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Neurobiology of Disease

NF-kB Activation Accounts for the Cytoprotective Effects of
PERK Activation on Oligodendrocytes during EAE

Zhixin Lei,"> Yuan Yue,"* Sarrabeth Stone,"* Shuangchan Wu,? and ““Wensheng Lin'?
"Department of Neuroscience, and “Institute for Translational Neuroscience, University of Minnesota, Minneapolis, Minnesota, 55455

Previous studies demonstrate that activation of pancreatic ER kinase (PERK) protects oligodendrocytes against inflammation
in the experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis (MS). Interestingly, data indicate that
the cytoprotective effects of PERK activation on oligodendrocytes during EAE are not mediated by activating transcription
factor 4 (ATF4) but are accompanied by activation of nuclear factor kB (NF-xB). NF-«B plays a critical role in MS and EAE;
however, the effects of NF-«B activation on oligodendrocytes in these diseases remain elusive. Herein, we generated a mouse
model that allow for activation of NF-kB specifically in oligodendrocytes and found that enhanced NF-kB activation in oligo-
dendrocytes had a minimal effect on their viability and function under normal conditions (both male and female mice).
Interestingly, we found that enhanced NF-xB activation in oligodendrocytes attenuated EAE disease severity and ameliorated
EAE-induced oligodendrocyte loss, demyelination, and axon degeneration, without affecting inflammation (female mice).
Moreover, we showed that the detrimental effects of PERK inactivation in oligodendrocytes in EAE were accompanied by
impaired NF-xB activation in oligodendrocytes, and were completely rescued by enhanced NF-kB activation in oligodendro-
cytes (female mice). These findings suggest that NF-kB activation accounts for the cytoprotective effects of PERK activation
on oligodendrocytes in MS and EAE.
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Nuclear factor kB (NF-«B) is activated in oligodendrocytes in multiple sclerosis (MS) and its animal model experimental
autoimmune encephalomyelitis (EAE); however, the role of NF-«B activation in oligodendrocytes in MS and EAE remains
elusive. Herein, we generated a mouse model that allows for activation of NF-«B selectively in oligodendrocytes and demon-
strated that NF-«B activation prevented oligodendrocyte death and myelin damage in the EAE model. We further demon-
strated that NF-«xB activation contributed to the protective effects of pancreatic ER kinase (PERK) activation on
oligodendrocytes in the EAE model. As such, this work will facilitate the development of new treatments that enhance oligo-
dendrocyte survival in MS patients by targeting the PERK-NF-«B pathway. /

Introduction kB binds to the kB consensus DNA sequence and enhances the
Transcription factor Nuclear factor kB (NF-kB) is a hetero or ~ €Xpression of genes that control inflammation and cell viability.
homodimer of Rel family proteins, including p65, c-Rel, RelB, A variety of stimuli, including inflammatory mediators, growth
p50, and p52. In the quiescent state, NF-x B remains inactive and factors, and cellular stresses, can activate NF-«B through various

. > mechanisms, including the IxB kinase 2 (IKK2)-dependent ca-

is sequestered in the cytoplasm by binding to NF-«B inhibitors - cal path b ccal vath cal
(IkBs). Upon stimulation, NF-«B becomes activated though dis- nonical pathway, the non-canonica Pat way, and atypical path-
ways (Hayden and Ghosh, 2012; Mincheva-Tasheva and Soler,

sociation from Ik Bs and translocates into the nucleus where NF-
2013; Yue et al., 2018).

Multiple sclerosis (MS) is an autoimmune inflammatory
demyelinating disease of the CNS. NF-«B is activated in T cells,
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microglia/macrophages, astrocytes, oligodendrocytes, and neurons
in MS and experimental autoimmune encephalomyelitis (EAE;
Gveric et al., 1998; Bonetti et al., 1999; Stone et al., 2019). Data
indicate that NF-«B activation in inflammatory cells, including T
cells and microglia/macrophages, enhances inflammation and
facilitates MS and EAE development (Mc Guire et al., 2013; Yue et
al., 2018). Conversely, several studies suggests that NF-«B activa-
tion protects oligodendrocytes against inflammatory mediators
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(Nicholas et al., 2001; Hamanoue et al., 2004; Lin et al,, 2012;
Stone et al., 2017). Our previous study showed that mice express-
ing IkBaAN (a supersuppressor of NF-«B) specifically in oligo-
dendrocytes develop extremely severe EAE with very high
mortality. Because of early, sudden death of these EAE mice, we
could not collect CNS tissues to determine the effects of IkBaAN
expression on oligodendrocyte during EAE (Stone et al.,, 2017).
Nevertheless, another study showed that oligodendrocyte-specific
deletion of RelB attenuates EAE-induced oligodendrocyte death
and demyelination (Gupta et al., 2019). Moreover, a report men-
tioned that IKK2 deletion in oligodendrocytes, using IKK2"*/*<%;
MOG/Cre mice, does not affect EAE development but fell short to
show the efficiency and specificity of Cre-mediated recombination
of floxed IKK2 alleles in these mice (Raasch et al., 2011). Thus, the
role of NF-«B activation in oligodendrocytes in MS and EAE
remains unclear.

Upon endoplasmic reticulum (ER) stress, activation of pan-
creatic ER kinase (PERK) phosphorylates eukaryotic translation
initiation factor 2« (elF2a), which inhibits global protein trans-
lation but stimulates numerous cytoprotective gene expression
through induction of the transcription factor activating tran-
scription factor 4 (ATF4; Walter and Ron, 2011; Wang and
Kaufman, 2016). The PERK-elF2a pathway regulates oligoden-
drocyte viability in various myelin disorders (Lin and Popko,
2009; Lin and Stone, 2020). Several studies showed that
enhanced PERK activation in oligodendrocytes attenuates oligo-
dendrocyte death and demyelination during EAE and that
decreased PERK activation in oligodendrocytes exacerbates oli-
godendrocyte death and demyelination during EAE (Hussien et
al., 2014; Lin et al,, 2007, 2013, 2014a). Surprisingly, a recent
study showed that ATF4 inactivation specifically in oligodendro-
cytes does not alter oligodendrocyte death or demyelination in
EAE mice, suggesting the minimal involvement of ATF4 in the
cytoprotective effects of PERK activation on oligodendrocytes
during EAE (Yue et al,, 2019). Therefore, it remains elusive how
PERK activation protects oligodendrocytes against inflammation
in MS and EAE.

The PERK-eIF2« pathway also activates NF-«B by suppress-
ing translation of its inhibitor Ik Ba (Deng et al., 2004; Ron and
Walter, 2007). Interestingly, our previous in vitro studies showed
that PERK activation triggers NF-« B activation in oligodendro-
cytes by suppressing translation of IkBa through phosphoryla-
tion of eIF2« (Lin et al., 2012, 2013). We also found that PERK
activation induces NF-«B activation in oligodendrocytes during
EAE (Lin et al,, 2013). This study sought to test the possibility
that the cytoprotective effects of PERK activation on oligoden-
drocytes in MS and EAE are mediated by NF-«B. We first dem-
onstrated the cytoprotective effects of NF-«B activation on
oligodendrocytes during EAE. We further showed that enhanced
NEF-kB activation specifically in oligodendrocytes completely
rescued the detrimental effects of PERK inactivation in oligoden-
drocytes in EAE. These findings indicate that NF-«B activation
contributes significantly to the cytoprotective effects of PERK
activation on oligodendrocytes during EAE.

