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Abstract 

Background:  Bacterial meningitis is a life-threatening disease that occurs when pathogens such as Neisseria menin-
gitidis cross the meningeal blood cerebrospinal fluid barrier (mBCSFB) and infect the meninges. Due to the human-
specific nature of N. meningitidis, previous research investigating this complex host–pathogen interaction has mostly 
been done in vitro using immortalized brain endothelial cells (BECs) alone, which often do not retain relevant barrier 
properties in culture. Here, we developed physiologically relevant mBCSFB models using BECs in co-culture with 
leptomeningeal cells (LMCs) to examine N. meningitidis interaction.

Methods:  We used BEC-like cells derived from induced pluripotent stem cells (iBECs) or hCMEC/D3 cells in co-culture 
with LMCs derived from tumor biopsies. We employed TEM and structured illumination microscopy to characterize 
the models as well as bacterial interaction. We measured TEER and sodium fluorescein (NaF) permeability to deter‑
mine barrier tightness and integrity. We then analyzed bacterial adherence and penetration of the cell barrier and 
examined changes in host gene expression of tight junctions as well as chemokines and cytokines in response to 
infection.

Results:  Both cell types remained distinct in co-culture and iBECs showed characteristic expression of BEC mark‑
ers including tight junction proteins and endothelial markers. iBEC barrier function as determined by TEER and NaF 
permeability was improved by LMC co-culture and remained stable for seven days. BEC response to N. meningitidis 
infection was not affected by LMC co-culture. We detected considerable amounts of BEC-adherent meningococci 
and a relatively small number of intracellular bacteria. Interestingly, we discovered bacteria traversing the BEC-LMC 
barrier within the first 24 h post-infection, when barrier integrity was still high, suggesting a transcellular route for N. 
meningitidis into the CNS. Finally, we observed deterioration of barrier properties including loss of TEER and reduced 
expression of cell-junction components at late time points of infection.

Conclusions:  Here, we report, for the first time, on co-culture of human iPSC derived BECs or hCMEC/D3 with menin‑
gioma derived LMCs and find that LMC co-culture improves barrier properties of iBECs. These novel models allow for a 
better understanding of N. meningitidis interaction at the mBCSFB in a physiologically relevant setting.
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Background
Bacterial meningitis is a devastating disease defined by 
meningeal inflammation in response to bacterial infec-
tion [1, 2]. Despite vaccination efforts, the human-spe-
cific, Gram-negative bacterium Neisseria meningitidis 
(Nm, meningococcus) remains one of the leading causes 
of bacterial meningitis worldwide [3–5]. The pathogen 
asymptomatically colonizes the nasopharynx of up to 
35% of the healthy population, depending on age and 
other risk factors [6]. N. meningitidis can cross the epi-
thelial nasopharyngeal barrier, disseminate systemically 
via the bloodstream, and cause invasive meningococ-
cal disease (IMD), such as septicemia and/or meningitis 
[7]. Although treatable with modern antibiotic therapy, 
systemic meningococcal infection is still associated with 
neurological sequalae and mortality [1, 2].

A critical step in the pathogenesis of meningococ-
cal meningitis is the traversal of the meningeal blood-
cerebrospinal fluid barrier (mBCFSB) and subsequent 
interaction with leptomeningeal cells (LMCs) [8, 9]. 
Blood-central nervous system (CNS) barriers such as the 
blood–brain barrier (BBB) and the mBCSFB are com-
prised of highly specialized brain endothelial cells (BECs) 
that maintain CNS homeostasis by facilitating transport 
of nutrients and restricting passage of toxins, drugs, and 
pathogens [1]. One of the major phenotypes unique to 
BECs compared to peripheral ECs is the presence of com-
plex adherens and tight junctions that minimize space 
between adjacent cellular membranes and prevent para-
cellular passing of material into the CNS [10, 11]. BECs 
of the mBCSFB make up blood vessels that run through 
CSF-filled spaces between the meninges, for instance 
the subarachnoid space [8, 9, 12]. In contrast to the BBB 
where BECs are surrounded by cells of the neurovascu-
lar unit, namely astrocytes and pericytes [10, 11], BECs of 
the mBCSFB are surrounded by and enclosed in sheets of 
LMCs that make up the arachnoid and the pia mater [8].

N. meningitidis interaction with BECs has primar-
ily been evaluated using immortalized ECs and BECs 
in  vitro due to the human-specific nature of the patho-
gen (reviewed in [13]). Previous studies have identified 
several virulence factors important for adherence to and 
invasion of BECs such as type-IV pili (Tfp), the opac-
ity proteins OpcA and Opa as well as a series of minor 
adhesion or adhesion-like proteins (e.g. adhesin complex 
protein, Neisserial adhesin A, Neisseria hia homologue A 
protein or the autotransporter meningococcal serine pro-
tease A). Furthermore, corresponding binding host-cell 
receptors such as CD147 and α5β1/αvβ3 integrins were 
discovered [14–22]. Effects on signaling pathways and 
rearrangement of cytoskeletal as well as cell-membrane 
and junction components in BECs have been described 

in detail after infection of these cells with N. meningitidis 
[14–16, 18, 23–28].

Finally, two major routes for meningococcal traversal 
of the BEC barrier have been proposed, the first being 
an intra- or transcellular pathway resulting from tight 
interaction of bacterial adhesins/ invasins and cellular 
receptors as well as vesicular uptake after formation of 
microvillus-like structures around the bacteria [17, 18, 
27, 29–32]. Inter- or paracellular crossing by N. menin-
gitidis has been suggested by several studies reporting 
that barrier integrity is compromised under bacterial 
infection due to rearrangement, degradation, or down-
regulation of cell-junction components [15, 25, 28, 33].

