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Sera from neuromyelitis optica patients disrupt the

blood—brain barrier

Fumitaka Shimizu," Yasuteru Sano,' Toshiyuki Takahashi,? Hiroyo Haruki,’
Kazuyuki Saito,' Michiaki Koga,' Takashi Kanda'

ABSTRACT

Objective In neuromyelitis optica (NMOQ), the destruction
of the blood—brain barrier (BBB) has been considered to
be the first step of the disease process. It is unclear
whether sera from patients with NMO can open the
BBB, and which component of patient sera is most
important for this disruption.

Methods The effects of sera from antiaquaporind {AQP4)
antibody positive NMO patients, multiple sclerosis patients
and control subjects were evaluated for expression of tight
junction proteins and for transendothelial electrical
resistance (TEER) of human brain microvascular
endothelial cells (BMECs). Whether antibodies against
human BMECs as well as anti-AQP4 antibodies exist in
NMO sera was also examined using western blot analysis.
Results Expression of tight junction proteins and TEER in
BMECs was significantly decreased after exposure to
NMO sera. However, this effect was reversed after
application of an antivascular endothelial growth factor
(VEGF) neutralising antibody. Antibodies against BMECs
other than anti-AQP4 antibodies were found in the sera of
NMO patients whereas no specific bands were detected
in the sera of healthy and neurological controls. These
antibodies apparently disrupt the BBB by increasing the
autocrine secretion of VEGF by BMECs themselves.
Absorption of the anti-AQP4 antibody by AQP4
transfected astrocytes reduced AQP4 antibody titres but
was not associated with a reduction in BBB disruption.
Conclusions Sera from NMQO patients reduce expression
of tight junction proteins and disrupt the BBB.
Autoantibodies against BMECs other than anti-AQP4
antibodies may disrupt the BBB through upregulation of
VEGF in BMECs.

INTRODUCTION
Neuromyelitis optica (NMO) is defined as an
inflammatory CNS disease predominantly affecting
the spinal cord and the optic nerves.! This disorder
was long regarded as a variant of multiple sclerosis
(MS), with distinctive pathological features.? A
breakthrough in our understanding of NMO was
identification of an autoantibody response with
high sensitivity and specificity for the disease,
which was found to be directed against the astro-
cytic water channel aquaporin 4 (AQP4).? Several
studies have suggested that the anti-AQP4 anti-
body is pathogenic and it also plays a key role in the
development of NMO.*™!

Circulating anti-AQP4 antibodies need to pass
through the blood—brain barrier (BBB) in order to
reach the CNS parenchyma, which is the site

affected by inflammation in this disease. Initiation of
disease by transfer of these antibodies into normal
animals has not been achieved to date' because the
BBB restricts the entry of circulating anti-AQP4
antibodies into the CNS under normal conditions.
Although destruction of the BBB causing leakage of
anti-AQP4 antibodies and cytokines into the CNS
space has been considered as a key step in the
development of NMO, it remains unclear which
components of patient sera is most important for
disruption of the BBB. It is also unclear whether sera
from an NMO patient containing circulating anti-
AQP4 antibodies can open the BBB because no direct
evidence has been presented indicating that the brain
microvascular endothelial cells (BMECs), which
comprise the BBB, express the AQP4 protein.*® 4
Various  circulating  inflammatory  cytokines,
including tumour necrosis factor o (TNFa) and
vascular endothelial growth factor (VEGEF), which
have already been reported to induce disruption of
the BBB, may be the candidate molecules leading to
the breakdown of the BBB."> '® The existence of
unknown pathogenic antibodies, apart from anti-
AQP4 antibodies, may also cause BBB impairment.
The aim of the current study was to demonstrate
the effects of sera from patients with NMO on
impairment of BBB function and to clarify the roles
of humoral factors, especially antibodies, against
human BMECs, in the destruction of the BBB.

