










and APC-conjugated anti-interferon-γ (505810; BioL-
egend) antibodies; staining was performed with the Fixation/
Permeabilization Solution Kit with BD GolgiPlug (BD Bio-
sciences) according to the manufacturer’s protocol. For anal-
ysis of Treg cells, Fc-blocked cells were initially stained with
fluorescein isothiocyanate-conjugated anti-CD4 and BV421-
conjugated anti-CD25 (102034; BioLegend) antibodies and
then intracellularly stained using the APC-conjugated anti-
Foxp3 antibody (17-5773-80B; Invitrogen, Carlsbad, CA);

staining was performed with a Foxp3 Transcription Factor
Staining Buffer Set (Invitrogen) according to the manufac-
turer’s protocol. Data were acquired using BD FACSCanto II
(BD Biosciences) and analyzed using FlowJo 10.4.1 (Treestar).

Statistical Analysis
All data are expressed as mean and standard error of mean
(SEM). The statistical significance of differences was de-
termined by using the unpaired t test, Tukey multiple

Figure 3 Effects of IL-6 Receptor Blockade on Lymphocyte Migration Into the Spinal Cord In Vivo

(A) Anti–IL-6 receptor antibody (MR16-1) was administered on day 7 after immunization. Anti–IL-6 receptor antibody significantly prevented the onset of
clinical signs in EAEmice. *p < 0.05 by 2-way analysis of variance (n = 3–6 per group). (B) Anti–IL-6 receptor antibody suppressed lymphocytemigration into the
spinal cords of EAE mice. Representative images showing immunohistochemical staining for CD4+ cells in the spinal cord on day 15 after immunization. The
number of CD4+ T cells was markedly increased in the spinal cord of EAE mice. Anti–IL-6 receptor antibody administered on day 7 after immunization
significantly prevented this increase. *p < 0.05 by Tukeymultiple comparison test (n = 3–6 per group). Scale bar = 100 μm. (C) The induction of Th1 cells and (E)
FoxP3-positive regulatory T cells was significantly upregulated on day 16 after immunization. There was a tendency, but not significantly, for Th17 cells to
increase in EAE mice (D). Administration of anti–IL-6 receptor antibody on day 7 after immunization did not change the induction of these in EAE mice. *p <
0.05 by Tukey multiple comparison test (n = 4–8 per group). All data are expressed as mean and standard error of mean. EAE = experimental autoimmune
encephalomyelitis; IL-6 = interleukin-6.
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comparison test with analysis of variance, or 2-way analysis
of variance for comparison of time course data. Probability
values of less than 0.05 were considered significant. Statis-
tical analyses were performed using IBM SPSS Statistics
(International Business Machines Corporation, Armonk,
NY) or JMP version 11.2.1 software (SAS Institute,
Cary, NC).

Results
Construction of Newly In Vitro BBB Models
We used human brain microvascular ECs (hECs; TY10),
hASTs with AQP4 expression, and hPCTs, each of which was
conditionally immortalized by transfection with ts-SV40-LT
(Figure 1A). These transfected cell lines proliferate at 33°C
due to ts-SV40 LT’s temperature sensitive inhibition activity
of p53 and Rb. On the other hand, cells could differentiate
into mature cells at 37°C because Ts-SV40 LT is inactivated
and exhibit growth arrest28,33,34 (Figure 1B). In these previous
articles, we confirmed the expressionmarkers of hECs, hASTs,
and hPCTs (hECs; occludin, Claudin-5, Claudin-12, ZO-1,
ZO-2, JAM-A, GLUT-1, CAT-1, LAT-1, 4F2hc, MCT-1, cal-
reticulin, MDR1, ABCG2, MRP1, MRP2, MRP4, and MRP5,
and hASTs; glial fibrillary acidic protein, EAAT2, and AQP4,
hPCTs; platelet-derived growth factor receptor beta, Desmin,
Kir 6.1, osteopontin, alfa smooth muscle actin, and NG2). To
construct triple coculture systems of these human BBB cell
lines, multiple steps were organized by including cell culture on
Upcell dish with coated temperature-responsive polymer
(eFigure 1, A and B, links.lww.com/NXI/A591). First, hASTs
were cultured on abluminal side of insert membranes having 3-
μm pores and incubated for 24 hours so that some astrocytic
endfeet with AQP4 could protrude through the membrane
pores (eFigure 1C and links.lww.com/NXI/A591). Second,
after culturing of hPCTs on the luminal side of membranes

