
Sephin1, which prolongs the integrated stress
response, is a promising therapeutic for
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Multiple sclerosis is a chronic autoimmune demyelinating disorder of the CNS. Immune-mediated oligodendrocyte cell loss con-

tributes to multiple sclerosis pathogenesis, such that oligodendrocyte-protective strategies represent a promising therapeutic ap-

proach. The integrated stress response, which is an innate cellular protective signalling pathway, reduces the cytotoxic impact of

inflammation on oligodendrocytes. This response is initiated by phosphorylation of eIF2a to diminish global protein translation

and selectively allow for the synthesis of protective proteins. The integrated stress response is terminated by dephosphorylation of

eIF2a. The small molecule Sephin1 inhibits eIF2a dephosphorylation, thereby prolonging the protective response. Herein, we tested

the effectiveness of Sephin1 in shielding oligodendrocytes against inflammatory stress. We confirmed that Sephin1 prolonged eIF2a

phosphorylation in stressed primary oligodendrocyte cultures. Moreover, by using a mouse model of multiple sclerosis, experi-

mental autoimmune encephalomyelitis, we demonstrated that Sephin1 delayed the onset of clinical symptoms, which correlated

with a prolonged integrated stress response, reduced oligodendrocyte and axon loss, as well as diminished T cell presence in the

CNS. Sephin1 is reportedly a selective inhibitor of GADD34 (PPP1R15A), which is a stress-induced regulatory subunit of protein

phosphatase 1 complex that dephosphorylates eIF2a. Consistent with this possibility, GADD34 mutant mice presented with a

similar ameliorated experimental autoimmune encephalomyelitis phenotype as Sephin1-treated mice, and Sephin1 did not provide

additional therapeutic benefit to the GADD34 mutant animals. Results presented from the adoptive transfer of encephalitogenic T

cells between wild-type and GADD34 mutant mice further indicate that the beneficial effects of Sephin1 are mediated through a

direct protective effect on the CNS. Of particular therapeutic relevance, Sephin1 provided additive therapeutic benefit when

combined with the first line multiple sclerosis drug, interferon b. Together, our results suggest that a neuroprotective treatment

based on the enhancement of the integrated stress response would likely have significant therapeutic value for multiple sclerosis

patients.
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Abbreviations: CFA = complete Freund’s adjuvant; CHOP = C/EBP-homologous protein; EAE = experimental autoimmune en-
cephalomyelitis; GADD34 = growth arrest and DNA damage 34; ISR = integrated stress response; IFN = interferon; OPC =
oligodendrocyte precursor cell; PID = post-immunization day; PLP = proteolipid protein; PP1c = protein phosphatase 1 catalytic
subunit; P/T-eIF2� = phosphorylated/total eukaryotic translation initiation factor 2 alpha

Introduction
Multiple sclerosis is a chronic autoimmune neurological dis-

ease most often diagnosed in young adults (Frohman et al.,

2006; Reich et al., 2018). The most common form of multiple

sclerosis initially manifests with relapsing-remitting symptoms

before progressing to permanent neurological damage, result-

ing in motor, sensory and cognitive deficits (Schaeffer et al.,

2015). While the aetiology of multiple sclerosis is unknown,

its pathological hallmarks include immune-mediated destruc-

tion of oligodendrocytes, the myelin-producing cells of the

CNS that are highly sensitive to cellular homeostatic changes,

subsequent demyelination and axonal degeneration (Frohman

et al., 2006; Reich et al., 2018).

Multiple sclerosis is regarded as an immune-mediated in-

flammatory demyelinating disorder, and therefore consider-

able effort has focused on the therapeutic potential of

regulators of inflammation and autoimmunity (Yadav

et al., 2015). Current disease-modifying treatments, such

as IFN-b, glatiramer acetate, natalizumab and terifuno-

mide, mainly target the immune system (Cohen et al.,

2001; Simpson et al., 2003; O’Connor et al., 2011;

Delbue et al., 2016). Although these treatments have mod-

erate effects on relapses, the impact of these drugs on dis-

ease progression is unknown (Hart and Bainbridge, 2016).

Previous studies have demonstrated that reducing oligo-

dendrocyte apoptosis leads to reduced demyelination and

axon damage, thereby ameliorating disease severity of

experimental autoimmune encephalomyelitis (EAE), a mul-

tiple sclerosis mouse model (Hisahara et al., 2000;

Mc Guire et al., 2010). Therefore, it is of considerable

therapeutic interest to develop alternative approaches cap-

able of protecting oligodendrocytes and reducing demyelin-

ation that contribute to disease progression (Stone and Lin,

2015; Way et al., 2015).

We have previously demonstrated that the integrated

stress response (ISR) is triggered in oligodendrocytes by

CNS inflammation (Lin et al., 2005, 2007). The ISR is a

cellular protective response that is activated by a variety of

cytotoxic insults such as reactive nitrogen oxide species,

glutamate excitotoxicity, and endoplasmic reticulum

stress, all of which have been implicated in multiple scler-

osis pathogenesis (Mháille et al., 2008; Cunnea et al.,

2011; Way and Popko, 2016). ISR activation leads to the

phosphorylation of the translation initiation factor eIF2�,

which results in rapid attenuation of global protein synthe-

sis to conserve cellular resources, while allowing the acti-

vation of a cytoprotective response coordinated by the

transcription factor ATF4 (Hetz et al., 2011; Walter and

Ron, 2011; Wang and Kaufman, 2016). As part of a

tight feedback loop, ATF4 induces C/EBP-homologous pro-

tein (CHOP, encoded by DDIT3) expression, which in turn

promotes expression of GADD34 (encoded by PPP1R15A),

a cofactor of the protein phosphatase 1 catalytic subunit

(PP1c). The GADD34-PP1c complex dephosphorylates

phosphorylated eukaryotic translation initiation factor 2

alpha (p-eIF2�), ensuring re-initiation of translation

(Walter and Ron, 2011). Importantly, when the cellular

stress cannot be remedied, the accumulation of CHOP

leads to apoptosis (Tabas and Ron, 2011; Li et al., 2014).

In genetic studies, the inactivation of the regulatory sub-

unit of the p-eIF2� phosphatase GADD34 results in a pro-

longed ISR due to the delayed dephosphorylation of

p-eIF2� (Kojima et al., 2003; Lin et al., 2008).

Importantly, GADD34 mutant mice display a significant

reduction in oligodendrocyte loss and demyelination in re-

sponse to inflammation (Lin et al., 2008). The success of

these studies attests to the potential of an enhanced ISR to

confer increased oligodendrocyte and myelin protection

against inflammation.

Guanabenz, an anti-hypertensive drug approved by the US

Food and Drug Administration, has been shown to enhance

the ISR by inhibiting the GADD34-PP1c-mediated depho-

sphorylation of p-eIF2� by GADD34-PP1c (Tsaytler et al.,

2011). Our laboratory recently reported that treatment of

EAE in mice with guanabenz delayed disease onset and dam-

pened clinical symptoms: these effects correlated with an

increase in p-eIF2� levels in oligodendrocytes and oligo-

dendrocyte protection (Way et al., 2015). These promising

results have served as the basis for a multiple sclerosis clin-

ical trial (ClinicalTrials.Gov: NCT02423083) at the

National Institutes of Health. Unfortunately, guanabenz

also functions as an �2-adrenergic agonist, a feature that

has been shown to cause drowsiness, lethargy and even

coma upon overdose (Holmes et al., 1983). Encouragingly,

a guanabenz derivative, Sephin1, was recently shown to

retain GADD34-PP1c-specific inhibition activity without

measurable �2-adrenergic side effects in cells or in vivo

(Das et al., 2015). Here we examined the effectiveness of

Sephin1 in protecting oligodendrocytes and myelin against

neuroinflammation by using a chronic EAE mouse model of

immune-mediated CNS demyelination. We found that

Sephin1 treatment of chronic EAE mice significantly delays

disease onset, which correlates with diminished oligodendro-

cyte, axon and myelin loss, as well as a prolonged ISR. In

addition, Sephin1 reduces the number of inflammatory

CD3+ T cells and inflammatory cytokine production

within the CNS without affecting the peripheral immune

Sephin1 treatment for multiple sclerosis BRAIN 2019: 142; 344–361 | 345



response. Furthermore, we provide evidence using the adop-

tive transfer model of EAE that the beneficial effects of

Sephin1 are likely due to protection of the CNS and not

attributed to the infiltrating T cells. Moreover, the combin-

ation of Sephin1 and IFN-b provides additive therapeutic

benefit on EAE. These data demonstrate that Sephin1 has

promising therapeutic potential in the treatment of multiple

sclerosis by providing protection to oligodendrocytes and

myelin.

