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Abstract

Background In multiple sclerosis (MS), disturbance of the plasminogen activation system (PAS) and blood brain barrier
(BBB) disruption are physiopathological processes that might lead to an abnormal fibrin(ogen) extravasation into the paren-
chyma. Fibrin(ogen) deposits, usually degraded by the PAS, promote an autoimmune response and subsequent demyelination.
However, the PAS disruption is not well understood and not fully characterized in this disorder.

Methods Here, we characterized the expression of PAS actors during different stages of two mouse models of MS (experi-
mental autoimmune encephalomyelitis—EAE), in the central nervous system (CNS) by quantitative RT-PCR, immuno-
histofluorescence and fluorescent in situ hybridization (FISH). Thanks to constitutive PAI-1 knockout mice (PAI-1 KO)
and an immunotherapy using a blocking PAI-1 antibody, we evaluated the role of PAI-1 in EAE models and its impact on
physiopathological processes such as fibrin(ogen) deposits, lymphocyte infiltration and demyelination.

Results We report a striking overexpression of PAI-1 in reactive astrocytes during symptomatic phases, in two EAE mouse
models of MS. This increase is concomitant with lymphocyte infiltration and fibrin(ogen) deposits in CNS parenchyma. By
genetic invalidation of PAI-1 in mice and immunotherapy using a blocking PAI-1 antibody, we demonstrate that abolition
of PAI-1 reduces the severity of EAE and occurrence of relapses in two EAE models. These benefits are correlated with a
decrease in fibrin(ogen) deposits, infiltration of T4 lymphocytes, reactive astrogliosis, demyelination and axonal damage.
Conclusion These results demonstrate that a deleterious overexpression of PAI-1 by reactive astrocytes leads to intra-
parenchymal dysfibrinolysis in MS models and anti-PAI-1 strategies could be a new therapeutic perspective for MS.
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Background

Multiple sclerosis (MS) is the most common chronic
inflammatory demyelinating disease of the central nerv-
ous system (CNS), characterized by infiltration of immune
cells concomitant to progressive damage to myelin
sheaths. These events are preceded by blood brain barrier
(BBB) disruption leading to an extravasation of serum pro-
teins, including fibrin and its precursor fibrinogen which
are absent from the CNS in physiological conditions [1].
In MS and its animal model experimental autoimmune
encephalomyelitis (EAE), fibrin(ogen) deposits into the
parenchyma are correlated with the occurrence of clinical
signs and may lead to an exacerbation of axonal injury
[1-3]. A recent study demonstrated that injection of fibrin-
ogen into the brain parenchyma promotes an autoimmune
response against myelin that recapitulates some aspects of
MS [4]. Noteworthy, this pathological response is blocked
by fibrin-targeting immunotherapy [4].

Activation of the coagulation cascade leads to the cleav-
age of inactive prothrombin into active thrombin, which
forms fibrin from fibrinogen protein. Plasminogen activa-
tion system (PAS) refers to the enzymatic processes lead-
ing to fibrin degradation. This system, initially described
in the vasculature, consists in the catalysis of plasminogen,
an inactive zymogen, into active plasmin by tissue-type
plasminogen activator (tPA), which is inhibited essentially
by neuroserpin (NSP) and the type-1 plasminogen acti-
vator inhibitor (PAI-1). Several other regulators of this
system exist such as the protease nexin-1 (PN-1; inhibit-
ing thrombin activity) and thrombin-activatable fibrinoly-
sis inhibitor (TAFI; inhibiting the binding of plasmin to
fibrin). The balance between tPA and PAI-1 regulates the
fibrinolysis in the vasculature. Interestingly, PAS com-
ponents are also found within the CNS, where they are
expressed by neurons and glial cells [5, 6]. In physiologi-
cal conditions, astrocytes act as a crossroad of PAS regula-
tion in the CNS by producing PAI-1 during inflammation
[7], buffering neuron-derived tPA [8, 9], offering a surface
for plasminogen activation [10] and uptaking plasminogen
and plasmin through cell surface actin-mediated endocy-
tosis [10]. In the CNS, the PAS is known to interfere with
pathological mechanisms including BBB dysfunction,
neurodegeneration and neuroinflammation [11]. For this
reason, studies in animal models have suggested that the
main components of the PAS may be involved in the physi-
opathology of MS [3, 12-14].

In accordance with these studies in animal models, his-
tological studies from brain tissues of MS patients showed
the presence of fibrin deposits surrounding demyelinated
axons, associated with an increase in PAI-1 expression
and tPA/PAI-1 complex, and resulting in a decrease in tPA
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activity [3]. It has also been shown that the expression of
PAI-1 is more important in cortical areas containing sub-
stantial fibrinogen deposits [15]. Although the source of
PAI-1 in MS brain tissues is still unclear, both intracellu-
lar and extracellular PAI-1 were observed in post-mortem
biopsies of MS patients, suggesting a local expression of
PAI-1 [15]. In addition, increased PAI-1 concentrations
were measured in the plasma and cerebrospinal fluid of
MS patients, and the level of plasma PAI-1 was higher in
active MS compared to stable MS and was also related to
neurological impairment and disability [16—18].

Taken together, these experimental and clinical data sup-
port the idea that PAI-1 activity is deleterious in MS and its
animal models. Because the increase in PAI-1 activity in the
parenchyma can lead in fine to a reduction of fibrinolysis and
fibrin deposits (dysfibrinolysis), and given the consequences
of fibrin deposits on autoimmunity and neuroinflammation,
we hypothesize that PAI-1 may exert its deleterious effect
by reducing intraparenchymal fibrinolysis.

Given their location and their key role in BBB function,
astrocyte endfeet are particularly exposed when BBB integ-
rity is altered [19]. Various alterations of their functions are
then observed such as loss of structural role in BBB perme-
ability, changes in polarity or redistribution of water chan-
nels [20]. However, the involvement of the astrocytic PAS
system in the MS physiopathology is unknown.

In the present study, we characterized the expression of
the PAS actors during the different stages of two animal
models of MS (chronic MOG-induced EAE and relaps-
ing-remitting PLP-induced EAE). We report a robust
PAI-1 overexpression in perivascular reactive astrocytes
during symptomatic phases of EAE models. This increase
coincided in time and space with lymphocyte infiltration at
disease onset. Consistent with a role of PAI-1 in EAE, we
showed that disease severity was reduced in PAI-1-deficient
mice. Moreover, the inhibition of PAI-1 activity by injecting
a blocking antibody at the onset of relapsing—remitting EAE
abolished the occurrence of relapse. Our results highlight a
crucial role of reactive astrocytes in which dysregulation of
PAS leads to dysfibrinolysis in CNS tissues during EAE and
participates in symptom onset.

Methods
Animals/ethical statements

Animal experiments were performed in accordance with the
French (Decree 87/848) and European (Directive 2010/63/
UE) guidelines, following recommendations of our local
ethical committee (CENOMEXA; Project #10799) within
the expertise of the French Ministry for university teaching,
research and innovation. C57BL/6J and SJL/J mice were
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purchased from Janvier Labs (Le Genest-Saint-Isle, France)
and PAI-1-deficient mice and their wild-type littermate were
bred in the Centre Universitaire de Ressources Biologiques
(CURB; Center Agreement F14118001; Caen, France). All
animals were maintained under standard conditions with
food and water given ad libitum and acclimated to the local
animal facility for at least 2 weeks before the experiments.

