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sion was comprehensively quantified at the BBB of experimental autoimmune en-
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1 | INTRODUCTION

The migration of lymphocytes across the blood-brain barrier (BBB),
which consists of brain capillary endothelial cells that are linked by
complex tight junctions, is an important step in the progression of
brain dysfunction during multiple sclerosis. Suppressing lymphocytic
infiltration is an important strategy in the treatment of multiple scle-
rosis. Accumulating evidence suggests that lymphocyte migration in-
volves membrane proteins in brain capillary endothelial cells, which
mediate the opening of tight junctions, the sequential processes
involve the activation of lymphocytes, lymphocyte-endothelial cell
adhesion, and the transmigration of lymphocytes across endothelial
cells (Engelhardt & Ransohoff, 2012; Rossi et al., 2011). To identify
promising drugs for the treatment of multiple sclerosis, it is import-
ant to explore the molecular mechanisms responsible for the infiltra-
tion of lymphocytes into the brain and quantitatively clarifying the
importance of individual molecules.

Claudin-5 is an important tight junction molecule that functions
at the BBB. Based on an immunohistochemical analysis, it was re-
ported that the expression of Claudin-5 at the BBB is decreased in
experimental autoimmune encephalomyelitis (EAE) mice, a model of
multiple sclerosis, and it has been identified as a molecule responsi-
ble for the disruption of tight junctions in multiple sclerosis (Argaw
et al., 2009). However, quantitative Targeted Absolute Proteomics
(qTAP), which is quantitatively more accurate than antibody-based
analyses, has shown that the level of expression of Claudin-5 in the
brain capillaries of EAE mice is nearly the same as that in normal
mice (Sato et al., 2019). Therefore, the issue of whether Claudin-5
is actually the cause of the disruption of tight junctions remains an
open question. We recently reported that Claudin-11 functions as a
new tight junction molecule at the BBB and that it is expressed more
abundantly than Claudin-5 at the human BBB (Uchida et al., 2019).
Our findings also indicate that Claudin-11 is down-regulated in mul-
tiple sclerosis and contributes to barrier disruption. However, this
conclusion was based on an analysis using antibodies, and the ques-
tion remains as to how much the protein expression level is reduced.
An important issue remaining is to quantitatively understand the
extent to which Claudin-5, -11, and other tight junction/adhesion
molecules contribute to barrier disruption in multiple sclerosis.

In addition to the opening of tight junctions, membrane proteins
that promote lymphocyte adhesion and infiltration also play an im-
portant role, but it is not clear which specific molecules contribute
and to what extent, because there are almost no studies that have
comprehensively and quantitatively evaluated these membrane
proteins. It was reported, based on an immunohistochemical anal-
ysis, that the expression of CD54/intercellular adhesion molecule
1 (ICAM1) and CD106/vascular cell adhesion molecule 1 (VCAM1),
proteins that are thought to be involved in lymphocyte infiltration,
is increased at the BBB in multiple sclerosis (B6 et al., 1996; Huang
et al., 2017; Steffen et al., 1994; Washington et al., 1994). However,
gTAP analyses have shown that the expression levels of these pro-
teins in brain capillaries of EAE mice are nearly the same as the val-
ues for normal mice (Sato et al., 2019). Although the quantitative
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accuracy of the qTAP method is superior to that of an antibody-
based analysis, only one tryptic peptide (not the entire sequence of
the protein) was used to quantify the target protein in this report,
so it cannot be said with certainty that the expressions of CD54/
ICAM1 and CD106/VCAML1 are not actually up-regulated. In addi-
tion to CD54/ICAM1 and CD106/VCAM1, various other membrane
proteins and related molecules at the BBB are involved in the inva-
sion of lymphocytes into the central nervous system (CNS) tissues.
Regarding identifying promising drug targets, comprehensively and
quantitatively elucidating how much all of these related molecules
including CD54/ICAM1 and CD106/VCAM1 contribute to the inva-
sion is an important issue.

The SWATH method is one of the more recently developed
comprehensive quantitative proteomics methods, and its excellent
quantitative accuracy as compared with previous comprehensive
proteomics is a significant advantage (Gillet et al., 2012). Multiple
specific peptides derived from a single protein can be quantified,
and the change in the level of expression of the target protein can
be quantified based on the average of these peptides. Membrane
proteins contain hydrophobic regions, such as transmembrane sites,
which cause their incomplete solubilization and resistance to tryp-
sin digestion. However, we were able to improve the accuracy of
the SWATH method by completely solubilizing such proteins with
guanidine hydrochloride, thus improving the efficiency of the tryptic
digestion of membrane proteins (Uchida et al., 2020a), and by ap-
plying in silico peptide selection criteria (Kamiie et al., 2008), such
as excluding transmembrane sites and sequences with poor tryptic
digestion efficiency from the numerous peptides that are measured
(Uchida et al., 2021; Uchida et al., 2020b).