(eFigure 1E, links.lww.com/NXI/A591), hASTs and hPCTs
were cocultured at 33°C for 24 hours. Third, hECs were cul-
tured on Upcell dish with coated temperature-responsive
polymer, which can achieve sheet-like detachment of confluent
cells and extracellular matrix by temperature shifting to 20°C
(eFigure 1, F and G, links.lww.com/NXI/A591). Then, sheet-
like detachment of confluent hECs was transferred onto the
hPCTs. After cocultuting of these cell lines at 33°C for 24
hours, they differentiated into mature cells under the condition
of 37°C. Confocal 3D analysis with living staining of each cell
line showed that multicultured insert constituted the five-layer
structures, which is consisted of hECs, hPCTs, astrocytic
endfeet, membrane, and hAST (eFigure 1, H, links.lww.com/
NXI/A591). Some endfeets protruded through the membrane
pores. hPCTs and endfeet of hASTs were close to the hEC
layer.

Constructionof ExVivoBBBModel and Effect of
Satralizumab on NMO-IgG–Induced
Transmigration of Leukocytes
To evaluate the effect of satralizumab on NMO-IgG–induced
transmigration of leukocytes, we constructed a flow-based
dynamic BBB model incorporating hEC/hPCT/hAST triple
coculture, which allows further investigation of leukocyte
transmigration under flow (Figure 2, A–C). After exposing
the EC side (vascular side) and the astrocyte side (brain pa-
renchymal side) to satralizumab plus NMO-IgG or to NMO-
IgG alone (Figure 2D), we counted the total numbers of all
migrating cells and the numbers of phenotyped cells and
compared their migrations relative to those with control IgG.
Application of NMO-IgG increased the migrations of all
PBMCs and CD4+, CD8+, and CD19+ cells relative to their
migrations with control IgG, and the application of NMO-IgG
plus satralizumab significantly suppressed this increase in the
relative numbers of migrating PBMCs and CD4+ and CD8+

cells (Figure 2E).

Figure 4 Effects of IL-6 Receptor Blockade on BBB Permeability In Vivo

(A and B) Representative images showing immu-
nohistochemical staining for albumin (A) and IgG
(B) in the spinal cord on day 15 after immunization.
Leakage of albumin and IgG into the spinal cord
was higher in EAE mice than in control mice and
was significantly reduced by treatment with anti–IL-
6 receptor antibody (MR16-1). *p < 0.05 by Tukey
multiple comparison test (n = 3–6 per group). Scale
bars = 100 μm. All data are expressed as mean and
standarderrorofmean.EAE= experimentalautoimmune
encephalomyelitis.
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Figure 5 Effects of Satralizumab on the Barrier Function of the BBB In Vitro