EAE models

Chronic EAE (MOG-induced EAE) was induced in
10-week-old male C57BL6/J mice (n=32) and in 10-week-
old male PAI-1 WT and PAI-1 KO mice (C57BL6/J genetic
background; n=28 and n =29, respectively) immunized
subcutaneously with 200 pg of recombinant myelin oligo-
dendrocyte glycoprotein peptide (MOG;s_55, Cambridge
Research Biochemicals, Cleveland, UK) in an emulsion
mixed (volume ratio 1:1) with complete Freund’s adju-
vant (CFA; Difco Laboratories—Fisher Scientific, Illkrich,
France) containing 800 pg of heat-killed Mycobacterium
tuberculosis H37Ra (MBT; Difco Laboratories). The emul-
sion was administered to regions above the shoulder and
the flanks (total of four sites; 50 pL at each injection site).
Control animals (sham; n=8) were injected with saline
mixed with CFA containing 800 pg of heat-killed MBT.
Relapsing-remitting EAE (PLP-induced EAE) was induced
in 10-week-old female SJL/J mice (n=110) according to
the same protocol except that MOG peptide was replaced
by recombinant proteolipidic protein peptide (PLP,39_;5;;
Eurogentec, Seraing, Belgium). Sham animals (n=11) were
injected with saline mixed with CFA containing 800 pg of
heat-killed MBT. All animals (MOG- and PLP-induced EAE
and sham) were additionally intraperitoneally injected with
200 ng of pertussis toxin derived from Bordetella pertussis

(Sigma-Aldrich, Saint-Quentin-Fallavier, France) in 200 pL.
of saline at the time of and at 48 h after immunization.

All animals were weighed and examined daily for clinical
signs of EAE. In both EAE models, clinical scores (Sc) were
recorded in a blinded manner by ascending hind limb paraly-
sis: 0, no symptoms; 1, loss of tail tonicity; 2, partial hind
limb weakness; 3, partial hind limb paralysis; 4, complete
hind limb paralysis; 5, moribund or death. In PLP-induced
EAE, a relapse was defined as a sustained increase (mini-
mum duration of 2 days) of at least 0.5 in clinical score after
a clinical symptom-free period of at least 2 days (remission).

Total RNA extraction and reverse transcription

Deeply anesthetized mice (n =35 per condition) were tran-
scardially perfused with cold heparinized saline solution
(40 mL). Total RNA was isolated from whole spinal cords,
forebrains (cortex and subcortical areas) and cerebellum
(separated from hindbrain) with TRI-reagent (Sigma)
according to the manufacturer’s guidelines, then treated with
TURBO DNase (Ambion, Saint Aubin, France) to avoid
DNA contamination and finally quantified by spectropho-
tometry (Nanodrop Technologies, Wilmington, DE, USA).
Total RNA was reverse-transcribed by using the M-MLV
Reverse Transcriptase according to the manufacturer’s
instructions (Sigma) with the following cycle conditions:
20 °C (10 min); 37 °C (50 min); 85 °C (10 min). The cDNA
products were then stored at — 20 °C until their use.

Quantitative PCR

RT-qPCR was performed from 1:20 diluted cDNA in iQ
SYBR Green Supermix (Bio-rad, Marnes La Coquette,
France) containing 200 nM of each primer. Based on mRNA
coding sequences (www.ensembl.org), mouse specific

Table 1 Mouse qPCR primer
sequences

Gene

Reverse primer

Forward primer

Plasminogen activation system
Plat (tPA)
Serpinel (PAI-1)
Serpinil (Neuroserpin)
Plg (Plasminogen)
Cpb2 (TAF])
Serpine2 (PN-1)
F2 (Pro-thrombin)
Serpinf2 (a2 anti-plasmin)
Housekeeping
Ppib
Rpli3a
Hmbs
Hprt

AGGCAACCAAGACCTCCAC GTGTAGACCCCAGGCACATC
AGTCTTTCCGACCAAGAGCA  GACAAAGGCTGTGGAGGAAG
GAGGGTCTGAAAGGTGGTGA  GGAGTTAGCCACAGCCACAT
GCTGCCTGTGATTGAGAACA CTCGAAGCAAACCAGAGGTC
CTTCTGAGGCACGTGGATTT CGGTTGTTCTTGTGAGCAGA
CCCTACCATGGTGAGAGCAT GAGGGATGATGGCAGACAGT
CAGCTATGAGGAGGCCTTTG TCACACCCAGATCCATAGCA
GCTGCCTAAACTCCATCTGC TCAGAGATCCCACGAAGGTC
CAGCAAGTTCCATCGTGTCA GATGCTCTTTCCTCCTGTGC
TACGCTGTGAAGGCATCAAC GGGAGGGGTTGGTATTCATC
GAAATCATTGCTATGTCCACCA GGGTTTTCTAGCTCCTTGGTAA
CTTTGCTGACCTGCTGGATT TATGTCCCCCGTTGACTGAT
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primers (Table 1) were designed by using the Primer3Plus
software (http://www.bioinformatics.nl/cgi-bin/primer3plus/
primer3plus.cgi). Samples were run in triplicate on the
CFX96 Real-Time system c1000 thermal cycler (Bio-rad),
with the following cycle conditions: 95 °C (3 min); [95 °C
(28), 60 °C (20 5)] x40; 70 °C (30 5).

gPCR analysis

Data analysis was performed as previously described [21].
Briefly, Cq values were obtained from the Bio-rad CFX
manager software (Bio-rad). Relative gene expression val-
ues (starting quantity) were calculated with the Bio-rad CFX
manager software and corrected with each efficiency (E)
inferred from fivefold standard dilution series.

GeNorm algorithm, associated with QBase + ™ software
(Biogazelle, Zwijnaarde, Belgium), was used to normalize
gene of interest to reference genes. According to the V and
M GeNorm values, the two best reference genes specific for
each organ and model were selected with the lowest pairwise
variability (Table 2).

Immunohistochemistry

Deeply anesthetized mice (n =3 per condition) were tran-
scardially perfused with cold heparinized saline solution
(40 mL). Spinal cords were fixed with 4% paraformalde-
hyde (PFA) in 0.1 M sodium phosphate buffer (PB; 24 h;
4 °C) and cryoprotected (sucrose 20% in PBS; 24 h; 4 °C)
before freezing in Cryomatrix (Thermo Scientific—Fisher
Scientific). Transverse sections (10 um) were obtained
using a cryostat (Leica, CM3050S, Wetzlar, Germany),
collected on poly-lysine slides and stored at — 80 °C until
processing. Sections were washed three times in PBS—azide
(0.0125%) at room temperature (RT) and then co-incubated
in PBS—Triton 100X (0.25%) overnight with the appropriate
antibodies at RT. The following antibodies were used: anti-
PAI-1 (1:500, ab28207, Abcam), anti-fibrinogen (1:10,000,
purified Serum from sheep immunized with fibrinogen,