The purpose of the present study was to comprehensively quan-
tify the protein expression at the BBB of EAE mice, a model of mul-
tiple sclerosis, using the SWATH method, and to then identify the

molecules responsible for EAE pathogenesis.

2 | MATERIALS AND METHODS
2.1 | EAE mice

EAE Induction Hooke Kits (Catalogue Number EK-2110, Hooke
Laboratories, Lawrence, MA, USA) were used for EAE induction
according to the manufacturer's instructions, as previously de-
scribed (Uchida et al., 2019). The animal experiments were con-
ducted based on ARRIVE guidelines, and the protocol was approved
by the Institutional Animal Care and Use Committee at Tohoku
University (Approval Code, 2016PhA-040). The present study was
not pre-registered.

For SWATH experiments, EAE was induced in 10-week-old fe-
male C57BL/6J mice. The mice were immunized subcutaneously in
the neck and lower back (0.1 ml/site, total of 0.2 ml) on Day O with
100 pg of MOG,,_. peptide emulsified in complete Freund's adju-
vant. Each mouse was injected intraperitoneally with 200 ng of per-
tussis toxin at 0.1 ml/dose at 2 and 24 h after immunization (total of
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400 ng). The progression of EAE was evaluated by scoring the clinical
symptoms. Mice with a clinical score of 3.5 to 4.0 on Day 16 after im-
munization with the MOG,;_;. peptide were used in the experiments.
For experiments with the LCKLSL peptide, 12-week-old female
C57BL/6J mice were used. Mice received daily intraperitoneal in-
jections of the LCKLSL peptide (Catalogue Number HY-P2333A,
MedChemExpress, Monmouth Junction, NJ, USA) with 5 mg/kg/day
(six mice), or vehicle (PBS) for the control group (three mice) with-
out anesthesia, from 7 days before immunization with the MOG,;_.
peptide. The induction and scoring of EAE were conducted with same
procedure as above. The daily injections of LCKLSL peptide or PBS
(control) were continued until Day 23 after immunization with the
MOG;,_s; peptide. Mice were finally killed by cervical dislocation.
Mice were maintained ona 12-h light/dark cycle in atemperature-
controlled environment with free access to food and water in con-
ventional cages. After immunization, the mice were maintained with
one mouse per cage and the animal bedding in the cage was not
exchanged until the series of experiments was completed to mini-
mize the stress. After the onset of EAE, dietgel and hydrogel were
also given to the mice in addition to normal food and water so that

the mice would be able to have easy access to the food and water.

2.2 | Isolation of brain capillaries (B-cap)

Mouse brain capillaries were isolated as previously described with
minor modifications (Uchida et al., 2020c). Briefly, mice received a
cardiac perfusion with PBS under isoflurane anesthesia (which is
appropriate for safe anesthesia in a short time), and the cerebrum
was then excised after decapitation. The cerebrums were minced
80 times/g wet of tissue with scissors (Catalogue Number NAPOX
B-5H, Natsume Seisakusho, Tokyo, Japan) and 160 times/g of wet
tissue with smaller scissors (Catalogue Number NAPOX B-12H,
Natsume Seisakusho, Tokyo, Japan). The minced cerebrum was
homogenized in a Potter-Elvehjem homogenizer using 120 up-and-
down unrotated strokes by hand in 5 volumes of solution B (101-
mM NaCl, 4.6-mM KCl, 2.5-mM CaCl,, 1.2-mM KH,PO,, 1.2-mM
MgSO,,, 15-mM HEPES, pH 7.4) per brain weight. The homogenate
was centrifuged (1000 g, 4°C, 10 min) and the supernatant was re-
moved. The pellet was suspended in solution B containing 22.5%
dextran (Catalogue Number 18693.02, SERVA Electrophoresis
GmbH, Heidelberg, Germany), and the suspension was centrifuged
(5800 g, 4°C, 15 min). The resulting pellet was suspended in 10 ml of
solution A (solution B containing 25-mM NaHCO,, 10-mM glucose,
1-mM pyruvate, 5 g/L of bovine serum albumin). The suspension
was passed through a 210-pm nylon mesh (Catalogue Number NRK-
210, Nippon Rikagaku Kikai CO. LTD., Tokyo, Japan), and the mesh
was washed with 20 ml of solution A. The filtrate was passed over a
column containing 350-500 um of glass beads (Catalogue Number
BZ-04, AS ONE Corporation, Osaka, Japan) and washed with 30 ml
of solution A per g brain. The microvessels adhering to the beads
were detached in solution A, and, as soon as the tissue was released,
the supernatant including the microvessels was collected. The pellet

obtained by centrifugation (1000 g, 4°C, 5 min) was resuspended in
solution B and centrifuged again (1000 g, 4°C, 5 min). The result-
ing pellet was resuspended in solution B. A part of the suspension
was stained with trypan blue and observed with a Leica CTR 6000
(Leica Microsystems) to evaluate the purity of the brain capillaries.
The capillary suspension was then centrifuged (1000 g, 4°C, 5 min),
and the resulting pellet was suspended in hypotonic buffer. The total
amount of protein in the suspension containing the cerebrum capil-
laries was measured by the Lowry method using a DC protein assay
kit (Catalogue Numbers 5000113 and 5000114, Bio-Rad). A Model
680 microplate reader (Bio-Rad) was used to measure the absorb-
ance. The brain capillaries were stored at -80°C until used.

