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The Choroid Plexus Is Permissive for
a Preactivated Antigen-Experienced
Memory B-Cell Subset in Multiple
Sclerosis

Jiirgen Haas’, Henriette Rudolph?, Leonardo Costa’, Simon Faller’, Saskia Libicher’,
Cornelia Wiirthwein ', Sven Jarius ", Hiroshi Ishikawa®, Carolin Stump-Guthier?,
Tobias Tenenbaum?, Christian Schwerk?, Horst Schroten? and Brigitte Wildemann™*

" Molecular Neuroimmunology Group, Department of Neurology, University Hospital of Heidelberg, Heidelberg, Germany,
2 Department of Pediatrics, Pediatric Infectious Diseases, Medical Faculty Mannheim, Heidelberg University, Heidelberg,
Germany, 3 Laboratory of Clinical Regenerative Medicine, Department of Neurosurgery, Faculty of Medicine, University of
Tsukuba, Tsukuba, Japan

The role of B cells in multiple sclerosis (MS) is increasingly recognized. B cells undergo
compartmentalized redistribution in blood and cerebrospinal fluid (CSF) during active MS,
whereby memory B cells accumulate in the CSF. While B-cell trafficking across the blood-
brain barrier has been intensely investigated, cellular diapedesis through the blood-CSF
barrier (BCSFB) is incompletely understood. To investigate how B cells interact with the
choroid plexus to transmigrate into the CSF we isolated circulating B cells from healthy
donors (HC) and MS patients, utilized an inverted cell culture filter system of human
choroid plexus papilloma (HIBCPP) cells to determine transmigration rates of B-cell
subsets, immunofluorescence, and electron microscopy to analyze migration routes,
and gRT-PCR to determine cytokines/chemokines mediating B-cell diapedesis. We also
screened the transcriptome of intrathecal B cells from MS patients. We found, that
spontaneous transmigration of HC- and MS-derived B cells was scant, yet increased
significantly in response to B-cell specific chemokines CXCL-12/CXCL-13, was further
boosted upon pre-activation and occurred via paracellular and transcellular pathways.
Migrating cells exhibited upregulation of several genes involved in B-cell activation/
migration and enhanced expression of chemokine receptors CXCR4/CXCR5, and were
predominantly of isotype class switched memory phenotype. This antigen-experienced
migratory subset displayed more pronounced chemotactic activities in MS than in HC and
was retrieved in intrathecal B cells from patients with active MS. Trafficking of class-
switched memory B cells was downscaled in a small cohort of natalizumab-exposed MS
patients and the proportions of these phenotypes were reduced in peripheral blood yet
were enriched intrathecally in patients who experienced recurrence of disease activity after
withdrawal of natalizumab. Our findings highlight the relevance of the BCSFB as important
gate for the entry of potentially harmful activated B cells into the CSF.
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B-Cell Trafficking Through the Choroid Plexus in MS

INTRODUCTION

The central nervous system (CNS) is separated from blood-
derived leukocytes and soluble factors by complex barrier
systems, among them the blood-brain barrier (BBB), which
encompasses deep parenchymal microvessels; the blood-
meningeal barrier (BMB); and the blood-cerebrospinal fluid
(CSF) barrier (BCSFB), which encases the choroid plexus,
epithelium-based structures localized within the brain ventricles
that produce CSF (1-4). The BBB is composed of tight-junction-
interconnected endothelial cells that, on their abluminal side, are
ensheathed by the glia limitans perivascularis, an astroglial endfeet
structure. Whereas the BBB requires an inflammatory
environment to permit extravasation and transmigration of
immune cells (1-4) the BCSFB, which comprises tight junction-
conjoined cuboidal epithelial cells surrounding a core of stroma
vascularized with fenestrated capillaries, enables low-level
homeostatic cell trafficking even under physiological conditions
and thus allows continuous leukocyte surveillance in the CSF
compartment (3, 4). Notably, it has been postulated that the
BCSFB functions as the primary gate governing the entry and
subsequent parenchymal invasion of autoreactive immune cells in
experimental autoimmune encephalomyelitis (EAE), the animal
model of multiple sclerosis (MS) (5). As a consequence,
understanding how the BCSFB functions under normal and
inflammatory conditions is essential to elucidate the initial
mechanisms driving MS pathogenesis, where heightened influx
of immune cells prompts autoimmune damage to CNS tissues (6,
7). In humans, the multistep diapedesis process that governs
leukocyte trafficking across the BCSFB is less well understood
than the migration of immune cells into the brain parenchyma
through the BBB, and has, so far, been studied exclusively in T cells
(8, 9). However, accumulating evidence favors a pathogenic role
of B cells and antibodies in MS. This is convincingly emphasized
by the remarkable therapeutic effect of B-cell-depleting
antibodies on clinical and radiological disease activity (10-12),
and other key features such as persistent intrathecal production of
immunoglobulins in the CSF, histological findings demonstrating
immunoglobulin and complement deposits in a subset of
inflammatory brain lesions, and the presence of follicle-like
structures in the meninges detectable in some patients with
progressive MS, as well as traceable autoantibodies against
neural antigens in subsets of patients (13-16). While barely
detectable in normal CSF, B-lineage cells are clonally expanded
in CSF and brain tissues from MS patients (17-20). Indeed, this
process appears to be driven by a compartmentalized redirection
of memory B-lineage cells from blood into CSF, which paves the
way for local conversion into antibody-secreting effector cells, as
we have shown in a previous study (21). These findings strongly
emphasize a role of the BCSFB in initiating and perpetuating
aberrant CNS B-cell-mediated immune responses in MS. Here, we
used an established in vitro model of the choroid plexus to identify
the determinants of human B-cell trafficking across the BCSFB
both under physiological conditions and in the context of MS (22—
25). We also aimed to decipher the key B-cell subset involved in
shifting between the systemic and intrathecal compartments.

