surface markers, cells were washed and fixed in 2% paraformaldehyde solution in PBS for
15 min at room temperature. For intracellular staining, after isolation cells were restimulated
with 10 ng/ml PMA, 1 ug/ml ionomycin in the presence of 5 pg/ml brefeldin A (Sigma-
Aldrich) for 3 h, and subsequently fixed in 2% paraformaldehyde solution in PBS for 15 min
at room temperature. For the detection of cell surface markers, cells were stained with
fluorochrome-labeled Abs (anti-CD8a, clone Ly-2; anti-CD45R/B220, clone RA3-6B2; anti-
NK1.1, clone PK136; anti-CD11b/Macl, clone M1/70; BD Biosciences). For the detection
of CD4 and CD25 cell surface markers and intracellular cytokines by FACS analysis, cells
were permeabilized with 0.5% w/v saponin and stained with fluorochrome-labeled Abs
(anti-CD4, clone L3T4; anti-CD25/IL-2Ra, clone 7D4; anti-FoxP3, clone FJK-16s; anti-
IL-17, clone TC11-18H10; anti-IFN-y, clone XMG1.2; BD Biosciences). Data acquisition
was done with a FACSCalibur cytometer and CellQuest software (BD Biosciences).

Cytokine measurements

The murine Th1/Th2 cytokine cytometric bead array kit (BD Biosciences) was used to
measure cytokine levels in lymphocyte cell culture supernatants from nIKKAKO and control
mice according to the manufacturer’s instructions. The cytokines measured were I1L-2, IL-4,
IL-5, IFN-y, and TNF-a. The sensitivity of the assays for different cytokines was as follows:
IL-2, IL-4, and IL-5 = 5.0 pg/ml, IFN-y= 2.5 pg/ml, and TNF-a = 6.3 pg/ml. Data
acquisition was done with a FACSCalibur cytometer and CellQuest software (BD
Biosciences) and data analysis with CBA analysis software (BD Biosciences).
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Histopathological analysis

Mice were transcardially perfused with ice-cold 4% paraformaldehyde in PBS under deep
anesthesia. CNS tissues were postfixed in the same fixative overnight at 4°C and processed
for standard histopathological and immunohistochemical analyses. Inflammation was
visualized by H&E, demyelination by Luxol fast blue, and axonal damage by Bielchowsky
silver staining. Immunohistochemistry was performed on paraffin sections as previously
described (43) to evaluate CNS infiltration by T cells and macrophages. Ag retrieval in
paraffin sections was done in a household food steamer in citrate buffer (pH 5) for 1 h.
Primary Abs used were rat anti-human CD3 (1/400; Serotec), anti-Mac3 (1/100; BD
Biosciences), and rabbit anti-FLIPg;_(1/1000; Santa Cruz Biotechnology). For
immunofluorescence staining, cryostat sections (10 um) were incubated with rabbit anti-
neuronal nuclei (NeuN) (1/100; Chemicon International), mouse anti-IKK# (1/100; Cell
Signaling), and mouse anti-FLIPs; (1/100; Santa Cruz Biotechnology) primary Abs,
separately or together, and visualized by Alexa Fluor 568 anti-rabbit IgG (green) and Alexa
Fluor 488 anti-mouse IgG (red) secondary Abs (Molecular Probes), respectively, using a
confocal microscope.

lacZ staining

Mice containing the f-galactosidase (lacZ) reporter allele (ROSA26) were transcardially
perfused with ice-cold 4% paraformaldehyde in PBS under deep anesthesia and CNS tissues
were postfixed in the same fixative for 2 h at 4°C. Brain and spinal cord 25-um cryostat
sections were processed for lacZ staining using 5-bromo-4-chloro-3-indolyl f-D-
galactopyranoside (X-Gal) (Promega) as substrate according to manufacturer’s instructions.

Primary cultures of neocortical neurons and experimental treatments

EMSA

Dissociated neocortical cell cultures were prepared from E15 control and nIKK KO mice
and treated as described previously (16, 44). Glucose deprivation (GD) of neuron cultures
was performed as previously described (16). Human recombinant TNF (hTNF) (R&D
Systems) was added to cultures 24 h before the onset and during GD. Measurement of
lactate dehydrogenase (LDH) released from damaged neurons into the culture medium was
performed as described previously (45) and culture medium from untreated neurons was
used for normalization.

EMSAs were performed using 30 pg of protein extracts from primary cortical neurons
treated with 10 and 100 ng/ml hTNF for 20 min (protein extracts were prepared as described
above) from representative control and nIKK /KO mice. Proteins were incubated with a NF-
1B double-stranded oligonucleotide containing the consensus binding site of the xB
enhancer (AGT TGA GGG GAC TTT CCC AGG C) that was end-labeled with [)-32P]JATP
using T4 kinase (Promega) in the following buffer: 10 ug/ml BSA, 20 mM HEPES (pH 7.5),
1 mM EDTA, 1% Nonidet P-40, 5% glycerol, 5 mM DTT, and 0.15 mg/ml poly(dl:dC).
DNA protein complexes were resolved on 4% native polyacrylamide gels. To determine
specificity of the complexes, competition experiments were performed by incubating
selected protein extracts with an excess of unlabeled consensus.
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Western blot analysis

