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Fingolimod Prevents Blood-Brain Barrier Disruption Induced by the Sera

from Patients with Multiple Sclerosis
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stract

Objective

Effect of fingolimod in multiple sclerosis (MS) is thought to involve the prevention of lympho-

cyte egress from lymphoid tissues, thereby reducing autoaggressive lymphocyte infiltration

into the central nervous system across blood-brain barrier (BBB). However, brain microvas-
BMECSs) represent a pessible additional target for fingolimod in MS
essed by

AECs and clarified wheth-

cular endothelial cells (
patients by directly .fepairimg the function of BBB, as S1P receptors a
BMECs. In this study, v
er fingolimod-phos

ve evaluated the effects offiiqo imod on BN

bhate restores the BBB function after exposu

Methods

Changes in tight junction proteins, adhesion molecules and transendothelial electri

al resis-
tance (TEER) in BMECs were evaluated following incubation in conditioned medium with or
addition, the e
patients, including those in the relapse remitting (RR) MS, stable phase of
RRMS and secondary progressive MS (SPMS), on the function of BBB in the presence of

finaalimoad-nhosnha

without fingolimod/fingolimod-phosphate. In ffects of sera derived from MS

phase of relapse-

te were asspased

Resulis

Incubation with fingolimod-phosphate increased the claudin-5 protein levels and TEER val-

ues in BMECs, although it did not change the amount of occludin, ICAM-1 or MelCAM pro-

teins. Pretreatment with fingolimod-phosphate restored the changes in the claudin-5 and

orotein/mRNA levels and TEER values in BMECs after exposure to MS sera

Conclusions
sphate prevents BBB disruption caused by both RRMS
M-1in

Pretreatment with fingolimod-pho

/
CA

and SPMS sera via the upregulation of claudin-5 and downregulation of V

88 Marc

ne.01214
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esting that fingolimod-phosphate is capable of directly modifying the BBB.
j f [ ying

epresent a possible tt

erapeutic target for fingolimed in MS patients.

¢

Introduction

Fingolimod is a ~;lﬂlt|‘.i;(><im‘ ] j,.\!!:‘-x;_ﬂf,ﬂr (S1P) receptor modulator {not only S1P1, but also

SIP3, S1P4 and S1P5) approved as the first oral therapy for relapse-remitting (RR) mul

jP]('

sclerosis (MS) and |‘..1.\ been (l;'ii‘::\'lﬁl!dl::\! to exhibit high efficacy in reducing the annual re

ients with RRMS [ 1]. Fingolimod is phosphorvlated in vivo by sphingosine ki
1 te ! / I

lapse rate in pd

nases to yield the active metabolite fingolimod-phesphate, which subsequently binds with S1P

resulting in their internalization and degradation [2]. Fingelimod-phosphate acts as

receplors

ressed on lymphocytes and

a T."'\‘\l-li“]l!.,l[l'kJ]lT‘«‘ to S1P1 rec L]‘ Qrs revents I‘,i]!'}‘h(‘(l\'ik‘

egress from lymphoid organs Lo the blood, ther reby reducing autoaggressive lymphoeyte infil

tration into the central nervous system (CNS) [3-0]. In addition, recent evidence indicates that

fingolimod may also have a direct effect on the S1P receptor expressed on various types of cells

within the CNS, including astrocytes, oligodendrocytes, neurens and microglia [7]. However,

the specitic effects of fingolimed on brain microvascular endothelial cells (BMECs) comprising

the l‘-f(."n.i brain barrier (BBB) are not well understood, although a few reports have suggested

that fingolimod-phosphate may also act on BMECs and modi unction directly, as

BMECs have been reported to express S1P ), S1P», S1P; and S1Ps receptors and type-2 SphK,

which phosphorylates fingolimod into fingolimod-phosphate [§

Pathological BBB breakdown includes two core

actors: the paracellular leakage of solubl

inflammatory mediators into the CNS via the disruption of tight junctions and the imns:c]lulm'

entry of inflammatory T cells across BMECs via the upregulation of adhesion molecules. Clau-
be a key component of tight r;lsz(linil proteins, and the downregulation
of this tein leads to an increase in the paracellular permeability of the BBB. The VCAM-1