Materials and methods

Animal study

All mice used in this study were housed under pathogen-free
conditions at controlled temperatures and relative humidity
with a 12/12-h light/dark cycle and free access to pelleted
food and water. All animal experiments were designed in ac-
cordance with ARRIVE guidelines and conducted in compli-
ance with The University of Chicago’s Animal Care and
Use Committee guidelines. For statistical validity, we used up
to 12 mice for the clinical score assessment, and three to five
mice for molecular biology studies and histology. All assess-
ments were done by researchers blinded to the experimental
groups. The mice were randomly assigned to the different ex-
perimental groups. Sephin1 (free base) was purchased from
Apexbio. Stock solution (24 mg/ml) of Sephin1 was dissolved
in DMSO (dimethyl sulphoxide, Sigma-Aldrich) and stored at
�20�C. Final solutions were prepared in sterile 0.9% NaCl
(DMSO concentration: 1%) for animal treatment and in cul-
ture media (50 mM) for in vitro treatment. Recombinant mouse
IFN-b (2.37 � 107 units/ml) was purchased from PBL Assay
Science, aliquoted and stored at �80�C. IFN-b (5000 U) in
0.9% NaCl was administered to each mouse daily.

Purification and treatment of
oligodendrocyte precursor cells

Isolation and immunopanning purification of oligodendrocyte
precursor cells (OPCs) was performed as previously described
(Dugas and Emery, 2013). Briefly, rat brain cortices from 6–7
days old pups were diced and digested with papain
(Worthington) at 37�C. Cells were triturated and resuspended
in a panning buffer, and then incubated at room temperature
sequentially on plates coated with primary antibodies against
Ran-2 and GalC for negative selection and O4 for positive
selection. Ran-2 (rat neural antigen-2) is a cell surface protein
of astrocytes. GalC (galactosylceramide), is a sphingolipid of
myelin expressed early in the maturation of oligodendrocytes.
O4 is expressed in pro-oligodendrocytes. Immunopanning se-
quentially with anti-Ran-2 and anti-GalC antibodies is done to
remove astrocytes and oligodendrocytes from the cell mixture
(negative selection), while anti-O4 is used to purify the OPCs
by positive selection. OPCs were released from the final pan-
ning dish with trypsin and seeded on poly-D-lysine-coated
flasks in growth medium to proliferate. For the treatment ex-
periments, OPCs were split and plated in differentiation media
overnight. Plates were randomly designated for treatment regi-
mens: rat recombinant IFN-� (R&D systems 200 U/ml) and

thapsigargin (Sigma, 200 nM) with or without Sephin1
(50 mM).

EAE immunization and treatment

EAE was induced in 7-week-old female C57BL/6J mice
(Jackson Laboratory) or GADD34 mutant (Marciniak et al.,
2004) and wild-type mice by subcutaneous flank administra-
tion of 200mg MOG35-55 peptide emulsified with complete
Freund’s adjuvant (CFA) (MOG35-55/CFA) (BD Biosciences)
containing inactive Mycobacterium tuberculosis H37Ra (BD
Biosciences). Mice also received intraperitoneal injections of
200 ng pertussis toxin (List Biological Laboratories) in sterile
phosphate-buffered saline (PBS) immediately after MOG ad-
ministration and 48 h later. CFA control mice were similarly
induced but lacked MOG. Mice were injected intraperitoneally
with Sephin1 or the equivalent amount of vehicle (1% DMSO
in 0.9% NaCl) daily beginning post-immunization Day (PID)
7. Mouse groups were randomized during the treatment. Mice
were blindly scored daily for signs of EAE as follows:
0 = healthy, 1 = flaccid tail, 2 = ataxia and/or paresis, 3 = par-
alysis of hindlimbs and/or paresis of forelimbs, 4 = tetrapara-
lysis, 5 = moribund or death.

Adoptive transfer of EAE induction

For the adoptive transfer EAE experiments, lymph nodes from
active EAE mice were dissected on PID8. Isolated cells from
lymph nodes were reactivated in the presence of MOG35-55

(20 mg/ml) and IL-12 (10 ng/ml) in HL-1 medium. After 72 h
in culture, total cells were harvested and counted. A total of
4 � 106 blast cells were transferred into each recipient female
mouse via tail vein injection. All recipient mice also received
intraperitoneal pertussis toxin (200 ng per injection) immedi-
ately after cell transfer and 48 h later. Mice were monitored
daily for the onset of EAE.

Immunofluorescence

Anaesthetized mice were transcranially perfused with 4% paraf-
ormaldehyde in PBS. Lumber spinal cords were immediately
removed, embedded in O.C.T. resin, and snap frozen. The
tissue was sectioned in a series of 10mm on a cryostat.
Cryosections were treated with acetone at �20�C, then blocked
with PBS containing 5% goat serum and 0.1% TritonTM X-100,
and incubated overnight with the primary antibodies at 4�C.
Sections were incubated with secondary antibodies for 1 h at
room temperature. Primary antibodies include the following:
anti-MBP (Abcam, ab24567, 1:700), anti-TPPP (Thermo Fisher
Scientific, PA5-19243, 1:100), anti-p-eIF2� (Abcam, ab32157,
1:100; Thermo Fisher Scientific, MA5-15133, 1:50), anti-CD3
(Santa Cruz, sc-18843, 1:200), anti-CD11b (Bio-Rad,
MCA711, 1:50), anti-NG2 (Millipore, Ab5320, 1:100), anti-neu-
rofilament (Millipore, AB5539, 1:500), anti-GFAP (Millipore,
AB5541, 1:200), anti-caspase 3 (Abcam, AB2302, 1:50), anti-
Ki67 (Abcam, AB15580, 1:100), anti-PDGFR-alpha (BD
Biosciences, 558774, 1:100), and anti-SOX10 (R&D, AF2864,
1:100). For myelin staining, sections were incubated with
FluoroMyelinTM (Thermo Fisher Scientific, F34651, 1:300)
in PBS for 20 min at room temperature. The fluorescent images
were acquired under a laser scanning confocal microscope
system (Leica) and quantified by ImageJ. The percentage
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of double-positive cellswascalculated by normalizingTPPP/p-eIF2�
double-positive cell numbers against TPPP-positive cell numbers.

Haematoxylin and eosin stains

Fixed frozen sections were prepared as above and stained with
haematoxylin and eosin using standard methods (Kluver and
Barrera, 1953) to visualize leucocyte infiltration. Stained slides
were imaged using a whole slide scanner (Perkin Elmer). The
inflammatory scores were determined according to the size of
cellular infiltration: 0 = no inflammation; 1 = infiltration only
in the perivascular areas and meninges; 2 = infiltration in less
than one-third of the white matter; 3 = more than one-third of
the white matter; 4 = infiltration in the whole white matter
(Okuda et al., 2002).