Ab array for

Total protein extracts from selected subregions of the CNS and other tissues (spleen,
thymus, LN, liver, and gonads) of nIKK/AKO and control mice were prepared as previously
described (16). Thirty micrograms of total protein extracts were resolved on NUPAGE
Novex Bis-Tris Gels (Invitrogen) and transferred onto nitrocellulose membranes (Schleicher
& Schuell Microscience). Blots were probed with Abs against IKK/ (1/200; Upstate
Biotechnology), phospho-IxBa (1/500; Cell Signaling), and phospho-p65 (1/250; Cell
Signaling). The secondary Abs used were HRP-conjugated anti-mouse and anti-rabbit 1gG
(1/2000 up to 1/5000; Jackson ImmunoResearch Laboratories). Ab binding was detected
using the ECL Plus detection system (Amersham Pharmacia). To normalize for protein
content, we stripped and reprobed membranes with anti-#-tubulin Ab (1/1000; BD
Pharmingen).

mouse cytokine expression

Two different Ab array platforms carrying immobilized capture Abs were used, one for 65
different soluble signaling factors and cytokines (Chemi- Array Mouse Cytokine Ab Array
I11; Chemicon International) (see Fig. 4) and the other for 18 factors (TranSignal Mouse
Cytokine Ab Array 1.0; Panomics) (data not shown) according to the manufacturer’s
instructions. Membranes were incubated with 200-400 g of total protein lysates isolated
from the spinal cord of control (n = 4) and nIKKAKO (n = 4) mice at day 22 after EAE
induction. Signals were detected using chemiluminescence detection reagent with multiple
exposures to Kodak X-Omat film. Signal intensity was quantified by densitometry using
Image Quant 5.2 (Molecular Dynamics Storm Scanner 600). Sample spots were normalized
against positive control spots on each individual membrane. Normalized data were used to
show fold changes in cytokine expression of nIKKAKO compared with control lysates. The
mean fold change £ SEM from two independent experiments for the first array platform are
presented (see Fig. 4).

Total RNA isolation, semiquantitative and quantitative RT-PCR

Total RNA was extracted with TRIzol (Invitrogen) according to the manufacturer’s
instructions. For semiquantitative RT-PCR, DNase-treated (Promega) RNA was reverse
transcribed with M-MLV Reverse Transcriptase (Promega) and random hexamers (Roche).
Primers were used for the detection of FLIP (forward, 5-GAA GAG TGT CTT GAT GAA
GA-3’ and reverse, 5-GAA AAG CTG GAT ATG ATA GC-3), VEGF (forward, 5’-GCG
GGC TGC CTC GCA GTC-3 and reverse, 5-TCA CCG CCT TGG CTT GTC AC-3), and
CSF-1R (forward, 5-GAC CTG CTC CAC TTC TCC AG-3’ and reverse, 5-GGG TTC
AGA CCA AGC GAG AAG- 3’). Mouse factin was amplified as a loading control.
Densitometric analysis was performed using Image Quant 5.2 (Molecular Dynamics Storm
Scanner 600) and relative band intensities were determined. Quantitative RT-PCR for TNF
and CXCL16 was performed using a QuantiFast SYBR green RT-PCR kit (Qiagen)
according to the manufacturer’s instructions. QuantiTect Primer Assays were used for TNF,
CXCL16, and #glucuronidase (Qiagen). All reactions were performed using the
LightCycler System (Roche). At the end of each PCR run, melting curve analysis was also
performed to verify the integrity and homogeneity of PCR products. Gene expression levels
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were calculated using already created standard curves for each gene. These standard curves
were created by plotting threshold cycle values vs the logarithm of serial diluted RNA
concentrations. Least-squares methods were used for the determination of A and B values in
the equation threshold cycle = A*log(Cgrna) + B. The coefficient of determination (R2) was
>0.99. Values were normalized using the respective f-glucuronidase values.

All statistical analyses were performed with SigmaStat 2.0 for Windows. All data are given
as mean + SEM. For comparisons of neuron viability as measured by LDH release (see Fig.
2, C and D), one-way ANOVA with Bonferroni correction was performed. To determine
significant differences between clinical scores of control and nIKKAKO mice at different
time points after immunization (see Fig. 3A), the Mann-Whitney rank sum test was
performed. Student’s t test was used to compare the inflammatory infiltrates (see Fig. 3G),
FLIP expression in spinal cord neurons (see Fig. 5C) and lymphocyte populations analyzed
by FACS (see Fig. 6, C and D) between control and nIKK KO mice after immunization. For
semiquantitative RT-PCR analyses, the Mann-Whitney rank sum test or one-way ANOVA
followed by the Bonferroni t test for pairwise comparisons was performed (see Figs. 4, D
and E, and 5D). For quantitative RT-PCR analyses (see Fig. 4, B and C), differential
expression between control and nIKK KO samples at each time point was evaluated using
the Mann- Whitney rank sum test. Differences between the normalized cytokine levels from
two experiments for each Ab array platform were determined using the Mann-Whitney rank
sum test (see Fig. 4A). Values of p < 0.05 were considered statistically significant.

