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Abstract

Background: In early autoimmune neuroinflammation, interferon (IFN)y and its upregulation of the immunoproteasome
(iP) is pathologic. However, during chronic multiple sclerosis (MS), IFNy has protective properties. Although dysregulation
of the iP has been implicated in neurodegeneration, its function remains to be fully elucidated. Here, we demonstrate
that IFNy signaling in regional astrocytes induces the iP and promotes protection of the CNS during chronic
autoimmunity.

Methods: In a multiple sclerosis (MS) brain, we evaluated mRNA expression and labeled postmortem MS
brainstem and spinal cord for iP subunits and indicators of oxidative stress. Primary regional human astrocytes were
analyzed for iP regulation and function by quantitative reverse transcription-polymerase chain reaction (qRT-PCR), Western
blot, OxyBlot, and reactive oxygen species and caspase activity detection assays. Following immunization with myelin
oligodendrocyte glycoprotein (MOG)ss 55, the role of IFNy signaling and the iP during chronic experimental autoimmune
encephalomyelitis (EAE) were assessed using pharmacologic inhibition of the iP and genetic interruption of IFNy signaling
specifically in astrocytes. Central nervous system (CNS) tissues were analyzed by immunohistochemistry (IHC) and
immunofluorescence, and cell-specific colocalization was quantified.

Results: In MS tissue, iP expression was enhanced in the spinal cord compared to brainstem lesions, which correlated
with a decrease in oxidative stress. In vitro, IFNy stimulation enhanced iP expression, reduced reactive oxygen species
burden, and decreased oxidatively damaged and poly-ubiquitinated protein accumulation preferentially in human spinal
cord astrocytes, which was abrogated with the use of the iP inhibitor, ONX 0914. During the chronic phase of an MS
animal model, EAE, ONX 0914 treatment exacerbated the disease and led to increased oxidative stress and poly-
ubiquitinated protein buildup. Finally, mice with astrocyte-specific loss of the IFNy receptor exhibited worsened chronic
EAE associated with reduced iP expression, enhanced lesion size and oxidative stress, and poly-ubiquitinated protein
accumulation in astrocytes.

Conclusions: Taken together, our data reveal a protective role for IFNy in chronic neuroinflammation and identify a novel
function of the iP in astrocytes during CNS autoimmunity.
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Introduction

Multiple sclerosis (MS) is the most common chronic in-
flammatory and neurodegenerative disease of the central
nervous system (CNS) [1]. During the pathogenesis of
MS, there is immune cell infiltration, demyelination, and
reactive gliosis within CNS lesions in multiple regions
[2]. Relapsing-remitting MS (RRMS) is a subtype that
affects approximately 85% of patients and is character-
ized by episodic periods of neurological dysfunction,
often associated with inflammation, followed by partial
or complete recovery. A significant proportion of these
patients go on to develop secondary progressive MS
(SPMS), during which they have fewer remissions and
increasing atrophy, correlating with progressive disability
[3, 4]. Primary progressive MS (PPMS), a third subtype
of MS, affects approximately 15% of patients and is asso-
ciated with continuous, progressive loss of neurological
function after initial diagnosis, without periods of remission
[5, 6]. Of note, it is thought that the pathology associated
with RRMS has a significant inflammatory component,
while in SPMS and PPMS, inflammation is relatively lim-
ited [6]. Thus, it is not surprising that the 12 immunomod-
ulatory, FDA-approved therapies for RRMS [7] have limited
effectiveness in SPMS and PPMS patients [8—10] and in
some cases have resulted in patient worsening [11, 12]. In-
deed, neutralizing specific inflammatory cytokines in MS
patients resulted in exacerbated neurological deficits [13]
without reducing lesion load [14], suggesting a complex
and potentially protective role for inflammatory cytokines
during chronic MS that is not fully understood.

Astrocytes are the most numerous cell type in the
CNS and are found in and around MS lesions. Although
they have long been considered bystanders of MS path-
ology, their role in the initiation and resolution of dis-
ease is becoming more appreciated [15, 16]. During MS
and experimental autoimmune encephalomyelitis (EAE),
an animal model of MS, astrocytes are known to exhibit
regional heterogeneity in gene expression and response
to inflammation [17-19]. Indeed, ablation of astrocytes
following several types of CNS injury leads to sustained
inflammation, impaired repair, and increased neurode-
generation [20-29], suggesting that a diverse astrocytic
response is critical in healthy tissue preservation and
support, minimizing CNS bystander damage during neu-
roinflammation. However, during chronic MS, inflam-
mation is largely overlooked as it is thought to have a
lesser role, especially in SPMS and PPMS patients. Thus,
relatively little is known about how regionally distinct
astrocytes respond to chronic inflammation to facilitate
damage control and recovery.