METHODS
Study Design

The aim of this study was to investigate migration of human B
lymphocytes through the choroid plexus. An inverted transwell
culture system of human choroid plexus papilloma (HIBCPP) cells
was used as an in vitro model of the choroid plexus to determine
transmigration rates of B-cell subsets. Immunofluorescence and
electron microscopy were performed to analyze diapedesis routes
through HIBCPP cells. We conducted further experiments to screen
the transcriptome of in vitro migrated B cells as well as of intrathecal
B cells obtained from MS patients by using a PCR array technique.
Blood and CSF sampling was approved by the local ethics
committee and all subjects signed informed consent. Group sizes
were selected on the basis of our experience with these systems. All
human samples were de-identified. Investigators were not blinded
when conducting or evaluating the experiments and no
randomization was necessary. No data were excluded from
this study.

Human Samples

The study included 60 healthy control donors (HC, mean age 34.2
years, range 18-60 years) and 30 patients with the relapsing-
remitting form of MS (RRMS) according to the revised
McDonald criteria (26). All MS patients were recruited at the
outpatient clinic of the Department of Neurology, University of
Heidelberg, Germany. 20 patients received no treatment for at least
2 months before recruitment, while ten patients were exposed to
fingolimod (n = 5); 6, 6, 10, 15, and 18 months of treatment) or
natalizumab (n = 5); 15, 22, 34, 46, and 71 months of treatment) at
the time of blood sampling. Patients had a mean age of 34.1 years
(range 22-55), a disease duration of 5.0 years (1-22), an Expanded
Disability Status Scale (EDSS) score of 2.5 (0-4) and on average 2.5
(0-12) previous relapses. Twelve patients had clinically active
disease, and 18 patients were in clinical remission (untreated n =
8, treated n = 10). Dysfunction of the BCSFB as depicted by the CSF
to serum ratio of albumin (Qp,) was present in one case only. We
further included flow cytometric data from parallel blood and CSF
samples of four RRMS patients before and following cessation of
natalizumab selected from an independent cohort [mean age 38.4
years, range 35-45 years; disease duration: 7.2 years (3-24); EDSS:
3.0 (2-4); previous relapses: 3.5 (2-7); treatment duration: 18, 27,
42, and 50 months]. The study design was approved by the ethics
committee of the University Hospital Heidelberg. Written informed
consent was obtained from all study participants.

Sampling/Cell Separation

From all study participants peripheral blood mononuclear cells
(PBMCs) were isolated from 10 to 50 ml peripheral blood by
Ficoll-gradient centrifugation (Biochrom, Berlin, Germany).
Cerebrospinal fluid (CSF) samples (0.5-4.5 ml) were obtained
from a subcohort of eight study patients (all in acute relapse and
treatment-naive). Total B cells were purified from PBMCs and
from CSF cells with CD19 Microbeads (Miltenyi Biotec,
Bergisch-Gladbach, Germany) or Dynabeads Untouched
Human B cells Kit (Thermo Fisher, Dreieich, Germany).
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Transmigration Assay

B-cell transmigration (TM) across the BCSFB epithelium was
assessed using an established inverted transwell culture system
(Figure 1) (22-24). Briefly, 5 x 10* human choroid plexus
papilloma (HIBCPP) cells (27), cultured in DMEM/F12
supplemented with 10% fetal calf serum (FCS), 0.5 ug/ml
insulin, 100 U/ml penicillin, and 100 pg/ml streptomycin, were
seeded on the bottom side of a 5-uM pore size transwell filter
(Millipore, Schwalbach, Germany). TM filters were placed in 24-
well plates. The integrity of the epithelial barrier was checked by
measuring the transepithelial electrical resistance (TEER) using
an epithelial voltohmmeter (Millicell-ERS STX-2 electrode
system, Millipore) (22) and by means of a Dextran-Texas Red
tracer solution (100 pg/ml; Invitrogen, Darmstadt, Germany) to
assess the paracellular passage of low-molecular-weight
molecules (23, 24). HIBCPP cells showed the common
features of choroid plexus cells as determined by constitutive
RNA expression of tight junction proteins (occludin, claudins
1-3, zonula occludens 1 [ZO-1]), E-cadherin, FOX]J1
(Supplementary Figure 1). For each TM experiment, 2 x 10’
B cells obtained from either healthy donors or MS patients were
suspended in a 200 ul TM medium and transferred into the
upper side of each insert (the basolateral side representing the
lumen of the blood capillary). For B-cell activation, CD40/IgM (5
pg/ml) was added to the medium in some experiments. An
amount of 500 pul TM medium, either alone or enriched with the
B-cell chemoattractants CCL19, CCL20, CCL21, CXCL12, and
CXCL13 in different concentrations and combinations with or

without blocking monoclonal antibodies (mAbs) (purchased
from R&D Systems, Minneapolis, MN, USA), was adjoined
to the lower chamber (the apical side representing the CSF
space). For some experiments, B cells were labeled with
Cell Trace'™ Calcein green (Invitrogen, Germany), according
to the manufacturer’s instructions. The optimal TM time for
assessing human B-cell migration was determined to 4 h in
preliminary experiments (data not shown). After TM at 37°C,
the filters were transferred onto a fresh 24-well plate and
prepared for further analysis by either immunocytochemistry
or transmission electron microscopy (TEM). Migrated B cells
were collected from the lower chamber and immediately
analyzed by flow cytometry and/or snap frozen and stored at
-80°C before RNA extraction. Migration rates of total B cells
were calculated from the number of B cells collected from the
bottom chamber as percentage of the total B cells put into the
upper chamber in the respective TM experiment. To assess for
differences in migration activities of different B-cell subsets
within the total B-cell population, specific chemotactic indices
(CIs) for each subset were defined as the ratio of percentages of
the distinct B-cell subpopulation in migrated B cells and in
original B cells.