Conditional deletion of IKKB in CNS neurons

For the conditional deletion of loxP-flanked genes in CNS neurons, we used transgenic mice
expressing Cre recombinase under the control of the Camkll promoter (CamklICre) as
previously described (37). The selective deletion of IKK S from Camkll-expressing neurons
was relevant for this study given the reported involvement of NF-xB in CaZ*-regulated,
CamklI-dependent signaling in neurons (23) and the importance of axonal Ca2* channels in
EAE and MS (46, 47). CamklICre mice have already been extensively characterized and
used (29, 48) and we further characterized the pattern of Cre-mediated gene deletion in our
system by crossing CamkIICre mice with the ROSA26 reporter strain which carries a loxP-
flanked neo “stop” cassette within the coding sequence of f-galactosidase gene (38). LacZ
staining of CamklICreROSA tissue sections revealed the location of Cre-mediated loxP
recombination in neurons widely distributed within the forebrain, including cortex,
hippocampus, and striatum (Fig. 1A, left panel) and Purkinje cells of the cerebellum (Fig.
1A, right panel) as previously described (37), as well as in the spinal cord in nerve endings
in lamina I and neuron cell bodies located in the outer laminas 11111 of the dorsal horn,
lamina X around the central canal, and sparse neurons in the ventral horn (Fig. 1B, right
panel). To achieve Ikbkb gene deletion in CNS neuronal populations, we crossed IKK47F
mice (35, 36) with CamklICre-transgenic mice (nIKK/K; Fig. 1C). nIKKAK mice developed
and reproduced normally and had no obvious abnormalities.

J Immunol. Author manuscript; available in PMC 2014 July 14.
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Western blot analysis of protein extracts from mouse tissues demonstrated efficient CNS-
specific depletion of IKK/Sin nIKKAKO mice compared with control mice (Fig. 1D).
Specifically, there was complete IKK S depletion in cortex and hippocampus and a marked
reduction in striatum, cerebellum (Fig. 1E), and spinal cord (Fig. 1D). No differences in

IKK S expression were detected in non-CNS tissues, including thymus, spleen, and LN
between nIKKAKO and control mice (Fig. 1D). The neuronal basis of IKK/ depletion was
further verified using extracts from enriched (estimated >95%) cultures of primary cortical
neurons isolated from nIKKAKO mice that showed a high level of recombination (Fig. 1F).
Because the expression of CamklICre within neuronal populations of the spinal cord has not
been well characterized, we also directly compared the distribution of IKK/#
immunoreactive cells within spinal cord sections from control and nIKK KO mice by
immunohistochemistry. IKKS was expressed by cells distributed throughout the spinal cord
in both mouse strains; therefore, we compared the colocalization of IKKg with NeuN in
spinal cord neurons to evaluate the extent of deletion from neurons in nIKKAKO mice. In
control cord, IKK/positive neurons were localized throughout the gray matter including
laminas I11-111 of the dorsal horn, lamina X around the central canal (Fig. 1G), and numerous
neurons in the ventral horn. In addition, large numbers of spinal cord axons originating in
proximal brain and spinal cord neurons should also contain IKK/. In contrast, IKK#-positive
neurons were markedly reduced in cord from nIKKAKO mice, particularly in cells localized
in the dorsal horn and around the central canal (Fig. 1G).

To verify that the canonical NF-xB pathway is also functionally inactive in nIKKAKO
neurons, we treated neurons from both strains with human TNF (hTNF) and measured the
levels of NF-xB activity by EMSA. In control neurons, constitutive NF-xB activity was
detectable corresponding to p50/p65 heterodimers (upper band) and p50/p50 homodimers
(lower band) and was induced by TNF treatment (Fig. 2A). In contrast, p50/p50 activity was
low and p50/p65 activity was completely absent in nIKK KO neurons and were not altered
by TNF treatment (Fig. 2A). Constitutive levels of plxBa were detected in neurons from
both strains and were further induced after TNF treatment in a dose-dependent manner in
control, but not nNIKKAKO, neurons (Fig. 2B). Constitutive levels of phospho-p65 were also
detectable in control neurons and were further induced by TNF treatment in a dose-
dependent manner (Fig. 2B). In contrast, phospho-p65 was not detectable in nIKKAKO
neurons (Fig. 2B). We further investigated the contribution of IKK£to neuron survival in in
vitro models of neurotoxicity. hTNF administration induced dose-dependent cell death in
nIKKAKO neurons (Fig. 2C), a finding consistent with the known role of NF-xB in
mediating cytoprotection against TNF. Furthermore, hTNF pretreatment, that is known to
protect primary cortical neurons against excitotoxic and ischemic injury (14, 16), failed to
induce neuroprotection in nIKKAKO neurons after GD (Fig. 2D).

Neuronal IKKB deficiency results in severe nonresolving neurological defects in the
chronic phase of EAE

To study the function of IKKgin neurons during a chronic demyelinating and
neurodegenerative disease, we used the MOGg35_s5-EAE model for MS, which is
characterized by a chronic nonrelapsing clinical course in C57BL/6 mice and shows
neuronal damage and forebrain involvement (49). We immunized C57BL/6 WT, IKK4/F
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littermate controls, and NIKKAKO mice with MOG35_g5 and measured their clinical
symptoms daily. The IKK4F controls and WT mice both showed typical clinical symptoms
of MOG35_55-EAE with an acute initial phase followed by gradual disease resolution (Fig.
3A and Table I). In contrast, mice lacking neuronal IKK/ showed significantly enhanced
clinical symptoms (Fig. 3A and Table I). In a representative experiment from three
(experiment 3), nIKKAKO mice had the same disease onset as IKK//F controls but
developed a significantly more severe, nonremitting form of disease with significantly
increased clinical score until the last time point tested ( p < 0.05, days 19-42 after
immunization inclusive; Fig. 3A). A number of animals in the nIKKAKO group became
moribund during the experiment and were euthanized on days 26 and 34 (Table I). These
mice were given a clinical score of 5 for the remaining days of the experiment.