Western blot

After treatment, differentiating OPCs were rinsed twice with
PBS and lysed with RIPA buffer (Sigma) containing protease
inhibitors (Roche) and phosphatase inhibitors (Sigma).
Anaesthetized mice were perfused with PBS. Mouse tissue
was immediately isolated, snap-frozen in liquid nitrogen and
homogenized in the supplemented RIPA buffer. Aliquots of
25 mg of protein extracts were separated via a 4–12% gradient
gel in SDS-PAGE (Thermo Fisher Scientific) and transferred
onto nitrocellulose membrane (Thermo Fisher Scientific). The
blots were blocked in 5% non-fat milk in Tris-buffered saline
with 1% Tween 20 (pH 8.0) for 1 h and then probed with
primary antibodies at 4�C overnight. Primary antibodies in-
clude the following: anti-MBP (BioLegend, SMI-99P,
1:1000), anti-MAG (Invitrogen, 346200, 1:1000), anti-CHOP
(Thermo Fisher Scientific, MA1-250, 1:500), anti-ATF4
(AVIVA, 1:500), anti-p-eIF2� (Abcam, ab32157, 1:500;
Thermo Fisher Scientific, MA5-15133, 1:500), anti-T-eIF2�
(Cell Signaling, 9722S, 1:500), and anti-b-actin (Sigma,
A2066, 1:2000) as reference proteins to check equal loading.
Following incubation with the secondary HRP-conjugated
antibodies, signal detection was performed via chemilumines-
cence on ChemiDocTM Touch (Bio-Rad). Semiquantitative
densitometric analyses of immunoblots were performed using
the Image Lab software (Bio-Rad).

RNA extraction and quantitative
real-time reverse transcription PCR

Total RNA was extracted from snap-frozen lumber spinal cords
using AurumTM Total RNA Fatty and Fibrous Tissue Kit (Bio-
Rad). Complementary DNA was generated with iScriptTM

cDNA synthesis kit (Bio-Rad). Quantitative real-time reverse
transcription PCR was performed on a CFX96 RT-PCR detec-
tion system (Bio-Rad) using SYBR� Green technology. Results
were analysed and presented as the fold induction relative to the
internal control primer for the housekeeping gene, HPRT.
Quantitative real-time PCR primers (50–30) for mouse gene se-
quences were as follows: Plp1 (proteolipid protein 1)-f:
CACTTACAACTTCGCCGTCCT, Plp1-r: GGGAGTTTCTAT
GGGAGCTCAGA; Mbp-f: TGTCACAATGTTCTTGAAGAAA
TGG, Mbp-r: TGTCACAATGTTCTTGAAGAAATGG; Mag-f:
CTGCTCTGTGGGGCTGACAG, Mag-r: AGGTACAGGCT
CTTGGCAACTG; Chop (Ddit3)-f: AGGTGCCCCCA

ATTTCATCT, Chop-r: TGAGTCCCTGCCTTTCACCTTGG
AGA; Atf4-f: TGGATGATGGCTTGGCCAGTG, Atf4-r: GA
GCTCATCTGGCATGGTTTC; Inos (Nos2)-f: GCTGGGC
TGTACAAACCTTCC, Inos-r: TTGAGGTCTAAAGGCTCCG
G; Tnfa (tumor necrotic factor alpha)-f: GGCAGGTTCTGTC
CCTTTCA, Tnfa-r: ACCGCCTGGAGTTCTGGAA; Il (interleu-
kin)-12-f: CTCTATGGTCAGCGTTCCAACA, Il-12-r:
GGAGGTAGCGTGATTGACACAT; Il-17-f: ATGCTGTTGC
TGCTGCTGAG, Il-17-r: TTTGGACACGCTGAGCTTTGAG;
Ifng-f: GATATCTGGAGGAACTGGCAAAA, Ifng-r:
CTTCAAAGAGTCTGAGGTAGAAAGAGATAAT; Hprt1-f:
TCAGACCGCTTTTTGCCGCGA, Hprt1-r: ATCGCT
AATCACGACGCTGGGAC.

Ex vivo recall and flow cytometry

Total splenocytes were collected on PID12, and two sets of
cultures were setup in triplicate wells per individual mouse
(n = 5–7 mice per treatment group). Cells were cultured at
5 � 105 cells/well in the presence of anti-CD3 (1 mg/ml),
OVA323-339, or MOG35-55 (20 mg/ml) in HL-1 medium. For
the cellular proliferation cultures, at 24 h post-culture initi-
ation, the wells were pulsed with 1 mCi of tritiated thymidine
and the cultures were harvested at 72 h and tritiated thymidine
incorporation detected using a TopCount� Microplate
Scintillation Counter. Results are expressed as the mean
CPM (counts per minute) of triplicate cultures. For cytokine
analysis replicate wells were harvested on day + 3 of culture
and the level of cytokine secreted determined via multiplex
Luminex� LiquiChip (Millipore).

Flow cytometric analysis and additional analysis was per-
formed by a blinded investigator on cells from individual ani-
mals. Cells were stained with two separate panels. The first
analysis panel for T cell populations contained anti-CD45
(clone 30-F11), anti-CD3 (clone 145-2C11), anti-CD4 (clone
RM4-5), anti-FoxP3 (clone FJK-16 s), anti-Nrp-1 (Polyclonal
Goat IgG; R&D Systems), anti-CD25 (clone PC61), and
anti-CD44 (clone IM7). The second analysis panel for antigen
presenting cell populations contained anti-CD3 (clone 145-
2C11), anti-CD11b (clone M1/70), anti-CD11c (clone HL3),
anti-CD19 (clone ID3), anti-PD-L1 (clone 1-111A), and anti-
B7, i.e. anti-CD80 (clone 16-10A1) and anti-CD86 (clone
GL1) (BD Bioscience). Viable cells (106 cells per tube) were
analysed per individual sample using a BD Canto II cytometer
(Becton Dickinson), and the data were analysed using BD
FACSCanto II software (BD Bioscience).

Statistical analysis

All data were presented as mean � SEM (standard error of
mean). Multiple comparisons were carried out by one-way
ANOVA followed by Tukey’s post hoc test; single compari-
sons were evaluated by unpaired t-test. Differences were con-
sidered statistically significant when P50.05.

Data availability

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Sephin1 treatment for multiple sclerosis BRAIN 2019: 142; 344–361 | 347



Results

Sephin1 prolongs eIF2a
phosphorylation in
oligodendrocytes under stress

It has been shown that Sephin1 prolongs eIF2� phosphor-

ylation and delays translation recovery in HeLa cells under

stress (Das et al., 2015). We therefore examined p-eIF2�

levels in purified primary differentiating OPCs continuously

treated with the endoplasmic reticulum (ER) stress inducer

thapsigargin or the T cell-derived cytokine IFN-� in the

presence or absence of Sephin1 (Fig. 1A–D). Levels of p-

eIF2� increased over time with the treatment of thapsigargin

(Fig. 1A and C), which disrupts calcium homeostasis and

thereby induces ER stress (Nakagawa et al., 2000). At 2 and

8 h, p-eIF2� levels started to decrease in differentiating OPCs

treated only with thapsigargin but were consistently higher in

cells treated with both thapsigargin and Sephin1 (P5 0.05,

P5 0.001) (Fig. 1A and C). We have previously reported

that IFN-� can induce ER stress in differentiating OPCs (Lin

Figure 1 Sephin1 prolongs the integrated stress response in differentiating rat OPCs under ER stress and delays EAE disease

onset. (A) Western blot of differentiating OPCs treated continuously with thapsigargin (Thap) alone or Thap+5 mM Sephin1. (B) Western blot of

differentiating OPCs treated continuously with IFN-� alone or IFN-�+5mM Sephin1. Horizontally cropped blots are displayed in the main figures.