present on BMECs is also an essential a

thesion mmegulc. which plays a central role in the
transmigration of T cells across the BBB. The blockade of VCAM- 1 interactions prevents the
binding of T cells to BMECs, eventually resulting in enhancement of the barrier propertics of
the BBB. We recently reported that sera derived from patients in the relapse phase of RRMS
(RRMS-R) or secondary progressive MS (SPMS) decrease the claudin-5 protein levels and
I electrical resistance ;\ I'EER) values in BMECs, while that derived from patients
RMS-R, stable phase of RRMS (RRMS-8) and SPMS increases the VCAM-1 protein lev
ECs [9]. In the present slud‘ , we examined the effects of fingolimod on BMECs and
c\'u]‘.u.l;:d whether fingolimod-phosphate can be used to restore the function of the BBB aftet

exposure to sera from MS patients

This study was approved by the ethics committee of the Medical Faculty, Yamaguchi Universi-
| g

ty, and written informed consent was obtained [rom cach participant. This consent procedure
was also approved by the ethics committee of Yamaguchi University, Serum was collected from
nine 1\‘15 patients diagnosed at \';mulguph; University Hospital. All patients met the clinical cri-

teria based on the McDonald criteria [10]. In addition, serum was obtained within one week

r ihv new appearance t:-l\u,'mplu;m from three patients in the relapse phase of RRMS

(RRMS-R) who presented with both new worsening of neurological symptoms associated with

PLOS ONE | DOI:10.1371/journal 488 March 16, ¢
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objective neurologic signs and the appearance of new gadolinium-enhancing lesions on m

netic resonance imaging (MRI). Three patients with stable phase of RRMS (RRMS-S) who

were being treated with IFN-B and had been in clinical remission for one year were also en-

rolled in this study. Furthermore, three SPMS patients who exhibited recently confirmed pro

gression based on the [\p.lm‘sd Disability Status Scale (EDSS) score without relapse

(EDSS>4.0) were enrolled. All patients (RRMS-R, RRMS-!

were treated with [FN-3. Corticosteroids were not used when the blood samples were collected

§ and SPMS) included in this study

None ol the patients had a history of previous treatment with other discase-modilying the

limod, natalizumab or dimethyl fum 'he blood samples were stored

pies, including

at —80°C until use. All sera were inactivated at 56°C for 30 minutes immediately prior to use.

Reagents

The culture medium for the cells has been previously described [11]. Polyclonal anti-claudin-5
and anti-occludin antibodies were purchased from Zymed (San Francisco, CA, U.S.A). Poly

al anti-actin, anti-beta tubulin, anti-p65 subunit of NF«B antibodies, monoclonal anti-in
tercellular adhesion molecule-1 (ICAM-1) and anti-melanoma cell-adhesion molecule
(MelCAM) antibodies were obtained from Santa Cruz (Santa Cruz, CA, U.S.A). Polyclonal
anti-vascular cell adhesion molecule-1 (VCAM-1) antibodies were purchased from R&D sys
tems (Minneapolis, MN, U.S.A). Fingolimod and fingolimod-phosphate were provi

subishi Tanabe Pharma (Osaka, Japan)

Cell culture and treatment with fingolimod or fingolimod-phosphate

Immortalized human BMECs were generated as previously described [11,12]. The cells were
cultured in the conditioned medium with/ \.\'i%lmLiL fingolimod or fingolimod-phosphale in a
CO; incubator at 37°C for 12 hours before total mRNA was extracted. The total protein was

obtained, and the TEER value was measured 24 hours later.

Treatment with fingolimod-phosphate and sera

The cells were pretreated with the conditioned medium containing 5 nM fingolimod-phos-

phate for 24 hours in a CQ, incubator at 37 C. The cells were cultured with the conditioned

medium ':l'.uhldi'!g 10% sera from the MS patients with or without fingolimod phosphate for
;

2 hours before total mRNA was extracted. The total protein was obtained, and the TEER

value was measured 24 hours later.