Sustained severe neuropathology in neuronal IKKB-deficient mice

To investigate whether the enhanced neurological defect in nIKKAKO mice was associated
with differences in neuropathology, we examined spinal cord sections from nIKK /KO and
control mice taken at different time points: peak of disease (day 17) and early (day 22) and
late (days 34 and 42) chronic phase. At day 17, both nIKKAKO and control mice showed
severe infiltration of the meninges and spinal cord parenchyma by immune cells as
visualized by H&E staining and anti-Mac3 immunohistochemistry (Fig. 3, B and E).
Demyelination, shown by Luxol fast blue staining (Fig. 3C), and axonal damage, shown by
Bielschowsky silver staining (Fig. 3D), were observed in both groups of mice to a similar
extent. At days 22 and 42, immune cell infiltration appeared less severe than at day 17 in
control, but not nIKKAKO mice (Fig. 3, B, E, and F). At days 22 and 42, demyelination
appeared more severe than at day 17 in nIKK/AKO, but not control mice (Fig. 3C).
Quantitative analysis of neuropathological changes did not reveal differences in
inflammatory cell infiltration in spinal cords from the two mouse strains (Fig. 3G) but did
reveal significantly increased axon loss in nIKK /KO spinal cords compared with those from
control mice at day 34 (Fig. 3H). Axonal pathology was further evaluated by
immunohistochemistry using an Ab to amyloid precursor protein. Axonal amyloid precursor
protein accumulation was evident on day 17 and axon damage was exacerbated by day 22 in
both groups of mice. nNIKKAKO mice showed more frequent and larger lesions than control
mice by day 42 (data not shown).

Neuronal IKKB suppresses the production of inflammatory mediators and enhances the
expression of neuroprotective factors in the spinal cord during EAE

Comparison of the production of immune mediators in spinal cord protein extracts taken at
day 22 of EAE using an Ab array panel showed that a number of key lymphokines,
chemokines, and other neuroactive molecules were differentially regulated in nIKK KO
mice compared with control mice. Specifically, Thl (IL-12 p40/p70, 1L-12p40, TNF), Th17
(IL-17), and proinflammatory (IL-6, TNF) cytokines, proinflammatory chemokines (KC/
CXCL1, MCP-1/CCL2, RANTES/CCL5, CTACK/CCL27, TECK/CCL25, CXCL16/
scavenger receptor, MCP-5/CCL12, MIP-1a/CCL3, TARC/CCL17, TCA-3/CCL1), and
several other mediators (tissue inhibitor of metalloproteinase 1, leptin receptor, TNFRI,
TNFRII, thrombopoietin) were significantly up-regulated in the spinal cord of mice with
neuronal deletion of IKKAat day 22 of EAE (Fig. 4A). Only a few proteins showed
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significant down-regulation and these included IL-10, an immunomodulatory cytokine, and
VEGF, a neuroprotective factor (Fig. 4A). A large number of proteins was not significantly
regulated in the nIKKAKO EAE spinal cord (supplemental Table SI).4 The differential
expression of several targets was further validated at the mRNA level by semiquantitative
and quantitative RT-PCR in independent samples. The expression of CXCL16 and TNF
mRNA was significantly increased in nIKKAKO spinal cord at day 17 of EAE compared
with control as determined by quantitative RT-PCR (Fig. 4, B and C). Also, nRNA
expression of the neuroprotective factors, CSF-1R (Fig. 4D), VEGF (Fig. 4E), and FLIP
(Fig. 5D) was significantly decreased by day 22.

To investigate the effect of neuronal IKK/ deletion upon the cellular localization of FLIP, a
NF-xB-inducible neuroprotective protein (16, 50), during EAE, we performed
immunocytochemistry on sections of spinal cord and brain taken at day 22 of EAE. In
control tissues, FLIP immunoreactivity was localized mainly in neurons in the outer laminas
of the dorsal horn (Fig. 5A, i and ii) and large neurons of the ventral horn (Fig. 5Aiii) of the
spinal cord, as well as Purkinje cells (data not shown), hippocampal neurons (Fig. 5Aiv),
and large cortical neurons (Fig. 5Av) of the brain. FLIPs;_ immunoreactivity colocalized
with the neuronal marker NeuN in a large proportion of cells, confirming the neuronal
localization of FLIP and that FLIP is mainly expressed by neurons in the gray matter of the
dorsal and ventral horns of the spinal cord (Fig. 5B). FLIP immunoreactivity was markedly
reduced in the spinal cord of nIKKAKO mice compared with control mice at day 22 of EAE
(Fig. 5A, i-v) and this was correlated with a significant reduction in the number of FLIP-
immunoreactive spinal cord neurons (Fig. 5C) and levels of FLIP mRNA in spinal cord
extracts (Fig. 5D).