Table2 List of selected housekeeping genes for each structure in
EAE models

EAE model and structure Housekeeping genes

MOG-EAE
Forebrain Ppib Rpli3a
Cerebellum Hmbs Hprt
Spinal cord Rpli3a Ppib
PLP-EAE
Forebrain Rpli3a Hmbs
Cerebellum Rpli3a Hmbs
Spinal cord Ppib Rpli3a
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gift by Dr Angles-Cano), anti-CD4 (1:25; 14-0042-82,
eBioscience, Fisher Scientific), anti-Ly-6G (1:500, 60031,
Stemcell, Grenoble, France), anti-CD68 (1:800, ab53444,
Abcam), anti-Iba-1 (1:1000, ab5076, Abcam), anti-GFAP
(1:1000, ab4647, Abcam), anti-collagen type IV (1:1500,
1340, Southern Biotech, Birmingham, AL, USA), anti-
C3 (complement 3 protein; 1:500, A0063, DAKO, Santa
Clara, CA, USA), anti-MBP (1:800, ab40390, Abcam), and
anti-SMI-32 (1:1000; ab24570, Abcam). After three rinses
in PBS, primary antibodies were revealed using adapted
secondary antibodies linked to FITC, Cy3 or Cy5 (1:800,
Jackson ImmunoResearch, West Grove, PA, USA) diluted
in PBS-Triton 100X (0.25%) at RT for 1 h 30 min. Some
control experiments were conducted: (1) omission of the
primary antibodies was done for every immunohistochem-
istry experiment. No immunostaining was observed reveal-
ing that the secondary antibodies bound specifically to their
primary antibody; (2) immunohistochemistry against PAI-1
was performed on EAE-induced PAI-WT and KO brain tis-
sues. No PAI-1 immunoreactivity was observed in PAI-1
KO animals (data not shown). Washed sections were cover-
slipped with antifade medium containing DAPI and images
were digitally captured using a Leica DMI6000 microscope
coupled with Hamamatsu Orca Flash 4.0 camera (Iwata,
Japan) and visualized with Metamorph 7.8.13.0 software
or a confocal microscope (SP5, Leica) using the LAS-AF
software (Leica). Images were processed using Imagel 1.52f
software (NIH). All analyses were performed blinded to the
experimental data.

Cell counting and immunofluorescence
quantification

All quantitative analyses were performed in the four main
spinal cord regions (cervical, high thoracic, low thoracic and
lumbar) and three sections from each region were analyzed
for each animal (3 animals per condition). The spinal cord
regions were determined using the mouse spinal cord atlas
[22]. For some analyses (when the spinal cord region is not
specified), the four spinal cord regions were pooled.

The total number of CD4-positive cells was counted on
mosaic images of whole spinal cord sections. The white mat-
ter area of each section was measured, and the number of
positive cells was expressed per mm? of spinal cord white
matter tissue.

For PAI-1, fibrinogen and MBP immunofluorescence
quantification, a Yen threshold was applied on all quantified
images. Positive staining area was measured and expressed
as a percentage of white matter area.

For GFAP quantifications, two measures were obtained
(surface of immunoreactivity and intensity of immunore-
activity). The same threshold was applied on all images
for both quantifications. For the surface of positive
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immunoreactivity, the surface of positive staining was
measured and expressed as a percentage of total spinal
cord area. For intensity of immunoreactivity, we meas-
ured the area of integrated intensity and the mean gray
values in positive cells and negative cells (to obtain the
background). We calculated the corrected total cell fluo-
rescence (CTCF as follows: CTCF =integrated density
— (area of selected cell X mean fluorescence of background
readings).

For C3 quantification, the same threshold was applied on
all images and the C3 CTCF was quantified in the GFAP-
positive area.

For SMI32 quantification, the same threshold was applied
on all images. The surface of positive staining was measured
and expressed as a percentage of spinal cord white matter
area.

P-selectin molecular MRI (magnetic resonance
imaging)

P-selectin molecular MRI was performed as previously
described [23]. Briefly, purified anti-mouse P-selectin
antibodies (40 pug, AF737; R&D Systems) were covalently
conjugated to 1 mg of micro-sized particles of iron oxide
(MPIO; 1.08 um diameter) with p-toluenesulfonyl reactive
surface groups (Invitrogen) in borate buffer (pH 9.5) by a
48 h incubation at 37 °C. MPIO coated with P-selectin anti-
bodies (P-sel MPIOs) were then washed in PBS contain-
ing 0.5% BSA at 4 °C and incubated for 24 h at RT. P-sel
MPIOs were rinsed in PBS (0.1% BSA) and sonicated at
low intensity for 60 s to disperse MPIOs aggregates. P-sel
MPIOs were stored at 4 °C in PBS under constant agitation
to prevent settling and aggregate formation. Mice received
intravenous injection of 1 mg/kg (equivalent Fe) of P-sel
MPIOs, and imaging was performed 10 min after MPIOs
administration. MRI experiment was carried out on a Phar-
mascan 7 T/12 cm system using surface coils (Brucker).
Mice were deeply anaesthetized with isoflurane (induction
5%, maintenance to ensure immobility during MRI 2% in
70/30% NO,/O,). MPIOs were visualized in hypo-signal on
a 3D respiration-gated T2*-weighted gradient echo imag-
ing with flow compensation (GEFC; spatial resolution of
150 pm X 75 um X 75 pm interpolated to an isotropic reso-
lution of 75 um) with TE: 8.6 ms; TR: 200 ms and a flip
angle of 25° (acquisition time: 10 min). The mice were then
affiliated to “P-selectin positive” and “P-selectin negative”
groups by careful examination of MRI images by an experi-
enced examiner (n=3 per group). The presence of P-selectin
signal was confirmed by measurement of signal void [23].
After MRI examination, mice were transcardially perfused
with cold heparinized saline solution (40 mL). Spinal cords
were collected and submitted to immunohistochemistry.

Fluorescent in situ hybridization (FISH)

FISH was performed on fresh frozen brain sections (n=3
per group), post-fixed with 4% PFA/PBS during 15 min
using the RNAscope® Multiplex Fluorescent Reagent Kit
v2 and specific probes according to the manufacturer’s
instructions (Advanced Cell Diagnostics, Inc., Newark,
CA, USA). Hybridization of a probe against the Bacillus
subtilis dihydrodipicolinate reductase (dapB) gene was
used as negative control. After the FISH procedure, GFAP
was detected by immunofluorescence. Three independent
experiments were performed and imaged with Leica SP5
confocal microscope (Leica Microsystems), visualized
with LAS-AF software. For FISH quantification, the same
threshold was applied on all images. Positive staining was
measured and expressed as a percentage of total spinal
cord area.

Intracisternal injection

At the day of the symptom onset, PLP-induced EAE ani-
mals were anesthetized with isoflurane (5%) in 70%/30%
NO,/0, and maintained with 2.5% isoflurane in 70%/30%
NO,/O,. Body temperature was maintained at 37 °C with
a rectal temperature probe and homoeothermic heating
pad. One pl of anti-PAI-1 (MA-MP6HG6 provided by Dr.
Declerck; n=29) or IgG isotype (with any known specific-
ity; ab37355, Abcam, Cambridge, UK; n = 18) antibodies
were administered (Antibodies concentration: 4.26 mg/mL
diluted in saline) into the cisterna magna using a pulled
glass micropipette as previously described [20]. The
micropipette was left in place for one additional minute
and then the wound was closed.