Materials and Methods

Mice

CNP/Cre mice (Lappe-Siefke et al., 2003), R26Stop™ ikk2ca mice (Sasaki
et al, 2006; The Jackson Laboratory stock #008242), and PERK™*"
mice (Zhang et al., 2002; The Jackson Laboratory stock #023066) were
on the C57BL/6] background. CNP/Cre mice were crossed with
R26Stop™ikk2ca mice to obtain R26Stop™ ikk2ca; CNP/Cre mice
(IKK2ca cKI mice) and control mice (WT mice), including
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R26Stop™ikk2ca mice, CNP/Cre mice, and wild type mice. CNP/Cre
mice were crossed with PERK" mice to obtain PERK*; CNP/Cre
mice, and R26StopF Likk2ca mice were crossed with PERK " mice to
obtain PERK"*F: R26StopF Likk2ca mice. PERK™: CNP/Cre mice were
further crossed with PERK'T; R26StopFLikk2ca mice to obtain
R26Stop™ ikk2ca; PERK™"*P.  CNP/Cre mice (Double mice),
R26Stop™ikk2ca; CNP/Cre mice (IKK2ca cKI mice), PERK* "%, CNP/
Cre mice (PERK cKO (knock out) mice), and control mice (WT mice),
including PERK" """ mice, R26Stop""ikk2ca mice, CNP/Cre mice, and
wild type mice. Genotypes of mice were determined by PCR from DNA
extracted from tail tips as described previously (Zhang et al., 2002;
Lappe-Siefke et al., 2003; Sasaki et al., 2006). To assess Cre-mediated
recombination in the tissues of these mice, genomic DNA was isolated
from the indicated tissues, and PCR was performed as described previ-
ously (Zhang et al., 2002; Sasaki et al., 2006). All animal procedures were
conducted in complete compliance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of the University of Minnesota.

EAE immunization

Eight-week-old female mice were injected subcutaneously in the flank/
tail base with 200 ug of MOG35-55 peptide emulsified in complete
Freund’s adjuvant (BD Biosciences) supplemented with 600 ug of myco-
bacterium tuberculosis (strain H37Ra; BD Biosciences). Two intraperito-
neal injections of 400-ng pertussis toxin (List Biological Laboratories)
were given 0 and 48 h later. Clinical scores (0= healthy, 1=flaccid tail,
2 =ataxia and/or paresis of hindlimbs, 3 = paralysis of hindlimbs and/or
paresis of forelimbs, 4 = tetraparalysis, 5=moribund or death) were
recorded daily as described previously (Lin et al., 2007, 2013; Stone et al.,
2017, 2018). Aggregate EAE clinical score was the sum of daily clinical
scores of each individual mouse during the period of observation.

Immunohistochemistry (IHC)

Anesthetized mice were perfused through the left cardiac ventricle with
4% paraformaldehyde in PBS. Half sagittal brain and the cephalic half of
the lumbar spinal cord (SP; L1-L3) were postfixed in 4% paraformalde-
hyde for 2 h, cryoprotected in 30% sucrose for 48 h, embedded in opti-
mum cutting temperature compound, and frozen on dry ice. Frozen
sections were cut using a cryostat at a thickness of 10 um. The other half
sagittal brain and the caudal half of the lumbar SP (L3-L5) were postfixed
in 4% paraformaldehyde for 72 h, dehydrated through graded alcohols,
and embedded in paraffin wax. Paraffin sections were cut using a micro-
tome at a thickness of 5 pm. Fluorescein (1:100, Vector Laboratories, anti-
rabbit, RRID:AB_2336197; anti-mouse, RRID:AB_2336176), Cy3 (1:500,
Mﬂlipore, anti-mouse, RRID:AB_11213281; anti-rat, RRID:AB_90854;
anti-rabbit, RRID:AB_92489), or enzyme-labeled secondary antibodies
(1:200, Vector Laboratories, anti-rat, RRID:AB_2336202; anti-mouse,
RRID:AB_2313581) were used for detection. Immunohistochemical
detection of CC1 (APC7, 1:50; EMD Biosciences, RRID:AB_2057371),
myelin basic protein (MBP, 1:1000; Sternberger Monoclonals, RRID:AB_
10120129), CD3 (1:50; Santa Cruz Biotechnology, RRID:AB_627010),
CD11b (1:50; Millipore, RRID:AB_92930), the active form of p65 (1:50;
Millipore, RRID:AB_2178887), aspartoacylase (ASPA; 1:500; Millipore,
catalog ABN1698), Flag (1:250; Sigma, RRID: AB_1957945), SMI32
(1:1000; Covance, RRID: AB_509997), glial fibrillary acidic protein
(GFAP; 1:1000; Covance, RRID:AB_2314542), and A20/TNFAIP3 (1:100;
Santa Cruz Biotechnology, catalog sc-166692) were performed. Fluo-
rescent stained sections were mounted with Vectashield mounting me-
dium with DAPI (Vector Laboratories) and visualized with an Olympus
FV1000 confocal microscope. To quantify cells and axons in the lumbar
SP, we counted immunopositive cells or axons in an area of 0.1 mm?
within the anterior funiculus medially next to the anterior median fissure
in the lumbar SP as described previously (Lin et al., 2007, 2013; Stone et
al,, 2018). For quantitative MBP IHC analysis, we calculated the percent-
age of the demyelinated area in the lumbar SP by normalizing the demye-
linated area against the total white matter area. The total white matter area
and the demyelinated area in the lumbar SP were measured with the NIH
Image] software (http://rsb.info.nih.gov/ij/; RRID:SCR_003070) as
described previously (Lin et al., 2007, 2013; Stone et al., 2018).
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Western blot analysis

Brain was harvested from mice and rinsed in ice-cold PBS. After homog-
enization using a motorized homogenizer, samples were incubated on
ice for 15min and then centrifuged at 14,000 rpm for 30 min twice as
described previously (Lin et al., 2013; Stone et al., 2017, 2018). The pro-
tein concentration was measured using the DC Protein Assay (Bio-Rad
Laboratories). The extracts (50 g) were separated by SDS-PAGE gels
and transferred to nitrocellulose membranes. The membranes were
incubated with a primary antibody against Flag (1:1000; Sigma, RRID:
AB_1957945), A20/TNFAIP3 (1:1000; Santa Cruz Biotechnology, cata-
log sc-166692), or [ -actin (1:5000, Sigma-Aldrich, RRID:AB_476694)
overnight, followed by an horseradish peroxidase-conjugated secondary
antibody (1:1000, Vector Laboratories, anti-mouse, catalog #PI-2000;
anti-rabbit, #PI-1000). The chemiluminescent signal was detected using
the ECL Detection Reagents (GE Healthcare Biosciences). The intensity
of the chemiluminescence signals of Flag, A20/TNFAIP3, and S -actin
were quantified using the NIH Image] software.