Th1l effector T cell enrichment and NK cell deficit in the CNS of neuronal IKKB-deficient

EAE mice

The expression of IKKgin thymus, LN, and spleen of nIKK/KO mice was comparable to
that in control mice (Fig. 1D). To analyze T cell responses to Ag priming, mice were
immunized with MOG3s_s55 and cells were isolated from draining LN and spleens 9 days
later and restimulated in vitro with MOGss_g5 peptide. Cells derived from nIKKAKO and
control mice showed equivalent recall responses to MOG3s_s5 peptide (Fig. 6, A and B).
Also, measurement of cytokine secretion did not reveal an increase in the production of IFN-
yand TNF-a by the nIKKAKO cells (data not shown). These results show that the observed
exacerbation of clinical disease in nIKK/AKO mice is unlikely to be due to alterations in T
cell priming to MOGg3s5_ss.

To investigate whether the increased levels of proinflammatory cytokines measured in spinal
cord extracts from nIKKAKO EAE mice were reflected by differences in CNS-infiltrating
immune cell populations, we isolated mononuclear cells from the spinal cords of mice with
active EAE at the peak (clinical score 3.5-4 in both strains) and chronic phase time points
and measured the proportions of the major immune cell populations known to be associated
with EAE, as well of cytokine-producing cells compared with those in splenocytes and

4 The online version of this article contains supplemental material.

J Immunol. Author manuscript; available in PMC 2014 July 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Emmanouil et al.

Page 11

draining LN cells isolated from the same animals. Equivalent numbers of mononuclear cells
were isolated from EAE spinal cords from the two mouse strains. No differences in the
proportions of spinal cord CD8* or CD25*FoxP3* T cells, B220* B cells, or CD11b*
macrophages were detected between the two strains at either time point (Fig. 6, C and D). A
significant increase in the proportion of CD4* T cells and a significant decrease in the
proportion of NK1.1* cells were observed in the spinal cord compared with controls at both
time points (Fig. 6C). Furthermore, intracellular staining of cytokines within the pool of
CNS-infiltrating monocytes at the peak and chronic phase time points revealed a significant
increase in the proportion of CD4* IFN-»* cells in the nIKKAKO compared with control
spinal cord (Fig. 6, D and E), but not CD4¥IL-17* cells (Fig. 6D). In contrast, the pools of
CD4*IFN-y and CD4*IL-17" cells were unaltered. The CNS specificity of the enhanced
Th1 cell representation in nIKKAKO mice was confirmed by the finding that splenic and LN
CD4*IFN-»* and CD4*IL-17* cells were equivalent in nIKKAKO and control mice with
EAE (Fig. 6D). These results show that there is a selective enrichment of CD4*IFN-y" CNS-
infiltrating T cells and a decrease in NK1.1* cells in the nIKKAKO spinal cord during the
development of EAE and suggest that one of the protective effects of neuronal IKK/ during
the development of EAE is to selectively limit the accumulation of proencephalitogenic Thl
cells and enhance the accumulation of NK1.1* cells within the CNS microenvironment.

Discussion

The role of NF-#B in CNS neurons and its contribution to neurodegeneration during disease
is important to define, particularly in view of current efforts to develop more selective
blocking reagents for NF-xB and one of its major inducers, TNF, for the treatment of a
variety of inflammatory conditions and cancer (51). In this study, we addressed the specific
contribution of IKKAin Camkll-expressing neurons to the development of EAE, an
autoimmune model for MS that is characterized by CNS inflammation, demyelination, and
early axonal damage. We show that neuronal IKK /S does not affect the initiation of EAE but
plays important roles in inducing the production of neuroprotective molecules, in
modulating the CNS inflammatory response, and in regulating the accumulation of specific
immune cell populations in the spinal cord after the induction of disease with the result of
protecting mice against the development of severe neurologic impairment. Our findings
demonstrate that neurons play an important immunoregulatory role during the development
of autoimmune demyelination and identify IKK/ as a critical neuronal molecule that links
neuroprotection with neuron-mediated suppression of CNS inflammation.

One mechanism by which neuronal NF-xB activation through IKK/ protects mice during
EAE is by mediating neuroprotection. The neuroprotective properties of NF-xB have been
well described in various models of neuron injury. Thus, neuronal NF-#B activity is
necessary for TNF-induced neuroprotection against excitotoxic and ischemic injury, is
central to ischemic tolerance, and protects mice against secondary lesion expansion
following cerebral ischemia (52, 53). In the present study, nIKKAKO mice showed
significantly enhanced spinal cord axon loss during EAE and this was associated with
significant reduction in the expression of known neuroprotective factors, VEGF, CSF-1R,
and FLIP in cord extracts. VEGF is a NF-xB-inducible gene (54) and is also responsive to
HIF-1 which is NF-xB dependent (21). It is produced by neurons and astrocytes and has
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neurotrophic and neuroprotective effects in isolated neurons, mediates tolerance induction,
neuroprotection, and enhances the survival of new neurons in experimental ischemia in mice
(55-57). It also protects motor neurons in a model for amytropic lateral sclerosis (58, 59).
CSF-1R is constitutively expressed by CNS neurons and further up-regulated following
ischemic injury (60) and in EAE and MS brain (61). Its ligand CSF-1 (murine M-CSF)
protects neurons and suppresses microglial activation during development and following
ischemia (62-64). The antiapoptotic protein FLIP is another NF-xB-inducible protein (50)
expressed by brain neurons that shows neuroprotective properties in experimental ischemia
(16). Importantly, the absence of IKK/Sfrom CNS neurons did not significantly affect the
basal levels of mMRNA expression of these three neuroprotective proteins in the spinal cord
before EAE. Following EAE induction, however, nlKKAKO mice were unable to maintain
or up-regulate the expression of MRNAs for VEGF, CSF-1R, or FLIP in the spinal cord or
to maintain FLIP immunoreactivity in spinal cord neurons, indicating that neuronally
located NF-#B plays a major role in inducing the expression of VEGF, CSF-1R, and FLIP in
spinal cord tissues during EAE.