MATERIALS AND METHODS

Sera and antibody

The acute phase sera from 14 consecutive NMO
patients hospitalised at our institution were studied.
All patients met the clinical criteria for NMO
spectrum disorders.”” ¥ None of the NMO patients
had antinuclear antibodies or SS-A/SS-B antibodies.
The human anti-AQP4 antibody was detected in all
patients by a procedure previously described by
Takahashi.” Blood samples were obtained within
7 days of onset and stored at —80°C until use. The
sera from two patients who began plasma exchange
(PE) treatment were also obtained. The acute phase
sera from seven patients with conventional MS (C-
MS), diagnosed by the McDonald criteria,"? were
also used in this study. The sera from 15 patients
with autoimmune inflammatory neurological
diseases, including three patients with neuropsy-
chiatric systemic lupus erythematosus (NP-SLE), four
patients with dermatomyositis, three patients with
myasthenia gravis, three patients with multifocal
motor neuropathy and two patients with micro-
scopic polyangiitis were studied as inflammatory

J Neurol Neurosurg Psychiatry 2012;83:288—297. doi:10.1136/jnnp-2011-300434

_13_



disease controls. All NP-SLE, dermatomyositis and microscopic
polyangiitis patients had antinuclear antibodies. In contrast, none
of the myasthenia gravis and multifocal motor neuropathy
patients had these antibodies. Sera from 12 patients with non-
inflammatory neurological diseases, including four patients with
amyotrophic lateral sclerosis, two patients with Parkinson’s
disease, four patients with cervical spondylosis and two patients
with multiple system atrophy, were used as neurological disease
controls. The sera from 12 healthy individuals also served as
normal controls. All sera were incubated at 65°C for 30 min just
prior to use. There were no statistically significant differences in
the concentrations of IgG between the serum samples of the 14
NMO, 7 MS and 12 normal controls (means®=SEM, NMO
1035517 mg/dl;, MS  1090+151 mg/dl; normal controls
10424225 mg/dl) when the concentration of IgG in each of the
samples was measured. The use of the patient’s sera for this study
was approved by the ethics committee of Yamaguchi University
following the principles of the Declaration of Helsinki.

Cell culture and treatment

The immortalised human brain microvascular endothelial cells
(BMECs) were generated previously?® Briefly, we previously
established conditionally immortalised BBB derived endothelial
cells, called TY08 cells, harbouring the temperature sensitive
SV40 large T antigen (tsA58) protein.’® The gene product of
tsA58 is in an active conformation and binds to p53 at 33°C,
thus facilitating the immortalisation of the cells, whereas the
conformation of the gene product changes, leading to its
degradation and the release of pd3 when the cells are grown at
37°C. Therefore, these cells are conditionally immortal. The cells
expressed all key tight junctional proteins, such as occludin,
claudin-5, ZO-1 and ZO-2, and had low permeabiltity to inulin
across monolayers. All of the analyses were determined 3 days
after the temperature shift from 33°C to 37°C. Human umblil-
ical vein endothelial cells (HUVECs), human fibroblasts and
293T cells were obtained from the Japan Health Sciences Foun-
dation (Osaka, Japan) and human astrocytes were purchased
from Lonza (Walkersville, Maryland, USA). BMECs were treated
with culture medium containing 10% patient or healthy control
sera in a humidified atmosphere of 5% CO,/air. BMECs treated
with culture medium with 10% fetal bovine serum (Sigma, St.
Louis, Missouri, USA) were used as controls. The mRNAs were
extracted 24 h later, and total proteins were obtained a day later.

Reagents

The culture medium for BMECs consisted of Dulbecco’s modified
Eagle’s medium (DMEM,; Sigma) containing 100 U/ml penicillin
(Sigma), 100 pg/ml streptomycin (Sigma), 25 ng/ml amphotericin
B (Invitrogen, Grand Island, New York, USA) and 10% fetal bovine
serum (Sigma). Polyclonal anticlaudin-5 and antioccludin anti-
bodies were purchased from Zymed (San Francisco, California,
USA). The polyclonal antiactin antibody was obtained from Santa
Cruz (Santa Cruz, California, USA). The polyclonal anti-
transforming growth factor B (TGFP), anti-VEGE anti-interleukin
(IL)-6, anti-IL-17, anti-interferon y (IENY) and anti-TNFa anti-
bodies were purchased from R&D systems (Minneapolis, Minne-
sota, USA). Lysates of human claudin-5 transfected 2937 cells and
control 293T cells were purchased from Santa Cruz. A total of 5 pg
of protein lysates were loaded for the western blot analysis.