We confirmed that the vascular structure was maintained by mi-
croscopic examination of the isolated vessel samples (Figure S1). An
absolute protein quantification analysis of vessels that were isolated
by the same previously reported method showed that the proteins
were localized at the luminal membrane and abluminal membrane
and that the level of protein expression at the tight junctions of brain
capillary endothelial cells was of the same order (Uchida et al., 2013).
This suggests that the structure and protein expression of the endo-

thelial cells is maintained during the capillary isolation procedure.

2.3 | Sample preparation for SWATH-based
quantitative proteomics

Protein digestion was performed as described previously (Uchida
et al., 2013). Briefly, 50 pg of isolated brain capillaries was solubi-
lized in denaturing buffer (7-M guanidium hydrochloride, 0.5-M
Tris-HCI [pH 8.5], 10-mM EDTA). The solubilized proteins were
reduced by treatment with dithiothreitol for 1 h at 25°C and then
S-carboxymethylated with iodoacetamide for 1 h at 25°C in the
dark. The alkylated proteins were precipitated with a methanol-
chloroform-water mixture. The precipitates were solubilized in 6-M
urea in 0.1-M Tris-HCI (pH 8.5) and diluted fivefold with 0.1 M Tris-
HCI (pH 8.5) containing 0.05% ProteaseMax surfactant (Catalogue
Number V2072, Promega, Madison, WI, USA). The dilutions were
reacted with lysyl endopeptidase (Lys-C; Catalogue Number 129-
02541, Wako Pure Chemical Industries, Osaka, Japan) at an enzyme/
substrate ratio of 1: 100 for 3 h at 30°C. The Lys-C digested proteins
were subsequently treated with TPCK-treated trypsin (Catalogue
Number V5113, Promega, Madison, WI, USA) at an enzyme/sub-
strate ratio of 1 : 100 for 16 h at 37°C. The tryptic digests were
cleaned up with a self-packed SDB-XD 200 pl tip (Catalogue Number
2242, 3 M, Minnesota) as previously described (Uchida et al., 2019).

24 | LC-MS/MS measurement for SWATH-based
quantitative proteomics

The cleaned peptide samples were injected into a NanoLC 425
system (Eksigent Technologies, Dublin, CA, USA) coupled with
an electrospray-ionization Triple TOF 5600 mass spectrometer
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(SCIEX, Framingham, MA, USA), which was set up for a sin-
gle direct injection and analyzed by SWATH-MS acquisition, as
previously described (Uchida et al., 2020b). The peptides were
directly loaded onto a self-packed 20-cm-long C18 analytical
column, prepared by packing ProntoSIL 200-3-C18 AQ beads
(Catalogue Number 0001H184PS030, 3 um, 120 A, BISCHOFF
Chromatography, Germany) in a PicoFrit tip (ID 75 um, Catalogue
Number PF360-75-10-N5, New Objective). After sample load-
ing, the peptides were separated and eluted with a linear gradi-
ent; 98% A : 2% B to 65% A : 35% B (0-120 min), increase to 0%
A : 100% B (120-121 min), maintained at 0% A : 100% B (121-
125 min), reduced to 98% A : 2% B (125-126 min), and then main-
tained at 98% A : 2% B (126-155 min). The composition of mobile
phase A was 0.1% formic acid in water, and that for mobile phase
B was 0.1% formic acid in acetonitrile. The flow rate was 300 nl/
min. The eluted peptides were positively ionized and measured in
the SWATH mode. The measurement parameters were as follows:
SWATH window, 64 variable windows from 400 to 1200 m/z;
product ion scan range, 50-2000 m/z; declustering potential, 100;
rolling collision energy value, 0.0625 x [m/z of each SWATH win-
dow] - 3.5; collision energy spread, 15; accumulation time, 0.05 s
for each SWATH window.

2.5 | Data analysis for SWATH-based
quantitative proteomics

Spectral alignment and data extraction from the SWATH chro-
matogram (uploaded to the Peptide Atlas website with Identifier
PASS01697) were performed with the SWATH Processing Micro App
in Peakview (SCIEX) using in-house spectral libraries (uploaded to
the Peptide Atlas website with Identifier PASS01697) as previously
described (Uchida et al., 2020b). The parameters for peak data ex-
traction by Peakview were described as follows: number of peptide
per protein, 999; number of transitions per peptide, 6; peptide con-
fidence threshold, 99%; false discovery rate (FDR) threshold, 1.0%;
XIC extraction window, +4.0 min; XIC width (ppm), 50. According to
the procedure previously described (Uchida et al., 2021), unreliable
peaks and peptides were removed based on the criteria of data selec-
tion and amino acid sequence-based peptide selection, and the peak
areas at the peptide level were calculated as an average of those in
the transition level after normalizing the differences in signal inten-
sity between the different transitions. The details were described in
our previous study (Uchida et al., 2021). The peak areas of individual
proteins were calculated as an average of those at the peptide level