The immune regulatory properties of neurons in the normal CNS have been addressed in
several earlier studies (6, 65). Neurons constitutively express the immunosuppressive
cytokine TGF-£ (13, 66), the T cell costimulatory ligands B7.1 and B7.2 (13), and two
negative regulators of the macrophage lineage, CD200 and CD22 (8, 9). Indeed, CD200-
deficient mice show spontaneously enhanced microglial activation and develop significantly
advanced EAE compared with control mice (8). Neuronal electrical activity is also important
for counterregulating immune reactivity in surrounding astrocytes and microglia because
IFN-y can induce MHC class Il molecule expression and therefore Agpresenting properties
in these cells in brain slices, only in the presence of a sodium channel antagonist,
presynaptic calcium channel blockers, or glutamate receptor antagonists (67, 68). However,
it has been unclear whether neurons maintain their immune regulatory properties during
CNS inflammation and, if so, which are the mechanisms involved. Previous studies have
shown that functionally compromised neurons become sensitive to IFN-jinduced MHC
class | expression and therefore may directly interact with CD8* T cells (7) and that stressed
neurons can induce apoptosis in activated microglia via Sema3A/Neuropilin 1 interaction
(69). Major findings of the present study are that neurons have a significant anti-
inflammatory effect in the CNS microenvironment during the development of autoimmune
demyelination and that neuronal NF-xB activity is identified as a critical mediator of this
effect. Neuronal deficiency of IKKA did not alter the basal expression of the inflammatory
markers measured here and nIKK KO mice were phenotypically normal, suggesting that
neuronal NF- B activity is not necessary for the maintenance of immune quiescence in the
CNS under normal conditions. Following the induction of EAE, however, neuronal NF-xB
activity was essential for counterregulating the production of immune mediators that have
been positively associated with EAE and MS. These included chemokines involved in the
attraction and recruitment of monocytes and activated lymphocytes into tissues (MCP-1/
CCL2, RANTES/CCLS5, TECK/CCL25, CXCL16) (70), proinflammatory cytokines (1L-6,
TNF, TNFRI), as well as cytokines involved in Thl (IL-12 p70) and Th17 (IL-17, CXCL1)
(71) responses. Of note, production of the immunosuppressive cytokine IL-10 was reduced
in the nIKK /KO EAE spinal cord. We also showed that neuronal NF-#B activity is
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necessary for enhancing the accumulation of NK1.1* cells and for limiting the accumulation
of CD4*IFN-»*, but not CD4*1L-17%, T cells in spinal cord tissues from early in the disease.
CD4*IFN-»* Thl-polarized myelin-reactive T cells are capable of triggering EAE by
adoptive transfer into naive recipient mice (72) and NK1.1* cells, including the NK T cell
population, have disease-protective effects (73). It is possible that both of the immune cell
changes observed in nNIKKAKO EAE spinal cord promote disease severity in these mice. Our
results show that a major role of neuronal IKK/ is to maintain the integrity of neurons and
thereby suppress the proinflammatory environment of the CNS tissue during EAE. One
hypothesis would be that TNF, which is rapidly and highly up-regulated by activated
microglia/macrophages and T cells in the vicinity of neurons during EAE, could serve as an
activating ligand for neuronal TNFRI and TNFRII, both of which mediate neuroprotection
through the induction of NF-#B activity (14, 15, 74, 75). Our present findings support the
contention that under conditions of inflammation, a neuronal TNF-TNFRI-NF-xB pathway
would be activated which would mediate neuroprotection and feedback to negatively
regulate glial immunoreactivity.

It will be important to define the molecular mechanism by which neuronal IKK /S suppresses
brain inflammation and the accumulation of proinflammatory T cells, as well as enhances
the accumulation of NK1.1* cells, in the CNS in EAE as new therapeutic targets. Neurons
are known to suppress the reactivity of neighboring cells in the normal CNS and it is likely
that they do the same under disease conditions. Alterations in cytokine and chemokine
production by these cells could clearly shape the quality and quantity of CNS-infiltrating
monocyte populations, a mechanism that is supported by our expression data. Alternatively,
CNS neurons may directly interact with infiltrating immune cell populations by altering
their survival or causing alteration of their effector phenotype. Recently, isolated neurons
were found to enhance the proliferation of CD4™ T cells in a MHC class Il-independent,
TGF-A1- and B7-dependent way and to convert encephalitogenic T cell lines to CD25*TGF-
BLYCTLA-4*FoxP3* T regulatory cells that suppress encephalitogenic T cells and inhibit
EAE (13). In this study, we did not find support for such a mechanism being driven by NF-
B in neurons in vivo since changes in the proportions of CD25*FoxP3* T regulatory cells
did not parallel those of CD4* IFN-»* cells in nIKKAKO spinal cord. Interestingly, previous
studies of the role of neuronal NF-#B in the CNS of mice have revealed a deleterious role in
acute injury caused by cerebral ischemia (30, 31). Also, astroglial and astroglial/neuronal
NF- B had deleterious effects by enhancing gliosis and chronic CNS inflammation in EAE
(32, 33). Taken together, these results have supported the idea that NF-xB may be a good
therapeutic target for the treatment of acute CNS pathologies like stroke and chronic ones
like MS. However, the results of the present study show that NF-#B also becomes activated
in neurons to mediate neuroprotection during chronic diseases like MS and caution that any
future therapeutic targeting of NF-xB in the CNS must take into account cell specificity of
effect and the type of neurodegeneration.