(A) Application of NMO-IgG to either the vascular side or the brain parenchymal side or both sides of the static BBB model significantly decreased the TEER
value relative to that of control IgG at 72 hours. *p < 0.05 by unpaired t test (n = 3 per group). (B) Real-time TEERmeasurement by cellZscope showed that the
TEER values had started to decrease within 24 hours of application of NMO-IgG in all groups, and the declining trend continued for 48 hours. (C–E, left panels)
After addition of satralizumab and NMO-IgG to either the vascular side or the brain parenchymal side or both sides, the TEER values under conditions of
satralizumab plus NMO-IgG were significantly higher than under conditions of NMO-IgG alone at 72 hours. *p < 0.05 by unpaired t test (n = 3 per group). All
data are expressed as mean and standard error of mean. (C–E, right panels) Real-time TEER measurement by cellZscope showed a declining trend in TEER
values under conditions of satralizumab plus NMO-IgG in all groups, but the decline remained less than that for NMO-IgG alone for 96 hours.
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Effects of IL-6 Receptor Blockade in EAE Mice
Administration of MR16-1 (anti–IL-6 receptor antibody for
mice) on day 7 after induction of EAE significantly and strongly
prevented the onset of clinical signs in EAEmice (Figure 3A).We
then confirmed the effect ofMR16-1 on leukocyte transmigration
in EAE mice. On day 15, the number of CD4+ T cells markedly
increased in the spinal cords of EAE mice, whereas these cells
were almost undetected in the spinal cords of control mice
(control, 33.7 ± 21.5 [mean ± SEM] cells/spinal cord slice; EAE,
628.3 ± 196.5 cells/spinal cord slice) (Figure 3B). Administration
of MR16-1 on day 7 significantly prevented the migration of
CD4+ T cells into the spinal cord (EAE + MR16-1, 40.3 ± 17.7
cells/spinal cord slice) (Figure 3B). To exclude the possibility that
the impact of MR16-1 on clinical signs and on leukocyte mi-
gration into the spinal cord was secondary to changes in the
immune response, we evaluated the effect of MR16-1 on T-cell
differentiation in EAEmice. In splenocytes, Th1 cells and FoxP3-
positive regulatory T cells were significantly increased on day 16
in EAE mice (Figure 3, C and E). Th17 cells showed a tendency,
but not significantly, to increase in EAE mice (Figure 3D). Ad-
ministration of anti–IL-6 receptor antibody on day 7 did not
affect the induction of these in EAE mice (Figure 3, C–E).

Effects of IL-6 Receptor Blockade on the Barrier
Function in EAE Mice
Immunohistochemical analysis on day 15 showed that leakage of
albumin and IgG into the spinal cord was higher in EAE mice
than in control mice (Figure 4, A and B). This leakage into the

CNS indicates the increased permeability of the BBB. Treatment
of EAEmice withMR16-1 significantly prevented these leakages
into the spinal cord. As regards the inhibiting effect on barrier
dysfunction with application of satralizumab on the vascular side,
we showed that sera from EAE mice mildly reduced the barrier
function of ECs in monoculture (eFigure 2, links.lww.com/
NXI/A592) Serum from EAE mice at onset of EAE on day 16
after immunization significantly decreased the TEER value of a
monolayer of mouse primary BMECs. Anti–IL-6 receptor anti-
body significantly prevented this reduction.

Effects of Satralizumab on the Barrier Function
In Vitro
To evaluate whether NMO-IgG affects the barrier function of
the BBB on the vascular side or the brain parenchymal side, we
constructed the static in vitro BBB model, which allowed long-
termmeasurement of real-time TEER. After addition of NMO-
IgG or control IgG with either the vascular side, the brain
parenchymal side, or both sides, the TEER values were mea-
sured in every minute for 5 consecutive days. Within 24 hours
of application of NMO-IgG, TEER values in all groups had
begun to decrease compared with control IgG, and at 72 hours,
they had significantly decreased in all groups (Figure 5, A
and B). Application of NMO-IgG to both the vascular and
brain parenchymal sides resulted in the lowest TEER values of
all groups. TEER values with brain parenchymal application of
NMO-IgG were significantly lower than TEER values with
vascular application of NMO-IgG.

Figure 6 Intracerebral Transferability of Satralizumab in the Presence of NMO-IgG In Vitro