The scanned full blots are presented in Supplementary Figs 12 and 13, respectively. Immunoblot analysis is probed with p-eIF2� (phosphorylated),

T-eIF2� (total) and b-actin is presented as a loading control. (C and D) Densitometry histograms of p-eIF2� after normalization to T-eIF2� with

respect to blots in A and B. *P5 0.05, **P5 0.01, ***P5 0.001, significance based on unpaired t-test. Data represent an average of four

biological isolations and three technique replicates for each isolation (mean � SEM). (E) Clinical scores of C57BL/6J female mice immunized with

MOG35-55/CFA to induce chronic EAE, treated with vehicle (n = 9), 4 mg/kg Sephin1 (n = 8) or 8 mg/kg Sephin1 (n = 8). (F) Histogram of average

onset of disease (onset defined at score of 1), average peak of disease and average peak score of all treatment groups. Data are represented as

mean � SEM. *P5 0.05, **P5 0.01, ***P5 0.001, significance based on ANOVA and t-test.
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et al., 2005). As expected, we observed increased levels of p-

eIF2� in differentiating OPCs treated with IFN-�, particu-

larly at 4 and 12 h (Fig. 1B and D). Cells treated with both

IFN-� and Sephin1 maintained a higher level of p-eIF2�

than those treated with IFN-� alone (P5 0.01, P5 0.05)

(Fig. 1B and D). Thus, Sephin1 prolongs the benefit of

eIF2� phosphorylation in stressed oligodendrocytes

in vitro.

Sephin1 treatment delays the onset
of EAE

The EAE mouse model has been widely used to unravel the

consequences of autoimmune CNS inflammation and to test

potential treatments for multiple sclerosis (Ransohoff,

2012). Briefly, EAE was induced by injecting MOG35-55/

CFA in C57BL/6 female mice (Mendel et al., 1995;

Hussien et al., 2014). Chronic EAE mice display an ascend-

ing paralysis that begins in the tail and spreads to the hind

limbs and forelimbs before disease plateau. Generally, in

our studies EAE clinical symptoms are first detectable

around Day 11 post-EAE disease induction (PID 11). The

symptoms reach a peak about a week later (PID 17), and

the disease course is maintained roughly for a month. To

evaluate the dose range of Sephin1 capable of affecting the

severity of EAE clinical disease, the average clinical scores of

mice were compared among EAE groups treated daily with

4 mg/kg or 8 mg/kg of Sephin1 beginning on PID 7

(Fig. 1E). Sephin1 treatment significantly delayed clinical

disease onset with both dosages, but to a greater extent

with the 8 mg/kg treatment (P5 0.0001) (Fig. 1E and F).

EAE mice treated with 8 mg/kg of Sephin1 reached the peak

disease roughly at PID 26, which was a week later than

mice treated with vehicle (P5 0.01) (Fig. 1F).

Nevertheless, the peak score of EAE mice treated with

4 mg/kg (3.8) or 8 mg/kg (3.9) of Sephin1 showed no sig-

nificant difference from that of vehicle-treated EAE mice

(4.1) (Fig. 1F). In a separate EAE experiment, Sephin1 treat-

ment initiated immediately after the peak of disease was

reached did not confer significant benefit in terms of disease

severity or duration of paralytic symptoms (Supplementary

Fig. 1). Of note, no hypotensive side effects were observed

with Sephin1 treatment (Supplementary Video). Sephin1-

treated mice continued to remain active while mice receiving

guanabenz were torpid for 42 h. These findings demon-

strate that Sephin1 treatment delays the onset, but does

not diminish the severity, of the EAE disease course.

Sephin1 protects oligodendrocytes
and preserves myelin and axons while
modulating the integrated stress
response in EAE

Given that inflammatory demyelination is an important

early event in the pathogenesis of multiple sclerosis and

EAE (Schaeffer et al., 2015; Yadav et al., 2015), we

sought to characterize the effect of Sephin1 treatment on

CNS inflammation and demyelination. Lumber spinal cords

were harvested from vehicle and Sephin1-treated EAE mice

at PID 17, the peak of disease in vehicle-treated mice, as

well as at PID 30, when disease is at a late stage in the

vehicle-treated mice and soon after peak of disease in the

Sephin1-treated mice. As shown in Fig. 2A, results from

haematoxylin and eosin staining showed remarkable infil-

tration foci in the lumber spinal cords and increased in-

flammatory scores from the vehicle-treated EAE mice

(P5 0.0001) (Fig. 2E), but not from Sephin1-treated EAE

mice at PID 17. Consistent with the inflammatory cell in-

filtration results, significant demyelinated regions were de-

tected by FluoroMyelinTM staining in the lumbar spinal

cords only from vehicle-treated EAE mice (P5 0.0001)

(Fig. 2B and F). In contrast, at PID 30, both vehicle- and

Sephin1-treated EAE samples displayed cellular infiltration,

compared to CFA-only control mice (P5 0.01, P50.001)

(Fig. 2C and E). Correspondingly, extensive damage to

myelin was observed in EAE mice treated either with

vehicle or Sephin1 at PID 30 (P5 0.001, P5 0.0001)

(Fig. 2D and F).

Sephin1 prolongs the ISR by inhibiting the GADD34-

PP1c complex-mediated dephosphorylation of p-eIF2�

(Tsaytler et al., 2011; Das et al., 2015). Therefore, we

tested whether an enhancement of the ISR by Sephin1 ren-

ders oligodendrocytes resistant to inflammatory attack and

prevents axon damage. Serial sections of lumber spinal

cords were co-stained with p-eIF2� and TPPP, a mature

oligodendrocyte marker (Skjoerringe et al., 2006). Axon

loss was assessed by neurofilament immunostaining.

Compared to CFA-only control mice, vehicle-treated EAE

mice lost about 50% of TPPP+ oligodendrocytes (P5 0.01)

and neurofilament-positive axons (P5 0.01), while

Sephin1-treated EAE mice did not display a significant re-

duction in the numbers of either mature oligodendrocytes

or axons at PID17 (Figs 3A–C, G, 4A and C). To investi-

gate whether Sephin1 treatment affects the death or prolif-

eration of oligodendrocytes, we stained the spinal cord

sections with the apoptotic marker caspase 3 and the pro-

liferation marker Ki67. At PID 17, the total number of

caspase 3-positive apoptotic cells and the percentage of

caspase3-positive mature oligodendrocytes in the lumber

spinal cord section were significantly higher in vehicle-trea-

ted EAE mice than in Sephin1-treated EAE mice

(Supplementary Fig. 2A, C and D). At PID 30, both

groups presented with a similar percentage of caspase 3-

positive apoptotic oligodendrocytes (Supplementary Fig. 2B

and D). These data indicate that the apoptotic death of

oligodendrocytes is delayed in the Sephin1-treated EAE

mice. In addition, we observed the total number of Ki67-

positive cells was significantly higher in vehicle-treated EAE

mice than in the Sephin1 treated mice at PID 17, but no

difference was detected at PID 30 (Supplementary Fig. 3C).

When combined with antibodies to SOX10 (oligodendro-

cyte lineage marker) or PDGFR-alpha (OPC marker),

the number of Ki67-positive, Sox10-positive cells or
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Ki67-positive, PDGFR-alpha-positive cells was also signifi-

cantly higher in the vehicle-treated mice than the Sephin1-

treated mice at PID 17, but no difference was found at PID

30 (Supplementary Fig. 3B–G). In contrast, there were very

few Ki67-positive mature oligodendrocytes (TPPP-positive)

in any of the groups (Supplementary Fig. 3A), which was

as expected since there is little evidence that these cells have

the capacity to proliferate (Keirstead and Blakemore, 1997;

Carroll et al., 1998). The higher level of oligodendrocyte

lineage cell proliferation in the vehicle-treated mice is likely

in response to the increased oligodendrocyte cell death that

occurs in these animals (Hughes et al., 2013).

Furthermore, co-localization of TPPP with p-eIF2� showed

that vehicle-treated EAE mice (82.2%, P5 0.0001) at PID 17

showed a significantly higher percentage of p-eIF2� positive

mature oligodendrocytes than CFA mice (66.5%) (Fig. 3A, B

and H). This result is in accordance with the evidence that

several components of the ISR are upregulated in multiple

sclerosis and EAE lesions (Stone and Lin, 2015; Way and

Popko, 2016). Notably, we observed a significant increase in

p-eIF2� positive mature oligodendrocytes in Sephin1-treated

EAE mice (74.9%) compared to CFA control mice

(P5 0.05), even though CNS lesions and inflammation were

absent at the PID 17 time point (Figs 2A and 3A, C and H).