Flow Cytometry

Multi-color flow cytometry experiments were performed to
phenotypically characterize HIBCPP cells, to check the purity
of isolated B cells, and to phenotypically and/or quantitatively
analyze both migrated and non-migrated B cells after TM assays.

blood side

B cells

membrane |
with pores

«— filterinsert

~— well

choroid
plexus
epithelium
(HIBCPP)

cerebrospinal fluid side

FIGURE 1 | Inverted transwell culture system. Inverted culture of HIBCPP cells on the bottom side of a transwell filter of 5 pm pore size. The upper (basolateral) side
represents the lumen of the blood capillary, while the lower (apical) side mimics the CSF space. B cells are added to the upper compartment (blood side) and a
cocktail of B-cell chemoattractants to the lower compartment. After 4 h transmigration (TM), filters are transferred onto a fresh plate; migrated cells are collected from
the lower chamber and quantified by FACS. A chemotactic index (Cl) is calculated for each B-cell subset.
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Following an already published protocol (21, 28), PBMCs or
isolated B lymphocytes were stained with mAbs specific for
human B-cell surface markers (CD20-PerCP, CD27-PE, IgD-
FITC, CD38-APC; purchased from BD Biosciences, Heidelberg,
Germany) to quantitate CD20" total B cells and to distinguish
between CD20°CD27 IgD" naive, CD20"CD27"IgD" class-
switched memory (CSM), CD20"CD27 IgD" non-switched
memory (USM), CD20"CD27IgD" double-negative memory
(DNM) and CD20"CD27 IgD*CD38" transitional (TN) B-cell
subtypes (Supplementary Figure 2). B cells were occasionally
stained for different chemokine receptors or activation markers
(CCR6, CXCR4, CXCR5, LFA-1, and VLA-4). A FACS Calibur
cytometer plus CellQuestTM software (BD Biosciences) was used
to measure and analyze all stained cells.

RT? Profiler PCR Arrays

The expression of 19 genes associated with B-cell activation and
migration was evaluated after TM experiments in migrated and
non-migrated B cells, respectively. We also screened the
transcriptome of B cells isolated from parallel blood/CSF
samples from a subcohort of ten MS patients. Total RNA from
B cells was isolated and purified by the use of a RNeasy Micro kit
(Qiagen, Hilden, Germany) and converted into cDNA with a
RT? First Strand kit (Qiagen). cDNA from each sample was pre-
amplified using RT*> PreAMP PCR Mastermix and RT> PreAMP
Pathway Primer Mix and then added to a RT> SYBR Green qPCR
Master Mix on a custom array (Qiagen) designed to profile genes
involved in the activation and migration process of human B
lymphocytes. Each 96-well plate contained 4 sets of 19 specific
genes of interest, two housekeeping genes for data normalization,
one reverse-transcription (RT) control, one genomic DNA
contamination control, and one positive PCR control (gene
table is shown in Supplementary Table 1). After each run raw
expression data were quantitatively analyzed by means of the
AACt method utilizing the web-based software package (Qiagen),
which automatically performed all the AACt-based fold-change
calculations from the uploaded raw Ct data. The x-fold change
was calculated as the normalized gene expression (2"AASY
between the chosen sample groups. The results are presented
in tabular format.

Quantitative Real-Time PCR Analysis
Quantitative real-time PCR for determination of constitutive
gene expression in HIBCPP cells was performed using the
SuperScript IIT Platinum SYBR Green One-Step qRT-PCR Kit
and an Applied Biosystems 7500 Fast Dx Real-Time PCR
Instrument (both Life Technologies GmbH, Darmstadt,
Germany) following the manufacturer’s instructions. PCR
primers are listed in Supplementary Table 2.

PCR-Based High-Resolution Capillary
Electrophoresis

PCR-based high-resolution capillary electrophoresis for
determination of the IgH CDR3 locus was performed as
described previously (29). In short, PCR was performed with 50
ng of B-cell cDNA using VH-Fr3A (5'-ACACGGC(C/T)(G/C)

TGTATTACTGT) and LJH (5'-TGAGGAGACCGGTGACC)
primers. VH-Fr3A-primer was labeled with 6-carboxyfluorescein
for subsequent automated fluorescent fragment analysis. Therefore,
3 ul of PCR products were mixed with 0.5 ul of internal size
standard GeneScan 350-TAMRA (Applied Biosystems, Weiterstadt,
Germany) in 20 pl formamide, denaturated for 2 min at 95°C and
then subjected to a laser-induced fluorescent capillary
electrophoresis system (ABI Prism 310, Applied Biosystems).
GeneScan Analysis Software (Applied Biosystems) was used for
quantification and size determination.

Immunocytochemistry

TM transwell filters were fixed/permeabilized, incubated
overnight with mAbs specific for tight junctions, cytoskeleton,
and B-cell markers, then exposed to secondary mAbs, and finally
analyzed using a Zeiss Apotome microscope® as described
elsewhere (24).