and were compared between EAE and control mouse groups.
2.6 | Statistical analysis
All statistical analyses were performed under the null hypothesis,

assuming that the means for the compared groups were equal.
Comparison between two groups was performed by an unpaired
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two-tailed Student's t-test and followed by Benjamini-Hochberg (BH)
correction. Exceptionally, the comparison between EAE mice that
had been treated with the LCKLSL peptide and PBS involved the use
of the two-tailed Mann-Whitney's U test, a non-parametric method.
If the p-value was less than 0.05, the difference was considered to be
statistically significant and the null hypothesis was rejected. A total
of 19 mice were used (Figure S2). No formal power calculation was
performed to estimate the required sample size. The number of sub-
jects used for the present study was determined based on a previous
study of a similar nature (Uchida et al., 2019). The normality of the
data was not assessed. No randomization or blinding was performed
in this study. No test for outliers was conducted. The flow chart of
experimental procedure including the number of mice, sample pro-

cessing, and measurement was shown in Figure S2.

3 | RESULTS

3.1 | Comprehensive protein quantification of
brain capillaries isolated from EAE and normal mice
by SWATH analysis

EAE was induced in C57BL/6J mice by administering the MOG,;_;;
peptide, and a 10-point clinical score was used to assess the severity
of the EAE model. EAE began to develop at 13 days after immu-
nization, and cerebral blood vessels were isolated from EAE mice
with a score of 3.5 to 4.0 at Day 16 and used in the comprehen-
sive quantitative proteomic analysis by SWATH (Figure 1a). Spectral
alignment and data extraction from the SWATH chromatogram were
performed with the SWATH Processing Micro App in Peakview soft-
ware (SCIEX), as previously described (Uchida et al., 2020b). The pa-
rameters for peak data extraction by the Peakview software were as
follows: number of peptides per protein, 999; number of transitions
per peptide, 6; peptide confidence threshold, 99%; FDR thresh-
old, 1.0%; XIC extraction window, +4.0 min; XIC width (ppm), 50.
According to a previously reported procedure (Uchida et al., 2021),
unreliable peaks and peptides were removed based on the criteria
for data selection and amino acid sequence-based peptide selection.
Median normalization was conducted to minimize the systematic
error among six SWATH analyses (three EAE and three control runs).
The peak areas at the peptide level were calculated as an average
of those in the transition level after normalizing the differences in
signal intensity between the different transitions. The details of this
process were reported in our previous study (Uchida et al., 2021).
The peak areas of individual proteins were calculated as an average
of those at the peptide level and were compared between the EAE
and control mouse groups (three EAE and three control runs).

A total of 2279 proteins were quantified (Table S1). Of these
proteins, there were statistically significant differences between
the EAE and normal groups for 528 of the proteins (BH-adjusted
p-value < 0.05, Figure 1b; unpaired two-tailed Student's t-test, and
followed by BH correction). The degree of freedom, t-value, p-value,
and BH-adjusted p-value are listed in Table S1. Among them, 298
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FIGURE 1 SWATH-based quantitative proteomics of brain
capillaries isolated from EAE mice. (a) Time courses for the clinical
scores of EAE mice after immunization with the MOG peptide and
control (normal) mice. The progression of EAE was evaluated on
Days 0, 4, 8, 13, 14, 15, and 16 by scoring clinical symptoms. Score
0, No clinical signs; Score 0.5, Tip of tail is limp; Score 1.0, Limp tail;
Score 1.5, Limp tail and hind leg inhibition; Score 2.0, Limp tail and
weakness of hind legs; Score 2.5, Limp tail and dragging of hind legs;
Score 3.0, Limp tail and complete paralysis of hind legs; Score 3.5,
Limp tail, complete paralysis of hind legs, animal is unable to right
itself when placed on its side, and hind legs are together on one side
of the body; Score 4.0, Limp tail, complete hind leg and partial front
leg paralysis; Score 4.5, Complete hind and partial front leg paralysis,
no movement around the cage, not alert; Score 5.0, Spontaneously
rolling in the cage or dead. The data are presented as the mean + SD
(EAE n = 5 mice; control n = 5 mice). Closed circle, EAE group. Open
circle, control group. (b) Volcano plot representation of the SWATH
analysis of brain capillaries isolated from EAE mice with a clinical
score of 3.5 to 4.0 and control mice on Day 16 (n = 3 independent
sample processing/SWATH runs). Broken lines represent 0.05 of
BH-adjusted p-value (unpaired two-tailed Student's t-test followed
by BH correction) (y-axis), 1.25- and 0.8-fold changes (EAE/control
ratio, r) in protein expression levels (x-axis)

proteins were elevated in EAE mice, and, in contrast, 230 proteins
were decreased. Among the proteins that showed significant dif-
ferences, 220 proteins were up-regulated by more than 1.25-fold
in the EAE group compared with the normal group, while 188 pro-
teins were down-regulated by less than 0.8-fold in the EAE group
(Figure 1b). The detail of sample metadata is described in Table S2.