At PID 17, both vehicle- and Sephin1-treated EAE mice also

exhibited significantly higher percentages of p-eIF2� positive

astrocytes labelled by GFAP (Supplementary Fig. 4A–C), indi-

cating that Sephin1 does not solely target the ISR in oligo-

dendrocytes. We also examined the presence of p-eIF2� in

CD3-positive infiltrating T cells, but there was no significant

Figure 2 Sephin1 attenuates inflammatory infiltration and demyelination at EAE PID 17. Histological analysis of lumber spinal cord

sections of PID 17 and PID 30 mice immunized with CFA only or MOG35-55/CFA (EAE), then treated daily with vehicle or Sephin1 beginning from

PID7. (A and C) Haematoxylin and eosin (H&E) staining. (B and D) FluoroMyelinTM staining. Scale bars = 200 mm. Higher magnification images are

taken from the boxed areas. Scale bar = 50mm. White dashed line demonstrates the lesion border. (E) Quantification of inflammatory scores

measured from haematoxylin and eosin staining. (F) Average percentage of demyelinated areas/white matter areas measured from

FluoroMyelinTM staining. *P5 0.05, **P5 0.01, ***P5 0.001, ****P5 0.0001, significance based on ANOVA. Data represent an average of 4–6

mice per group (mean � SEM).
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difference in the percentage of p-eIF2�-positive T cells between

vehicle- and Sephin1-treated mice at PID 30 (Supplementary

Fig. 4D and E). More than 80% of mature oligodendrocytes

were p-eIF2� positive in both vehicle- and Sephin1-treated

groups at PID 30, when EAE clinical disease had progressed

in both groups (Fig. 3D–F and H). At this stage, there was no

significant reduction in the number of mature oligodendrocytes

in either vehicle- or Sephin1-treated EAE mice, likely because

the NG2-positive OPCs replenished the mature oligodendro-

cytes (Supplementary Fig. 5). OPCs migrate to the

demyelinated lesion and subsequently differentiate to mature

oligodendrocytes to remyelinate the damaged axons (Hughes

et al., 2013). Nevertheless, this process is often incomplete in

multiple sclerosis (Fancy et al., 2010). Of note, Sephin1-treated

EAE mice at PID 30 displayed a larger number of OPCs than

vehicle-treated EAE mice at PID 17 (P50.01), suggesting that

Sephin1 may promote OPC survival as well (Supplementary

Fig. 5). Despite the evidence that precursor cells responded

well in EAE treated with Sephin1, axon damage accumulated

at the end of the disease course (P5 0.001) (Fig. 4B and C).

Figure 3 Sephin1 ameliorates oligodendrocyte loss at EAE PID 17, which is correlated with prolonged eIF2a phosphorylation.

Lumber spinal cord sections were taken from PID 17 and PID 30 mice with CFA only or actively-induced chronic EAE treated daily with vehicle or

Sephin1 beginning from PID 7. (A–F) Immunofluorescent staining for TPPP (a mature oligodendrocyte marker, green) and p-eIF2� (an ISR marker,

red). Scale bar = 50mm. Higher magnification images are taken from the boxed areas. Scale bar = 10 mm. Arrow heads point to the cells with

double positive staining. (G) Quantification of cells positive for TPPP in the lesion areas. (H) The percentage of TPPP positive oligodendrocytes

that are p-eIF2� positive in the whole spinal cord cross-sections. *P5 0.05, **P5 0.01, ***P5 0.001, ****P5 0.0001, significance based on

ANOVA. Data represent an average of 3–4 mice per group (mean � SEM).
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Activation of the ISR pathway was further confirmed by

immunoblotting of lumber spinal cord lysates from EAE mice.

Compared to CFA mice, the expression of p-eIF2� was sig-

nificantly increased in vehicle-treated EAE samples (P5 0.05)

at PID 17 (Fig. 5A and B). Although there was an increasing

trend, we did not observe significant changes in p-eIF2� levels

in Sephin1-treated EAE tissues compared to CFA controls.

Moreover, in vehicle-treated EAE samples the ISR markers

CHOP and ATF4 were highly expressed and MBP and

MAG levels were notably reduced. Compared to vehicle-

treated EAE samples, Sephin1 treatment not only significantly

reduced the expression of CHOP/DDIT3 and ATF4 at both

protein and mRNA levels, but also increased the levels of

myelin proteins (Fig. 5A–C, Supplementary Fig. 6A and B).

This result is consistent with a previous study, which showed

that Sephin1 treatment attenuated the expression of pro-

apoptotic CHOP, an indicator of cell loss (Das et al.,

2015). These observations suggest that Sephin1 treatment pre-

serves oligodendrocyte viability in the early stage of EAE by

modulating the ISR pathway.

At PID 30, both vehicle- and Sephin1-treated EAE groups

displayed a significant reduction in the levels of myelin proteins

compared to CFA controls (Fig. 5D, F and Supplementary Fig.

6D). Despite higher percentages of mature oligodendrocytes

with positive p-eIF2� staining (Fig. 3D–H), no obvious differ-

ence in the expression of p-eIF2� was found between groups at

this stage as determined by western blots from the lumbar

spinal cord lysate samples (Fig. 5D and E). This discrepancy

could be due to the loss of oligodendrocytes at this later time

point. Interestingly, we noticed that the difference in CHOP

and ATF4 expression between vehicle- and Sephin1-treated

EAE tissues was abrogated (Fig. 5D and E). This can be ex-

plained by changes in the mRNA for these specific transcripts.

Results from quantitative real-time reverse transcription PCR

indicated that Atf4 mRNA was downregulated in vehicle-

treated EAE groups (P5 0.05), while Chop/Ddit3 message

levels were significantly increased in Sephin1-treated EAE

mice (P5 0.05) (Supplementary Fig. 6C).

Sephin1 alters the immune cell
response and cytokine profiles
in the CNS of EAE mice

CNS inflammation in EAE is characterized by an increase in

T cell numbers and activation of microglia/macrophages

(Pierson et al., 2012). Haematoxylin and eosin staining

showed that Sephin1 treatment reduced the inflammatory

cell infiltration into the spinal cords at PID 17, but not at

PID 30 (Fig. 2). To examine the infiltration of T cells and

activation of microglia/macrophages, we immunostained the

lumber spinal cords for CD3 (T cells) and CD11b (microglia

and macrophages) (Fig. 6). We detected very few CD3+ T

cells in the CFA mouse spinal cords at both PID 17 and PID

30 (Fig. 6A). Meanwhile, there were �330/mm2 CD3+ cells

in the vehicle-treated EAE mice at PID 17, but no detectable

cells in Sephin1-treated groups at the same time point

(Fig. 6A and B). Similarly, EAE mice treated with vehicle

but not Sephin1 exhibited a significant increase in the

number of CD11b+ cells (P5 0.0001) at PID 17 compared

to CFA mice (Fig. 6C and D). While ISR-mediated protec-

tion of oligodendrocytes via Sephin1 may indirectly limit

inflammatory cellular infiltration into the CNS by reducing

myelin antigen presentation, it is also possible that Sephin1

directly affects the activation and/or trafficking of immune

Figure 4 Sephin1 reduces axon loss at PID 17 in EAE.

Lumber spinal cord sections were taken from PID 17 and PID 30

mice with CFA only or actively-induced chronic EAE treated daily

with vehicle or Sephin1 beginning from PID 7. (A and B)

Immunofluorescent staining for neurofilament (an axon marker,

green) and MBP (red). Scale bar = 50 mm. Individual fluorescent

channels are provided in Supplementary Fig. 10. (C) Quantification

of axons positive for neurofilament in the whole spinal cord sec-

tions. *P5 0.05, **P5 0.01, ***P5 0.001, significance based on

ANOVA. Data represent an average of four mice per group

(mean � SEM).
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cells. Nevertheless, Sephin1-treated EAE mice at PID 30 have

a significantly higher number of CD3+ cells than CFA

(P5 0.0001) or vehicle-treated EAE mice (P50.01) at

this time point (Fig. 6A and C), demonstrating robust

immune cell infiltration in the presence of Sephin1.