NVestern blot analysis

We used the same l‘zaclhuﬁ.n!r.v‘-_:.' as the one employed in a previous study [11]. The membranes

were blocked and the blots were incubated with relevant primary antibodies (dilution 1:100)

lution 1:2,000) for one hour at room

tor one hour, tollowed by the .<c\'nnd..!:'§ antibody (di
perature. The bands were visualized by enhanced chemiluminescence detection system (ECL-
}-‘|

uantification, each band density was corrected for the anti-actin

| I
rorq

prime, Amersham, UK).

or anti-beta tubulin band density using the Quantity One software program (Bio-Rad, Hercu

les, CA), and the L“Jﬂ,.‘;'.\ in thee -‘xpius.m m“tl 'l t junction proteins, i uu\*uu claudin-5 and
hesion proteins, such as VCAM-1, ICAM-1 and MelCAM, and the p65 s
NFxB in the BMECs were examined.

occludin, a unit ¢
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Quantitative real-time PCR analysis

For real-time RT-PCR, total RNA synthesized from the PBS-washed cells and single-stranded
cDNA was prepared from 120 ng of total RNA. The samples were subjected to a PCR analysis,
and the standard reaction curves were analyzed as previously described [13]. The sequences

of the primers were as follows: forward primer (5-CTGTTTCCATAGGCAGAGCG-3") and
rimer (3-AAGCAGATTCITAGCCTTCC-3) for claudin-5
(5 AAAAGCGGAGACAGGAGACA-3) and reverse primer (5-GCAAAATAGAGCACGA
GAAGC-3") for VCAM-1 [15]; forward primer (5-ACTGTTCCCCCTCATCTTCC-3") and re

verse primer (5-TGGTCCTGTGTAGCCATTGA-3) for p65 subunit of NFkB [15]; forward

fory

rd primei

reverse

GreeL E exas, UbA) was used to perform the quantmt:ve real-time PCR anaiy ses, ancl the relative
s to the formula Rv = RGene/RGAPDH usin

quantity of each molecule was calculated accordin

a software program, as previously described [17]

1Elgl SeCINEZ TESISIGNCE SITGIES
The TEER values were measured using a Millicell v!nrlr]\ il resistance apparatus (Endohm-6
and EVOM, World Precision Instruments, Sarasola, FL, U.S.A), as previously described [11]
H\uiukﬂ'tl -h tvpe of medium ( i | i
mod-phosphate, conditioned medium including 10% MS patient sera with or without 5 nM
fingolimod-phosphate) were evaluated as the changes in the TEER values. The resistance of
blank filters was subtracted [rom that of the filters with cells before the final resistance was

calculate

Data analysis

e groups were made LI::H\_; the vann-Whitney

est for continuous variables, and a two-sided p value of <0.05 was considered to be statisti

Treatment with fingolimod-phosphate increases the barrier properties of
P

We examined the changes in the amount of tight junction proteins (claudin-5 and occludi
§ (

ind adhesion molecules (ICAM-1, MelCAM and VCAM-1) after incubation with the condi

1./

fwithout fingolimod o1 ﬁ:sguliu:m‘.-l:‘lzmpl': ite, Consequently, treatment

tioned medium w

and enhanced

with fingolimod-phosphate increased the claudin-5 protein levels (Iig. |
the TEER values (I'ig. 1T) in the BMECs, although it did not change the amount of occludin
o ht
protein levels or TEER values in the BMECs (g, | A-C, I'). Furthermore, the levels of adh

\, C). On the other hand, incubation with fingolimod did not alter the t junction

e

1011

molecules, including ICAM-1 and MelCAM, in the BMECs were not cha 1ged by treatment
with either fingelimod or fingolimod-phosphate (Fig. 1A, I3, E). The expression of VCAM-1
was ol detected in the BMECs when the cells were incubated with conditioned medium that

did not include the MS sera (data not shown).

PLOS ONE | DOI:10.1371/journal.pone.0121488 March 16, 2015
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Pretreatment with fingolimod-phosphate prevents the barrier disruption
caused by Ms sera

Fig. 2 shows the effects of fingelimod-phosphate pretreatment following

exposure to the sera

of the nine MS patients, including three RRMS-R patients, three RRMS-S patients and three

10n proteins |

i . . .
Jaudin-5 and occludin) and adhe

SPMS patients, on the expression of tight jun

sion molecules (ICAM-1, MelCAM and VCAM-1) in the BMECs using a Western blot analy

sis. Pretreatment with fingolimod-phosphate significantly increased the ¢

wdin-5 protein

levels and TEER values in the BMECs compared with that observed in the cells not pretreated

with fingolimod-phosphate (Fig. 2A, 1), G). In addition, pretreatment with fingolimod-phos-
phate resulted in a decrease in the VCAM-1 protein levels, which were upregulated alter expo-
sure to the sera of all MS patients with RRMS-R, RRMS-8 and SPMS, compared with that

observed in the cells not pretreated with fingolimod-phosphate (Fig. 2A, I). In contrast, the

levels of occludin, ICAM-1 and MelCAM proteins in the BMECs were not intluenced by fingo

limod-phosphatate pretreatment (Fig. 2.4, C-E).
Pretreatment with fingolimod-phosphate reduces NFkB signals in MS
patients