Real-time PCR

The SP was harvested from mice and rinsed in ice-cold PBS. RNA was
extracted from the SP using TRIzol reagent (Invitrogen) and treated
with DNasel (Invitrogen) to eliminate genomic DNA. Reverse transcrip-
tion was performed using the iScript cDNA Synthesis kit (Bio-Rad
Laboratories). Real-time PCR was performed using LightCycler 480
Probes Master (Roche Diagnostics Corporation) on the LightCycler 480
System (Roche) as described previously (Lin et al, 2013; Stone et al.,
2017, 2018).

T cell proliferation and viability assay and cytokine assays

Spleen was isolated from EAE mice at postimmunization day (PID)10
and homogenized into a single-cell suspension. The single-spleen cell
suspensions were plated in 96-well microtiter plates in triplicate, and
incubated with MOG35-55 peptide (0, 1, 10, or 100 pg/ml) at 37°C and
5% CO,. For T cell proliferation viability assay, 20 ul of bromodeoxyuri-
dine (BrdU)-labeling solution (Millipore) was added to the culture
media after 48 h and incubated for a further 24 h. Cell proliferation was
determined wusing the Colorimetric BrdU Cell Proliferation kit
(Millipore) according to manufacturer’s instructions. For T cell viability
assay, the cells were incubated at 37°C and 5% CO, for 72 h. Cell viabil-
ity was determined by the MTT assay kit (Promega) according to the
manufacturer’s instructions. For cytokine assay, cytokines in the culture
supernatants were quantified using the ELISA kits (IFN-vy, IL-4, IL-17A,
BioLegend) according to the manufacturer’s instructions.

Toluidine blue staining

Mice were deeply anaesthetized and perfused with PBS containing 4%
paraformaldehyde and 2.5% glutaraldehyde. The lumbar SP was
removed, processed, and embedded in resin; 1-um sections were cut and
stained with toluidine blue as described previously (Lin et al., 2007,
2013; Stone et al., 2018). The demyelinated area and total white matter
area in the lumbar SP were measured using the NIH ImageJ software,
and the percentage of the demyelinated area was calculated by normaliz-
ing the demyelinated area against the total white matter area.

RNA-sequencing analysis

The optic nerves were harvested from mice and rinsed in ice-cold PBS.
RNA was extracted from the optic nerves using RNeasy Plus Mini kit
(QIAGEN). SMARTer Stranded Total RNA-Seq kit (Takara Bio) was
used to construct poly(A) selected paired-end sequencing library.
Sequencing was conducted with the Illumina NextSeq 550 Sequencer at
The University of Minnesota Genomics Center. Raw paired-end RNA-
seq reads in fastq format was assessed using gopher-pipeline software
(Rnaseq-Pipeline version 1.4). Read mapping was performed via Hisat2
using the mouse genome (ensembl GRCm38) as reference. Cuffdiff 2.2.1
was used to quantify the expression level of each known gene in units of
fragments per kilobase of exon model per million reads mapped
(FPKM). Differentially expressed genes were identified using the edgeR
(negative binomial) feature in CLC GWB (QIAGEN) using raw read
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counts. Genes that show a minimum 2 X absolute fold change and raw p
< 0.05 were considered differentially expressed.

Experimental design and statistical analysis

Sample size for each individual experiment can be found in the corre-
sponding figure legends. For EAE experiments, only female mice were
used because of the well-known sex differences in EAE. For other experi-
ments, both male and female mice were used. EAE clinical score data are
presented as mean = SEM. All other data are expressed as mean * SD.
Comparison between two groups was statistically evaluated by t test
using GraphPad Prism 6 (GraphPad Software, RRID:SCR_002798).
Multiple comparisons were statistically evaluated by the one-way
ANOVA with a Tukey’s post hoc test using GraphPad Prism 6; p < 0.05
was considered significant.

Results

Enhanced NF-«B activation does not affect oligodendrocyte
viability or function under normal conditions

Previous studies showed that attenuated NF-« B activation in oli-
godendrocytes does not alter myelin formation or maintenance
in the CNS under normal conditions (Hilliard et al., 1999, 2002;
van Loo et al., 2006; Stone et al., 2017; Blank and Prinz, 2014;
Kretz et al,, 2014). The canonical IKK2-dependent NF-«B path-
way is activated by inflammatory mediators, which bind to spe-
cific receptors and induce activation of the IKK complex (a
trimeric complex of IKK1, IKK2, and NEMO). Then the acti-
vated IKK complex phosphorylates I« Ba, leads to ubiquitination
and degradation of IkBa, and subsequently results in release and
activation of the NF-«B p65/p50 heterodimer (hereafter referred
to as p65 NF-kB; Hayden and Ghosh, 2012; Mincheva-Tasheva
and Soler, 2013; Yue et al., 2018). To determine the effects of
enhanced NF-«B activation on oligodendrocytes, we generated a
mouse model that expresses a constitutively active form of IKK2
(IKK2ca; Mercurio et al., 1997) specifically in oligodendro-
cytes in the CNS. R26Stop™ ikk2ca mice (Sasaki et al., 2006)
that carry a floxed conditional allele containing a floxed STOP
cassette, Flag-tagged IKK2ca, and IRES-EGFP were crossed
with CNP/Cre knock-in mice (Lappe-Siefke et al., 2003) that
express Cre selectively in oligodendrocytes in the CNS to
obtain R26St0pFLikk2ca; CNP/Cre mice (IKK2ca cKI mice)
and control mice (WT mice), including R26StopF Likk2ca,
CNP/Cre mice, and wild type mice. IKK2ca cKI mice looked
healthy and were indistinguishable from littermate WT mice.
PCR analysis showed that the floxed STOP cassette that pre-
vents translation of Flag-tagged IKK2ca and EGFP was
removed by Cre recombination in the CNS of IKK2ca cKI
mice but not in other organs of IKK2ca cKI mice or in any
organs of WT mice (Fig. 1A). Western blot analysis showed
that Flag-tagged IKK2ca was undetectable in the CNS of WT
mice but became detectable in the CNS of IKK2ca cKI mice
(Fig. 1B). CCI (a marker for oligodendrocytes) and Flag dou-
ble immunostaining showed that the immunoreactivity of
Flag was undetectable in the CNS of WT mice (Fig. 1F-I).
Importantly, the majority of oligodendrocytes stained positive
for Flag in the CNS of IKK2ca cKI mice, and all Flag-positive
cells were CCl positive oligodendrocytes in these mice
(p <0.0001; Fig. 1C-E,I). These data demonstrate that IKK2ca
is expressed specifically in oligodendrocytes in the CNS of
IKK2ca cKI mice. Nevertheless, we found that the fluorescent
signal of EGFP was barely detectable in the CNS of IKK2ca
cKI mice (data not shown), which suggests very low expres-
sion of EGFP and prohibits us from using EGFP as a marker
to identify IKK2ca expressing cells. Similarly, RNA-sequenc-
ing analysis showed that the level of IKK2 mRNA (the sum of
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Expression of IKK2ca led to p65 NF-«B activation specifically in oligodendrocytes. A, PCR analysis using genomic DNA showed that the floxed IKK2ca allele was present in all tis-

sues in IKK2ca cKO mice and WT mice, but the IKK2ca knock-in (KI) allele was only present in the CNS of IKK2ca cKI mice. 1, brain; 2, SP; 3, heart; 4, liver; 5, spleen; 6, lung. B, Western blot
analysis showed that Flag-IKK2ca was detectable in the brain of eight-week-old IKK2ca cKI mice but not in WT mice. (~/, CC1 and Flag double immunostaining showed that the immunoreac-
tivity of Flag-IKK2ca became detectable selectively in oligodendrocytes in the brain of eight-week-old IKK2ca cKI mice, as compared with WT mice. J-P, ASPA and the active form of p65 double
immunostaining showed that the number of oligodendrocytes that stained positive for the active form of p65 was dramatically increased in the brain of eight-week-old IKK2ca cKI mice com-
pared with WT mice. N'=3 animals. Scale bars: 20 um. Statistical analyses were done with a t test. Error bars represented SD; *p << 0.05.