In addition, we assessed the effect of Sephin1treatment

on the cytokine response of EAE mice at PIDs 17 and 30.

At PID 17, mRNA levels of Ifng (IFN-�), Tnfa (TNF-�)

and Nos2 (iNOS) were significantly higher in vehicle-trea-

ted EAE mice than in CFA control mice or Sephin1-treated

EAE mice (Fig. 6E and F). Interestingly, no significant dif-

ference was detected in T cell cytokine IL-17 levels among

the three groups (Fig. 6E and F). Generally, the levels of

cytokines in vehicle-treated EAE mice were reduced by PID

30 and were not significantly different from those in

Sephin1-treated EAE mice (Fig. 6G and H). Taken together,

these findings show that Sephin1 treatment reduces the

presence of pro-inflammatory cytokines in the CNS

during the earlier phases of EAE, which correlates with

its effect on T cell infiltration.

GADD34 deletion delays the onset of
EAE and abolishes the protection of
Sephin1

We previously reported that the genetic inactivation of

GADD34 diminished oligodendrocyte loss and hypomyeli-

nation in mice that ectopically expressed IFN-� in the CNS

(Lin et al., 2008). Given that Sephin1 selectively inhibits the

Figure 5 Sephin1 reduces demyelination at EAE PID 17 and modulates ISR activity. Lysates of lumber spinal cords were analysed

from PID 17 and PID 30 CFA or EAE mice treated with vehicle or Sephin1 beginning from PID 7. (A and B) Immunoblot analysis of MBP and MAG,

and the key ISR components CHOP, ATF4, and p-eIF2�. T- eIF2� and b-actin is presented as a loading control. Images cropped horizontally are

displayed in A and images cropped horizontally and vertically displayed in B. The scanned full blots are presented in Supplementary Figs 14 and 15,

respectively. (C and D) Densitometry histograms of the ISR component proteins after normalization to b-actin or T-eIF2�, respectively. (E and F)

Densitometry histograms of myelin proteins after normalization to b-actin. *P5 0.05, **P5 0.01, significance based on ANOVA. Data represent

an average of 3–4 mice per group (mean � SEM).
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Figure 6 Sephin1 reduces the number of T cells and activated microglia and suppresses cytokine production in the CNS

at EAE PID 17 but not PID 30. All analyses conducted using lumber spinal cords of PID 17 or PID 30 mice immunized with CFA only or

MOG35-55/CFA (EAE), then treated with vehicle or Sephin1 daily from PID 7. (A) Immunofluorescent staining for CD3 (a T cell marker, green) and

MBP (red). (B) Immunofluorescent staining for CD11b (a microglial marker, green) and MBP (red). Scale bar = 100 mm. (C and D) Quantification

of cells positive for CD3 or CD11b, respectively. Real-time reverse transcription PCR analysis in E–H using lysates of lumber spinal cords.

(E and G) Relative mRNA levels at PID 17 and PID 30 of Th1 and Th17 cytokines IFN-� and IL-17, respectively. (F and H) Relative mRNA levels

of macrophage/microglia-derived cytokines Tnfa, Nos2 and Il12 (TNF-�, iNOS and IL-12). *P5 0.05, **P5 0.01, ***P5 0.001, ****P5 0.0001,

significance based on ANOVA. Hash symbol represents significance when comparing values from PID 17 and PID 30 of the same treatment group.

Data represent an average of 3–4 mice per group (mean � SEM).
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GADD34-PP1c complex under ER stress (Das et al., 2015;

Carrara et al., 2017), we sought to determine whether

GADD34 deficiency provides protection from EAE in a

similar manner as Sephin1 treatment. EAE was induced

in both GADD34 mutant mice (Marciniak et al., 2004)

and wild-type littermates. Disease progression of

GADD34 mutant mice was significantly delayed compared

to wild-type mice (Fig. 7A), which resembled what we

observed in Sephin1-treated EAE mice (Fig. 1E). Similar

to Sephin1, GADD34 inactivation reduced CD3+ T cell

infiltration into lumber spinal cords at PID 17 (P5 0.01)

(Fig. 7B and C). We next examined the myelin integrity by

FluoroMyelinTM and the survival of TPPP+ oligodendro-

cyte in these animals. Compared to wild-type mice,

GADD34 mutant mice preserved more oligodendrocytes

and myelin (P50.05, P5 0.01) at PID 17 (Fig. 7D, F

and G). Similarly, GADD34 deficiency also reduced axon

loss (P5 0.05) (Fig. 7E and H). Of note, there is no dif-

ference in the numbers of oligodendrocytes and axons be-

tween GADD34 mutants and wild-type mice immunized

with CFA only. These results indicate that GADD34 inacti-

vation recapitulates the protective effect of Sephin1 in EAE.

To determine if the protective effect of Sephin1 is consistent

with blocking GADD34-PP1c complex activity, we treated

GADD34 mutant and wild-type EAE mice, starting from

PID 7. Notably, Sephin1 treatment did not change the dis-

ease course of GADD34 mutant mice (Fig. 7I), which is in

accord with the protective effects of Sephin1 in EAE being

mediated by GADD34 inhibition.

Sephin1 does not alter the peripheral
immune response in EAE

Enhanced ISR activity has been linked to a diminished in-

flammatory response (Zhang and Kaufman, 2008; Hasnain

et al., 2012; Cláudio et al., 2013). To determine whether

Sephin1 treatment may have a direct immunomodulatory

effect, we isolated the splenocytes from EAE mice at PID

12, immediately after vehicle-treated EAE mice exhibited

symptoms. Compared to vehicle-treated EAE mice,

Sephin1-treated mice showed no difference in the numbers

of total immune cells, CD4+ T cells and B cells in the

spleen (Supplementary Fig. 7A). In particular, the numbers

of Tregs (regulatory T cells), activated/suppressive Tregs

(Nrp-1+), and Teff cells (effector T cells) were not altered

with Sephin1 treatment (Supplementary Fig. 7B). In add-

ition, splenocytes were reactivated ex vivo in the presence

of a pan T cell activator (anti-CD3), a negative control

antigen (OVA323-339) or the immunizing antigen (MOG35-55).

As shown in Supplementary Fig. 7C, no significant differ-

ence between treatments was found in cell proliferation, as

measured by tritiated thymidine incorporation. Also, the

levels of IFN-�, IL-17, GM-CSF, IL-4, and IL-10 cytokines

produced by splenocytes were not significantly different in

the presence of Sephin1 (Supplementary Fig. 7D–H). These

findings indicate that Sephin1 treatment has no detectable

immunosuppressive effect either on the initial activation or

the proliferation and cytokine production of peripheral

immune cells. Moreover, when infiltrating T cell numbers

were examined in the lumber spinal cords of EAE mice at

PID 9, 2 days after the initiation of Sephin1 treatment, no

difference was observed between the vehicle and Sephin1

treated animals, suggesting that the drug does not impact

the initial T cells infiltration into the CNS of EAE mice

(Supplementary Fig. 8).

GADD34 inactivation in
MOG-primed T cells does not
alter the disease progression of an
adoptive transfer model of EAE

To explore whether the therapeutic effects of Sephin1 on

the EAE disease course are mediated by a CNS or periph-

eral immune response we used an adoptive transfer (pas-

sive) EAE model exploiting the GADD34 mutant mice.