The role of the cytokine interferon (IFN)y in MS and
EAE has been a paradox for more than 3 decades. Many
early studies describe a solely pro-inflammatory and
pathologic function in the disease [30, 31]. However,
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more recent evidence supports additional protective
roles, particularly in chronic stages, suggesting IFNy has
complex, stage-dependent pleiotropic effects in MS and
EAE [32-39]. In EAE, systemic or intraventricular ad-
ministration of IFNy in mice and marmosets during
chronic phases reduced disease severity, demyelination,
and mortality [40-42] and significantly delayed relapses
in a murine model of chronic-relapsing EAE [43]. These
studies were corroborated by eliminating IFNy signaling
using genetic deletion of Ifug or Ifugrl, which resulted in
higher susceptibility to EAE, increased incidence, more
extensive inflammation, encompassing both the spinal
cord and hindbrain, and exacerbated disease compared
to wild-type (WT) animals [44-52]. Using a signaling
deficient dominant-negative Ifugrl driven by the Gfap
promoter, the protective effects of IFNy signaling during
chronic EAE was linked to astrocytes [53]. While follow-
up studies indicate these effects may be due to altered
cytokine release influencing microglia [54], the astrocyte-
specific mechanisms of IFNy-mediated protection are not
defined.

Our study demonstrates that IFNy signaling in astro-
cytes mediates protection during chronic autoimmune
neuroinflammation preferentially in the spinal cord
through induction of the immunoproteasome (iP). Given
that the role of the iP in the CNS is largely unexplored
and may have a neuroprotective function in astrocytes,
further understanding of the iP may have therapeutic
benefit for chronic MS patients for which treatment op-
tions are severely limited. In established MS, the preva-
lence of spinal cord abnormalities is 75-90% [55, 56].
Spinal cord lesions and atrophy are considered primary
hallmarks of disability accumulation [57-59], and since
lesions in the spinal cord are more likely to result in dis-
abling symptoms compared to those in the brain [60], a
spinal cord-specific treatment modality would be par-
ticularly beneficial. Our study suggests that the iP is a
potential mediator of protection during chronic CNS
autoimmunity following astrocyte IFNy signaling, and
identification of an endogenous inhibitor of the iP might
represent a novel therapeutic target that would benefit
chronic MS patients with specific patterns of neuroin-
flammation. In summary, these findings advance our un-
derstanding of the astrocyte adaptive immune response
during chronic CNS autoimmunity, identify a regionally
distinct protective role for astrocytes, and suggest that
defining upstream targets that modulate iP expression
would facilitate the identification of new targets for the
treatment of SPMS and PPMS patients.

Materials and methods

Human tissue immunohistochemistry (IHC)

Brainstem and spinal cord tissue from MS patients were
collected according to the established rapid autopsy
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protocol approved by the Cleveland Clinic Institutional
Review Board [61]. Patient information for microarray
data is as previously published [62]. Patient tissue
(Table 1) was removed, fixed in 4% paraformaldehyde,
and sectioned for IHC analysis. Demyelinated lesions
were identified by immunostaining with proteolipid pro-
tein (PLP) as described previously [63, 64] and followed by
collection of subsequent sections for immunoproteasome
and astrocyte labeling. Antigen retrieval was performed
using 10 uM citrate buffer and boiling briefly. Sections
were blocked with 3% goat serum and 0.01% Triton X-100
(Sigma-Aldrich) for 1h at room temperature and then
exposed to antibodies specific for human LMP7 (Thermo-
Fisher Scientificc MA5-15890) or PRDX6 (Abcam;
ab59543) and GFAP (Invitrogen; 13-0300) for 4 days
at 4°C. Sections were then washed with PBS-Tween
20, and secondary antibodies conjugated to Alexa
Fluor 488 or 555 (ThermoFisher Scientific) were ap-
plied for 1 h at room temperature. Sections were then
treated with 0.3% sudan black in 70% ethanol for 3
min, imaged using the 20 x objective of a confocal
microscope LSM 800 (Carl Zeiss), and analyzed using
Image] (NIH).

Human astrocytes

Primary adult human brainstem and spinal cord astro-
cytes were obtained from ScienCell Laboratories and
grown according to provided protocols in complete
ScienCell Astrocyte Medium. Briefly, primary human as-
trocytes were isolated from the normal brainstem or
spinal cord tissue and at PO were tested for morphology
by phase contrast and relief contrast microscopy and
GFAP positivity by immunofluorescence. Cell number,
viability (=70%), and proliferative potential (> 15 pd) were
also assessed, and negative screening for potential biological
contaminants was confirmed prior to cryopreservation and
receipt of frozen cells at P1. Purity was determined by
quantitative reverse transcriptase-polymerase chain reaction
qRT-PCR (Fig. S1).