the endogenous IKK2 and the transgenic IKK2ca) was
increased <2-fold in the optic nerve of IKK2ca cKI mice com-
pared with WT (Table 1), suggesting modest expression of the
transgenic IKK2ca in oligodendrocytes of IKK2ca cKI mice.
Thus, these results suggest that the expression of the trans-
genic IKK2ca and EGFP in oligodendrocytes of IKK2ca cKI
mice is modest.

ASPA (another marker for oligodendrocytes) and the active
form of p65 double immunostaining showed that the immunore-
activity of the active form of p65 was undetectable in oligoden-
drocytes in the CNS of WT mice but became detectable in a
number of oligodendrocytes in IKK2ca cKI mice (p <0.0001;
Fig. 1J-P). These data demonstrate that enforced expression of
IKK2ca induces p65 NF-«B activation specifically in oligoden-
drocytes. Nevertheless, CC1 IHC showed that the number of oli-
godendrocytes in the CNS of three-week-old IKK2ca ¢KI mice
was comparable with WT mice [SP p =0.6283, corpus collosum
(CC) p=0.8891, cerebellum (CE) p=0.7969; Fig. 2A,B,Q]. MBP
IHC showed a comparable degree of myelination in the CNS of
three-week-old IKK2ca c¢KI mice and WT mice (Fig. 2E,F).
Robust myelination occurs in the rodent CNS between postnatal
d 7 and 21 (Baumann and Pham-Dinh, 2001). These data suggest
that enhanced p65 NF-«B activation has a minimal effect on
actively myelinating oligodendrocytes during developmental

Table 1. Differentially expressed genes in the optic nerve of IKK2ca cKl mice
compared with WT mice

Gene ID Gene expression, fold change p value

Ikbkb (IKK2) 1.949744 7.98E-13
Nfkbia (IxBcv) 1.559935 2.57E-05
Dffb 2.127083 0.006999
Exo1 2.779978 0.014126
Fgf16 10.19853 0.004981
Hist1 h2bj 2.004363 0.04836

Hist1 h3c 3.514332 0.03688

Nox3 13.52964 0.090603
Poln 2.257956 0.036469
Pyhin1 2.365904 0.004892
Samd3 3.385923 0.020414
Sis 2.694653 0.008233
Tnfaip3 (A20) 2.127618 5.69E-06
Ube2c 2.344501 0.040445

N=3 animals. Boldface indicates the upregulation of A20.

myelination. Moreover, CC1 IHC and MBP IHC showed that
enhanced p65 NF-«B activation in oligodendrocytes did not
change oligodendrocyte numbers (SP p=0.6138, CC p=0.7643,
CE p=0.9713) or the degree of myelination in the CNS of adult
mice (Fig. 2IJ,M,N,R). Taken together, these results suggest that
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Enhanced NF-«B activation had a minimal effect on oligodendrocytes under normal conditions. A-D, @, CC1 IHC showed a comparable number of oligodendrocytes in the CNS of

three-week-old IKK2ca cKI mice, WT mice, PERK cKO mice, and Double mice. E-H, MBP IHC showed a comparable degree of myelination in the SP of three-week-old IKK2ca cKI mice, WT mice,
PERK cKO mice, and Double mice. I-L, R, CC1 IHC showed a comparable number of oligodendrocytes in the CNS of eight-week-old IKK2ca cKI mice, WT mice, PERK cKO mice, and Double mice.
M—P, MBP [HC showed a comparable degree of myelination in the SP of eight-week-old IKK2ca cKI mice, WT mice, PERK cKO mice, and Double mice. N'=4 animals. Scale bars: 40 um (4-D,
I-1) and 140 wm (E-H, M-P). Statistical analyses were done with a one-way ANOVA with a Tukey's post hoc test. Error bars represented SD; n.s., not significant.

enhanced p65 NF-«B activation does not affect oligodendrocyte
viability or function under normal conditions.

Enhanced NF-xB activation in oligodendrocytes protects
mice against EAE

To determine the effects of NF-«B activation on oligodendro-
cytes during EAE, eight-week-old female IKK2ca c¢KI mice and
WT mice were immunized with MOG35-55 peptide to induce
EAE. As expected, WT mice developed a typical EAE disease
course (Fig. 3A). Although disease onset in IKK2ca cKI mice
were comparable to WT mice, these IKK2ca cKI mice displayed
significantly milder EAE clinical symptoms compared with WT
mice [p=0.0109-0.0450 (Fig. 3A); p =0.0290 (Fig. 3B)]. CNS tis-
sues were prepared from these EAE mice at the peak of disease,

at PID19. ASPA and the active form of p65 showed that a few
ASPA positive oligodendrocytes stained positive for the active
form of p65 in the lumbar SP of WT mice at PID19, and that the
number of oligodendrocytes that stained positive for the active
form of p65 was significantly increased in the lumbar SP of
IKK2ca cKI mice compared with WT mice (p < 0.0001; Fig. 3C,
D,G). Thus, these results suggest that enhanced p65 NF-«B acti-
vation specifically in oligodendrocytes attenuates EAE disease
severity.

We further assessed demyelination, oligodendrocyte loss,
axon degeneration, and inflammation in the CNS of these EAE
mice. MBP THC revealed substantial myelin damage in the lum-
bar SP of WT mice at PID19 (Fig. 4B). Interestingly, myelin
damage was significantly attenuated in the lumbar SP of IKK2ca
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Enhanced NF-«B activation specifically in oligodendrocytes rendered mice resistant to EAE and abrogated the increased susceptibility of PERK cKO mice to EAE. A, Mean EAE clinical

score. Error bars represent SEM. B, The mean aggregate EAE clinical score was significantly decreased in IKK2ca cKI mice (N =16 animals) but significantly increased in PERK cKO mice (N =16
animals), as compared with WT mice (N =20 animals). The mean aggregate EAE clinical score of Double mice (V= 16 animals) was significantly decreased as compared with PERK cKO mice
and WT mice. Error bars represent SD. (-G, ASPA and the active form of p65 double immunostaining showed that the number of oligodendrocytes (arrows) that stained positive for the active
form of p65 was significantly increased in the lumbar SP of IKK2ca cKI mice and Double mice compared with WT mice at PID19 and was significantly decreased in the lumbar SP of PERK cKO
mice compared with WT mice and Double mice at PID19. N=4 animals. Error bars represent SD. Scale bars: 20 um (C-F). Statistical analyses were done with a one-way ANOVA with a

Tukey's post hoc test; *p << 0.05.