We next examined whether the downregulation of VCAM-1 proteins in BMECs is induced via

NFwxB signaling. Consequently, pretreatment with {ingolimod-phosphate significantly de
creased the protein levels of the p65 subunit of NFxB in the BMECs, which were upregulated
after exposure to the sera from the RRMS-RRRMS-S and SPMS patients. compared to tha

without treatment with fingolimed-phosphate (Fig. 3A-D).

Pretreatment with fingolimod-phosphate influences the claudin-5,
VCAM-T1 and NFkB mRNA expression

Using a quantitative real-time PCR analysis, we confirmed the effects of pr
golimod-phosphate on the mRNA expression of claudin-5, VCAM-1 and NFxB in the BMECs
afler MS sera exposure. Pretreatment with fingelimod-phosphate significantly increased t
expression |

the BMECs compared wi

Discussion

Fingolimod is thought to provide therapeutic effects in MS patients by preventing the egress of

lvmphocytes from lymph nodes, thus reducing the degree of infiltration of these cells in the

CNS. However, in addition to their etfects on lymphocytes, many recent studies have stressed

that fingolimod also has a direct effect on several cells within the CNS, including astrocvtes, oli

godendrocytes, microglia and neurons [7,18]. As tor the CNS vascular system, limited evidence
has demonstrated that fingolimod acts on BMECs and modifies the BBB directly. For example,
the integrity of the BBB is regulated by S1P receptors and fingolimod has been shown to make

sion in BMEC I-
ing, particularly under inflammatory conditions [19-22]. In the present study, we showed that
‘ ein levels and TEER values in BMECs.

y indicates that fingolimod has a direct effect on BMECs and subsequer

s via S1P1 sig

the BBB less permeable as well as decrease the ICAM-1 expres

solimod-phosphatase increases the claudin-5

['his findi

Iy enhances

&

the BBB function. At the clinical dose for MS (0.5 mg

/day), oral fingolimod undergoes rapid
phosphorylation by sphingosine kinase 2 into fingolimod-phaosphate i vive, which is eventual-

ly present at a concentration of 4.7 nM in the blood. We believe thal the concentration of 5.0

PLOS ONE | DOI:10.1371/journal.pone.0121488 March 16, 2015 6/12
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F |q 2. The effects of pretreatment with f.nqohmod phosphate on BMECs in the presence of MS ser

cts of pretreatment with fingolimod-p nhat 'Hh m; ro:uumn ]ri|' nction prote l'ui
molecules in fha% human brain microv MS sera
tern nbined
3, F’%M:-.Sr =3, SPM3n =
su lﬁd inan i >int I‘“ clau 'i n-5 protein ey (B and

VC 1levels (F)int

> RRMS-!

JAM-1 pr

eale:

ret

nM of fingolimod-phosphate incubated on the cells in the presence ol MS sera in the present
study is reasonable for examining the effects of circulating fingolimod-phosphate on the BB
in patients with MS§

Disruption of the BBB is considered to be a key step in the development of both RRMS and
SPMS. Based on an extensive serial MRI study of patients with RRMS, the presence of gadolini
um enhancement on MRI implying the breakdown of the BBB precedes the detection of clinical
evidence of new lesions in RRMS patients [23]. The pathological findings of autopsy brain sec
tions derived from patients with acute-phase RRMS or SPMS also show that the decreased e
pression of tight junction proteins is observed more frequently in active lesions than in inactive
lesions and correlates with the leakage of serum I'E'iﬂ'i!ln:_‘,cn, thus reflecting increased perme-
ability of the BBB [24-27]. Furthermore, our previous data demonstrated that sera obtained

I

from patients with relapsing RRMS as well as SPMS disrupl the BBB via a decrease in the ex-