(A) Analysis ofmicrovolume IgG translocation through theBBBby theOdyssey Infrared ImagingSystemrevealed that theBBBPapp for satralizumabwas almost 3
times that for control IgG. *p < 0.05 by unpaired t test (n = 6 per group). (B) Analysis ofmicrovolume IgG translocation through the BBB by the spectrophotometer
revealed that the relative accumulation of IgG for NMO-IgGwas almost 1.5 times that for control IgG. *p < 0.05 by unpaired t test (n = 6 per group). (C) ELISA with
anti-satralizumab antibody showed that the relative accumulation of satralizumab for satralizumab + NMO-IgGwas significantly increased to almost 3 times that
for satralizumab + control IgG. *p < 0.05 by unpaired t test (n = 8 per group). All data are expressed as mean and standard error of mean.
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To evaluate whether satralizumab affects the BBB dysfunction
induced by NMO-IgG, we used the static BBB model in-
corporating hEC/hPCT/hAST triple coculture with either
the vascular side or the brain parenchymal side or both sides

exposed to NMO-IgG. After addition of satralizumab plus
NMO-IgG or control IgG to either the vascular side or the
brain parenchymal side or both sides at the same time, TEER
values were measured as mentioned above. Ahead of these

Figure 7 The Pathophysiology of NMOSD at the BBB and the Action Mechanism of Satralizumab at the BBB

(A) There are several steps on both sides of the BBB involved in the onset ofNMOSD. First, NMO-IgG (anti-GRP78 or anunknownantibody or antibodies) activates
nuclear factor-kappa B (NF-κB) signals in ECs. Second, NMO-IgG decreases the barrier function on the vascular side. Third, NMO-IgG increases the intracerebral
transferability ofNMO-IgG itself. Fourth,NMO-IgGattacks theAQP4of astrocytes (ASTs) and induces IL-6 expression inASTs. Fifth, IL-6 signaling affectsendothelial
cells on the CNS side. Sixth, IL-6 signaling more strongly decreases the barrier function on the CNS side than on the vascular side. Seventh, IL-6 signaling induces
the expression of several chemokines (CCL2 and CXCL8) in endothelial cells. Eight, the induced chemokines enhance infiltration of inflammatory cells. Finally,
NMOSDdevelops. (B) First, NMO-IgG (anti-GRP78 or an unknownantibody or antibodies) activates NF-κB signals in endothelial cells. Second, NMO-IgG decreases
the barrier function on the vascular side. Third, NMO-IgG elevates the intracerebral transferability of satralizumabmore thanNMO-IgG. Fourth, NMO-IgG attacks
theAQP4of ASTsand induces IL-6 expression inASTs. Fifth, satralizumabblocks IL-6 signaling on theCNS side. Sixth, satralizumab inhibits the reduction inbarrier
function by blockade of IL-6 signaling. Seventh, blockade of IL-6 signaling by satralizumab suppresses the expression of several chemokines (CCL2 and CXCL8) in
endothelial cells. Eight, satralizumab inhibits infiltration of inflammatory cells. Finally, satralizumab prevents the onset of NMOSD. AQP4 = aquaporin-4; BBB =
blood-brain barrier; EC = endothelial cell; IL-6 = interleukin-6; NMOSD = neuromyelitis optica spectrum disorder.
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experiments, we confirmed that satralizumab did not affect the
barrier function (eFigure 3, links.lww.com/NXI/A593). TEER
values at 72 hours were significantly higher under conditions
where both the vascular side and the brain parenchymal side
were exposed to satralizumab plus NMO-IgG than under
conditions of NMO-IgG alone (Figure 5C). The inhibiting
effect of satralizumab on barrier dysfunction was almost the
same when satralizumab was applied to the brain parenchymal
side as it was when applied to the vascular side (Figure 5, D and
E). Application of satralizumab to both the vascular and brain
parenchymal sides had the highest inhibiting effect on barrier
dysfunction among the 3 conditions (Figure 5, C and E).

Intracerebral Transferability of Satralizumab
in the Presence of NMO-IgG In Vitro
To compare the microvolume translocation of satralizumab and
NMO-IgGacross theBBB,we constructed the in vitroBBBmodels
in which measurement of microvolumes of satralizumab and IgG
translocation through the BBB could be detected by Odyssey In-
frared Imaging System and ELISA. We evaluated the apparent
permeability coefficients of the BBB (Papp; mm/seconds) with
respect to satralizumab and control IgG. Labeled satralizumab or
IgG2 (control IgG) was added to the hEC (vascular) side. Then,
the IgG that was translocated to the brain parenchymal side was
detected by an infrared imaging system, and the apparent BBB
permeability coefficients for satralizumab and control IgG were
calculated. The Papp with respect to satralizumab was almost 3
times the Papp with respect to control IgG (Figure 6A).