Transmission Electron Microscopy

TEM analysis was performed in collaboration with Dr. Ingrid
Haufer, Electron Microscopy Core Facility (EMCF), Heidelberg
University. In short, TM transwell filters were fixed in 2.5%
glutaraldehyde, postfixed with 1% osmium tetroxide, cut into
strips, dehydrated, and embedded in epoxy resin. 60 nm
ultrathin sections were cut with an ultramicrotome, contrasted
with uranyl acetate/lead citrate, and analyzed with a TEM
JEM140 equipped with a digital camera (TVIPS F420).

Statistical Analysis

Statistical analysis was performed with Excel (Microsoft) and
SPSS (SPSS Inc., Chicago, IL, USA). For analysis of multiple
groups one-way ANOVA was performed and corrected by post
Hoc Tukey test. Mann-Whitney U-tests or Wilcoxon tests were
used to compare non-normally distributed paired and unpaired
samples. Q-Q plots were used to check for the normality
assumption of a data set. P-values of < 0.05 < 0.01, or < 0.001
were considered to indicate significant, highly significant or
extremely significant statistically difference. All data represent
mean values + standard deviation (SD).

RESULTS

Transmigration Rates of Human B
Lymphocytes Across Human Choroid
Plexus Papilloma

Total CD19" B cells were immunomagnetically isolated from
blood samples of 60 healthy donors and immediately assessed in
TM assays. Spontaneous TM rates of unstimulated B cells across
HIBCPP were low, with only sporadic B cells detectable in the
bottom chamber [average 0.02 + 0.01% (migrated B cells of all B
cells)]. When various B-cell-specific chemokines were added
alone or in combination to the lower chamber, TM rates
multiplied by approximately 50-fold, with CXCL12 (1.03 +
0.30%, p < 0.001) and CXCL13 (1.12 + 0.36%, p < 0.001) being
most effective (Figure 2A).

Frontiers in Immunology | www.frontiersin.org

January 2021 | Volume 11 | Article 618544


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Haas et al.

B-Cell Trafficking Through the Choroid Plexus in MS

3% 1

2% A

1% A

% migrated B cells
°® ;b |}
Boe®P® €00 o ©
W ; H

8 |1
(¢}
> BEEro |:
o
@
D>
O%IoQ_GLd?OO

ok A
- - 7 A
9
g ° 3 .
o =z T 0 &
4 & £ = 3 ] a a a ] 2 S: Q Q
e & X X - -~ - -~ — -~ 0 [} [} (e}
S < < = = N N N N - - - 2
"o ) © © o (=] [ = [N - = [N
@ - a 23 ~ - N N w w
2 a Z a a a ‘m s
° S 2 2 2 2 a
& ) s H S 2 4
w o - o s S s
o I o > @
Q. Q. Q ] [03
o Qo
B
0,5% rhCCL19 1.0% rhCCL20 1,0% rhCCL21
< 0,4% s os% c 0B%
B ; o
T 03% E 0,6% T 06%
& 0 &
-E 0,2% 'E 0,4% E 0,4%
R 01% B 0,2% X 0,2%
0,0% 0,0% 0,0%
0 25 50 75 100 0 s 10 20 0 25 50 100
aCCL19 [ng/mI] «CCL20 [ug/ml] oCCL21 [ug/ml]

1,5% rhCXCL12 2,0% rhCXCL13
g 1,2% g 1,6%
E 0,9% B 1%
2 &
‘E 06% £ 8%
R 3% X 4%

0,0% 0,0%

0 6 12 18

0 37,5 75 150

aCXCL12 [ug/ml] ACXCL13 [ng/ml]

FIGURE 2 | Chemokine-induced transmigration of normal B cells across the HIBCPP monolayer. (A) TM rates of human total CD19* B cells obtained from 15
healthy donors in the absence and presence of B-cell stimuli and chemokines. When various B-cell-specific chemokines were added alone or in combination to the
lower chamber, TM rates multiplied by approximately 50-fold, with CXCL12 and CXCL13 being most effective. TM rates were further enhanced (approximately
1.5-fold) when B cells were activated with anti-CD40 & IgM during chemokine-triggered migration. All experiments were carried out in triplicates. Dots represent data
per individuals. Means are indicated (grey circles). Error bars denote SD. Asterices indicate statistical significances compared with spontaneous TM (**P < 0.001,
**P < 0.01; one-way ANOVA plus post Hoc Tukey test). Chemokine concentrations: CCL19 [500 ng/ml], CCL20 [100 ng/ml], CCL21 [120 ng/ml], CXCL12

[100 ng/ml], and CXCL13 [1 pg/ml]. “Mix” = all chemokines; “activated” = CD40 mAb

[6 pg/mi] & IgM [12.5 pg/ml]. (B) Blocking of chemotactic activities by

neutralizing mAbs. TM rates of CD40/IgM-stimulated B cells towards indicated chemokines in the presence of increasing concentrations of neutralizing mAbs.

All experiments were carried out in triplicates.

We next assessed the effect of B-cell activation on chemokine-
induced transmigration. In preliminary experiments, stimulation
of freshly isolated human B cells with anti-CD40/IgM turned out
to be the most effective mode to achieve fast B-cell activation
(data not shown). We therefore used this approach for additional
stimulation of B cells during chemokine-induced transmigration,

resulting in moderately enhanced TM rates (approximately 1.5-
fold) as shown in Figure 2A.

The specificity of the chemotactic effects mediated by each
chemoattractant was confirmed by blocking experiments using
different concentrations of neutralizing mAbs specific for each
chemokine (Figure 2B). As determined by TEER-measurement
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and by detection of the paracellular Dextran-flux, the barrier
integrity of the HIBCPP layer was not affected by B-cell
transmigration under different conditions tested here
(Supplementary Figure 3).