Statistics

All analyses were performed in a blinded manner. Results
are represented on graphs as mean + S.E.M. Data and sta-
tistical processing were achieved with GraphPad Prism
8 software. Statistical significance across groups defined
by one factor was performed using Kruskal-Wallis test
followed by a false discovery rate (FDR) as post hoc test.
Multiple comparisons were statistically evaluated by a
two-way ANOVA with FDR post hoc test. Survival, inci-
dence and stratification curves were analyzed with Man-
tel-Cox test. The level of statistical significance was set
at p<0.05.
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«Fig. 1 Analysis of plasminogen activation system expression reveals
a major PAI-1 increase during the EAE course. a Average clinical
score evolution in MOG-induced EAE. CNS tissues were harvested
from MOG-induced EAE mice at different time points of disease
course represented by green dots: pre-onset (Pre-On), onset (On),
surge (Su), chronic (Ch). b Heatmap (log2FC) showing expression
of PAS genes in the forebrain, cerebellum and spinal cord during the
course of MOG-induced EAE. ¢ PAI-1 expression (RT-qPCR) in the
spinal cord during the course of MOG-induced EAE. d Average clini-
cal score evolution in PLP-induced EAE. CNS tissues were harvested
at different time points represented by green dots: score=Sc, score
2 remitting (Sc2R), remission (Rem) and relapse (Rel). e Heatmap
(1og2FC) of PAS genes expression in the forebrain, cerebellum and
spinal cord during the course of PLP-induced EAE. f PAI-1 expres-
sion (RT-gPCR) in the spinal cord during the course of PLP-induced
EAE. g Representative images of PAI-1 immunostaining (red) in the
lumbar region of white matter spinal cord from sham and sympto-
matic MOG-induced EAE mice (DAPI: blue). h, i Quantification of
PAI-1 positive area in the total spinal cord as percentage of white
matter area (h) and in the cervical, high thoracic, low thoracic, lum-
bar sections (i) from sham and MOG-induced EAE animals. j Repre-
sentative images of PAI-1 immunostaining (red) in the lumbar region
of white matter spinal cord from sham and symptomatic PLP-induced
EAE mice (DAPI: blue). k, 1 Quantification of PAI-1-positive area in
the total spinal cord as percentage of white matter area (k) and in the
cervical, high thoracic, low thoracic, lumbar sections (I) from sham
and PLP-induced EAE animals. Data are represented as mean + SEM,
n=>5 or n=3 per condition (for RT-qPCR or for immunohistochemis-
try, respectively). ¢, f, h, k Kruskal-Wallis test followed by FDR post
hoc test with *, §, # indicating significant difference (p <0.05) com-
pared to sham, Pre-On and Rem, respectively. i, 1 Two-way ANOVA
test followed by FDR post hoc test with € indicating significant differ-
ence (p <0.05) between the lumbar and all other levels; $ between the
lumbar and cervical/high thoracic; ¥ between the lumbar and high/
low thoracic; £ between the lumbar and cervical. tPA tissue-type plas-
minogen activator, NSP neuroserpin, PN-1 protease-nexin 1, TAFI
thrombin-activatable fibrinolysis inhibitor, PLG plasminogen, PAI-1
type-1 plasminogen activator inhibitor

Results

Dysregulation of PAS results in reduction
of fibrinolysis capacity in EAE

We first assessed by qPCR the expression of the different
actors of the PAS in the forebrain, cerebellum, and spinal
cord of mice at typical stages of MOG-induced EAE (pre-
onset, symptom onset, surge, and chronic stage; Fig. 1a).
Most of the studied genes, including tPA, NSP, PN-1, TAFI
and plasminogen (PLG), showed slight modifications of
expression in the different regions (Fig. 1b; Additional file 1:
Fig. S1). In contrast, we observed a dramatic upregulation
(up to 70-fold) of PAI-1 mRNA in the spinal cord at all
symptomatic stages (Fig. 1b, c). This upregulation was also
observed, although with a lower intensity, in the cerebellum
and forebrain (Fig. 1b and Additional file 1: Fig. S1k-1).
Next, we addressed whether similar changes were
observed in a relapsing—remitting context. For this, we
assessed the expression of the same genes at typical
stages of PLP-induced EAE (pre-onset; clinical scores 1,

2, 3, 4; remitting score 2, complete remission and relapse;
Fig. 1d). The results corroborate the above observations
with slight modifications of most of the studied genes
(Fig. le; Additional file 2: Fig. S2) and a dramatic (up to
80-fold) increase in PAI-1 mRNA at symptomatic stages
in the spinal cord (Fig. 1f) and, with lesser intensity, in the
forebrain and cerebellum (Fig. le and Additional file 2:
Fig. S2k-1). Interestingly, the expression of PAI-1 fol-
lowed the relapsing-remitting course of EAE, with a drop
during remitting phase, a return to basal levels at com-
plete remission and a second raise at the onset of relapse
(Fig. 1f).

Noteworthy, the expression of tPA, the key protease in the
PAS system, showed only slight modifications at the mRNA
levels in the different conditions (Fig. 1b,e; Additional file 1:
Fig. Sla—c and Additional file 2: Fig. S2a—c). In addition,
prothrombin (the precursor of thrombin) and a2-antiplasmin
(an inhibitor of plasmin) have been studied, but their expres-
sion is below the detection threshold at all phases of the two
EAE models (data not shown).

Because the spinal cord is, on the one hand, the most
affected area in both EAE models [20] and, on the other
hand, the region where PAI-1 overexpression is the strong-
est, we focused on this region for the following parts of the
study.

We confirmed that the transcriptional regulation of PAI-1
in MOG-induced EAE is followed by an increase in PAI-1
protein, detected by immunohistofluorescence. Although
PAI-1 was hardly found in sham animals, spots of PAI-1
expression were observed within the spinal cord of symp-
tomatic animals (Fig. 1g and corresponding quantification,
Fig. 1h). Furthermore, PAI-1 expression followed the typi-
cal caudo-rostral progression over time, in relation to clini-
cal score of the disease (Fig. 1i; Additional file 3: Fig. S3).
Indeed, at the symptom onset, PAI-1 immunoreactivity is
only detected in caudal regions (lumbar then low thoracic)
and is almost absent in rostral ones (high thoracic and cer-
vical). With the increase of clinical score, PAI-1 immuno-
reactivity appeared also in the rostral zones of spinal cord.
Similar spatiotemporal dissemination was observed in the
PLP-induced EAE model (Fig. 1j-1; Additional file 4: Fig.
S4). PAI-1 immunofluorescence was more extended in cau-
dal regions of the spinal cord during active phases of the
disease (symptom onset and second relapse) compared to
rostral ones, while PAI-1 immunoreactivity area was larger
at higher score in rostral areas compared to caudal ones.
Noteworthy, PAI-1 immunofluorescence dropped during
remission and increased again in the lumbar region at the
beginning of relapse (Fig. 11; Additional file 4: Fig. S4).