EAE induction

Animals of mixed sex were induced for EAE at 8-10
weeks of age. C57Bl/6, Gfap-Cre" line 77.6, Tie2-Cre*,
and Ifugri™™ mice were obtained commercially from
The Jackson Laboratory and housed under specific
pathogen-free conditions. Mice were crossed according

Table 1 MS patient demographics
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to standard breeding schemes to generate Ifingri™®,
Gfap-Cre*, and Ifngri™® Tie2-Cre* mice, and Ifingri™"
littermate controls were used in all experiments. Mice
were immunized s.c. with 100 pl of a standard emulsion
(Hooke Laboratories) containing complete Freund’s
adjuvant and MOGg;5.55 on the upper back and base of
the tail. Pertussis toxin (80 ng) (Hooke Laboratories) was
injected i.p. on the day of immunization and 2 days later.
Mice were monitored daily for clinical signs of disease as
follows: 0, no observable signs; 1, limp tail; 2, limp tail
and ataxia; 2.5, limp tail and knuckling of at least one
limb; 3, paralysis of one limb; 3.5; partial paralysis of one
limb and complete paralysis of the other; 4, complete
hindlimb paralysis; 4.5, moribund; 5, death.

qRT-PCR analysis

Total RNA was collected from human brainstem and
spinal cord astrocytes (ScienCell) using a RNeasy Kit
(QIAGEN) according to manufacturer’s instructions.
Reverse transcription and SYBR Green qRT-PCR were
performed as previously described [65, 66] for constitu-
tive and immunoproteasome subunits using established
primers [67]. Transcript levels were normalized to copies
of GAPDH.

Western blotting

Protein lysates were collected from regional human
astrocytes in radioimmunoprecipitation assay (RIPA)
buffer (Sigma-Aldrich) supplemented with a protease
and phosphatase-3 inhibitor cocktail (Sigma-Aldrich),
then 20 pg of protein was resolved on a 4-12% Tris gel
and transferred to a polyvinylidene difluoride (PVDEF)
membrane using the Trans-Blot Turbo system (Bio-Rad)
according to standard protocols. Membranes were incu-
bated overnight at 4°C in Tris-buffered saline (TBS),
0.1% Tween® 20 (TBST) plus 5% powdered milk and
anti-LMP2 (Abcam; ab184172) or anti-Lys48 (Millipore;
05-1307) and anti-B-actin (ThermoFisher Scientific;
MA5-15739) antibodies, washed with TBST 3 times, and
then incubated with Alexa Fluor 488, 647, or HRP-
conjugated secondary antibodies (ThermoFisher Scien-
tific) for 1h at room temperature. Membranes were
washed with TBST 3 times and imaged using the Che-
miDoc MP imaging system (Bio-Rad).

Patient number MS type Age Gender Race Disease duration (years) Final EDSS Postmortem interval (h)
81 PPMS 73 F White 280 7.5 6.5

92 SPMS 71 F White 34.8 80 7.58

159 SPMS 55 F White 400 75 80

EDSS expanded disability status scale
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In vitro reactive oxygen species (ROS) and caspase
detection assays

Human brainstem and spinal cord astrocytes (ScienCell)
were seeded in 96-well plates until 70-80% confluent
and treated with media alone or 10 ng/ml IFNy with or
without ONX 0914 for 48 h. ROS were quantified using
the DCFDA Cellular ROS Detection Assay Kit (Abcam),
caspase activity was quantified using the Caspase-Glo 3/7
Assay Kit (Promega). Cell viability was detected using the
CytoPainter Live Cell Labeling Kit (Abcam) and used to
normalize ROS and caspase activity. Plates were read on a
Victor 3 Multilabel Counter (Perkin Elmer).

OxyBlot

Human brainstem and spinal cord astrocytes (ScienCell)
were seeded in 6-well plates until 70-80% confluent and
treated with media alone or 10 ng/ml IFNy for 48 h. Pro-
tein lysate was isolated in RIPA buffer supplemented
with a protease and phosphatase-3 inhibitor cocktail
(Sigma-Aldrich). Lysate (20 pug) was then subjected to
derivatization according to manufacturer’s instructions
(Millipore) and resolved on a 4-12% Tris gel and trans-
ferred onto a PVDF transfer membrane (Bio-Rad) using the
Trans-Blot Turbo system (Bio-Rad) according to standard
protocols. Membranes were incubated overnight at 4 °C in
TBST plus 5% powdered milk and probed with either anti-
DNP (Millipore; S7150) or anti-p-actin (ThermoFisher Sci-
entific;c MA5-15739) primary antibodies, washed with TBST
3 times, and then incubated with HRP-conjugated second-
ary antibodies (Millipore) for 1h at room temperature.
Membranes were washed with TBST 3 times, imaged using
the ChemiDoc MP imaging system (Bio-Rad), and analyzed
as previously described [68].

Immunoproteasome inhibition

For in vitro experiments, the selective immunoprotea-
some inhibitor ONX 0914 (Cayman Chemical) was
dissolved in 0.25% ethanol and used at a working con-
centration of 50 M. For in vivo immunoproteasome in-
hibition, ONX 0914 was formulated in an aqueous
solution of 14% ethanol in PBS, which was used as a ve-
hicle control, and administered to mice as an i.p. bolus
dose of 10 mg/kg after a stabilization or reduction in
EAE clinical score for two consecutive days was ob-
served. Seven days after vehicle or ONX 0914 treatment,
mice were perfused and CNS tissue was prepared for
IHC analysis.