Migrated B Cells Predominantly Exhibit

a Class-Switched Memory Phenotype

Before and after TM against a mix of CXCL12 and CXCL13, B
lymphocytes—isolated from blood samples obtained from 25
HC —were phenotypically characterized by flow cytometry to
identify B-cell subtypes. Migrated cells were highly enriched in
CD27'IgD" class-switched memory B cells (CSM) (Figure 3A).
Accordingly, when calculating chemotactic indices (CI) for
each subset - defined as the ratio of percentages of the
distinct B-cell subsets in migrated B cells versus those in
original B cells - we found the highest chemotactic activities
for CSM B cells (CI: 2.95 + 0.56) (Figure 3B). CIs of the
remaining memory B-cell subsets (CD27'IgD" USM: 2.06 +
0.60; CD271gD” DNM: 1.47 + 0.75) also ranged >1, indicating
enhanced chemotaxis. In contrast, low CIs < 1 were calculated
for all naive subtypes (CD27IgD" naive: 0.40 + 0.13; CD27
IgD"CD38" TN: 0.27 + 0.15) (Figure 3B). Staining of
occasional transmigrated and non-transmigrated B-cell
preparations for receptors involved in immune cell trafficking
(CXCR4, CXCRS5, CCR6) and cell adhesion (LFA-1, VLA-4) (n =
10), revealed enhanced expression of CXCR4 [135 + 14 (mean
fluorescence intensity, MFI)] and CXCR5 [96 + 7 (MFI)] on
migrated CSM B cells when compared to cells that had not

migrated [CXCR4: 112 + 16 (MFI), p < 0.05; CXCR5: 81 + 7
(MFI), p < 0.05 (Figure 3C, Supplementary Figure 4)].

Chemotactic Activities Are More Potent

in Multiple Sclerosis- Versus Healthy
Control-Derived Class-Switched Memory
B Cells

We next compared transmigration rates of total CD19" B cells as
well as of CD19"CD27"IgD" class-switched memory B cells and
CD19"CD27" naive B cells isolated from blood samples of 18
untreated MS patients (n = 10 in acute relapse; n = 8 in clinical
remission) and 15 age- and sex-matched HC. Unstimulated
CD19" B cells from the two cohorts exhibited similarly low
spontaneous TM rates (HC: 0.02 + 0.01%; MS, relapse: 0.01 +
0.01%; MS, remission: 0.03 = 0.02% [migrated B cells as
proportion of all B cells]; non-significant with p > 0.05 each)
(Figure 4A). TM rates of total B cells activated by anti-CD40/
IgM and tested against a chemokine mix (CCL19, CCL20,
CCL21, CXCL12, CXCL13) were overall heightened but also
did not differ between patient-derived and donor-derived B cells
(HC 1.23 + 0.22%; MS, relapse: 1.15 + 0.36%; MS, remission: 1.25 +
0.39%; non-significant with p > 0.05 each) (Figure 4A). When
testing purified B cell subsets, however, CD27"IgD" class-
switched memory B cells (CSM) from MS patients displayed
more pronounced chemotactic activity than those from control
donors [HC: 2.89 £ 0.31 (chemotactic index, CI); MS, relapse:
3.30 + 0.28; MS, remission: 2.55 + 0.30; p < 0.05 each] (Figure
4B), while trafficking of CD27 IgD" naive B-cell subtypes across
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FIGURE 3 | Transmigration rates of B-cell subsets. B cells obtained from healthy donors (n = 25) were tested in TM assays against a mix of CXCL12 and CXCL13.
Migrated and non-migrated cells were then phenotypically characterized by flow cytometry. (A) Migrated cells were highly enriched for class-switched memory B
cells (CSM). (B) Superior chemotactic activity (Cl) of memory B-cell subsets (CSM, class-switched memory; USM, non-switched memory; DNM, double negative
memory) versus naive subtypes (TN, transitional). All experiments were carried out in triplicates. Dots represent data per individuals. Dots represent data per
individuals. Means are indicated (grey circles). Error bars denote SD. Asterices indicate statistical significances compared with spontaneous TM (***P < 0.001,

**P < 0.01; one-way ANOVA plus post Hoc Tukey test). (C) Surface expression of CXCR4, CXCR5, CCR6, VLA-4 and LFA-1 on migrated (mig, light blue) and non-
migrated (non-mig, light blue) CSM B cells obtained from healthy donors (n = 10) as determined by flow cytometry. (Isotype control = iso, in gray).
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FIGURE 4 | Transmigration of MS-derived B-cell subsets across HIBCPP cells. Chemotactic activities of CD19* total B cells, CD19*CD27"IgD™ class-switched
memory B cells (CSM), and CD19*CD277IgD* naive B cells isolated from peripheral blood of 15 healthy donors (HC) and 28 MS patients (untreated, in relapse:

n =10 (Rel); untreated, in remission: n = 8 (Rem); fingolimod-treated: n = 5 (FIN); natalizumab-treated: n = 5 (NAT)). (A) TM rates of total CD19" B cells derived from
treatment-naive MS patients were not altered compared with controls, but where significantly lower when obtained from NAT-treated patients. (B) Overall,
chemotactic indices (Cl) of CSM B cells were clearly higher than those of CD27 naive B cells. Cls where further enhanced for CSM B cells derived from non-treated
MS but were significantly lower when tested with CSM B cells obtained from NAT-treated individuals. All experiments were carried out in triplicates. Dots represent
data per individuals. Means are indicated (grey circles). Error bars denote SD. Asterices indicate statistical significances compared with spontaneous TM (*P < 0.05,

HIBCPP was unequivocally very low in both cohorts. Altogether,
TM rates did not differ significantly between B cells and B-cell
subsets obtained from MS patients with active disease or those in
clinical remission and were not correlated with patients Qg
(data not shown).