In summary, the slight modifications of tPA, PLG, most
of the serpins, and the dramatic upregulation of PAI-1 argue
for a decrease in fibrinolytic capacity during symptomatic
stages of the two EAE models.
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PAI-1 expression is detected at the earliest events
of EAE

To foresee a causal role for PAI-1 overexpression in symp-
tom onset, we next focused on this expression at presympto-
matic stages. We previously described an MRI method based
on molecular imaging of P-selectin that proved efficiency in
predicting symptom onset in EAE animals within a delay of
24 h [23]. By using this method, we were able, at the earli-
est stage of the disease to select presymptomatic P-selectin-
positive animals (P-sel™) and to compare them with non-pre-
symptomatic animals (P-selectin negative, P-sel™; Fig. 2a).

We collected spinal cords from P-sel* and P-sel™ ani-
mals and performed immunostaining to characterize PAI-1
expression. After quantification, we observed that PAI-1 is
overexpressed in P-sel animals compared to P-sel~ animals
(Fig. 2b and corresponding quantification, Fig. 2c). In P-sel*
animals, patches of PAI-1 were exclusively present in spe-
cific areas where BBB permeability was altered (indicated
by the presence of fibrin(ogen) immunostaining) and where
CD47 cell infiltration took place (Fig. 2b). Furthermore,
we revealed a spatial dissemination of PAI-1 in P-sel™ mice
(Fig. 2d and e). In fact, PAI-1 overexpression followed a
caudo-rostral progression with a higher expression in caudal
spinal cord areas compared to higher regions (Fig. 2d and e).
Therefore, PAI-1 is detected in the parenchyma at the time
and site of early EAE events.

PAI-1 is expressed in reactive astrocytes

Next, we assessed the cellular origin of PAI-1 overex-
pression in the spinal cord of EAE animals. Although
we observed PAI-1 immunostaining in regions of cellu-
lar infiltration (Fig. 2b), we did not find this serpin in
inflammatory cells typically involved in the physiopa-
thology of EAE and MS such as T4 lymphocytes (CD4*
cells), neutrophils (Ly-6G™ cells) or macrophages/micro-
glia (CD68" and Iba-1*cells; Fig. 3a). Rather, we detected
PAI-1 immunostaining in astrocytes at the vicinity of
collagen-1V blood vessels (GFAP* cells; Fig. 3b). We
confirmed that PAI-1 protein was found within astrocytes
by confocal microscopy and 3D reconstruction (Fig. 3c).
To confirm that the overexpression of PAI-1 results from
local synthesis in astrocytes (and is not due, for instance,
to its extravasation consecutive to BBB opening and its
subsequent endocytosis by astrocytes), we performed flu-
orescent in situ hybridization. We detected PAI-1 mRNAs
in GFAP-positive cells of the spinal cord of sympto-
matic EAE mice compared to sham animals (Fig. 3d).
After quantification, we noticed that PAI-1 mRNA is
overexpressed in spinal cord of EAE mice compared
to sham animals (Fig. 3e). Finally, PAI-1 (arrowhead)
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was detected in GFAP*/C3* reactive astrocytes (arrow)
located close to cell infiltration areas (Fig. 3f), which sup-
ports an expression of this serpin in reactive astrocytes.

Together, these data indicate that reactive astrocytes are
the main source of PAI-1 within the spinal cord of EAE
mice.

PAI-1 is deleterious in EAE by impairing fibrinolysis
and promoting fibrin(ogen) deposits

The overexpression of PAI-1 in symptomatic animals sug-
gests a role of this protein in the physiopathology of EAE.
To test the role of PAI-1 we compared the course of EAE
in PAI-1 knockout mice (PAI-1 KO) and wild-type (WT)
littermates (Fig. 4).

PAI-1 KO mice exhibited a reduced clinical score com-
pared to WT mice from day 13 (Fig. 4a), with reduced peak
score (2.98 +£0.26 vs. 3.69+0.1; Fig. 4b), reduced cumula-
tive score (43.6+5.84 vs. 85+5.43; Fig. 4c) and later day
of onset (14.7+0.3 vs. 13.4 +0.3; Fig. 4d). The incidence of
disease (Fig. 4e) and the severity of symptoms were lower
in PAI-1 KO mice compared to WT (Fig. 4f, g). While all
WT mice displayed a clinical score equal to or greater than
3 (corresponding to partial hindlimb paralysis) from day 20,
only 75% of PAI-1 KO mice had reached this score at day 22
(Fig. 4f). Conversely, we noticed that 15% of PAI-1 KO mice
remained with a clinical score equal to or lower than 1 (cor-
responding to tail flaccidity) at day 45, while all WT mice
had reached a score higher than 1 from day 18 (Fig. 4g).
These results indicated that deletion of PAI-1 protects the
mice from EAE and support a deleterious role of PAI-1 in
MOG-induced EAE.

Next, we evaluated by immunohistochemistry in PAI-1
KO and WT animals the pathological signs that may be
related to the reduced EAE severity in PAI-1 KO mice:
fibrin(ogen) deposits, infiltration of T4 lymphocytes, demy-
elination, reactive astrogliosis and axonal damage, at three
critical time points that are onset (14 dpi), peak of symptoms
(18 dpi) and late stage (45 dpi; Figs. 5 and 6; Additional
file 5: Fig. S5a-b).

Fibrin(ogen) deposits were present in WT mice from 14
dpi (EAE onset) and decreased along the course of EAE to
become practically absent at 45 dpi (Fig. 5a and correspond-
ing quantification, Fig. 5b). In PAI-1 KO mice, in contrast,
these deposits were hardly detected at any stage (Fig. 5a, b).

Lymphocyte infiltration was prominent from day 14 in
WT mice (EAE onset), peaked at 18 dpi (acute phase) and
decreased at 45 dpi (Fig. 5a, c¢). In PAI-1 KO, T4 lympho-
cytes were practically absent at 14 dpi (previous to onset in
PAI-1 KO animals) and, although their number increased
at 18 dpi, it remained much below the values of WT
mice. Finally, it remained rather stable at 45 dpi, when no
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Fig.2 PAI-1 is already detected at the earliest events of EAE onset. a
Experimental design of the discrimination by molecular MRI (MPIO-
anti P-selectin) at day 10 post-induction of pre-symptomatic (P-sel*)
and non-pre-symptomatic (P-sel”) EAE animals. b Representative
images of PAI-1 (red), fibrin(ogen) (cyan) and CD4 (T4 lympho-
cytes, green) immunostaining on the lumbar region of spinal white
matter from P-sel” and P-sel* EAE mice (DAPI: blue). ¢ Quantifica-
tion of PAI-1-positive area in the total spinal cord as percentage of
white matter area from P-sel” and P-sel* EAE mice. d, e Representa-
tive images (d) of PAI-1 (red) immunostaining and its relative quan-

tification (e) on the lumbar, low thoracic, high thoracic and cervi-
cal regions of spinal white matter from P-sel™ and P-sel* EAE mice
(DAPI: blue). Data are represented as mean+SEM and analyzed with
¢ Mann—Whitney U test and a two-way ANOVA. Two-way ANOVA
test followed by FDR post hoc test with € indicating significant differ-
ence (p <0.05) between the lumbar and all other levels; A significant
difference (p <0.05) between the low thoracic and cervical/high tho-
racic. ¥*p<0.05, and ****p <0.0001. n=3 per condition. Scale bars:
20 pm
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Fig.3 PAI-1 is expressed in
activated astrocytes. a Repre-
sentative immunostaining of
PAI-1 (red) in combination
with a set of inflammatory
cell-type markers (green): T4
lymphocytes (CD4); neutro-
phils (Ly-6G); macrophages/
microglia (CD68 and Iba-1)