Murine tissue IHC

Mice were intracardially perfused with PBS followed by
4% paraformaldehyde (PFA), and CNS tissue was removed
and fixed in 4% PFA at 4°C for 24 h. Tissue was then cryo-
preserved in 30% sucrose and frozen in O.C.T. Compound
(Fisher HealthCare). Frozen, sequential transverse sections
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(12 pm) were slide mounted and stored at — 80 °C. Tissue
sections were blocked with 10% goat serum and 0.1% Tri-
ton X-100 (Southern Biotech) for 1 h at room temperature
and then incubated with anti-myelin basic protein (MBP)
(Abcam; ab7349), anti-LMP2 (Abcam; ab184172), anti-
PRDX6 (Abcam; ab59543), anti-Lys48 (Millipore; 05-
1307), anti-GFAP (Invitrogen; 13-0300), anti-IFNGR1
(ThermoFisher Scientific; 13-1191-82), or anti-Ibal (Wako
Chemicals; 019-19741) primary antibodies overnight at
4°C. Secondary antibodies conjugated to Alexa Fluor 488
or Alexa Fluor 555 (ThermoFisher Scientific) were applied
for 1h at room temperature. Nuclei were counterstained
with DAPI (ThermoFisher Scientific) diluted in PBS. Sec-
tions were analyzed using the 20 x objective of a confocal
microscope LSM 800 (Carl Zeiss). Images shown are rep-
resentative of 4—8 images taken across two tissue sections
at least 100 um apart per individual mouse. The mean
positive area, intensity, and Mander’s coefficient of coloca-
lization were determined by setting thresholds using ap-
propriate isotype control antibodies and quantified using
Image] software (NIH).

Statistics

EAE data were analyzed using the nonparametric Mann-
Whitney U test. Other data were analyzed with paramet-
ric tests (2-tailed Student’s ¢ test or 2-way analysis of
variance (ANOVA), with correction for multiple com-
parisons where appropriate. All statistical analyses were
performed using GraphPad Prism Version 7 software
(GraphPad Software). A P value of less than 0.05 was
considered statistically significant.

Results

The iP is expressed in regional astrocytes within MS
lesions and is associated with reduced oxidative stress

In several neurodegenerative diseases, the iP is known
to clear ROS and degrade poly-ubiquitinated proteins
[69-71], and there is evidence that the iP may be dys-
regulated during MS and experimental autoimmune en-
cephalomyelitis (EAE), an animal model of MS [71-73].
Additionally, astrocytes have been implicated in modulating
neuroinflammation and neurodegeneration [15, 16, 74];
however, the role of the astrocyte iP during MS and EAE
has not yet been fully elucidated. To determine the role of
the iP in the MS brain, we evaluated the mRNA expression
of genes associated with the classical proteasome (PSMB?)
and the iP (PSMBS) in previously published MS patient tis-
sue microarray data [62]. Strikingly, we found PSMB7 to be
significantly downregulated while PSMB8 was significantly
increased in white matter lesions (WML) compared to con-
trols and normal-appearing white matter (NAWM; Fig. 1a,
b). Although lesions in the brainstem and spinal cord are
common and result in pronounced disability during MS
[75, 76] and EAE [77], relatively little is known about lesion



Smith et al. Journal of Neuroinflammation (2020) 17:184

A PSMB7 B PSMB8
Sy e 400
5 — :
E 1500 we 3004 i
o© T
5 # . Loy "
< oo e W a T, 001 * ..
g S I
% 5004 1004 % % i
s - s
aooa 1

0 u — -
Ctrl WM NAWM WML

Ctrl WM NAWM WML

E Brainstem

Spinal Cord

NAWM

WML

GFAP

GFAP

Fig. 1 Regional astrocyte oxidative stress and iP expression in
chronic MS WMLs. a and b RNA was extracted from the cortical WM
of control and MS (n=7-12) patients and analyzed via microarray
and the relative expression of (a) PSMB7 and (b) PSMB8 were
assessed as described [62]. ¢ and d MS demyelinating lesions (black
outline) and NAWM (white square) were identified by PLP labeling
of the (c) brainstem and (d) spinal cord in MS patients. e GFAP™
astrocytes (red) were co-labeled with either LMP7 or PRDX6 (green)
in NAWM or in WML of the brainstem or spinal cord. Scale bar:

10 M. *P < 0.05, **P < 0.01. Ctrl WM control white matter, NAWM
normal-appearing white matter, WML white matter lesion

pathology in these regions. Thus, we examined NAWM
and areas of demyelination in the brainstem (Fig. 1c) and
spinal cord (Fig. 1d) of MS patients (Table 1), labeling an iP
subunit (LMP7) and an indicator of oxidative stress
(PRDX6) within astrocytes by IHC. In WMLs, there was an
inverse relationship between LMP7 and PRDX6 specifically
in the spinal cord (Fig. le), suggesting that the iP may play
a role in reducing oxidative stress in MS lesions and that
there may be a difference in iP expression and/or function
in regional astrocytes.