[N

n together, these pl‘c\ ious data sugges

lapse and disease progression in the setting o
fingolimod restores the BBB dysfunction induced by sera from MS patients; specifically, pre-

treatment with fineolimod-phosphate restored the decreased expression levels ol claudin

protein/mRNA and TEER values in the BMECs following exposure to sera derived from RRMS
and SPMS patients, thus suggesting that fingolimod-phosphate is able to restore BBB damage

and make the BBB less permeable in b the relapse and progressive s

NFKB (p65) (e mm frivitavy mmmw

Btubulin  cose eeows RO Somwe W G ol oo Sew SIS S-S

Fig 3. Thn effects of pretreatment with {ingoiiii1cd-pho=;pl1"|tc on NFkB in the pr
The eff tment with fingolimod-phosphate ¢
microve ial cellsin the presence of MS s
(B) Each bar graph reflects the combine nsitometry 'uJT" orth
RBMS-R n =3, RRMS-S n=3, SPM&n
the prc of the p65 sub
fn*ﬁio. mod-phos

sence of MS sera. (A)

yretrea

it exper |n"‘nE (mean + 1
'n. :mun u. r m., decre Jsf‘fl

de one.0121488.g003

FLﬁ._:\_,.'\E DOI:10.1371/journal.pone.0121488 March 16,2015 8/12
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(A) claudin-5 (B) VCAM-1 (C) NFKB

P00
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edin the cells not p

VCAM-1 and VLA-4 have shown to be expressed at higher levels in MS lesions, although
they are rarely detected in normal brain lesions [28]. As a ligand for the VLA-4 expressed on
leukocytes, VCAM-1 plays an important role in transmigration across the BBB [29-32
present findings demonstrate that pretreatment with lingolimod pl‘nh‘.‘h-::lc decreases the ex-
pression levels of protein/mRNA in the p65 subunit of NFkB and VCAM-1, which were conse-
quently upregulated after exposure to MS sera, thus suggesting the effect of T‘El‘.h compound in
decreasing the VCAM-1 expression in BMECs by inhi B signaling. Although the

3

beneficial effects of ingolimod are thought to beanediated via altered lvimphocvte circulation
our data suggest that fingolimod-phosphate ents the infiltration ol autoaggressive lympho
cytes into the CNS across the BBB via its peripheral actions in addition to direct eftects on
BMECs via the downregulation «')f\'(ﬁ,-\_-\l 1. Natalizumab is a humanized monoclonal anti-

ody that selectively targets the anti-o4 subunit of VIL.A4 and inhibits the interaction between
VLA-4 and VCAM-1 during the transmigration of immune cells across the BBB [33]. The re-
markable efficacy of this agent in preventing clinical and radiological relapse has not previously
f‘«‘x‘]l documented using other disease-modifying strategies, although the use of this drug has
been reported to be associated with the development of progressive multifocal leukoencephalo
pathy (PML). As the beneficial effects of fingolimod-phosphate against MS are, at least partial
ly, due to the blockade of VLA-4/VCAM-1 interactions, careful scrutiny for the emergence of
potentially fatal PML is required in patients receiving fingolimod.

The present data also demonstrated that fingolimod-phosphate restored the disruption of

patients,

the barrier properties of the BBB induced by sera from both the RRMS-R and RRMS-§

although no significant differences regarding these effects were observed between the RRMS-R
and RRMS-S groups. These data provide a theoretical basis indicating that treatment with fin-
zzxxllni‘,x'sz'i may be useful for ameliorating and suppressing MS relapse by repairing

B breakdown.

herapeutic options have been established in pal]c'm with SPMS to date. However,

s shown tha 10d has ther eutic benetits in the progr essive “‘l 15¢

1golin

i

of MS [1,34-38]. Specifically, in one study, the progression of clinical disability over two years

was significantly reduced by treatment with fingolimod compared to that observed in the pla-

ficantly sm

group, and the reduction in brain volume on MRI over one year was si

patients treated with fingolimod than in those treated with a placebo [

tion with interferon-P treatment. These data a

s were not observed in assoc

PLOS ONE | DOI:10.137 1/journal

no

pone.0121488




vents Blood-Brain Barrier Disruption

@Gpiﬂﬁg ‘ ONE Fingolirr

supporled by the concepl that I‘illil('\“!H'\'iL]i acls \IJI'L’\\’_I‘_. on neural and 1L non-net

CeHs, INClu l“" ast .l'\_\ Les, ol \"lf_,'lll ocvtes and microgha, thereby inhibiting i'w"\iﬁl\{x‘&_"'\‘l‘.-\‘l'\l
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