on the lumbar spinal cord

from symptomatic EAE mice
(DAPI: blue). b Representative
immunostaining of PAI-1 (red),
Coll-1V (blood vessels, grey)
and GFAP (astrocytes, green)
on the spinal cord from sympto-
matic EAE mice (DAPI: blue). ¢
3D reconstruction (by maximal
intensity projection: max) and
orthogonal sections of repre-
sentative confocal imaging of
PAI-1 (red) and GFAP (green)
immunostaining on the lumbar
spinal cord from symptomatic
EAE mice (asterisk: nucleus).
d, e Representative image of
fluorescent in situ hybridization
(d) of PAI-1 mRNA (red) and
GFAP immunostaining (green)
on the lumbar spinal cord from
sham and symptomatic EAE
mice (DAPI: blue) and its
relative quantification (e) as per-
centage of the total spinal cord
area n=3. Data are represented
as mean + SEM and analyzed
with a Mann—Whitney U test.
*#%¥p < (0.0001. f Representa-
tive immunostaining of PAI-1
(red, arrowhead), GFAP (green,
arrow) and C3 (magenta, arrow)
on the lumbar spinal cord from
symptomatic EAE mice (DAPI:
blue). Scale bars: 50 um in a
and upper b; 20 um in lower b
and d; 10 um in ¢ and f
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Fig.4 PAI-1-deficient mice
develop less severe MOG-
induced EAE. a Clinical score
evolution, b peak disease
severity, ¢ cumulative score
over 45 days, d day of onset,

e incidence of onset, f mice
with neurological severity
score (NSS)>3 and g mice
with NSS <1 of MOG-induced
EAE in PAI-1 WT (n=19) and
PAI-1 KO (n=20) mice. Data
are represented as mean + SEM
and analyzed with a two-way
ANOVA, b-d Mann—

Whitney U test and e—

g log-rank (Mantel-Cox)

test. ¥p <0.05; **p <0.01,
*##%p <0.001, and

kD <0.0001
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Q.
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difference was observed between WT and PAI-1 KO mice
(Fig. 5a and corresponding quantification, Fig. 5c).
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Demyelination and axonal damage paralleled the pat-
tern of lymphocyte infiltration: apparent at 14 dpi only in
WT mice, peak at 18 dpi in both genotypes though with
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Fig.5 PAI-1 KO mice exhibit
less fibrin(ogen) deposits, CD4*
cells infiltration and demyelina-
tion at early stages of MOG-
induced EAE. a Representative
immunostaining of fibrin(ogen;
red), CD4 (yellow) and myelin
(MBP, grey) in the lumbar
spinal cord from PAI-1 WT
and PAI-1 KO mice at onset
(14 dpi), peak (18 dpi) and late
stages (45 dpi) during MOG-
induced EAE, (DAPI: blue).
Demyelinated areas are defined
by the dashed yellow line. Cor-
responding quantifications of b
fibrin(ogen) deposits, ¢ CD4*
cell infiltration and d demyeli-
nation. Data are represented

as mean + SEM. n=3 per condi-
tion. Mann—Whitney U test;
#*kx%p <(0.0001. Scale bars:

50 um
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lower intensity in PAI-1 KO and stabilization at 45 dpi, with
equivalent intensity in WT and PAI-1 KO mice (Fig. 5a and
corresponding quantification, Fig. 5d; Additional file 5: Fig.
S5a, b).

The reactive astrogliosis was assessed by the distribu-
tion of astrocytes, their GFAP intensity and their potential
immunological polarization (C3 immunoreactivity). No
significant difference in GFAP immunopositive surface
was detected at any EAE stages in the entire spinal cord
and in both strains (Fig. 6a, b). By measuring the intensity
of GFAP and the presence of C3 marker in the astrocytes
(GFAP-positive cells; [24]) in PAI-1 WT and KO animals,
we noticed that the reactive astrogliosis (intensity of GFAP
and C3 immunoreactivity) followed the same pattern as the
other pathological signs (fibrinogen deposits, infiltration of
CD4" lymphocytes and demyelination). Indeed, in WT mice,
we detected an increase in GFAP immunoreactivity from 14
dpi (EAE onset) to 18 dpi (acute phase) and a decrease at
45 dpi (late). In PAI-1 KO animals, reactive astrogliosis was
less important at 14 and 18 dpi compared to PAI-1 WT mice.
At 45 dpi, a stabilization was detected with no more differ-
ence between WT and KO animals (Fig. 6a—c). Regarding
C3 immunoreactivity, at the onset and peak of the disease,
C3 was significantly more important in PAI-1 WT compared
to KO animals, while at the late phase of the disease, the C3
marker was significantly more expressed in PAI-KO astro-
cytes (GFAP-positive cells) than in WT animals (Fig. 6a—d).
Hence, we can conclude that although there is no difference
in the number of GFAP positive cells (i.e., astrocytes), there
is an increase in the reactive astrogliosis in PAI-WT com-
pared to KO animals.

These data support the causal link between fibrinogen
deposits, lymphocyte infiltration, reactive astrogliosis,
demyelination, and axonal damage in EAE [4, 14] and sug-
gest that, when PAI-1 action is abolished as in PAI-1 KO
mice, fibrin(ogen) deposition is reduced and delayed, and
this cascade of events is impaired. This may explain the
lesser severity of EAE in PAI-1 KO mice (Fig. 4) and sup-
port a deleterious role of PAI-1 in this model.

Blocking PAI-1 action improves EAE
symptomatology and reduces fibrinogen deposits

Considering the possible deleterious role of PAI-1 in EAE,
our next objective was to assess the therapeutic potential of
an intervention aimed at blocking the effects of PAI-1 in a
model relevant to the most frequent clinical form of MS, the
relapsing—remitting form. For that, we injected in PLP-induced
EAE animals the blocking antibody MA-MP6H6 [25] directed
against PAI-1. This injection was performed at the onset of
symptoms, to adopt a regimen of treatment as compatible as
possible with the clinical situation. Animals injected with a
control isotype showed a classical course of PLP-induced

EAE, with a first surge between 10 and 15 dpi, a progressive
recovery between 15 and 25 dpi, a nearly complete remission
between 25 and 32 dpi and a biphasic relapse between 32 dpi
and the end of the experiment (45 dpi; Fig. 7a). Surprisingly,
although we expected a reduction already in the first surge of
the disease, the injection of anti-PAI-1 antibody did not influ-
ence it, but rather strongly reduced the occurrence of relapse in
this model (Fig. 7). Indeed, although 66.7% of isotype-treated
animals experienced a relapse, only 13.3% of anti-PAI-1 ani-
mals did (Fig. 7a, f).