After exposing the vascular side to NMO-IgG or control IgG,
the translocated IgG was detected by the human IgG de-
tection ELISA kit. The total amounts of accumulated IgG for
NMO-IgG and control IgG were calculated, normalized with
respect to control IgG, and reported as IgG accumulation.
The intracerebral transferability of NMO-IgG was almost 1.5
times that of control IgG (Figure 6B).

In a previous study, we found the transfer rate of MR16-1 across
the BBB in EAE mice to be almost 30 times that of normal
mice.32 Thus, we explored whether the intracerebral trans-
ferability of satralizumab would be similarly increased in the
presence of NMO-IgG. After exposing the vascular side of the
triple coculture BBBmodel to satralizumab plusNMO-IgG or to
satralizumab plus control IgG at the same time, the accumulated
satralizumab was measured by ELISA with anti-satralizumab
antibody. The total amount of satralizumab for NMO-IgG plus
satralizumab was normalized with respect to control IgG plus
satralizumab and reported as satralizumab accumulation. The
relative satralizumab accumulation for NMO-IgG plus satrali-
zumab was significantly increased to almost 3 times that for
control IgG plus satralizumab (Figure 6C).

Discussion
We successfully generated in vitro and in ex vivo BBB models
using the newly established triple coculture system of human

BBB cell lines (Figure 1 and eFigure 1, links.lww.com/NXI/
A591). In in vitro studies, application of satralizumab to the
vascular and brain parenchymal sides of the model suppressed
the transmigration of total PBMCs and CD4+ and CD8+ cells,
the transmigration of which was enhanced by NMO-IgG
(Figure 2). Then, we have shown that blockade of IL-6 sig-
naling in EAEmice suppressed the migration of CD4-positive
T cells into the spinal cord, prevented the increase in BBB
permeability, and prevented the onset of myelitis (Figures 3
and 4). In addition, NMO-IgG was found to cause significant
barrier dysfunction, which was strongest when NMO-IgGwas
applied to both the vascular and brain parenchymal sides of
the model; the effect was not as strong with application of
NMO-IgG to the brain parenchymal side, but it was stronger
than with vascular application (Figure 5). The application of
satralizumab inhibited NMO-IgG–induced barrier dysfunc-
tion; application of satralizumab to the vascular and brain
parenchymal sides had the highest effect on inhibiting NMO-
IgG–induced barrier dysfunction, whereas the effect of ap-
plying satralizumab to the brain parenchymal side was almost
the same as with vascular application (Figure 5). We also
demonstrated that the intracerebral transferability of satrali-
zumab in the presence of NMO-IgG further increased to
more than that of NMO-IgG itself (Figure 6).

In earlier studies, we found that autoantibodies to GRP78 in
NMO-IgG activate nuclear factor-kappa B (NF-κB) signals in
vascular ECs and increase BBB permeability, leading to attack
by NMO-IgG on astrocytes on the CNS side of the BBB.17

We also showed that NMO-IgG on the CNS side induces IL-6
expression in astrocytes and that IL-6 trans-signaling affects
ECs and modifies the properties of the BBB, including in-
ducing the expression of several chemokines (CCL2 and
CXCL8) and decreasing the expression of claudin-5 as well as
increasing the permeability with respect to solutes and in-
creasing the transmigration of PBMCs.11 In the current study,
we demonstrated that brain parenchymal application of
NMO-IgG decreased the barrier function more strongly than
did vascular application (Figure 4), indicating that the re-
duction of barrier function by IL-6 signaling on the CNS side
is much more than by NMO-IgG on the vascular side.