To identify the molecules that are involved in the disruption of the
BBB in EAE, we investigated the expression levels of molecules
that are involved in tight and adherens junctions. No significant
decrease in the level of expression of Claudin-5, the most impor-
tant tight junction molecule based on findings reported in previous
studies (Figure 3a), was found. In contrast, the level of expression of
Claudin-11, a Claudin molecule that was recently reported to con-
tribute to tight junction formation at the BBB, was significantly de-
creased (0.69-fold) in the EAE group (Figure 3a).

Concerning other tight junction molecules, the expression levels
of Occludin (0.62-fold), Esam (0.78-fold), and Jam2 (0.79-fold) were
significantly decreased in the EAE group (Figure 3b). Concerning
molecules associated with the adherens junction, the expression
levels of Cadm1, 2, 3, 4, and Hepacam (0.67-, 0.59-, 0.62-, 0.78-,
and 0.75-fold, respectively) were significantly decreased in the EAE
group (Figure 3c).

3.4 | Up-regulation of the expression of Annexin
A family members and EAE-induced changes in the
expression levels of Annexin A2-related molecules

at the BBB

To explore the molecular mechanisms responsible for affecting BBB
disruption and CNS cell infiltration in multiple sclerosis, we focused
on protein families whose expression levels were highly variable.

We found that the levels of expression of almost all members of
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FIGURE 2 EAE-induced changes in protein expression levels of molecules related to cell infiltration in the brain capillaries. (a) Protein
expression levels of ICAM1 and VCAM1 in EAE mice compared with control mice. (b) The peptide sequences used to determine the protein
expression levels of ICAM1 and VCAM1. These are consistent with in silico peptide selection criteria (Uchida et al., 2013), which means that
the amino acid sequences of the peptides are specific for target proteins, and the peptides are quantitatively accurate and highly sensitive
without any issue in trypsin digestion. (c) Protein expression levels of other molecules reported or potentially expected to be involved in cell
infiltration. (d) Protein expression levels of the integrin family. Closed box, the brain capillaries of EAE mice. Open box, the brain capillaries
of control mice. The band inside the box represents the median, and the bottom and top of the box indicate the first and third quartiles,
respectively. Whiskers indicate the minimum and maximum values of the protein levels (n = 3 independent sample processing/SWATH runs).
The data are normalized by the average of protein expression level in control mice. *p < 0.05, **p < 0.01, and ***p < 0.001, significantly
different between EAE and control groups. N.S., not significantly different. Comparison between two groups was performed by an unpaired
two-tailed Student's t-test, and the p-values were adjusted by BH correction

the Annexin A (ANXA) family were induced in EAE mice (ANXA1, increase (s100a11, 2.03-fold; s100a16, 1.31-fold) (Figure 4a). Among
1.91-fold; ANXA2, 1.50-fold; ANXA3, 1.20-fold; ANXA4, 1.30-fold; the ANXA family, ANXA5, ANXA2, and ANXA6 proteins were abun-
ANXA6, 1.22-fold; ANXA7, 1.22-fold). The s100a family, which is dantly expressed in brain capillaries isolated from EAE mice, and the
known to form a complex with the ANXA family, also showed an expression levels of these proteins were 71.2-, 67.2-, and 57.3-fold
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FIGURE 3 EAE-induced changes in
protein expression levels of tight junction
and adhesion molecules in the brain
capillaries. Protein expression levels

of (a) Claudin-11, Claudin-5, (b) other
tight junction molecules, and (c) cell-
cell junctional molecules in EAE mice
compared with control mice. Closed box,
the brain capillaries of EAE mice. Open
box, the brain capillaries of control mice.
The band inside the box represents the
median, and the bottom and top of the
box indicate the first and third quartiles,
respectively. Whiskers indicate the
minimum and maximum values of the
protein levels (n = 3 independent sample
processing/SWATH runs). The data are
normalized by the average of protein
expression level in control mice. *p < 0.05
and **p < 0.01, significantly different
between EAE and control groups. N.S.,
not significantly different. Comparison
between two groups was performed by
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greater than that of Claudin-5, a BBB-specific marker, respectively
(Figure 4b). Among ANXA5, ANXA2, and ANXA6, the most signifi-
cant up-regulation in protein expression in EAE mice was observed
for ANXAZ2 (1.50-fold) (Figure 4a).