cKI mice compared with WT mice (p=0.0006; Fig. 4A,B,M).
Similarly, toluidine blue staining showed that the percentage of
demyelinated area in the white matter of the lumbar SP in
IKK2ca cKI mice was significantly reduced compared with WT
mice at PID19 (p=0.0002; Fig. 4E,F,N). Non-phosphorylated
neurofilament-H (SMI-32) immunostaining showed that there
was substantial axon degeneration in the lumbar SP of WT mice
at PID19 (Fig. 4/) and that the number of degenerating axons
was significantly reduced in the lumbar SP of IKK2ca cKI mice
compared with WT mice (p=0.0006; Fig. 41,],0). Importantly,
CD3 and ASPA double immunostaining showed that there were
a few remaining oligodendrocytes in inflammatory lesions in the
lumbar SP of WT mice at PID19, and that the number of
remaining oligodendrocytes were significantly increased in
inflammatory lesions in IKK2ca c¢KI mice compared with WT
mice (p=0.0008; Fig. 5A,B,M). Nevertheless, the number of
CD3-positive T cells was comparable in the lumbar SP of IKK2ca
cKI mice and WT mice at PID19 (p=0.8899; Fig. 5A,B,N).
CD11b immunostaining also showed that the number of
CD11b-positive microglia/macrophages was comparable in the
lumbar SP of IKK2ca cKI mice and WT mice at PID19
(p=0.9297; Fig. 5E,F,0). Moreover, GFAP immunostaining
showed that the number of GFAP-positive astrocytes was com-
parable in the lumbar SP of IKK2ca cKI mice and WT mice at
PID19 (p=0.9583; Fig. 5I,J,P). Additionally, real-time PCR anal-
ysis showed that enhanced p65 NF-«B activation specifically in
oligodendrocytes did not significantly alter the expression of

immune cytokines, including IFN-y (p=0.8766), TNF-a (p =
0.8970), iNOS (p =0.9956), IL-2 (p=0.9735), IL-5 (p = 0.9387),
and IL-10 (p=0.8454), in the SPs of EAE mice at PID19 (Fig.
5Q). Collectively, these data suggest that enhanced p65 NF-«B
activation specifically in oligodendrocytes attenuates oligoden-
drocyte death, demyelination, and axon degeneration but does
not alter inflammation in the CNS of EAE mice.

PCR analysis showed that the floxed STOP cassette that pre-
vents translation of Flag-tagged IKK2ca was not removed in leu-
kocytes in the spleen of IKK2ca cKI mice (Fig. 1A), suggesting
that IKK2ca is not expressed in leukocytes of IKK2ca cKI mice.
We sought to rule out the possibility that T cell priming is altered
in the peripheral immune system of IKK2ca cKI mice during
EAE. We cultured leukocytes from the spleen of IKK2ca cKI
mice and WT mice before onset of clinical symptom, at PID10
and then analyzed their in vitro response to a secondary exposure
to MOG35-55 peptide. BrdU cell proliferation assay and MTT
cell viability assay showed that the proliferation and viability of T
cells generated from IKK2ca cKI mice and WT mice were com-
parable in response to MOG35-55 peptide, respectively [BrdU
p=0.7536-0.8963 (Fig. 6A); MTT p=0.7134-0.8281 (Fig. 6B)].
ELISA assay showed that T cells generated from IKK2ca cKI
mice and WT mice produced comparable levels of IFN-vy
(p=05324), IL-4 (p=0.9889), and IL-17A (p=09963) in
response to MOG35-55 peptide (Fig. 6C-E). These results sug-
gest that T cell priming in the peripheral immune system is not
altered in IKK2ca cKI mice during EAE. Collectively, these data
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Figure 4. Enhanced NF-«B activation spedifically in oligodendrocytes attenuated EAE-induced demyelination and axon degeneration, and reversed the exacerbation of demyelination and
axon degeneration in PERK cKO mice undergoing EAE. A-D, M, MBP IHC showed that the percentage of demyelinated area in the lumbar SP was significantly decreased in IKK2ca cKI mice but
was significantly increased in PERK cKO mice at PID19, as compared with WT mice. The percentage of demyelinated area in the lumbar SP of Double mice was significantly decreased as com-
pared with PERK cKO mice and WT mice at PID19. E-H, N, Toluidine blue staining showed that the percentage of demyelinated area in the lumbar SP was significantly decreased in IKK2ca cK
mice but was significantly increased in PERK cKO mice at PID19, as compared with WT mice. The percentage of demyelinated area in the lumbar SP of Double mice was significantly decreased
as compared with PERK cKO mice and WT mice at PID19. /-L, 0, SMI-32 immunostaining showed that the number of degenerating axons was significantly decreased in the lumbar SP of
IKK2ca cKI mice but was significantly increased in PERK cKO mice at PID19, as compared with WT mice. The number of degenerating axons was significantly decreased in the lumbar SP of
Double mice as compared with PERK cKO mice and WT mice at PID19. N =4 animals. Scale bars: 40 pem (E-L). Statistical analyses were done with a one-way ANOVA with a Tukey’s post hoc

test. Error bars represent SD; *p << 0.05.

provide direct evidence that enhanced p65 NF-«B activation in
oligodendrocytes protects mice against EAE without affecting
inflammation, suggesting the cytoprotective effects of NF-«B
activation on oligodendrocytes in MS and EAE.

Enhanced NF-xB activation in oligodendrocytes completely
rescues the detrimental effects of PERK inactivation in
oligodendrocytes in EAE

Previous studies demonstrated the cytoprotective effects of
PERK activation on oligodendrocytes during EAE (Lin et al,
2007, 2013, 2014a; Hussien et al., 2014). However, a recent study
suggested that ATF4, the master transcription factor of the
PERK-eIlF2ar pathway, is not involved in the cytoprotective
effects of PERK activation on oligodendrocytes during EAE (Yue
et al., 2019). Besides ATF4, NF-«B is another major transcrip-
tion factor activated by the PERK-eIlF2« pathway (Deng et al,,

2004; Ron and Walter, 2007). Interestingly, our previous study
demonstrated that PERK activation induces p65 NF-«B activa-
tion in oligodendrocytes during EAE (Lin et al, 2013). We
sought to determine the involvement of p65 NF-«B in the cyto-
protective effects of PERK activation on oligodendrocytes during
EAE. Using PERK"****F; CNP/Cre mice (PERK cKO mice), a
previous study demonstrated that PERK inactivation specifically
in oligodendrocytes increases EAE disease severity and exacer-
bates EAE-induced oligodendrocyte death, demyelination, and
axon degeneration, without affecting inflammation (Hussien et
al., 2014). PERK ¢cKO mice were crossed with IKK2ca cKI mice
to generate R26Stop'“ikk2ca; PERK™"'; CNP/Cre mice
(Double mice). As expected, PERK ¢KO mice looked healthy
and did not display oligodendrocyte or myelin abnormalities in
the CNS at the age of three weeks (SP p =0.7450, CC p =0.9723,
CE p=0.8671; Fig. 2B,C,F,G,Q) and eight weeks (SP p=0.6138,
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Neither oligodendrocyte-specific expression of IKK2ca nor oligodendrocyte-specific PERK inactivation influenced T cell priming in the peripheral immune system during EAE. 4,

BrdU cell proliferation assay showed comparable T cell proliferation in IKK2ca cKI mice, WT mice, PERK cKO mice, and Double mice in response to MOG35-55 peptide. B, MTT cell viability assay
showed comparable T cell viability in IKK2ca cKI mice, WT mice, PERK cKO mice, and Double mice in response to M0G35-55 peptide. C~E, ELISA analysis showed comparable ability of T cells to
produce the cytokines IFN-+y, IL-4, or IL-17A in IKK2ca cKI mice, WT mice, PERK cKO mice, and Double mice in response to M0G35-55 peptide. N =4 animals. Statistical analyses were done

with a one-way ANOVA with a Tukey’s post hoc test. Error bars represent SD; n.s., not significant.