Therefore, with respect to the pathophysiology of NMOSD at
the BBB, there appear to be several steps on both sides of the
BBB involved in the onset of NMOSD (Figure 7A). First,
NMO-IgG (anti-GRP78 or an unknown antibody or anti-
bodies) activates NF-κB signals in ECs. Second, NMO-IgG
decreases the barrier function on the vascular side. Third,
NMO-IgG increases the intracerebral transferability of NMO-
IgG itself. Fourth, NMO-IgG attacks the AQP4 of astrocytes
and induces IL-6 expression in astrocytes. Fifth, IL-6 signaling
affects ECs on the CNS side. Sixth, IL-6 signaling more
strongly decreases the barrier function on the CNS side than
on the vascular side. Seventh, IL-6 signaling induces the ex-
pression of several chemokines (CCL2 and CXCL8) in ECs.
Eight, the induced chemokines enhance infiltration of in-
flammatory cells. Finally, NMOSD develops.
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To explore the action mechanism of satralizumab at the BBB
in NMOSD, we evaluated the intracerebral transferability of
satralizumab. Satralizumab was found to have potential in-
tracerebral transferability almost 3 times that of control IgG
(Figure 6A), and NMO-IgG was found to have intracerebral
transferability almost 1.5 times that of control IgG
(Figure 7B). We then found that the intracerebral trans-
ferability of satralizumab in the presence of NMO-IgG was
significantly increased to almost 3 times that in the presence
of control IgG (Figure 6C). These results mean that the in-
tracerebral transferability of satralizumab is enhanced by
NMO-IgG and that satralizumab can pass though the BBB
and affect the CNS side.

We also demonstrated that satralizumab suppressed the decrease
in barrier function induced by NMO-IgG (Figure 5) and pre-
vented NMO-IgG-induced enhancement of inflammatory cell
infiltration (Figure 2). In addition, administration of anti-IL-6
receptor antibody to EAE mice prevented T-cell migration and
the development of EAE without inhibition of T-cell differen-
tiation (Figure 3). Blockade of IL-6 signaling suppressed the
migration of CD4-positive T cells into the spinal cord, prevented
the increase in BBB permeability, and prevented the onset of the
myelitis in EAE mice. Consequently, with regard to the action
mechanismof satralizumab at the BBB inNMOSD, it can be said
that satralizumab can pass through the BBB inNMOSD and that
blockade of IL-6 from astrocytes on the CNS side suppresses the
BBB dysfunction and the induction of inflammatory cell infil-
trates, leading to prevention of the onset of NMOSD
(Figure 7B). In addition, the finding that satralizumab rescues
TEER more significantly when applied to both the vascular and
the parenchymal side means that satralizumab might be more
effective in acute inflamed sites of NMOSD where NMO-IgG
and satralizumab could reach to CNS side due to BBB
breakdown.

Because the therapeutic mechanisms of satralizumab at the
BBB are as well adapted for action in the acute phase of
NMOSD by suppressing leukocyte migration as they are in
the recurrence prevention period by inhibiting the barrier
dysfunction, treatment with satralizumab is a promising
strategy both to reduce the frequency of NMOSD attacks and
to treat acute damage. Given the effect of satralizumab on
BBB integrity, it may be a new option in the treatment of
other conditions such as autoimmune optic neuritis and en-
cephalomyelitis such as neuro-Behcet syndrome, CNS lupus,
anti-NMDA receptor encephalitis, and Vogt-Koyanagi-
Harada disease,35-37 all of which induce BBB breakdown
and increase IL-6 concentration in the CSF.

As limitations in this study, we did not completely evaluate the
off-effect of NMO-IgG and the therapeutic mechanisms of
satralizumab at the BBB in vitro experiments. For example,
the application of the IgG and satralizumab was simultaneous
in the migration assay and the measurement of TEER and
intracerebral transferability. Then, in the migration assay, the
PBMCs have not been exposed to the satralizumab to evaluate

the effect of satralizumab at the only BBB. Further investi-
gations are needed to clarify the effects of satralizumab on
both BBB and leukocytes by simultaneous and sequential
application of NMO-IgG and satralizumab.
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