Altered Trafficking of Memory B Cells
Exposed to Disease-Modifying Treatment
Additional data were gained from five fingolimod-treated and
five natalizumab-treated MS patients. As expected and
previously described (21), B-cell distribution in these patients
showed characteristic changes and was reciprocally altered: while
fingolimod prompted a clear reduction circulating in memory B
cells, natalizumab provoked a significant expansion of these
subtypes (Supplementary Table 3). Notably, as depicted in an
independent cohort of patients switching from NAT to a
different immunomodulatory drug the very same CSM B cells
vanished from peripheral blood and became intraindividually
enriched in the CSF of those individuals who experienced a
relapse during the washout period (Supplementary Figure 5).
Trafficking of fingolimod-exposed total B cells [1.05 £ 0.30%
(migrated B cells as proportion of all B cells)] and CD27 IgD
CSM B cells [3.01 + 0.36 (chemotactic index, CI)] stimulated and
tested against the chemokine mix, trended to be lower than in
non-treated patients, although the difference did not attain
statistical significance (Figures 4A, B). In contrast, total B cells
from natalizumab-treated patients displayed lower B-cell
trafficking (0.73 + 0.28%) when compared to non-treated
patients with acute relapse (p < 0.05) or non-treated patients in

clinical remission (p < 0.05): Notably, the migratory capacity of
CSM B cells was even more downscaled [2.48 + 0.27 (CI), p <
0.05; Figures 4A, B].

Human B Cell Trafficking Across the
Choroid Plexus Epithelium Display Distinct
Gene Expression Profiles

To assess the gene expression profiles of B lymphocytes that
migrated through the choroid plexus epithelium, total CD19" B
cells obtained from ten MS patients with clinically active disease
and 15 normal donors were tested in TM assays against a mix of
CXCL12 and CXCL13. When comparing gene expressing
profiles of migrated with non-migrated B cells, we found
upregulation of several genes involved in both B-cell activation
and trafficking, as for example CD81, CD40L, CXCR4, and
CXCRS5 in both cohorts (Figures 5A, B and Supplementary
Table 4).

To extend the findings to the in vivo situation we additionally
compared gene expressing profiles of paired blood- and CSF-
derived total B cells in a subcohort of 10 MS patients with
clinically active disease. As a striking observation, very similar to
B cells migrating though HIBCPP cells, intrathecal B cells
predominantly displayed a CSM phenotype (Figure 5C) along
with upregulated CXCR4 and CXCR5 mRNA expression
confirming an active migratory state (Figures 5A, B and
Supplementary Table 4). Three samples (patients 3, 6, 18) of
CSF-derived B-cells were randomly checked by IgH-CD3-PCR
(29) and were found to be oligoclonal as depicted by 4-6
expanded B-cell clones respectively (Figure 5D).
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active disease as determined by PCR array. Green = low expression; red = high expression. (C) Comparison of B-cell gene signatures in vitro and in vivo: Bars
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through the HIBCPP layer as well as in CSF-derived B cells obtained from 10 MS patients with active disease (CSF-MS, yellow). Error bars denote SD. (D) Flow
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Human B Cells Use Both Para-

and Transcellular Diapedesis for
Transmigration Through the Choroid
Plexus Epithelium

Diapedesis routes of B cells through HIBCPP cells were analyzed
by both immunocytochemistry and TEM. Immunofluorescence
analysis revealed that activated B cells migrate via both the para-
and transcellular routes across HIBCPP cells. In Figure 6A, the
upper immunofluorescence image depicts a single B-cell (green,
white arrow) located in the intercellular space between several
HIBCPP cells (blue) and thus, uses a paracellular route to cross
the epithelium. The intercellular borders are visualized in the
actin staining (yellow arrowheads) and can be clearly seen above
the migrating B-cell (white arrows). The lower image maps a
single B-cell (green, white arrow) located inside a HIBCPP cell, at
a clear distance from the cell borders (yellow arrowheads),
reaching the CSF space by transcellular diapedesis. To confirm
and extend the immunocytochemistry data we performed TEM
analysis. Figure 6B top shows a single B-cell during paracellular
crossing of HIBCPP cells. Higher magnification shows the
migrating rear part of a B-cell, moving clearly intercellulary

between epithelial cells. Figure 6B bottom shows a single B-cell
trafficking via the transcellular pathway with the B-cell totally
surrounded by cytoplasm of the epithelial cell. Again, this
prototype cell is located inside an epithelial cell and migrates
at a clear distance from the cell border. Thus, B cells can migrate
via either the paracellular or the transcellular route through the
epithelial BCSFB.