Quantitative real time PCR analysis

Total RNA was extracted from BMECs using an RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany). Single stranded cDNA was
created from 40 ng of total RNA using the StrataScript First
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Strand Synthesis System (Stratagene, Cedar Greek, Texas,
USA.). The sequence of each human primer pair and its reference
are as follows: sense primer 5-CTG TTT CCA TAG GCA GAG
CG-3 and antisense primer 5-AAG CAG ATT CTT AGC CTT
CC-8' for claudin-5%*; sense primer 5-TGG GAG TGA ACC CAA
CTG CT-3" and antisense primer 5-CTT CAG GAA CCG GCG
TGG AT-3' for occludin®; and sense primer 5'-GTC AAC GGA
TTT GGT CTG TAT T-3" and antisense primer 5-AGT CTT
CTG GGT GGC AGT GAT-3' for glyceraldehyde-3-phosphate
dehydrogenase.”® Quantitative real time PCR analyses were
performed using a Stratagene Mx3005P (Stratagene) with Full-
Velocity SYBR Green QPCR master mix (Stratagene). Glyceral-
dehyde-3-phosphate dehydrogenase was used as an internal
standard. The samples were subjected to PCR analysis using the
following cycling parameters: 10 min at 95°C followed by 40
cycles for 15 s at 95°C, 1 min at 60°C and 1 min at 72°C. The
standard reaction curve was analysed by the MxPro (Stratagene)
software programme and the relative quantity according to
standard reaction curve (R,) was calculated by computer
according to the formula Ry=Rcene/Rcarpn-

Western blet analysis

Protein samples (10—20 pg) were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (Biorad, Hercules, CA,
USA) and transferred to nitrocellulose membranes (Amersham,
Chalfont, UK). Expression of B-actin was used as an internal
standard. The membranes were treated with blocking buffer (5%
skimmed milk in 25 mM Tris-HCI, pH 7.6,125 nM NaCl, 0.5%
Tween 20) for 1h at room temperature and incubated with the
relevant primary antibodies (dilution 1:100) for 2 h at room
temperature. The membranes were then exposed to a peroxidase
conjugated secondary antibody (1:2000), followed by a chem-
iluminescence reagent (Amersham), and exposure to X-Omat S
films (Amersham) and quantification of the band intensity was
obtained using the Fuji image analysis software package.

Immunocytechemistry

Cultured cells were fixed with 4% paraformaldehyde (Wako,
Osaka, Japan) and permeabilised with 100% methanol. Cells
were subsequently incubated overnight with 5% serum (as rele-
vant primary antibodies (dilution 1:20)) and then were incubated
with a FITC labelled secondary antibody at a dilution of 1:200 for
staining. Fluorescence was observed by a fluorescence microscope
(Olympus, Tokyo, Japan). The nuclei were stained with DAP],
and the fluorescence was detected with a fluorescence microscope
(Olympus). Image stacks were analysed with the localisation
module of the Olympus software program (Olympus).

Transendothelial electrical resistance studies

Transwell inserts (pore size 0.4 um, effective growth area
0.3 cm?, BD Bioscience, Sparks, Maryland, USA) were coated
with rat tail collagen type I (BD Bioscience). Transendothelial
electrical resistance (TEER) values of cell layers were measured
with a Millicell electrical resistance apparatus (Endohm-6 and
EVOM; World Precision Instruments, Sarasota, Florida, USA).
BMECs were seeded (1x10° cells/insert) on the upper
compartment and incubated with each medium (non-condi-
tioned medium used as a control, conditioned medium
contained 10% patient sera) for 24 h.

Studies with patient sera preincubated with neutralising
antibodies against TNFo, IFNy, VEGF, TGFJ, IL-6 or IL-17
BMECs were incubated with the sera from eight NMO patients
containing 2.0 pg/ml of a neutralising antibody against TNFe,
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