Lymph node T cells from either GADD34 wild-type or

mutant mice collected at PID 8 of EAE were reactivated

in vitro by MOG35-55 and IL-12 for 72 h and then trans-

ferred into naı̈ve GADD34 wild-type or mutant mice. All

recipient mice exhibited a mild but consistent EAE pheno-

type (Fig. 7J). Symptoms of wild-type mice that received

wild-type MOG35-55 activated T cells peaked at Day 20

after cell transfer. Mutant mice that received MOG35-55

activated mutant T cells displayed a delayed disease

course, peaking at Day 28 (Fig. 7J), which is consistent

with active EAE in the GADD34 mutant animals

(Fig. 7A). Strikingly, wild-type mice that received mutant

T cells presented a similar disease course to wild-type mice

receiving wild-type cells; whereas GADD34 mutant mice

that received wild-type T cells displayed a delayed disease

course (Fig. 7J). These data indicate that the beneficial ef-

fects of GADD34 inactivation on the EAE disease course

are mediated by an effect on the CNS not infiltrating T

cells.

Combination treatment has additive
benefits in alleviating EAE symptoms
and lessening demyelination

IFN-b is a frequently used first-line therapy for relapsing-

remitting multiple sclerosis (La Mantia et al., 2016; Comi

et al., 2017). Although IFN-b has been shown to reduce the

relapse severity and disease activity of relapsing-remitting

multiple sclerosis, it does not slow the progression of dis-

ease. We hypothesize that in combination with ISR-

mediated protective therapies, the immunomodulatory

IFN-b may achieve a better therapeutic outcome. To test

this in mice, we initiated treatment of chronic EAE mice

with vehicle, IFN-b alone, or a combined treatment of

Sephin1 with IFN-b at PID 7 before the onset of clinical

disease. Vehicle-treated EAE mice developed a typical
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Figure 7 EAE in GADD34 mutant mice. (A) Clinical scores of GADD34 wild-type (WT) (n = 8) and GADD34 mutant (Mut) (n = 12) female

mice immunized with MOG35-55/CFA to induce chronic EAE. Data are represented as mean � SEM. *P5 0.05, ***P5 0.01, ****P5 0.0001,

significance based on unpaired t-test. (B) Immunofluorescent staining for CD3 (green) and MBP (red) of lumbar spinal cord sections from PID 17.

Scale bar = 100mm. (C) Quantification of cells positive for CD3 of wild-type and mutant mice in EAE. (D) Immunofluorescent staining for

FluoroMyelinTM (green) and TPPP (red). Scale bar = 100 mm. (E) Immunofluorescent staining for neurofilament (green) and MBP (red). Scale

bar = 50mm. Individual fluorescent channels are provided in Supplementary Fig. 11. (F–H) Average percentage of demyelination areas/white
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disease course, while IFN-b treatment dampened disease

severity beginning at PID 19 (Fig. 8A). Interestingly, a

more dramatic decrease in clinical disease development

was shown in the combination treatment (Sephin1+IFN-

b), starting from PID 11 to the end of the study (Fig.

8A). As shown in Fig. 8B, IFN-b treatment did not affect

the onset of the disease by itself, whereas when it was

combined with Sephin1 we found a significant delay of

the onset of disease from PID 11 to PID 17 (P5 0.001).

Moreover, EAE mice treated with both Sephin1 and IFN-b,

but not IFN-b alone, reached the peak of disease much

later than vehicle-treated EAE mice (P5 0.05) (Fig. 8B).

Importantly, the average peak score of clinical symptoms

in EAE mice with the combined treatment was also signifi-

cantly lower than vehicle-treated EAE mice (P5 0.05) (Fig.

8B). Histological analysis of lumber spinal cords from PID

17 showed that all treatment groups reduced oligodendro-

cyte loss and demyelination (Fig. 8C, E and F). Moreover,

less demyelination was observed in the Sephin1 and com-

bination treatment groups than in IFN-b group at this

stage (P5 0.001 and P5 0.05). At PID 30, there were

still significantly less demyelinated areas in the white

matter of mice with combination treatment than with ve-

hicle (P5 0.05) (Fig. 8D and F). Compared to the com-

bination treatment, Sephin1 alone did not prolong its

protection on the survival of oligodendrocytes and

myelin, nor did Sephin1 limit the T cells infiltration at

this late stage (P5 0.05, P5 0.01 and P5 0.05) (Fig.

8D–F and Supplementary Fig. 9). These data indicate

that combining Sephin1 and IFN-b provides an additive

therapeutic benefit in ameliorating and delaying the symp-

toms of EAE.

Discussion
In this study we demonstrate that Sephin1, which inhibits

the dephosphorylation of the ISR target eIF2�, effectively

delays the onset of EAE, while a combination treatment

with IFN-b exerts additive beneficial effects in attenuating

EAE disease progression. Additional experiments show that

Sephin1 protects oligodendrocytes, axons and myelin in

EAE mice, which is correlated with a prolonged ISR, as

well as reduced CNS inflammation. Our data further

indicate that the protective effect of Sephin1 is not attrib-

uted to altered T cell priming in the peripheral immune

system, and our adoptive transfer studies indicate that the

therapeutic target of GADD34 inhibition resides within

the CNS. Together, these results support the idea that the

modulation of the ISR may be an effective neuroprotective

therapy for multiple sclerosis patients.

Although the control of eIF2� phosphorylation and

dephosphorylation is complex, the therapeutic potential of

its modulation in the treatment of neurological disorders is

great, such that significant focus has recently been placed

on this pathway (Fullwood et al., 2012; Moreno et al.,

2012; Ma et al., 2013; Das et al., 2015; Way et al.,

2015). Salubrinal, an inhibitor of eIF2� dephosphorylation

(Boyce et al., 2005), has been shown to confer remarkable

protective effects in a number of animal models of neuro-

degenerative diseases, such as Alzheimer’s disease

(Hoozemans et al., 2009) and Huntington’s disease

(Reijonen et al., 2008). Nonetheless, a major concern

with salubrinal is that this drug not only inhibits stress-

induced GADD34-PP1c binding, but also disrupts the

non-stress related phosphatase CReP-PP1c complex

(Boyce et al., 2005). Disruption of this latter complex re-

sults in prolonged eIF2� phosphorylation and sustained in-

hibition of protein synthesis, which may lead to cell death

(Teng et al., 2014). The discovery that guanabenz is an

inhibitor of the GADD34-PP1c protein phosphatase com-

plex that does not target the CReP-PP1c complex, there-

fore, provided a considerable advance (Tsaytler et al.,

2011). Nevertheless, guanabenz is also an �2 adrenergic

receptor agonist, which causes a number of undesirable

side effects, including hypotension, dry mouth, drowsiness

and fatigue (Holmes et al., 1983). Recently, Sephin1 has

been shown to be devoid of �2 adrenergic pathway activity

while preserving the ISR-modifying functions of guanabenz,

suggesting that Sephin1 has greater therapeutic potential

than guanabenz (Das et al., 2015; Way et al., 2015).

Indeed, in agreement with our observations, Das et al.

(2015) demonstrated that chronic treatment with Sephin1

has no measurable adverse effects on mice.