DISCUSSION

The migratory pathways and trafficking mechanisms that allow
peripheral immune cells to enter the CSF across the choroid
plexus epithelium constituting the anatomical basis of the BCSFB
are incompletely understood (9, 30-32). The BSCFB, together
with the BBB and the BMB, tightly controls the influx of cells and
macromolecules into the CNS and, when dysfunctional, might
promote and sustain chronic inflammation such as occurs in MS,
a prototypical autoimmune disorder of the CNS. This may be
particularly true for B cells, which are virtually absent in normal
CSF, yet in patients with MS accumulate predominantly as CSM
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FIGURE 6 | Human B cells use both para- and transcellular diapedesis for transmigration through the choroid plexus epithelium. (A) Immunofluorescence analysis of
B-cell migration across HIBCPP cells. Diapedesis of total CD19* B cells obtained from healthy donors (n = 15) was analyzed using immunofluorescent staining. After
4 h TM against a mix of CXCL12- and 13 the filters for nuclei were stained with DAPI (shown here in blue) and actin skeleton with phalloidin (shown here in pink). B
lymphocytes (shown here in green) were labeled with Cell Trace™ Calcein green before starting the migration. Z-stack images were taken using an ApoTome (Zeiss)
and represented through display of a cross section through the z-plane of multiple slices in combination with a two-dimensional view from the top of the cell layer.
The polarized cells are oriented with the apical side pointing upwards or to the right and the basolateral side downwards or to the left. Localization of migrating B
cells in relation to the actin skeleton is indicated by yellow arrowheads. The upper immunofluorescence image depicts a single B cell (white arrow) located in the
intercellular space between several HIBCPP cells (blue) and thus, uses a paracellular route to cross the epithelium. The intercellular borders (yellow arrowheads) are
visualized in the actin staining and can be clearly seen above the migrating B cell (white arrow). The lower image maps a single B cell (white arrow) located inside a
HIBCPP cell, at a clear distance from the cell borders (yellow arrowheads), which is in favor of transcellular diapedesis. Images shown are representative examples of
multiple stainings taken from five independent experiments each performed in triplicate. (B) For deeper analysis of B-cell diapedesis across HIBCPP cells total CD19*
B cells obtained from healthy donors (n = 10) were analyzed using Transmission electron microscopy (TEM). After 4 h TM the filters were, therefore, fixed in 2.5%
glutaraldehyde, postfixed with 1% osmium tetroxide, cut into strips, dehydrated, and embedded in epoxy resin. 60 nm ultrathin sections were cut with an
ultramicrotome, contrasted with uranyl acetate/lead citrate, and analyzed with a TEM JEM140 equipped with a digital camera (TVIPS F420). Top: paracellular B-cell
migration across HIBCPP clearly seen by a continuous intercellular route indicated by arrows. Higher magnification shows the migrating rear part of a B cell, moving
clearly intercellulary between epithelial cells. Bottom: transcellular B-cell migration across HIBCPP. One B cell is located inside an epithelial cell and migrates at a
clear distance from the cell border. Scale bars: 3 um. PE, plexus epithelial cell; B, B lymphocyte nucleus; arrows, desmosomes; M, mitochondrium; MV, microvilli.
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phenotypes in the CSF compartment, as we and others have
shown previously (17-21). Since the role of the BSCFB in
governing migration of B cells into the CNS is thus far
undefined, we performed a detailed study to assess the
interaction between human B lymphocytes and the choroid
plexus epithelium and to define its impact on potentially
harmful B-cell responses in MS. For this purpose, we adapted
an in vitro model based on HIBCPP cells, that shows all
characteristic features of choroid plexus epithelium—the
morphological correlate of the BCSFB—including formation of
tight junctions, development of a high transepithelial electrical
resistance (TEER), expression of minor permeability for
macromolecules, apical/basolateral polarity, and expression of
characteristic transporter molecules (22, 32, 33). This model, in
the past, has been successfully applied to assess leukocyte
trafficking through the choroidal epithelium and to analyze
barrier alterations and specific immune responses during
diapedesis (23, 24, 34, 35).

We found that B cells barely traffic across HIBCPP cells
spontaneously and—as a prerequisite to acquisition of migratory
properties - require a B-cell-friendly environment provided by B-
cell-attracting or homeostatic chemokines and, in addition,
activation via the B-cell receptor to achieve the most efficient
diapedesis. Hence, migration through the BCSFB appears to
imply the presence of a preactivated B-cell state. This observation
is in line with the sparseness of this subset in normal CSF (17) and
also corroborates the view that in patients with acute MS relapses,
immune cells are activated in the periphery and subsequently cross
barriers to enter CNS compartments including the CSF (6, 7). Of
note, whereas B cells obtained from MS patients did not exhibit any
greater tendency overall to migrate across HIBCPP cells and did not
respond differently to chemotaxis, prestimulated and non-
stimulated memory B-cell subsets with a marked predominance
of isotope-switched phenotypes from both patients with active and
inactive disease displayed greater trafficking properties in response
to B-cell-specific chemokines than their counterparts from healthy
donors, suggesting that in MS antigen-experienced CSM B cells are
particularly endowed with more efficient trafficking skills through
the choroid plexus. In accordance with this assumption, patient-
derived B cells are polarized towards a proinflammatory phenotype
(20, 30, 36), and peripheral memory subsets appear to be redirected
to the intrathecal space, a process that conditions their local
conversion into antibody-secreting effector cells. Hence, as we
have shown in a previous study, relapsing and to a lesser extent
also stable MS coincide with a compartmentalized shift in B-cell
homeostasis consisting of contracted proportions of memory
phenotypes among total peripheral blood B cells along with a
reciprocal expansion of CSM B cells in intraindividual CSF
specimens (21). Importantly, such crossover changes in the CSF
were linked to intrathecal frequencies of effector plasma blasts/
plasma cells and intrathecal concentrations of CXCL13, the
homeostatic and B-cell-attracting cytokine that—in this study—
prompted the most abundant B-cell migration (37, 38). Of note,
prolonged disease modifying treatment with natalizumab—and to a
lesser, yet not significant degree with fingolimod—prompted
decreased B-cell trafficking across HIBCPP cells. Whole B cells