To assess the effects of injected antibodies on PAI-1 expres-
sion itself, we performed immunohistochemistry experiments
in PLP-induced EAE treated with MA-MP6H6 antibody or
the isotype control at different phases of the disease (Fig. 7g,
h). At the acute phase of the disease (16 dpi), an increase
of PAI-1 expression is observed in the whole spinal cord in
both groups (isotype-, anti-PAI-1-injected mice; Fig. 7g, h,
left). During remission, PAI-1 expression remained stable
in isotype-injected animals, whereas in animals treated with
anti-PAI-1, its expression is highly decreased (Fig. 7g, h, mid-
dle). At the late phase of the pathology, no significant differ-
ence was detected between the two groups (Fig. 7g, h, right).
These results indicate the administration of anti-PAI-1 anti-
body decreased PAI-1 immunoreactivity in the CNS of EAE
animals.

We next evaluated by immunohistochemistry in animals
injected with control isotype or anti-PAI-1 antibody the path-
ological signs that may be related to the blockade of EAE
relapse in anti-PAI-1-injected mice: fibrin(ogen) deposits,
infiltration of CD4* lymphocyte, demyelination and axonal
damage, at the acute phase (16 dpi), during the remission
phase (28 dpi) and late stage (45 dpi; Fig. 8; Additional file 5:
Fig. S5¢, d).

We observed no reduction of pathological signs, and even
an increase in the number of T4" cells at the acute phase of
disease (16 dpi) in anti-PAI-1-injected mice (Fig. 7). During
remission, fibrinogen deposits and the number of CD4* cells
remained stable in isotype-injected animals, and demyelina-
tion increased (Fig. 8). In contrast, in animals treated with
anti-PAI-1 antibodies, the three pathological signs decreased
(Fig. 8). Finally, at late stage of the disease, no difference
of fibrin(ogen) deposits, infiltration of CD4* lymphocyte
and demyelination were observed between the two groups
(Fig. 8b—d). Surprisingly, no significant differences in axonal
damage (SMI32 immunopositive staining) were detected
between isotype and anti-PAI-1-injected mice (Additional
file 5: Fig. S5¢, d).
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«Fig.6 PAI-1 KO mice exhibit less reactive astrogliosis of MOG-
induced EAE mice. a Representative immunostaining of GFAP
(magenta) and C3 (grey) in the spinal cord from PAI-1 WT and
PAI-1 KO mice at onset (14 dpi), peak (18 dpi) and late stages (45
dpi) during MOG-induced EAE (DAPI: blue). At 14, 18 and 45 dpi,
the spinal cord region is, respectively, the low thoracic, lumbar and
cervical area. b-d Corresponding quantifications of (b) GFAP area,
(¢) GFAP intensity and (d) C3 area in astrocytes (GFAP positive
area). CTCF: corrected total cell fluorescence. Data are represented
as mean + SEM. n=3 per condition Mann—Whitney U test; *p <0.05;
**p<0.01, ##*p <0.001, and ****p <0.0001. Scale bars: 40 um

Discussion

This work reports a link between intraparenchymal fibrinol-
ysis and neuroinflammation in EAE orchestrated by the
astrocytic production of PAI-1. We propose the following
sequence of events: in the early, presymptomatic phase of
EAE, the increase in BBB permeability allows the extravasa-
tion of blood protein, among which fibrin(ogen). The depo-
sition of this protein is initially impeded by the fibrinolytic
cascade. This control is then gradually inhibited by the over-
expression of PAI-1 in reactive astrocytes that coincides in
time and space with EAE onset. This dysfibrinolysis leads to
the deposition of fibrin(ogen) at sites of BBB dysfunction,
reactive astrogliosis, recruitment of lymphocytes and sub-
sequent demyelination and axonal damage [4, 14]. Accord-
ingly, abolishing PAI-1 action by genetic invalidation or by
the injection of a blocking antibody improves EAE.
Among all the members of PAS assessed by RT-qPCR in
this study, PAI-1 is the most consistently and highly regu-
lated gene in both EAE models. Moreover, we describe that
PAI-1 overexpression precedes and predicts the appearance
of lesions in asymptomatic animals and, after onset, pro-
gresses following a caudo-rostral gradient that parallels the
one of EAE lesions. These observations support the idea
that the regulation of PAS via PAI-1 is an important ele-
ment of neuroinflammatory process in the chronic context
of EAE and MS. This adds to previous reports in MS [15]
and in other models of neurological diseases such as stroke
[5], brain trauma [26], Alzheimer’s disease [27] or prion
disease [28] in which PAI-1 overexpression is also observed
at time and/or sites of lesions. Further experiments will be
addressed to investigate PAI-1 as a peripheral biomarker in
EAE. In this study, a second observation on PAS modifica-
tion is the decrease of NSP in the spinal cord of EAE mod-
els. Previous studies on MS patients have shown that NSP
is highly reduced in CSF and in MS lesions [3, 29]. As NSP
is mainly expressed in neurons, its decrease could be due
to axonal damage following inflammatory reaction [3]. A
third statement of the RT-qPCR analysis is the PAI-1 mRNA
increase without an up-regulation of tPA mRNA. In physi-
ological conditions, an increase of PAI-1 generally results
in an upregulation of tPA [30]. However, and consistent

with our results, it has been demonstrated that in pathologi-
cal conditions, PAI-1 can be raised without an increase of
tPA [31]. The absence of tPA mRNA upregulation can be
explained by the fact that there is only an increase of tPA
protein secretion without any rise of tPA mRNA. As tPA
can be stored in various vesicles such as dense core vesi-
cles in neurons [32], this release of tPA can only be due to
the secretion of stored tPA without an upregulation of its
transcripts.

In MS tissues, studies have revealed an increase of PAI-1
expression in cell bodies of normal appearing and lesioned
motor cortical layers without identifying the cell type [15].
Our study identified astrocytes as the main cellular source
of PAI-1 overexpression in EAE. This increase in PAI-1 is
consistent with previous observations in other models of
neurological disorders with neuroinflammatory compo-
nents [5, 33, 34]. Nevertheless, in a context of increased
BBB permeability, it cannot be fully excluded that part of
PAI-1 accumulated in inflamed tissues originates from the
blood. Indeed, blood-derived PAI-1 has been suggested ear-
lier to play a role in MS, after the clinical observation that
elevated circulating PAI-1 levels are correlated to higher
EDSS scores [18]. However, PAI-1 does not seem to system-
atically extravasate through impaired BBB, as we observed
that zones of leaky BBB do not always show PAI-1 immu-
nostaining (data not shown). The respective roles of blood-
and astrocyte-derived PAI-1 and the investigation of PAI-1
as a peripheral biomarker in EAE should be addressed in
further studies.

Interestingly, our data show that the astrocytes overex-
pressing PAI-1 display the subtype marker C3, which sug-
gests that these cells are responsible for the dysfibrinoly-
sis and its pathological consequences observed in EAE.
Moreover, we observed that reactive astrogliosis (GFAP
and C3 immunoreactivities) is reduced in PAI-KO com-
pared to WT mice. These data are in accordance with previ-
ous work where C3-positive astrocytes are found in human
post-mortem active MS lesions [24]. However, reactive
astrocytes can display various phenotypes [35], such as a
recently described profile characterized by the expression
of the transcription factor c-Fos [36]. Although this novel
phenotype has not been fully characterized yet, it may be an
intermediate phenotype. Further studies are needed to give a
thorough description of the spatiotemporal distribution and
phenotypes of reactive astrocytes in EAE and MS [37, 38].
Future works may address whether these additional subtypes
can be a source of PAI-1.