Because it has been reported that ANXAZ2 is involved in the ac-
tivation of Integrin a5 and ICAM1, which are both involved in cell
invasion and tight junction disruption, we investigated the changes
in the expression of ANXA2-related molecules (Figure 5a). We de-
tected an increase in the level of expression of the following nine
proteins (Itga5, 1.62-fold; Ptp1b, 2.01-fold; Ahnak, 1.46-fold; CD44,
2.92-fold; Kindlin2, 1.53-fold; Fibronectini, 2.74-fold; Fibrinogen
alpha, 27.1-fold; Fibrinogen beta, 9.04-fold; Fibrinogen gamma,
20.4-fold) (Figure 5a). These results suggest that a series of path-
ways for ANXA2 are activated at the BBB during pathological con-
ditions (Figure 5b).

3.5 | Therapeutic effect of an Annexin A2 inhibitor
(LCKLSL peptide) on the pathogenesis of EAE

On the basis of the human protein atlas database (https://www.
proteinatlas.org/), ANXAZ2 is selectively expressed in vascular
endothelial cells in the brain (Uhlén et al., 2015). Our findings
suggest that ANXAZ2 is a key upstream signaling molecule for cell
invasion and the disruption of tight junctions. Therefore, we ad-
ministered the LCKLSL peptide (5 mg/kg/day), an ANXA2 inhibi-
tor, to EAE mice daily starting at 7 days prior to immunization.
As a result, in the absence of the LCKLSL, the mice presented
EAE symptom with a clinical score of 3 from Day 12 (Figure 6).
In contrast, mice that had been treated with the LCKLSL peptide
showed a delayed onset of EAE, with a significantly lower clinical
score than the corresponding scores for the control group every
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FIGURE 4 Significant up-regulation of protein expression for various members of Annexin A family and S100 family in brain
capillaries isolated from EAE mice. (a) Closed box, brain capillaries of EAE mice. Open box, brain capillaries of control mice. The band
inside the box represents the median, and the bottom and top of the box indicate the first and third quartiles, respectively. Whiskers
indicate the minimum and maximum values of the protein levels (n = 3 independent sample processing/SWATH runs). The data are

normalized by the average of protein expression level in control mice.

*p < 0.05 and **p < 0.01, significantly different between EAE and

control groups. N.S., not significantly different. Comparison between two groups was performed by an unpaired two-tailed Student's t-
test, and the p-values were adjusted by BH correction. (b) The peak area of individual Annexin members in protein level was normalized
by that of BBB-specific marker protein Claudin-5 in EAE group to show the relative protein expression level. The average value of

Annexin A2 was 67.2

day from Day 12 to the last day (Day 23), and EAE symptoms
with a clinical score of a maximum of approximately 1 (Figure 6).
Significant differences between LCKLSL peptide and vehicle
groups (threshold p-value, 0.05) were determined by using two-
tailed Mann-Whitney's U test (Figure 6). The details of sample
metadata are described in Table S2.

4 | DISCUSSION

In the present study, for the first time, we applied the SWATH
method, a highly accurate and comprehensive quantitative pro-
teomics method to elucidate the levels of expression of patho-
logical proteins at the BBB in a model of multiple sclerosis. It is
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FIGURE 5 EAE-induced changes in protein expression levels of Annexin A2-related molecules and schematic illustration of molecular
mechanisms leading to BBB disruption and cell infiltration in brain vascular endothelial cells. (a) Protein expression levels of Annexin A2-
related molecules in EAE mice compared with control mice. Closed box, the brain capillaries of EAE mice. Open box, the brain capillaries

of control mice. The band inside the box represents the median, and the bottom and top of the box indicate the first and third quartiles,
respectively. Whiskers indicate the minimum and maximum values of the protein levels (n = 3 independent sample processing/SWATH runs).
The data are normalized by the average of protein expression level in control mice. *p < 0.05 and **p < 0.01, significantly different between
EAE and control groups. N.S., not significantly different. Comparison between two groups was performed by an unpaired two-tailed
Student's t-test, and the p-values were adjusted by BH correction. (b) Emerged molecular mechanisms responsible for BBB disruption and
cell infiltration into brain in brain vascular endothelial cells. Annexin A2 is an upstream key player

generally thought that CD54/ICAM1 and CD106/VCAM1 at the
BBB contribute to the infiltration of autoreactive lymphocytes
into CNS tissue, because it was shown that the expression levels
for these molecules are induced in MS patients and in EAE mice,
as evidenced by immunohistochemical analyses (Bo6 et al., 1996;
Huang et al., 2017; Steffen et al., 1994; Washington et al., 1994).
In contrast, a qTAP analysis, which has a superior quantitative
accuracy compared with an antibody-based analysis, has shown
that the expression levels in EAE mice are nearly the same as

those in normal mice (Sato et al., 2019). However, even the qTAP
method lacks accuracy because it uses a single specific peptide
to quantify the target protein. In the present study, ICAM1 and
VCAM1 were quantified with four and eight peptides, respec-
tively, by a SWATH assay (Figure 2b). The results showed that
ICAM1 and VCAM1 were increased by 3.3- and 2.6-fold, respec-
tively, at the BBB of EAE mice compared with the correspond-
ing values for control mice (Figure 2a). As shown in ICAM1 and
VCAM1, we quantified the changes in the expression of target
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test)

proteins by using sequences of peptides from multiple locations
in the protein.