Regional astrocytes differentially regulate iP expression in
response to IFNy and during EAE

Astrocytes are regionally heterogeneous in morphology,
gene expression, and function during physiological and
pathological conditions [78, 79]. Since the iP is readily
induced by IFNy, which is present at all stages of MS
[30, 34], and astrocytes are in and around MS lesions
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and respond to IFNy, we further explored heterogenous
regulation of the astrocyte iP between the brainstem and
spinal cord driven by IFNy. Using primary human astro-
cytes from the brainstem and spinal cord (Fig. S1), we
analyzed iP transcript levels following IFNy stimulation
over the course of 48 h. Expression levels of the iP sub-
units PSMBS8, PSMBY9, and PSMBIO increased in spinal
cord astrocytes compared to those in brainstem-derived
astrocytes, with the most robust transcript upregulation
occurring at 48 h (Fig. 2a). Of note, there was no appre-
ciable change in constitutive proteasome subunit tran-
script in either region following IFNy stimulation (Fig.
S2). We confirmed regional differences in iP expression
in astrocytes at the protein level by analyzing protein lys-
ate from human brainstem and spinal cord astrocytes in-
cubated with and without IFNy (Fig.2b,c). Although
IFNy expression is robust and perpetuates acute inflam-
mation in both MS and EAE, it is still present during
chronic disease, albeit at lower levels [80, 81]. To de-
termine the regional sensitivity of astrocytes to IFNy stimu-
lation, we measured the transcript expression levels of iP
subunits following an IFNy dose titration over 24 or 48 h.
Interestingly, compared to those from the brainstem, all of
the iP subunits were upregulated specifically in astrocytes
from the spinal cord following exposure to low concentra-
tions of IFNy after 48 h (Fig. 2d). To determine if regional
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Fig. 2 IFNy-regulated expression of the iP in regional human
astrocytes. a Human brainstem and spinal cord astrocytes were
stimulated with 10 ng/ml IFNy for O, 6, 12, 24, or 48 h, and RNA was
collected and analyzed for transcript levels of PSMBS, PSMB9, and
PSMB10. b Human brainstem and spinal cord astrocytes were
stimulated with or without 10 ng/ml IFNy for 24 or 48 h, and protein
lysate was assessed for levels of LMP2, normalizing to -actin. ¢
Human brainstem and spinal cord astrocytes were stimulated with 0,
1,10, or 100 ng/ml IFNy for 24 or 48 h, and RNA was collected and
analyzed for transcript levels of PSMBS8, PSMB9, and PSMBI10. Data
represent the mean + SEM from 3 independent experiments. *P <
0.05, **P < 0.01, ***P <0.001, ****P < 0.0001 by 2-way ANOVA. BS
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differences in astrocyte iP expression were present in vivo
during neuroinflammation, we induced EAE in Ifigri™®
Tie2-Cre" mice, in which the IFNy receptor (IFNGR1) is
deleted from endothelial cells of the blood-brain barrier
[82, 83], conferring inflammation in both the brainstem
and spinal cord and maintaining genetically WT astrocytes.
Signs of both classical EAE, primarily affecting the spinal
cord, and atypical EAE, which affects the hindbrain, were
monitored (Fig. S3A) [44, 53]. To determine if iP expression
is regionally distinct, we first confirmed that lesion size be-
tween the brainstem and spinal cord was consistent in
Ifugr1™ Tie2-Cre* mice (Fig. S3B). While the average le-
sion size was similar between regions in Ifigri®™® Tie2-Cre*
mice, iP expression in spinal cord astrocytes was signifi-
cantly increased compared to those in the brainstem (Fig.
S3B). These data demonstrate that both in human astro-
cytes and in an in vivo model of regional autoimmune neu-
roinflammation, astrocyte, iP expression is preferentially
upregulated by IFNy in spinal cord astrocytes compared to
those in the brainstem. This suggests that in the spinal
cord, the iP is potentially a primary astrocyte-mediated pro-
tection mechanism during neuroinflammation, and that
brainstem astrocytes may engage alternate pathways.

ROS and poly-ubiquitinated protein accumulation are
abrogated by the astrocyte iP

The best known function of the iP is its role in antigen
processing; however, since astrocytes present little or no
antigen [84—86], alternate functions of the iP were ex-
amined, namely clearance of ROS and oxidatively dam-
aged and poly-ubiquitinated proteins [87]. To determine
the role of the iP in astrocyte viability and ROS clear-
ance, we treated regional human astrocytes with or with-
out IFNy and a specific inhibitor of the iP, ONX 0914
[88-90]. Following iP inhibition, an increase in caspase
activity was observed only in spinal cord astrocytes com-
pared to media treatment, which was significantly en-
hanced compared to those from the brainstem (Fig. 3a).
Next, we observed an overall increase in cellular ROS in
astrocytes treated with ONX 0914, with enhanced ROS
in spinal cord astrocytes compared to brainstem astro-
cytes. Interestingly, in cells treated only with IFNy, as-
trocytes from the spinal cord produced less ROS than
brainstem-derived astrocytes (Fig.3b). Assessment of
oxidative protein damage revealed an increase in spinal
cord versus brainstem astrocytes following iP inhibition.
There was also a treatment effect in spinal cord astro-
cytes with a reduction in oxidatively damaged proteins
following IFNy treatment (Fig.3c,d). Assessment of
poly-ubiquitinated proteins revealed an increase in both
spinal cord and brainstem astrocytes following iP inhib-
ition in the presence of IFNy (Fig. 3e,f). Taken together,
these data suggest that IFNy-mediated induction of the
iP in spinal cord astrocytes reduces ROS and oxidatively
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damaged and poly-ubiquitinated proteins which may
lead to preservation of proper astrocyte function.