CC p=0.7643, CE p=09713; Fig. 2J,K,N,O,R). Moreover,
Double KO mice appeared healthy and were indistinguishable
from PERK cKO mice, IKK2ca cKI mice, and WT mice. CC1
THC showed that the number of oligodendrocytes was compara-
ble in the CNS of Double KO mice, PERK ¢KO mice, IKK2ca
cKI mice, and WT mice at the age of three weeks (SP p=0.7738,
CC p=0.7069, CE p=0.7253; Fig. 2A-D,Q) and eight weeks (SP
p=0.5836, CC p=0.2417, CE p=0.7915; Fig. 2I-L,R). MBP THC
showed that the degree of myelination was comparable in the
CNS of Double KO mice, PERK ¢KO mice, IKK2ca cKI mice,
and WT mice at the age of three and eight weeks (Fig. 2E-H,M-
P). These data suggest that the combination of PERK inactivation
and p65 NF-«B activation in oligodendrocytes does not affect
their viability or function under normal conditions.

Eight-week-old female Double mice, IKK2ca cKI mice, PERK
cKO mice and WT mice were immunized with MOG35-55 pep-
tide to induce EAE. In accordance with the previous study
(Hussien et al., 2014), PERK ¢KO mice developed a more severe
EAE disease course compared with WT mice, including signifi-
cantly earlier onset of disease and more severe clinical symptoms
[p=0.0002-0.0435 (Fig. 3A); p=0.0445 (Fig. 3B)]. Importantly,
the EAE clinical symptoms displayed by Double mice was signifi-
cantly milder than PERK ¢KO mice and WT mice [Double mice
vs PERK ¢KO mice p =0.0002 to p < 0.0001, Double mice vs WT
mice p=0.0002-0.048 (Fig. 3A); Double mice vs PERK cKO
mice, p < 0.0001, Double mice vs WT mice p =0.0033 (Fig. 3B)].
ASPA and the active form of p65 double immunostaining
showed that the number of oligodendrocytes that stained posi-
tive for the active form of p65 was significantly decreased in the
lumbar SP of PERK cKO mice compared with WT mice
(p <0.0001; Fig. 3D,E,G), and was significantly increased in the
lumbar SP of Double mice compared with PERK cKO mice and
WT mice (Double mice vs PERK cKO mice p < 0.0001, Double
mice vs WT mice p < 0.0001; Fig. 3D-G). These results suggest
that enhanced p65 NF-«B activation specifically in oligodendro-
cytes abrogates the increased susceptibility of PERK ¢KO mice to
EAE.

Consistent with the previous study (Hussien et al., 2014), we
found that PERK inactivation specifically in oligodendrocytes
exacerbated demyelination, oligodendrocyte loss, and axon
degeneration, but did not alter inflammation during EAE (Figs.
4-6). Interestingly, MBP IHC showed that myelin damage was

significantly attenuated in the lumbar SP of Double mice com-
pared with PERK cKO mice and WT mice at PID19 (Double
mice vs PERK cKO mice p < 0.0001, Double mice vs WT mice
p=0.0013; Fig. 4B-D,M). Similarly, toluidine blue staining
showed that the percentage of demyelinated area in the white
matter of the lumbar SP in Double mice was significantly
decreased compared with PERK cKO mice and WT mice at
PID19 (Double mice vs PERK cKO mice p < 0.0001, Double
mice vs WT mice p=0.0002; Fig. 4F-H,N). SMI-32 immuno-
staining showed that the number of degenerating axons in the
lumbar SP of Double mice was significantly reduced compared
with PERK cKO mice and WT mice at PID19 (Double mice vs
PERK cKO mice p<0.0001, Double mice vs WT mice
p=0.0018; Fig. 4J-L,0). Importantly, CD3 and ASPA double im-
munostaining showed that the number of remaining oligoden-
drocytes was significantly increased in inflammatory lesions in
the lumbar SP of Double mice compared with PERK cKO mice
and WT mice at PID19 (Double mice vs PERK cKO mice
p < 0.0001, Double mice vs WT mice p =0.0008; Fig. 5B-D,M).
Conversely, the number of CD3-positive T cells was comparable
in the lumbar SP of Double mice, IKK2ca cKI mice, PERK cKO
mice, and WT mice at PID19 (p=0.8978; Fig. 5A-D,N). CD11b
immunostaining showed that the number of CD11b-positive
microglia/macrophages was comparable in the lumbar SP of
Double mice, IKK2ca c¢KI mice, PERK cKO mice, and WT mice
at PID19 (p=0.8730; Fig. 5E-H,0). GFAP immunostaining also
showed that the number of GFAP-positive astrocytes was com-
parable in the lumbar SP of Double mice, IKK2ca c¢KI mice,
PERK cKO mice, and WT mice at PID19 (p =0.8974; Fig. 5I-L,
P). Moreover, real-time PCR analysis showed comparable levels
of immune cytokines, including IFN-y (p=0.7859), TNF-«
(p=0.8556), iNOS (p=0.5074), IL-2 (p=0.8210), IL-5 (p =
0.6424), and IL-10 (p=0.6741), in the SP of Double mice,
IKK2ca cKI mice, PERK cKO mice, and WT mice at PID19 (Fig.
5Q). Additionally, in vitro recall assays showed that the abilities
of T cells to proliferate, to survive, and to produce immune cyto-
kines in response to MOG35-55 peptide were comparable in
Double mice, IKK2ca cKI mice, PERK cKO mice, and WT mice
(BrdU p=0.4884-0.8926, MTT p=0.5793-0.8130, [FN-y p =
0.5462, IL-4 p=0.9388, IL-17A p=0.9621; Fig. 6A-E). These
results suggest that enhanced p65 NF-«B activation specifically
in oligodendrocytes completely reverses the exacerbation of
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demyelination, oligodendrocyte death, and axon degeneration in
the CNS of PERK cKO mice undergoing EAE, without altering
inflammation. Collectively, these data demonstrate that the detri-
mental effects of PERK inactivation in oligodendrocytes in EAE
are accompanied by impaired p65 NF-«B activation in oligoden-
drocytes, and are completely rescued by enhanced p65 NF-«B
activation in oligodendrocytes.