We describe that fibrin(ogen) deposits are associated in
space and time with PAI-1 overexpression. This suggests
that although fibrin(ogen) extravasates through the impaired
BBB, it does not accumulate in the tissue as long as the
fibrinolytic cascade is efficient (i.e., as far as PAI-1 is not
overexpressed). The fibrinolytic system would thus prevent
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Fig.7 Intracisternal adminis-
tration of anti-PAI-1 anti-

body abolish EAE relapses

of PLP-induced EAE mice.

a Clinical score evolution, b
survival curves, ¢ peak disease
severity, d cumulative score, e
incidence of mice with NSS >3
and f incidence of relapse for
PLP-induced EAE animals
treated with control antibody
(n=9) or anti-PAI-1 antibody
(MA-MP6H6; n=19). Antibod-
ies were administered in the
cisterna magna at the day of
EAE onset. g Representative
immunostaining of PAI-1 in
the high thoracic spinal cord
from PLP-induced EAE animals
treated with control antibody
or anti-PAI-1 antibody at acute
(16 dpi), remission (28 dpi)
and late stages (45 dpi) during
PLP-induced EAE (DAPI:
blue) and h the PAI-1 positive
area quantification in the total
spinal cord as percentage of
white matter area (n=3). Data
are represented as mean + SEM
and analyzed with a Two-way
ANOVA followed by FDR test,
b, e, f log-rank (Mantel-Cox)
test and ¢, d, h Mann—Whitney
U test *p <0.05; **p <0.01,
*#%p <(0.001. Scale bars: 20 pm
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Fig. 8 Immunotherapy targeting
PAI-1 improves pathological
signs of PLP-induced EAE
animals. a Representative
immunostaining of fibrin(ogen)
(red), CD4 (yellow) and myelin
(MBP, grey) in the spinal cord
from control and anti-PAI-1
antibody-treated mice at acute
(16 dpi), remission (28 dpi) and
late stages (45 dpi) during PLP-
induced EAE, (DAPI: blue).
Demyelinated areas are defined
by the dashed yellow line. The
representative images for acute
stages are from the cervical
region and for remission and
late stages are from the lumbar
area. Corresponding quantifica-
tions of b fibrin(ogen) deposits,
¢ CD4* cells infiltration and d
demyelination. Data are repre-
sented as mean+SEM. n=3 per
condition. Mann—Whitney U
test. ¥¥p <0.01; ***p <0.001.
Scale bars: 50 um
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fibrin(ogen)-induced leukocyte recruitment. However, when
PAI-1 is overexpressed, the fibrinolytic balance is impaired
and extravasated fibrin(ogen) forms deposit in the tissue,
which promotes lymphocyte infiltration, demyelination and
axonal damage. Furthermore, in MS tissues, it has been
shown that cortical PAI-1 is overexpressed with significant
fibrinogen deposits [15]. Thus, this proposed model is sup-
ported by the present observation that leukocyte infiltration
is found only in regions where BBB is impaired and PAI-1
is overexpressed.

The link between fibrin(ogen) deposits and inflamma-
tion has been described by the group of Akassoglou and
resides mainly in the ability of fibrin to trigger microglia
response by activating CD11b/CD18 receptor, leading to
oxidative stress via activation of NADPH oxidase [39] and
chemokine release [4] that drive peripheral cell recruit-
ment. In accordance with this, we describe here that CD4*
cell infiltration occurs at sites where BBB impairment and
PAI-1 overexpression occur together. These two processes
concur to fibrin(ogen) accumulation in the tissue, by respec-
tively and consecutively allowing its extravasation and its
deposition. In addition to this mechanism, PAI-1 can have
opposite effects on immune cells: it can promote the recruit-
ment and the infiltration of neutrophils and monocytes/
macrophages, while it can decrease T regulator (CD25%)
lymphocyte infiltration and polarize macrophages into a
M2 phenotype [40—43]. Altogether, we can hypothesize that
PAI-1 influences immune cell recruitment by promoting the
infiltration of pro-inflammatory immune cells (neutrophils,
macrophages) and decreasing that of anti-inflammatory (T
regulator lymphocytes and M2 macrophages) leading to an
exacerbation of inflammatory response in MS.

The description of this deleterious effect of PAI-1 in EAE
prompted us to evaluate the therapeutic efficiency of the
injection of an anti-PAI-1 blocking antibody (MA-MP6H6)
previously shown to effectively neutralize active PAI-1 and
to restore fibrinolysis [25]. We chose to inject MA-MP6H6
at the onset of symptoms to give a more realistic consist-
ency with the clinical situation. This therapeutic strategy
did not affect the first peak of disease. Although surpris-
ing in the first place, this may be explained by the fact that
PAI-1 overexpression and fibrin(ogen) deposits appear at
presymptomatic stages of the disease and may thus not be
efficiently targeted by a treatment applied at symptomatic
stages. Accordingly, PAI-1, fibrin(ogen) deposits and CD4*
infiltration were not reduced during the first peak by MA-
MP6HS6 injection.

In contrast, the first relapse (second peak) was abolished
by MA-MP6H6 injection. A possible explanation is that
although injecting MA-MP6H6 at symptomatic onset was
too late to influence the first peak, it was efficient to pre-
vent the rebound of neuroinflammatory processes announc-
ing relapse. In accordance with this, although PAI-1,
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fibrin(ogen) deposits and CD4% cells were maintained in
the spinal cord of isotype-injected mice during the remission
phase, these three pathological processes were reduced in
MA-MP6H6-injected animals. Interestingly, previous works
in a relapsing—remitting model reported that, in contrast to
wild-type mice, PAI-1 KO mice require an immune recall
during the remission phase to develop a clinical relapse [13].
This is consistent with the idea that PAI-1 action in the early
phases of EAE can have consequences on the relapse.
These data open further perspectives for the use of anti-
PAI-1 immunotherapy in MS, in addition or as an alterna-
tive to currently developed anti-fibrin immunotherapy [39],
with the common objective to inhibit the deleterious conse-
quences of dysfibrinolysis and fibrin deposition in inflamed
CNS tissues. Anti-fibrin immunotherapy has also proved
efficient in models of Alzheimer’s disease in which PAI-1
overexpression has been reported. This should foster the
design of future studies to evaluate the efficiency of anti-
PAI-1 strategies in models of Alzheimer’s disease or other
neurological diseases with neuroinflammatory components.

Conclusions

The present study shows that the PAS is dysregulated with
a strong PAI-1 overexpression in reactive astrocytes dur-
ing the symptomatic phases of EAE. PAI-1-deficient mice
exhibit a reduced EAE severity due to a delayed and reduced
fibrin(ogen) deposits, lymphocyte infiltration and demyeli-
nation. The same results were obtained when PAI-1 was neu-
tralized thanks to a blocking antibody. These data highlight
a crucial role of reactive astrocytes in which PAS dysregula-
tion leads to dysfibrinolysis in CNS tissues during EAE and
participates in symptom onset, suggesting that PAI-1 could
be targeted as a new therapeutic strategy for MS.
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