Inhibition of the iP exacerbates chronic EAE

Although iP inhibition during acute EAE resulted in
ameliorated disease associated primarily with dampened
peripheral immune responses [91], the role of the iP
during the relatively less inflammatory chronic phase of
EAE has not yet been explored. We induced EAE in WT
C57Bl1/6 mice, which develop spinal cord-associated in-
flammation, and two days after peak disease, we admin-
istered a single dose of ONX 0914 or vehicle, and the
clinical course was monitored. Following treatment, EAE
rapidly worsened in mice receiving ONX 0914 compared
to vehicle-treated mice (Fig. 4a). Further, IHC labeling
revealed an increase in lesion size and a loss of GFAP*
astrocyte labeling in ONX 0914-treated mice (Fig. 4b—e).
To determine if this corresponded to a reduction in oxi-
dative stress and poly-ubiquitinated protein accumula-
tion, we performed IHC analysis on the tissue 7 days
following treatment. Indeed, IHC labeling of PRDX6 in-
dicated enhanced oxidative stress and oxidative stress
within GFAP" astrocytes in lesions of ONX 0914-treated
compared to vehicle-treated mice (Fig. 4f,g). Similarly,
Lys48 labeling revealed an increase in total poly-
ubiquitination and poly-ubiquitination within GFAP" as-
trocytes in lesions of ONX 0914-treated mice compared
to those treated with vehicle (Fig. 4h,i). These data sug-
gest that the iP has a role in reducing oxidative stress
and poly-ubiquitinated protein build-up in astrocytes
during chronic EAE, which may contribute to reduced
lesion size and disease recovery.

IFNy-mediated iP upregulation in astrocytes is protective
during chronic EAE

Diminished IFNy signaling in astrocytes is known to ex-
acerbate chronic EAE [53]. We demonstrated that the iP
is regulated by IFNy-signaling and observed an increase
in oxidative stress and poly-ubiquitinated protein accu-
mulation specifically in astrocytes during in vivo iP in-
hibition. However, of note, administration of ONX 0914
inhibits the iP globally, and since astrocytes can be influ-
enced by other cell types including T cells and microglia
during neuroinflammation [92, 93], we next utilized a
more astrocyte-specific approach. To further examine
the role of IFNy-mediated iP induction in astrocytes
during EAE, we immunized mice in which Gfap-express-
ing astrocytes are deficient in Ifngrl (Fig. S4). Following
EAE onset, Ifugri™® Gfap-Cre* mice had a milder acute
disease compared to littermate controls as previously de-
scribed [92]. However, chronic disease was significantly
exacerbated in Ifiugr1™™ Gfap-Cre* mice and weight loss
was enhanced (Fig. 5a,b). Further, compared to Ifigri™"
controls, Ifugri™™ Gfap-Cre* mice had increased lesion
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J

size and reduced myelin basic protein (MBP) expression  within the lesions of Ifigri™" Gfap-Cre* compared to
by IHC (Fig.5c,d). To determine if there was a corre-  Ifingri™" mice (Fig. 5g—j), suggesting enhanced oxidative
sponding reduction in astrocyte iP expression and func-  stress and poly-ubiquitinated protein accumulation spe-
tion in Ifugri™ Gfap-Cre* mice, we performed IHC cifically in astrocytes of Ifiugri™® Gfap-Cre* mice. These
analysis during chronic EAE. As expected, there was a  data suggest that during chronic EAE, IFNy signaling in
decrease in both total iP expression and iP colocalization  astrocytes enhances iP expression, which leads to a re-
with GFAP" astrocytes within the lesions of Ifiugri™®  duction in CNS tissue damage, allowing recovery from
Gfap-Cre* compared to Ifugri™® mice (Fig.5ef). To clinical disease.

confirm if there was an astrocyte-specific downregula-

tion of iP expression, we analyzed LMP2 colocalization  Discussion

with Ibal™ microglia/monocytes and found no difference  Interferony is primarily pro-inflammatory in acute stages
between genotypes (Fig. S5). Further IHC labeling re-  of MS and EAE [81]; however, there is evidence to suggest
vealed an increase in both total PRDX6 and Lys48 and that in chronic MS and EAE, IFNy has protective func-
PRDX6 and Lys48 colocalized with GFAP™ astrocytes  tions [37, 38, 53]. In this study, we confirm these findings
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and demonstrate that IFNy signaling in astrocytes leads to  enhanced iP expression in the spinal cord compared to
the upregulation of the iP, dampening chronic EAE sever-  the brainstem, suggesting that spinal cord astrocytes more
ity. Our studies indicate that IFNy-mediated upregulation  readily upregulate the iP upon IFNy stimulation, leading
of the iP leads to preservation of astrocyte integrity by re-  to enhanced region-specific protection during CNS auto-
ducing ROS and degrading oxidatively damaged and poly-  immunity. Previous findings suggest that enhanced IFNy
ubiquitinated proteins. In vivo, IFNyR signaling was crit-  responsiveness of spinal cord astrocytes may be due to in-
ical for iP upregulation in astrocytes, which was associated  creased IFNGR1 expression at baseline relative to those
with a reduction in lesion size and disease severity during  from the brainstem [92].