One of the more interesting findings in this SWATH study is that
a series of molecules associated with Annexin A2 (ANXA?2) signaling
were found to be up-regulated at the BBB in EAE, representing a
pathway for BBB activation (Figure 5b). The activation of Integrin
a5 byANXA2, which leads to the increased expression of VCAM1
and ICAM1 via FAK, has been reported to be a possible mecha-
nism (Pang et al., 2018; Zhang et al., 2020). In the present study,
protein-tyrosine phosphatase 1B (PTP1B, 2.0-fold), which activates
ANXA2 via dephosphorylation (Zhang et al., 2020), and Ahnak
(1.46-fold), which forms a complex with ANXA2/S100A11 and acts
on actin, were both significantly up-regulated (Figure 5a). The pro-
tein expression of S100A11 (2.03-fold), which forms a complex with
ANXAZ2 (Rintala-Dempsey et al., 2006), was also markedly increased
(Figure 4a).

Increased levels of expression were also found for molecules sur-
rounding Integrin a5 that are activated by ANXA2 (CD44, Talin 1, 2,
and Kindlin2) (Figures 2c and 5a). It has been reported that CD44
knockout mice have a delayed onset of EAE and that lymphocyte ad-
hesion to vascular endothelial cells is reduced (Winkler et al., 2012),
suggesting that the increased expression of CD44 at the BBB shown
in this study plays an important role in the pathological progression
of EAE. CD44 increases the expression of Integrin «5/f1 in basal-
like breast cancer (McFarlane et al., 2015). Although a significant
increase in expression levels was not observed, a slight induction

for Talin 1 and 2 was found (Figure 5a). Knockdown experiments

indicate that Talin contributes to the formation of a complex be-
tween CD44 and Integrin p1 (McFarlane et al., 2015). Kindlin2
knockout has been reported to decrease the activity of Integrin a5/
B1 (Montanez et al., 2008). These findings suggest that the expres-
sion and activity of Integrin a5/p1 are up-regulated at the BBB of
EAE and that this can be attributed to the up-regulation of Kindlin2
and CD44 (+ Talin 1 and 2).

Fibronectin (2.74-fold) and Fibrinogen (alpha, 27.1-fold; beta,
9.04-fold; gamma 20.4-fold), ligands for Integrin a5/p1, were sig-
nificantly elevated at the BBB of EAE (Figure 5a). It has been re-
ported that fibrinogen mediates the adhesion of leukocytes to the
vascular endothelium via an ICAM1-dependent pathway (Languino
et al., 1993). Thus, the stimulation of Integrin «5/p1 by Fibronectin
and Fibrinogen may activate ICAM1, which is downstream from
Integrin «5/p1 and then promotes the barrier permeabilization of
autoreactive lymphocytes.

On the other hand, it has also been reported that as Fibrinogen
increases in brain microvascular endothelial cells (BMECs), the expres-
sion of tight junction molecules decreases and the integrity of tight
junctions is lost (Patibandla et al., 2009). Although a variety of mol-
ecules have been reported to affect tight junction disruption in mul-
tiple sclerosis, the excess of fibrinogen reported in this study, alpha,
27.1-fold; beta, 9.04-fold; gamma, 20.4-fold (Figure 5a), may be major
contributors to its disruption. This fibrinogen-induced decrease in the
expression of tight junction molecules is inhibited by anti-ICAM1 anti-
bodies (Patibandla et al., 2009), suggesting that the fibrinogen-induced
disruption of tight junctions is mediated via the activation of ICAM1.
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As a BBB tight junction molecule, in a previous study, using quan-
titative proteomics, we reported that Claudin-11 is highly expressed
and that its expression is decreased in the BBB of EAE mice, as ev-
idenced by immunostaining studies (Uchida et al., 2019). Because
Claudin-5 is known to be the most important tight junction molecule
at the BBB and has been reported to be down-regulated at the BBB
of EAE mice (Argaw et al., 2009) or unchanged (Sato et al., 2019),
the issue of which Claudin-11 or Claudin-5 affects BBB disruption
in multiple sclerosis continues to be unclear. High-precision SWATH
analysis showed that there was no significant difference in the ex-
pression of Claudin-5 between EAE and control mouse BBBs, while
the expression of Claudin-11 (0.69-fold) was significantly decreased
at the BBBs of EAE mice (Figure 3a). This, therefore, suggests that
the decreased expression of Claudin-11, rather than Claudin-5, is
more closely involved in BBB disruption in EAE. In a study of EAE in-
duction by Argaw et al., the amounts of MOG,;_;; peptide (300 pg)
and pertussis toxin (500 ng) administered were higher than in our ex-
periments (MOG,; .. peptide, 100 pg; pertussis toxin, 400 ng). This
would induce a more pronounced form of EAE and BBB disruption.
Based on these facts, we conclude that the expression of Claudin-5
was markedly reduced in the EAE mice that were used in the study
by Argaw et al.