and purified CSM B cells from natalizumab-treated patients—
supposedly by blocking of VLA-4 expressed on the surface B cells
—moved through HIBCPP cells less efficiently versus those from
both fingolimod-exposed patients and normal donors. Migration
rates were similarly decreased when using total or separated CD27"*
B cells and hence, downscaled trafficking occurred independent
from drug-induced changes in B-cell homeostasis. Despite the
overall low number of drug-exposed patients assessed, these
results strengthen the role of the BSCFB in promoting B-cell
entry into the CNS and highlights the observation that B-cell
VLA-4 deficiency impedes susceptibility of CNS autoimmunity in
mice (39). The data are also in line with the notion that fingolimod
is less potent than natalizumab in keeping B cells sequestered from
the CSF (37, 38). Altogether, these findings indirectly support the
concept that B-cell diapedesis at the choroid plexus epithelium is
mainly promoted by the interplay of circulating CSM B cells in the
periphery and the B-cell-friendly milieu in the CSF. Accordingly,
when comparing migrated with non-migrated B cells on a
transcriptional level, we found enhanced expression of several
genes involved in B-cell activation and trafficking corroborating
the fact that preferentially B cells with higher activation status and
upregulated chemokine receptors are able to penetrate the BLS. Of
note, intrathecal B cells from treatment-naive MS patients with
clinically active disease, displayed an almost similar migratory
phenotype as depicted by co-expression of CD27 and
upregulation of CXCR4 and CXCR5 genes, thus strengthening
the fundamental interplay between CSM memory phenotypes and
the CXCL-12/-13 axis for B-cell penetration through the BCSFB.
Notably, the tremendous clinical importance of such “migratory” B
cells is strongly underlined by our finding in a restricted number of
patients, that CD27" isotype switched B cell phenotypes change
compartments, i.e. disappear in blood and accumulate intrathecally,
when MS activity recurs after withdrawal from NAT therapy, thus
qualifying this subset as an attractive biomarker of upcoming MS
reactivation. The harmful role of CSM-B cells is further supported
by the preliminary observation that their frequencies in CSF
correlate with MS disease activity and disability (unpublished
finding), How B cells attracted by intrathecal chemokines CXCL-
12 and -13 achieve diapedesis across the BSCFB is incompletely
understood. Whether B cells reside directly in the human and
murine inner stroma of the naive choroid plexus, as reported for T
cells (8, 40), remains to be determined. However, similar to other
immune cells, B cells are not restricted from leaving the non-tight-
junction-connected choroidal microvessels and, in addition, as
shown here for migratory B cells express leukocyte-function-
associated antigen 1 (LFA-1), the ligand of ICAM-1 as well as
VLA-4, the ligand of VCAM-1 and fibronectin. These constituents
are required for immune cell trafficking and in part have been found
to assist B cells in migrating through human brain-derived
endothelial cells modelling the BBB (41). The relevance of the
VLA-4/VCAM-1 axis for B-cell trafficking into the CSF is further
underlined by the reduced trafficking capacities across the choroid
plexus displayed by B cells obtained from MS patients exposed to
the VLA-4 blocking agent natalizumab as shown in this study and
the overall efficiency of natalizumab in the treatment of MS (38,
39). The reduced expression of the tight junction protein claudin-3
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FIGURE 7 | Human B-cell migration through the blood-CSF-barrier in health and during active MS. B lymphocytes can easily pass the fenestrated blood vessels within the
choroid plexus parenchyma but rarely enter the CSF due to the barrier properties of CP epithelial cells. During active MS the choroid plexus epithelium becomes permeable for
pre-activated, CXCR4- and CXCR5 expressing antigen-experienced class-switched memory B cells (CSM). The transmigration of CSM B cells into the CSF is mediated by
high intrathecal concentrations of B-cell specific chemokines CXCL12- and -13 and occurs both by transcellular and paracellular diapedesis.

as denoted histopathologically in choroid plexus epithelial cells
from MS patients might further facilitate the entry of B cells and
other immune cells across the interface (42). Detailed assessment of
trafficking routes by immunocytochemistry and TEM revealed that
B-cell migration from the blood can occur by either paracellular or
transcellular diapedesis of HIBCPP cells in the presence of an intact
barrier function as assessed by paracellular permeability and
transepithelial electrical resistance. The use of both pathways
appears to be a universal feature of leukocytes: in the same BCSFB
model, polymorphonuclear neutrophils, monocytes, and T-cells also
simultaneously travel towards the apical border of HIBCPP cells by
crossing either between or directly across epithelial cells without
evidence of barrier dysfunction (24, 35). Moreover, transepithelial
migration of leukocytes appears to be mechanistically shared
between the BCSFB and the BBB, where moving immune cells
also overcome the tight junction-sealed endothelium by both
paracellular and transcellular transit (43).

CONCLUSIONS

Taken together, these data suggest a model whereby
abnormalities in the immunologic milieu surrounding the
choroid plexus epithelium on both the basal and apical cell
borders in the context of chronic neuroinflammation are likely to

amplify the permissiveness of the choroid plexus for B-cell entry
in vivo and imply that the BSCFB substantially accounts for the
selective enrichment of potentially harmful CSM B cells in the
CSF of MS patients (Figure 7). Moreover, this gate might—in
addition to facilitate aberrant B-cell accumulation in the CSF
and CNS of MS patients—at least in part, contribute to the
bidirectional cell exchange that has been postulated to explain
why, in MS, the same clonally expanded B cells can be found
within different CNS compartments (31, 44). Counteracting such
dialog is therapeutically highly relevant, the more so as a central
role of memory B cells in MS pathophysiology is supported by
the fact that many disease-modifying drugs, including
alemtuzumab, rituximab, fingolimod, and natalizumab, destroy
or functionally deplete memory B-cell activity, while atacicept—
an antagonist to B-cell-activating factor (BAFF) and A-
proliferation-inducing ligand (APRIL) and or infliximab—an
antagonist to TNF-alpha—which both stimulate memory B
cells, were shown to worsen the disease (45).
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