chronic EAE. Further, studies using postmortem MS tis- These findings reveal the importance of IFNy signaling
sue, in vitro astrocytes, and models of EAE showed and its role in astrocyte iP regulation during chronic
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12) and (@) EAE clinical course and (b) weight loss were blindly monitored. Following 25 days post-immunization, mice were perfused, and the
CNS was removed and cryopreserved for IHC analysis. Ventral white matter tracts of the lumbar spinal cord were imaged using confocal
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and MBP™ area were quantified. e Tissue sections were labeled for LMP2 (green), GFAP (red), and nuclei were counterstained with DAPI (blue).
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and GFAP (red), and nuclei were counterstained with DAPI (blue). h Total PRDX6 area and PRDX6 colocalized with GFAP were analyzed. i Tissue
sections were labeled for Lys48 (green) and GFAP (red), and nuclei were counterstained with DAPI (blue). j Total Lys48 area and Lys48 colocalized
with GFAP were analyzed. Data in (a) represent the mean + SEM combined from 2 independent experiments and were analyzed by Mann-
Whitney U test for nonparametric data. Data in c—j represent the mean + SEM combined from 2 independent experiments and were analyzed by

2-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

stages of neurodegenerative disease, and they highlight the
stage-specific roles of IFNy during MS and EAE. Previous
studies have shown that iP inhibition by ONX 0914 during
acute disease leads to EAE amelioration by dampening
peripheral immune responses [91, 94]. Importantly, it has
recently been shown that IFNy diverts OPCs from differ-
entiating into mature oligodendrocytes to cells with anti-
gen presenting capabilities via upregulation of the iP, a
critical immune-priming process during acute EAE [95].
However, iP inhibition following the acute phase of EAE,
using the same dose of ONX 0914, we found that disease
severity was significantly exacerbated. Indeed, IFNyR sig-
naling specifically in astrocytes was beneficial, resulting in
smaller lesions, less demyelination, and a reduction in
EAE severity in control mice compared to those with
dampened IFNyR1 in astrocytes [53]. Here, we extend
those findings by demonstrating that upregulation of the
iP is a potential mechanism by which IFNy signaling pro-
tects the CNS during chronic neuroinflammation. We

demonstrate that the iP is expressed in astrocytes during
chronic MS and that administration of a specific iP inhibi-
tor during chronic EAE exacerbates clinical disease, likely
as a result of inhibiting the alternate functions of the iP in-
cluding clearance of ROS and poly-ubiquitinated proteins.

While IFNY signaling is known to directly induce iP ex-
pression [96], other factors including aging, stress, and
ROS also contribute to iP upregulation [97-99]. Due to
normal metabolic processes and oxidative and age-related
stress, there is a basal level of iP expression that supports
cellular homeostasis [97]. Without a functioning iP, dam-
aged proteins can rapidly accumulate under oxidative
stress conditions, like EAE and MS, to an extent that ex-
ceeds the proteolytic capacity of the constitutive prote-
asome, which leads to the formation of harmful protein
aggregates and cell apoptosis [68, 100, 101]. Importantly,
oxidative and inflaimmatory genes are modified during
EAE and primarily in astrocytes in MS lesions [101-105].
Gene modifications in astrocytes during inflammatory
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processes include those that would support an increase in
ubiquitinated protein degradation, including increases in
ubiquitin ligases necessary for proteasome recognition
[106, 107]. Consistent with this, oxidized and poly-
ubiquitinated proteins accumulated in chronic MS white
matter with reduced iP peptidase activity [108] and in the
brains of mice lacking the iP subunits LMP2 and LMP7
[68, 109]. Further, LMP7-deficient mice had more severe
CNS oxidative damage and exacerbated EAE [68]. While
the pathological consequences of impaired iP activity in
chronic MS and EAE are unknown, the impact of accu-
mulated, damaged protein aggregates and reduced degrad-
ation of various signaling and pro-apoptotic molecules
likely contribute to neurodegeneration.

These findings broaden our understanding of astrocyte
heterogeneity in the CNS. Although regional heterogeneity
of astrocytes in neurophysiologic functions [18, 19, 66] and
in many disease models [110, 111], including EAE [79, 112,
113], has been appreciated, there are no studies to date that
have described a regional role for the iP in the CNS. How-
ever, a regional difference in Type I IFN signaling in astro-
cytes has been described [66]. Here, we expand on those
findings, demonstrating a regional increase in iP expression
preferentially in spinal cord astrocytes compared to those
from the brainstem in response to IFNy. We show that this
increase in iP expression in spinal cord astrocytes is pro-
tective, as inhibition of the iP results in reduced astrocyte
viability, increased ROS production, and accumulation of
damaged proteins. This diverse astrocytic response is
critical in healthy tissue preservation and support as it
minimizes prolonged CNS exposure to cytotoxic in-
flammation. Indeed, ablation of astrocytes following
several types of CNS injury leads to sustained inflam-
mation, impaired blood-brain barrier repair, and
increased neurodegeneration [20-29]. Additionally,