In addition to Claudin-11, the expression of occludin was de-
creased at the BBB of EAE (0.62-fold) (Figure 3b). Although immu-
nostaining of occludin has been reported to reduce its signal in the
spinal cords of EAE mice (Morgan et al., 2007), a quantitative analysis
of the BBB was not performed. The findings reported herein show,
for the first time, that Claudin-11 and Occludin are down-regulated
to the same extent in the EAE BBB.

Not only tight junction molecules but the decreased expres-
sion of a number of adhesion molecules was also revealed for the
first time in the BBB model of multiple sclerosis (ESAM, 0.78-fold;
CADM1, 0.67-fold; CADM2, 0.59-fold; CADM3, 0.62-fold; CADM4,
0.78-fold; HEPACAM, 0.75-fold) (Figure 3c). All ESAM, CADM1, 2, 3,
4, and HEPACAM are members of the IgSFCAM family. High levels
of mRNA of ESAM molecules have been reported in primary cultures
of rat brain endothelial cells (Veszelka et al., 2018), and its knock-
out increases vascular permeability in the lung (Duong et al., 2020).
Because adhesion molecules belonging to the IgSFCAM family, such
as ESAM, mediate cell-cell adhesion, the reduced expression of
ESAM, CADM1, 2, 3, 4, and HEPACAM could result in an impaired
cell-cell adhesion at the BBB of EAE.

In contrast, it appears that the expression of CXADR (3.5-fold),
which along with ESAM, CADM, and HEPECAM, are members of
the IgSFCAM family, was increased for the first time (Figure 3b).
During inflammation, CXADR is up-regulated in migratory cells and
has been shown to be significantly up-regulated in macrophages at
the mRNA and protein levels (Nilchian et al., 2020). In the present
study, the isolated vascular fraction did not contain blood cells be-
cause the vessels were perfused with PBS immediately before the
isolation of the brain capillaries. This indicates that the up-regulation
of CXADR at 3.5-fold (Figure 3b) likely occurs in brain capillary en-
dothelial cells. CXADR is a protein that shows homophilically binding

(Honda et al., 2000). Therefore, it is considered that, in EAE, CXADR
is up-regulated in both migrating cells and brain capillary endothelial
cells, which may facilitate the adhesion of migrating cells to BMECs.

In summary, a new hypothetical molecular mechanism is pro-
posed in which ANXA2 is positioned as a key upstream player at
the BBB, and the activation of peripheral molecules such as Integrin
and ICAM1 downstream of ANXAZ2 results in the attenuation of
tight junctions and adhesion, and the infiltration of autoreactive
lymphocytes and other blood cells into the CNS is promoted by the
up-regulation of membrane proteins such as ICAM1, VCAM1, and
CXADR (Figure 5b). Interestingly, ANXAZ2 is selectively expressed
in vascular endothelial cells in the brain (Uhlén et al., 2015). It there-
fore appears that ANXA2 has the potential to serve as a therapeu-
tic target molecule in treating multiple sclerosis by normalizing the
pathological molecular mechanisms of the BBB. The LCKLSL is a
peptide sequence that is contained within the ANXA2 protein and
is selective for ANXA2 (Rintala-Dempsey et al., 2006). S100A11,
which was up-regulated like ANXA2 (Figure 4a), forms a complex
with ANXA2 and then plays an important role in the activation
of ANXA2. LCKLSL is a peptide sequence at the binding domain
(Rintala-Dempsey et al., 2006). In other words, it is thought that the
LCKLSL peptide competitively inhibits complex formation between
ANXA2 and S100A11 and thus inhibits the function of ANXAZ2. This
leads to the hypothesis that the administration of the LCKLSL pep-
tide to EAE mice would demonstrate the importance of ANXAZ2 in
the pathogenesis of EAE and demonstrate the usefulness of a ther-
apeutic strategy for targeting the BBB. Indeed, the LCKLSL peptide
significantly suppressed the development of EAE, which thereby
confirms our hypothesis (Figure 6). Because we cannot exclude the
possibility that LCKLSL acts outside the brain to alleviate EAE, fur-
ther detailed analysis will be necessary.

In conclusion, the present study was the first to comprehen-
sively elucidate the expression of pathological proteins at the
BBB in the EAE mouse model of multiple sclerosis. We found
that the levels of expression of ICAM1 and VCAM1 were indeed
up-regulated at the protein level and that the expression levels
of Claudin-11 (not Claudin-5) and other tight junction/adhesion
molecules were down-regulated. Regarding the upstream of these
molecules, it was shown, for the first time, that the expression
levels of ANXA2-related molecules are increased. The administra-
tion of an inhibitory peptide of ANXA2 demonstrated the impor-
tance of ANXAZ2 in the pathogenesis of EAE. ANXAZ2 is selectively
and abundantly expressed in endothelial cells in the brain. It is
expected that, “CNS barrier drug discovery,” which targets the
molecular mechanism of the BBB, will become a useful field as
a strategy for discovering new drugs for the treatment of CNS
diseases.
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