The findings of this study contribute to the understanding of how the CNS and the immune
system interact during the development of CNS inflammation and autoimmunity. Our data
show that neuron control of CNS immune function extends beyond a role in the maintenance
of immune privilege in the normal healthy CNS to the active protection of CNS tissues
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during CNS inflammation and autoimmunity. Our finding that neuron integrity has an anti-
inflammatory effect during the development of autoimmune disease may have important
consequences for therapy in MS and emphasizes the importance of neuroprotective
strategies as a major goal not only for directly preserving neurons and axons but also for
indirectly suppressing the pathogenic CNS-directed autoimmune and inflammatory
processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
IKKpis selectively deleted in CNS neurons of nIKKAKO mice. A, CamklICre-mediated

gene deletion in CNS neurons was confirmed using ROSA26 reporter mice that carry a
loxP-flanked (floxed, F) neo cassette within lacZ. Cre-mediated activation of lacZ, detected
by staining with X-Gal, was widespread in cells of the cortex (Cx), hippocampus (Hip), and
striatum (Str; left panel) as well as Purkinje cells of the cerebellum (Cer; right panel). B, X-
Gal staining was also detected in cells localized in the outer laminas (especially laminas I1
and I11) of the dorsal horn, around the central canal (lamina X), and in sparse cells in the
ventral horn of the spinal cord, as shown in sections from the lumbar region. C, Scheme
showing the strategy for the generation of nIKKAKO mice. D, The expression of IKK S was
selectively depleted in brain and spinal cord of nIKKAKO mice as determined by Western
blot. Br, Brain; SC, spinal cord; Th, thymus; Sp, spleen; Liv, liver; Gon, gonads. E, IKKf
expression was completely depleted in the cortex and hippocampus and significantly
depleted in the striatum (Str) and cerebellum of nIKK KO mice as shown by Western blot.
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F, The contribution of neurons to IKK S depletion was demonstrated by Western blot of cell
extracts from highly enriched cultures (>95%) of nIKKAKO and control cortical neurons. G,
Immunofluorescent staining of sections from lumbar spinal cords of nIKKAKO and control
mice for NeuN (green, left panel) and IKK/ (red, central panel). Colocalization of NeuN
and IKKg (right panel) was observed in neurons throughout the gray matter, including
pyramidal cells of lamina Il and lateral to the central canal, in control but not nIKKAKO
spinal cord. Images are representative of two independent experiments. Scale bars: A, 1 mm
(left panel); 100 um (right panel); C, 1 mm; and G, 10 um.
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FIGURE 2.

nIKKAKO neurons are sensitive to TNF toxicity and resistant to TNF-mediated
neuroprotection against GD. A, Treatment of cortical neurons with hTNF for 20 min induced
p50/p65 activity in control, but not nNIKKAKO, neurons as assessed by EMSA. B, Treatment
of cortical neurons with hTNF for 20 min induced expression of the phosphorylated forms
of I Ba and p65 in control, but not nIKKAKO, neurons as assessed by Western blot. C,
Treatment of neurons with hTNF induced cytotoxicity in nIKKAKO, but not control,
neurons in a dose-dependent manner as measured by increased LDH release (results shown
represent mean LDH release £ SEM of triplicate samples from two independent
experiments). D, Dose-dependent TNF-mediated neuroprotection against GD (24 h)
observed in control neurons was abolished in nIKKAKO neurons, as measured by LDH
release (results shown represent the mean LDH release = SEM of duplicate samples from
two independent experiments).
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FIGURE 3.
nIKKAKO mice develop a severe, nonresolving form of MOG35_g5-EAE with enhanced

inflammation and axon loss in the spinal cord compared with control mice. A, Mean clinical
scores for nIKKAKO (n = 20) and control mice (n = 20) after immunization with MOG3g_s5
peptide. Results shown are representative of three independent experiments (experiment 3)
(see Table I) and are presented as mean values + SEM. B-F, Spinal cord sections from
nIKKAKO and control mice taken at days 17, 22, and 42 after immunization and stained
with H&E (B), Luxol fast blue (C), Bielschowsky silver stain (D), anti-Mac3 (E), and anti-
CD3 (F). At day 17 after immunization, spinal cords from nIKK/AKO and control mice
showed similar neuropathological changes with severe meningeal and parenchymal
inflammation (B and E), demyelination (C), and axonal damage (D). At days 22 and 42 after
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immunization, spinal cords from nIKK KO showed severe persistent demyelination (C,
black arrow), axonal damage (D, black arrow), and inflammation (E, black arrow) including
the presence of large numbers of CD3-immunoreactive T cells (F). Scale bar, 1 mm. G,
Quantitative representation of inflammatory infiltrates in nIKK KO and control spinal cord
at days 17, 22, and 42 after immunization. Inflammation was scored as inflammatory
infiltrates per mm? of tissue. H, Quantification of spinal cord inflammation, demyelination,
and axon loss on day 34 after immunization. Demyelination was scored in H&E-stained
sections as follows: 0.5 for few perivascular demyelinated fibers, 1 for perivascular
demyelination, and 2 for confluent and subpial demyelination. Axon loss was assessed
depending on the percentage of loss: 1 for 0-30%, 2 for 30-60%, and 3 for >60%.
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Enhanced production of proinflammatory cytokines and chemokines and reduced production