The cytoprotective effects of NF-«B activation on
oligodendrocytes during EAE are associated with
upregulation of A20/TNFAIP3

There is evidence that NF-« B activation exerts its cytoprotective
effects by inducing anti-apoptotic genes (Pahl, 1999; Karin and
Lin, 2002; Oeckinghaus et al., 2011; Mincheva-Tasheva and
Soler, 2013). It is known that ~60% of cells in the optic nerve are
oligodendrocytes (Vaughn, 1969; Lin et al., 2014b). To determine
the mechanisms responsible for the cytoprotective effects of
p65 NF-«B activation on oligodendrocytes, we employed an
unbiased, whole-genome RNA-sequencing approach using the
RNA isolated from the optic nerve of eight-week-old IKK2ca cKI
mice and WT mice. Unexpectedly, differential gene expression
analysis showed that there were only 12 significantly upregulated
genes (increase >2-fold and p<<0.05) in the optic nerve of
IKK2ca cKI mice compared with WT mice (Table 1). As
described above, we found that both the transgenic IKK2ca and
EGFP were expressed modestly in oligodendrocytes of IKK2ca
cKI mice. Moreover, RNA-sequencing analysis showed that the
level of IkBa mRNA, a major p65 NF-«B responsive gene (Pahl,
1999), was modestly increased (1.559935-fold) in the optic nerve
of IKK2ca cKI mice compared with WT mice (Table 1). Taken
together, these data suggest that modest p65 NF-«B activation
induced by modest IKK2ca expression does not significantly
increase (>2-fold) the expression of the majority of NF-«xB-re-
sponsive genes in oligodendrocytes of IKK2ca cKI mice.

Among 12 significantly upregulated genes, only A20/
TNFAIP3 (tumor necrosis factor a-induced protein 3) is a well-
established NF-«B-responsive, anti-apoptotic gene (Pahl, 1999;
Beyaert et al., 2000; Catrysse et al., 2014). Interestingly, western
blot analysis showed that the level of A20/TNFAIP3 was signifi-
cantly increased in the CNS of eight-week-old IKK2ca cKI mice
compared with WT mice (p=0.0451; Fig. 7A,B). Moreover,
ASPA and A20/TNFAIP3 double immunostaining showed that
the immunoreactivity of A20/TNFAIP3 was markedly increased
in oligodendrocytes in the CNS of eight-week-old IKK2ca
cKI mice compared with WT mice (p<0.0001; Fig. 7C-I).
Importantly, ASPA and A20/TNFAIP3 double immunostaining
showed that there were a few A20/TNFAIP3-positive oligoden-
drocytes in the lumbar SP of WT mice with EAE and that the
number of A20/TNFAIP3-positive oligodendrocytes was signifi-
cantly increased in the lumbar SP of IKK2ca cKI mice with EAE
compared with WT mice with EAE (p <0.001; Fig. 7], K,N).
Additionally, the number of A20/TNFAIP3-positive oligoden-
drocytes was significantly decreased in the lumbar SP of PERK
cKO mice with EAE compared with WT mice with EAE
(p <0.0001; Fig. 7K,L,N) and was significantly increased in the
lumbar SP of Double mice with EAE compared with PERK cKO
mice with EAE and WT mice with EAE (Double mice vs PERK
cKO mice p < 0.0001, Double mice vs WT mice p < 0.0001; Fig.
7K-N). These results demonstrate that enhanced p65 NF-«B
activation stimulates the expression of the anti-apoptotic gene
A20/TNFAIP3 in oligodendrocytes. Collectively, these data sug-
gest the possibility that induction of A20/TNFAIP3 contributes
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to the cytoprotective effects of p65 NF-«B activation on oligo-
dendrocytes during EAE.

Discussion

NE-«B is the major transcription factor that regulates inflamma-
tion and cell viability in inflammatory diseases, including MS
and EAE (Oeckinghaus et al., 2011; Mc Guire et al, 2013;
Herrington et al,, 2016; Yue et al., 2018). It is known that NF-«B
is activated in oligodendrocytes in MS and EAE (Bonetti et al.,
1999; Lin et al,, 2013). Using a mouse model that expresses
IkBaAN (a supersuppressor of NF-«B) specifically in oligoden-
drocytes, our previous study showed that IkBaAN expression
blocks p65 NF-«B activation and render (re)myelinating oligo-
dendrocytes sensitive to the cytotoxicity of IFN-v in the young,
developing mice and in the cuprizone model (Stone et al., 2017).
We also found that oligodendrocyte-specific expression of
IkBaAN dramatically increases EAE diseases severity; however,
we were not able to collect tissues to determine the effects of
IkBaAN expression on oligodendrocytes during EAE because of
early, sudden death of these EAE mice (Stone et al, 2017).
Moreover, a report showed that oligodendrocyte-specific dele-
tion of RelB attenuates EAE-induced oligodendrocyte death and
demyelination and that the beneficial effects of RelB deletion in
oligodendrocytes during EAE are associated with p65 NF-«B
activation (Gupta et al, 2019). In this study, we generated a
mouse model that expresses IKK2ca specifically in oligodendro-
cytes. We found that IKK2ca expression induced p65 NF-«B
activation selectively in oligodendrocytes, but did not affect oli-
godendrocyte viability or function under normal conditions.
Importantly, we found that enhanced p65 NF-«B activation spe-
cifically in oligodendrocytes ameliorated EAE disease severity
and attenuated EAE-induced oligodendrocyte loss, demyelin-
ation, and axon degeneration, without affecting inflammation.
There is evidence that oligodendrocytes support axon integrity
under normal and diseases conditions through myelin-depend-
ent and independent mechanisms (Bankston et al., 2013; Saab et
al., 2013). Several studies using oligodendrocyte conditional
transgenic mice showed that enhancement of oligodendrocyte
survival results in attenuation of axon degeneration during EAE
(Ren et al,, 2011; Lin et al,, 2013). Thus, these data suggest that
p65 NF-«B activation in oligodendrocytes protects oligodendro-
cytes and myelin against inflammation, and subsequently results
in attenuation of axon degeneration during EAE.

The PERK-eIF2« pathway is a major player in regulating oli-
godendrocyte viability and function under normal and disease
conditions (Lin and Popko, 2009; Volpi et al, 2016; Lin and
Stone, 2020; Stone et al., 2020). Previous studies demonstrated
the cytoprotective effects of PERK activation on oligodendro-
cytes during EAE (Lin et al,, 2007, 2013, 2014a; Hussien et al.,
2014). ATF4 is regarded as the master transcription factor of the
PERK-elF2ar pathway (Walter and Ron, 2011; Wang and
Kaufman, 2016); however, a recent study suggested that ATF4 is
not involved in the cytoprotective effects of PERK activation on
oligodendrocytes during EAE (Yue et al, 2019). Data indicate
that the PERK-elF2a pathway also activates NF-«kB in ER-
stressed cells (Deng et al, 2004; Ron and Walter, 2007).
Interestingly, our previous study showed that the cytoprotective
effects of PERK activation on oligodendrocytes during EAE are
accompanied with NF-«B activation (Lin et al, 2013). Thus,
these data raise a possibility that the cytoprotective effects of
PERK activation on oligodendrocytes during EAE are mediated
by NE-«kB. To test this possibility, one strategy is to determine
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Figure 7.