IENGRI1 signaling induces several cellular pathways
during neuroinflammation. Notably, IFNGR1 activa-
tion in astrocytes results in the secretion of interleukin
(IL)-27, which regulates effector T cell functions dur-
ing EAE via IL-10 induction [53]. Thus, the survival of
astrocytes following damage is key in CNS recovery.
Taken together, our data suggest that the astrocyte iP
may be a key mechanism of protection in the spinal
cord while other distinct CNS regions may rely on
alternate pathways to facilitate damage control and re-
covery during chronic neurodegeneration and CNS
inflammation.

Our study demonstrating a role for the astrocyte iP
in promoting protection during chronic neuroinflam-
mation has definite clinical implications. It has been
proposed that inhibition of the iP can serve as an ef-
fective therapeutic modality for MS; however, given
the data presented here, consideration of disease stage
is of utmost importance [73, 114]. In progressive MS
patients, improving symptoms correlated with high
levels of serum IFNy, while patients with clinical
worsening had relatively low levels of serum IFNy
[37], suggesting IFNy-induced iP expression may have
a role in MS stabilization or even recovery. Since the
iP is critical for maintenance of astrocytes and recov-
ery from chronic autoimmunity, inhibition would
likely greatly exacerbate patient symptoms if given
during chronic stages of MS.

Conclusions

Our findings highlight the protective and stage-specific role
of IFNy during chronic MS and EAE via upregulation of
the iP in regional astrocytes. Due to a role in reducing ROS,
degrading oxidatively damaged and poly-ubiquitinated pro-
teins, IFNy-mediated upregulation of the iP represents a
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potential mechanism by which astrocytes protect the CNS
during chronic neuroinflammation (Fig. 6). Further studies
identifying an endogenous inhibitor of the iP in astrocytes
[67] are needed to yield a potential therapeutic target for
SPMS and PPMS patients.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512974-020-01861-x.

Additional file 1: Figure S1. Confirmation of human astrocyte
phenotype. Human brainstem and spinal cord astrocytes obtained from
ScienCell Laboratories were plated in media alone until 80% confluent.
RNA was then extracted and gRT-PCR was performed for the indicated
transcripts.

Additional file 2: Figure S2. IFNy-regulated expression of the constitu-
tive proteasome in regional human astrocytes. Human brainstem and
spinal cord astrocytes were stimulated with 10 ng/ml IFNy for 0, 6, 12, 24,
or 48 h and RNA was collected and analyzed for transcript levels of
PSMBS5, PSMB6, and PSMB7 by qRT-PCR, normalized to copies of GAPDH.
Data represent the mean + SEM from 3 independent experiments. **P <
0.01, ***P < 0.001 between regions by 2-way ANOVA.

Additional file 3: Figure S3. Regional inflammation and iP expression
in Ifngr1""Tie2-Cre™ mice. EAE was induced in Ifngr1"Tie2-Cre* mice (n =
5) and (A) EAE clinical course was monitored. Following 30 days post-
immunization, mice were perfused and the CNS was removed and cryo-
preserved for IHC analysis. White matter tracts of the brain stem and lum-
bar spinal cord were imaged using confocal microscopy at 20x
magnification. (B) Tissue sections were labeled for MBP (red) and nuclei
were counterstained with DAPI (blue). (D) Lesion area was quantified
using ImageJ software. (C) Tissue sections were labeled for LMP2 (green),
GFAP (red), and nuclei were counterstained with DAPI (blue). (F) Total
LMP2 area and LMP2 colocalized with GFAP were analyzed. *P < 0.05 be-
tween regions by 2-tailed Student’s t test.

Additional file 4: Figure S4. IFNGR1 deletion in astrocytes of
/fngrlﬂ/ﬂGfa/ofCre+ mice. (A) IHC detection of astrocyte marker GFAP (red)
or (B) Ibal (red) and IFNGR1 (green) in the ventral spinal cords of Ifngr1™"
and Ifngr1"Gfap-Cre* mice at day 25 post-EAE induction. Nuclei are
shown in blue. Images are representative of at least 4-20x images for
each of 7 independent mice per genotype. Colocalization is quantified by
Mean Mander’s Coefficient using ImageJ software. Data points are repre-
sentative of individual mice. **P < 0.01 between genotypes by 2-tailed
Student's t test.

Additional file 5: Figure S5. LMP2 is not reduced in microglia/
monocytes in /fngrlﬂ/ﬂGfaprre+ mice. IHC detection of Ibal (red) and
LMP2 (green) in the ventral spinal cords of Ifngr1™" and Ifngr1""Gfap-
Cre™ mice at day 25 post-EAE induction. Nuclei are shown in blue. Colo-
calization is quantified by Mander’s coefficient using ImageJ software.
Data points are representative of individual mice. Data represent the
mean + SEM combined from 2 independent experiments and were ana-
lyzed by 2-tailed Student’s t test.
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