of neuroprotective factors in the spinal cord of nIKKAKO EAE mice. A, Differential

production of immune mediators in protein lysates from nIKKAKO (n = 2) compared with
control (n = 2) spinal cord taken on day 22 after immunization as measured by a mouse
cytokine Ab array (Chemicon International). Results are presented as the mean fold change
+ SEM in cytokine production in spinal cords taken from two independent experiments. B—
E, Differential expression of immune genes in total mMRNA isolates taken from nIKKKO
and control spinal cord before and after EAE induction as measured by RT-PCR. mRNA
levels of CXCL16 (B) and TNF (C) were measured by quantitative RT-PCR, and mMRNA
levels of CSF-1R (D) and VEGF (E) by semiquantitative RT-PCR in nIKKAKO and control
spinal cords (day 0 (nonimmunized): control, n = 2 and nIKK/AKO, n = 2; day 17: control, n

=2 and nIKKAKO, n = 2; day 22: control, n = 2 and nIKKAKO, n = 3).
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nIKKAKO mice fail to maintain or induce production of the neuroprotective protein FLIP in
the spinal cord during EAE. A, Localization of FLIPg; immunoreactivity in the spinal cord
and brain of nIKK KO and control mice at day 22 after immunization. Low levels of
FLIPg_ expression were observed in spinal cord sections (Ai) from nIKKAKO mice notably
in the dorsal (ii) and ventral horns (iii). FLIPg;_expression levels in hippocampus (iv) and
cortex (v) were more pronounced in control mice compared with nIKKAKO mice. There was
also weak expression of FLIPg_in inflammatory cells (data not shown). B,
Immunofluorescence localization of NeuN (green, left panel) and FLIPg;_ (red, central
panel) in lumbar spinal cords of NIKKAKO and control nonimmunized or day 22 of EAE
mice. Colocalization of NeuN and FLIPg;_(right panel) was observed in neurons of the
dorsal (i, iii, and v) and ventral horns (ii, iv, and vi) of the spinal cord prior to and during
EAE. Reduced levels of FLIPg; immunoreactivity were observed in the nIKKAKO spinal
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cord (v and vi). (vii, negative control with omission of primary Abs). C, Quantitative
assessment of the numbers of FLIPg; immunoreactive neurons in the spinal cord of
nIKKAKO and control mice at different time points after immunization. Values are numbers
of positive cells/mm? tissue. D, Semiquantitative RT-PCR analysis of FLIP mRNA levels in
nIKKAKO and control spinal cord following EAE (day 0 (nonimmunized): control, n = 2
and nIKKAKO, n = 2; day 17: control, n = 2 and nIKKAKO, n = 2; day 22: control, n =2 and
nIKKAKO, n = 3). Scale bars: Ai, 1 mm; Aii and Bvii, 100 um; Aiii and B, i—iii and v, 50 um;
A, ivand v, 500 pm; and B, ii-iv and vi,10 um.
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FIGURE 6.

nIKKAKO mice show normal T cell priming, enrichment of CD4* and CD4*IFN-»* T cells
and reduction in NK1.1* cells in the spinal cord at the peak and chronic phase of EAE. A
and B, Draining LN cells and splenocytes were isolated from nIKK /KO and control mice 9
days after immunization with MOG3s_s5 peptide and restimulated with MOG3s_s5 peptide
for 72 h. No differences in cell proliferation of LN cells (A) and splenocytes (B) were
detected between MOG-specific T cells from nIKKAKO and control mice. Cell proliferation
results are expressed as the stimulation index (ratio between radioactivity counts of cells
cultured in the presence of MOG3s_s55 peptide and cells cultured with medium alone). C,
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CNS-infiltrating monocytes from spinal cords were isolated at the peak and chronic phase of
disease from control and nIKK KO mice. Cells were stained for the surface markers CD4,
CD8, B220, NK1.1, and CD11b. Three independent samples from one representative
experiment were analyzed for each condition and the percentages of the surface marker-
expressing cells + SEM in the total live cell gates are indicated in the table. D and E,
Draining LN cells, splenocytes, and CNS-infiltrating monocytes from spinal cords were
isolated at the peak and chronic phase of disease from control and nIKKAKO mice. Cells
were stimulated with PMA/ionomycin and stained for the surface markers CD4 and CD25
and by intracellular staining for the cytokines IFN-y, IL-17, and transcription factor FoxP3.
Three independent samples from each of two different experiments were analyzed for each
condition and the percentages of the cytokine-secreting cells £ SEM in the total live cell
gates are indicated in the table (D). On the dot plots (E), the analysis for the CNS-infiltrating
cells of a representative experiment (day 17) is presented. The plots show the CD4*CNS-
derived T cells in the total live-cell gate. ND, Not done.
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