Enhanced NF-«B activation stimulated the expression of A20/TNFAIP3 in oligodendrocytes. A, B, Western blot analysis showed that the level of A20/TNFAIP3 was significantly

increased in the brain of eight-week-old IKK2ca cKI mice compared with WT mice. N =3 animals. (I, ASPA and A20/TNFAIP3 double immunostaining showed that the number of oligodendro-
cytes that stained positive for A20/TNFAIP3 was significantly increased in the brain of eight-week-old IKK2ca cKI mice compared with WT mice. N =4 animals. J-N, ASPA and A20/TNFAIP3
double immunostaining showed that the number of oligodendrocytes (arrows) that stained positive for A20/TNFAIP3 was significantly increased in the lumbar SP of IKK2ca cKI mice and
Double mice compared with WT mice at PID19 and was significantly decreased in the lumbar SP of PERK cKO mice compared with WT mice and Double mice at PID19. N =4 animals. Scale
bars: 20 pem. Statistical analyses were done with a t test or a one-way ANOVA with a Tukey's post hoc test. Error bars represent SD; *p << 0.05.

whether NF-«B inactivation in oligodendrocytes diminishes the
cytoprotective effects of PERK activation on oligodendrocytes
during EAE using a mouse model that allows for activation of
PERK and inactivation of NF-«B (via expression of IxBaAN)
specifically in oligodendrocytes. Using mice that allow for tem-
porally-controlled activation of PERK specifically in oligoden-
drocytes, we have demonstrated the cytoprotective effects of
PERK activation on oligodendrocytes during EAE (Lin et al,
2013). Nevertheless, mice expressing Ik BaAN specifically in oli-
godendrocytes develop extremely severe EAE with very high mor-
tality (Stone et al., 2017). We have no choice but to give up this
strategy. On the other hand, using a mouse model that allows for
inactivation of PERK specifically in oligodendrocytes, a previous
study showed that PERK inactivation in oligodendrocytes

exacerbates EAE-induced oligodendrocyte death, demyelination,
and axon degeneration (Hussien et al., 2014). Importantly, we
showed here that the detrimental effects of PERK inactivation in
oligodendrocytes in EAE were accompanied by impaired NF-«B
activation in oligodendrocytes. Therefore, the other strategy is
to determine whether enhanced NF-«B activation in oligo-
dendrocytes rescues the detrimental effects of PERK inactiva-
tion on the cells during EAE. We generated a mouse model
that allows for PERK inactivation and NF-«B activation spe-
cifically in oligodendrocytes, and showed that the exacerba-
tion of oligodendrocyte death, demyelination, and axon
degeneration induced by PERK inactivation in oligodendro-
cytes during EAE were completed rescued by enhanced NF-
kB activation in oligodendrocytes. Collectively, these results
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demonstrate the significant contribution of NF-«B activation
to the cytoprotective effects of PERK activation on oligoden-
drocytes during EAE.

Evidence suggests that NF-«B activation exerts cytoprotec-
tion through induction of anti-apoptotic genes, including cIAPs,
cFLIP, Bcl-2, Bcl-xL, and A20/TNFAIP3 (Pahl, 1999; Karin and
Lin, 2002; Oeckinghaus et al., 2011; Mincheva-Tasheva and
Soler, 2013). Herein, we showed that enhanced NF-« B activation
stimulated the expression of A20/TNFAIP3 in oligodendrocytes
in naive mice and mice undergoing EAE. Since A20/TNFAIP3 is
a well-established NF-«B-responsive, anti-apoptotic gene (Pahl,
1999; Beyaert et al., 2000; Catrysse et al., 2014), it is possible that
NEF-«B activation protects oligodendrocytes against inflamma-
tion during EAE by upregulating A20/TNFAIP3. Interestingly,
genome-wide association studies show that polymorphism of the
Tnfaip3 gene is associated with an increased risk for MS (De
Jager et al., 2009; Gilli et al., 2011; Hoffjan et al., 2015). Recent
studies suggest that A20/TNFAIP3 is a potent inhibitor of
inflammation in autoimmune inflammatory diseases, including
MS and EAE, by suppressing inflammatory cell activation
(Vereecke et al., 2009; Voet et al., 2018; Malynn and Ma, 2019).
However, the role of A20/TNFAIP3 in oligodendrocytes in MS
and EAE remains unexplored. An investigation into the role of
A20/TNFAIP3 in oligodendrocytes and its contribution to the
cytoprotective effects of NF-«B activation on oligodendrocytes
during EAE is warranted.

Data indicate that oligodendrocytes actively influences
inflammation in the CNS in MS and EAE by producing cyto-
kines and chemokines (Balabanov et al., 2007; Ren et al., 2011;
Jakel et al., 2019). Evidence suggests that NF-«B activation stim-
ulates the expression of cytokines and chemokines (Newton and
Dixit, 2012; Mc Guire et al., 2013). However, we found that
enhanced NF-«B activation in oligodendrocytes attenuated oli-
godendrocyte death, demyelination, and axon degeneration, but
did not alter inflammation in the CNS of EAE mice.
Accordingly, RNA- sequencing analysis showed that enhanced
NF-«B activation induced only 12 significantly upregulated
genes in oligodendrocytes, which did not include any cytokines
or chemokines. Moreover, we found that the expression of trans-
genic IKK2ca and EGFP in oligodendrocytes of IKK2ca cKI mice
was modest. Thus, it is possible that modest NF-«B activation
induced by modest IKK2ca expression does not significantly
increase the expression of cytokines and chemokines in oligo-
dendrocytes, and results in minimal alteration of CNS inflamma-
tion in IKK2ca cKI mice with EAE. On the other hand, the
dogma of MS and EAE pathogenesis is that these diseases are ini-
tiated by autoimmune inflammation against oligodendrocytes
and myelin, and then CNS tissue damage enhances inflamma-
tion, forming a vicious circle (Frohman et al., 2006; Bradl and
Lassmann, 2010). The alternative, but not mutually exclusive,
possibility is that enhanced NF-«B activation in oligodendro-
cytes is a double-edged sword in regulating inflammation in the
CNS of EAE mice: (1) promotes inflammation through induc-
tion of cytokines and chemokines; (2) suppresses inflammation
by attenuating CNS tissue damage. Neutralization of these two
opposite effects results in the minimal effects of enhanced NF-
kB activation in oligodendrocytes on CNS inflammation during
EAE.

In summary, using a mouse model that expresses IKK2ca spe-
cifically in oligodendrocytes in the CNS, we demonstrated the
cytoprotective effects of NF-«B activation on oligodendrocytes
during EAE. The results presented in this study also suggest that
NE-kB activation accounts for the cytoprotective effects of
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PERK activation on oligodendrocytes during EAE. Because NF-
kB activation in inflammatory cells enhances inflammation and
facilitates the development of MS and EAE, NF-«B is not an
ideal therapeutic target for MS. In contrast, several lines of evi-
dence have suggested that the PERK-elF2« pathway is a poten-
tial therapeutic target for MS (Way and Popko, 2016; Lin and
Stone, 2020). Moreover, recent studies showed that treatment
with small chemical compounds that enhance activation of the
PERK-elF2« pathway protects oligodendrocytes against inflam-
mation during EAE (Way et al.,, 2015; Chen et al., 2019). Thus,
this study will facilitate the development of treatments targeting
the PERK-elF2a pathway for MS patients by defining the mech-
anism responsible for the cytoprotective effects of PERK activa-
tion on oligodendrocytes in MS and EAE.
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