Recently, the molecular mechanism of action of guana-

benz and Sephin1 on the ISR has been under intense inves-

tigation (Carrara et al., 2017; Crespillo-Casado et al.,

2017, 2018). Regardless of the exact manner by which

Figure 7 Continued

matter areas, the number of TPPP in the lesions and the number of neurofilament positive axons from all groups are quantified, respectively. Data

represent an average of three mice per group for histology analysis (mean � SEM). *P5 0.05, **P5 0.01, ***P5 0.001, ***P5 0.0001, signifi-

cance based on unpaired t-test and ANOVA. (I) Clinical scores of GADD34 wild-type and mutant female immunized to induce chronic EAE,

treated with vehicle (wild-type: n = 8 and mutant: n = 5), or 8 mg/kg Sephin1 (wild-type: n = 7 and mutant: n = 5). Data are represented as

mean � SEM. *P5 0.05, **P5 0.01, ***P5 0.001, significance based on ANOVA. (J) Clinical scores of GADD34 wild-type and mutant female mice

after adoptive transfer of MOG-specific lymph node T cells. Lymph node T cells were harvested from the GADD34 wild-type or mutant

immunized 8 days previously and re-stimulated in vitro with MOG35-55 (10 ng/ml) and IL-12 (20mg/ml) for 72 h. #P5 0.05, **P5 0.01, significance

based on ANOVA. Hash symbol represents significance when comparing scores from wild-type!wild-type (n = 7) and mutant!mutant (n = 5)

and asterisk represents significance when comparing scores from mutant!wild-type (n = 10) and wild-type!mutant (n = 10). Data are repre-

sented as mean � SEM.
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these small molecules act, their presence clearly leads to

prolonged, elevated levels of phosphorylated eIF2� in

stressed cells (Tsaytler et al., 2011; Das et al., 2015; Way

et al., 2015), thereby enhancing the ISR protective re-

sponse. In addition, our studies have demonstrated that

oligodendrocytes under inflammatory stress display pro-

longed and elevated levels of eIF2� phosphorylation in

the presence of either guanabenz (Way et al., 2015) or

Sephin1 (Fig. 1). Moreover, the ameliorated EAE disease

course is very similar in GADD34 mutant mice and

Sephin1-treated wild-type EAE mice, and we did not ob-

serve any additive beneficial effects of Sephin1 on EAE

progression in GADD34 mutant mice, suggesting that the

therapeutic effects of Sephin1 on EAE are dependent on

GADD34. Nonetheless, the molecular details of the protect-

ive effects of guanabenz and Sephin1 on oligodendrocytes

Figure 8 Combination treatment with Sephin1 and IFN-b alleviates and delays clinical symptoms of EAE as well as reduces the

oligodendrocytes and myelin loss during EAE course. (A) Clinical scores of C57BL/6 female mice immunized with MOG35-55/CFA to

induce chronic EAE, treated with vehicle (n = 12), 5000 U of IFN-b (n = 12), 8 mg/kg of Sephin1 or Sephin1 combined with 5000 U of IFNb
(n = 10) daily from PID 7 to the end of the study. (B) Average onset of disease, peak of disease and average peak score of all treatment groups.

(C and D) Immunofluorescent staining for TPPP (green) and MBP (red) of lumbar spinal cord sections from PID 17 (C) and PID 30 (D). Scale

bar = 100 mm. (E) Quantification of cells positive for TPPP in the lesion areas. (F) Average percentage of demyelinated areas/white matter areas

measured from MBP staining. *P5 0.05, **P5 0.01, ***P5 0.001, ****P5 0.0001, significance based on ANOVA. Data represent an average of

3–4 mice per group (mean � SEM).
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in the presence of mediators of inflammatory cytotoxicity

deserves deeper investigation.

Our results demonstrate that when administered before

mice exhibit EAE clinical symptoms, Sephin1 protects

mature oligodendrocytes while enhancing eIF2� phosphor-

ylation in these cells. Meanwhile, Sephin1 does not increase

CHOP expression at this early stage, suggesting that tran-

siently enhanced eIF2� phosphorylation by Sephin1 with

resultant inhibition of translation is beneficial to the sur-

vival of oligodendrocytes under inflammatory attack.

Nonetheless, in contrast to its effects early in the disease

course, Sephin1 treatment neither protects oligodendrocytes

nor ameliorates EAE severity later in the disease, when

extensive cellular stress is triggered by accumulated inflam-

mation. Excessive eIF2� phosphorylation maintained by

Sephin1 at this late stage of disease further upregulated

pro-apoptotic CHOP expression, which suggests that

Sephin1 cannot halt the divergence from the protective

ISR to cell death when inflammation is overwhelming.

Our current study does not directly address the potential

effects of ISR enhancement on the remyelination process.

Following oligodendrocyte loss and demyelination, remyeli-

nating oligodendrocytes develop from OPCs that are abun-

dantly present throughout the adult CNS (Hughes et al.,

2013). In multiple sclerosis patients, these OPCs are required

to mature and myelinate axons in the adverse inflammatory

environment of the demyelinated lesions. We are currently

examining the potential of Sephin1 to provide protection to

remyelinating oligodendrocytes against inflammation, which

may result in an enhanced remyelination response.

A growing body of evidence suggests that the ISR and

inflammation share extensive cross-talk (Zhang and

Kaufman, 2008; Hasnain et al., 2012; Cláudio et al.,

2013). Our previous report on guanabenz inferred that the

protective effect of guanabenz on EAE depends on both ISR-

mediated oligodendrocyte protection and moderate immuno-

modulatory activities, perhaps as a result of its adrenergic

receptor activity (Way et al., 2015). In our current study, we

observed that Sephin1 suppressed the mRNA levels of cyto-

kines and the presence of inflammatory cells in the spinal

cords of EAE mice at PID 17. Nevertheless, Sephin1 did not

affect the activation of immune cells in the spleen nor did it

have a significant effect on the proliferation or cytokine pro-

duction of splenic T cells. Our adoptive transfer EAE studies

with the GADD34 mutant mice provided further evidence

that the inactivation of GADD34 in peripheral T cells did

not provide therapeutic benefit. It is likely that Sephin1-

mediated protection of oligodendrocytes dampens CNS in-

flammation by limiting apoptotic oligodendrocyte cell death

and the subsequent release of myelin antigens, thus dampen-

ing epitope spreading. When the treated mice developed

severe clinical symptoms at PID 30, Sephin1 did not halt

CNS inflammation, which is thought to be secondary to

an underlying CNS disease process (Frischer et al., 2009).

In support of this, a recent study from our groups demon-

strated that oligodendrocyte death can trigger myelin auto-

immunity and inflammatory damage in the CNS (Traka

et al., 2016). Collectively, our data strongly suggest that

Sephin1 has oligodendrocyte-protective capabilities not

related to direct immunomodulation.

It is also worth noting that IFN-b treatment delayed the

onset of clinical disease when combined with Sephin1,

while IFN-b treatment alone merely dampened the severity

of EAE. IFN-b therapy, which is one of the most commonly

used disease-modifying treatments in multiple sclerosis, re-

duces the number of attacks, the frequency of relapses and

number of brain lesions in relapsing-remitting multiple

sclerosis (Haji Abdolvahab et al., 2016). Although its

mechanism of action remains unclear, IFN-b is thought to

modulate the immune response by impairing the trafficking

of inflammatory cells into the CNS (Yong, 2002; Haji

Abdolvahab et al., 2016). The additive effect of combin-

ation treatment further supports the suggestion that

Sephin1 works on mechanisms distinct from the immuno-

modulation mediated by IFN-b. The neuroprotective effects

of Sephin1 when used in combination with the immuno-

modulatory drugs currently available might provide added

benefit to multiple sclerosis patients.

Importantly, the inhibition of GADD34-mediated eIF2�

dephosphorylation should have minimal impact on healthy,

non-stressed cells. In support of this, GADD34 mutant cells

and guanabenz-treated cells display normal p-eIF2� levels and

translational activity in the absence of stress (Tsaytler et al.,

2011; Das et al., 2015; Way et al., 2015). Therefore, Sephin1,

which selectively disrupts eIF2� dephosphorylation, should

primarily affect cells under cytotoxic stress, thereby minimiz-

ing the concerns of deleterious effects on unstressed cells.

In summary, our study indicates that Sephin1 treatment

asserts a significant delay on disease progression in chronic

EAE, a mouse model of multiple sclerosis, by enhancing the

ISR-mediated neuroprotection against CNS inflammation.

Current therapeutic choices for multiple sclerosis are largely

driven by the risk-benefit evaluation. Therefore, we believe

that Sephin1, free from adrenergic agonist side effects,

could lead to a better clinical outcome in multiple sclerosis

patients as a safe neuroprotective drug, perhaps when used

in combination with immune-modulatory therapies.
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