Relatively little is known about the subsequent menin-
gococcal traversal of the LMC sheet enclosing the vessel 
endothelium and N. meningitidis interaction with LMCs 
of the arachnoid and pia mater. Previous studies have 
identified bacterial factors that contribute to N. menin-
gitidis-LMC interaction such as Tfp and have character-
ized the inflammatory response of LMCs to infection 
[34–37]. In these studies, LMCs derived from meningi-
omas were used, which have been validated for infection 
studies with N. meningitidis and other bacterial patho-
gens of the CNS [8, 34–39].

Up to this point, studies of N. meningitidis interaction 
at the mBCSFB have primarily utilized monocultures 
of immortalized BECs, which do not retain critical BBB 
phenotypes such as high barrier tightness [11, 40, 41]. 
Although some studies show that co-culture with other 
cell types of the CNS was able to improve barrier pheno-
type, defining measurables such as transendothelial elec-
trical resistance (TEER) remained relatively low [11, 40, 
41]. The immortalized microvascular endothelial cell line 
hCMEC/D3 is a robust and widely utilized in vitro model 
to study N. meningitidis-BEC interaction, although can 
lack some key BEC phenotypes [14–16, 42, 43].

Recent advances in stem-cell technologies have gener-
ated model BEC-like cells derived from human induced 
pluripotent stem cells (iPSCs) that better reflect the bar-
rier phenotype of BECs [11, 44, 45]. iPSC derived BECs 
(iBECs) show characteristic expression of BBB markers 
such as adherens and tight junction components, exhibit 
high TEER and respond to co-culture with other cell 
types of the CNS [11, 40, 44–49]. Recently, iBEC mono-
culture models have been validated for infection studies 
with meningeal pathogens such as Streptococcus aga-
lactiae (group B streptococcus) [50–52], and we have 
begun to use iBECs monoculture models to study their 
interaction with N. meningitidis [33, 46]. Additionally, 
this model has also been utilized to examine viral patho-
gens with neurotropism [53, 54]. However, to our knowl-
edge, effects of co-culture with other CNS cell types on 



Page 3 of 18Endres et al. Fluids and Barriers of the CNS           (2022) 19:81 	

host–pathogen interaction at the mBCSFB has not yet 
been evaluated.

Here, we report on the development of a physiologi-
cally relevant in vitro model of the human mBCSFB using 
BECs derived from induced pluripotent stem cells in co-
culture with meningioma-derived LMCs to examine N. 
meningitidis interaction. In parallel, we developed BEC-
LMC co-culture models using the established infection 
model cell line hCMEC/D3 for reference.

Methods
Cell culture
Human induced pluripotent stem cell (iPSC) line 
IMR90-4 (WiCell) was maintained on Matrigel (Corn-
ing) coated 6-well plates (Sarstedt) in StemFlex medium 
(Gibco), passaging twice a week and changing medium 
daily as previously described [33, 44–46, 48]. Menin-
gioma cells of the meningothelial histological subtype 
were derived from tumor biopsies and characterized as 
previously described [36]. Meningioma cells were grown 
in DMEM + GlutaMAX (Gibco) with 10% FCS (Gibco) 
and 1% Pen/Strep (Gibco) and passaged twice a week 
with a seeding density of 4 × 103 cells/cm2. The cells 
were expanded and used for experiments up to passage 
10 or until showing signs of senescence. hCMEC/D3 
cells (Sigma, SCC066) were cultured in EndoGRO-MV 
Complete Culture Media (Sigma) splitting as needed. 
hCMEC/D3 and meningioma cells were grown on 30 µg/
ml collagen 1 (rat tail, Gibco) coated tissue culture flasks.

Generation of brain endothelial‑like cells from iPSCs
iPSC-derived brain microvascular endothelial-like cells 
(iBECs) were differentiated as previously described 
[33, 44–46, 48]. Briefly, iPSCs were seeded from a sin-
gle cell suspension onto Matrigel coated cell culture 
flasks (Sarstedt) at a density of 1 × 104 cells/cm2 and 
expanded in StemFlex medium for 3  days with daily 
medium changes. Following iPSC expansion, the cells 
were differentiated in unconditioned medium [UM; 
DMEM/F-12 (Gibco), 20% Knockout serum replace-
ment (Gibco), 1% minimal essential medium-nones-
sential amino acids (Gibco), 0.5% GlutaMAX (Gibco), 
and 0.07% beta-mercaptoethanol (Sigma)] for 6  days, 
changing medium daily. After 6  days, the medium was 
changed to basic EC medium [human endothelial cell 
serum-free media (Gibco) and 1% platelet-poor plasma 
derived serum (Fisher) or 1% B-27 supplement (Gibco)], 
supplemented with 20 ng/ml basic fibroblast growth fac-
tor (bFGF, ReproTech), and 10 μM all trans-retinoic acid 
(RA, Sigma), for 2 days. Finally, the differentiated iBECs 
were purified onto collagen IV (Sigma) and Fibronectin 
(Sigma) coated plates and transwells inserts (Corning; 
Greiner). Basic fibroblast growth factor and retinoic acid 

were removed one day after iBEC purification. Quality 
of differentiated iBECs was assessed via TEER measure-
ments and immunofluorescence staining of characteristic 
BEC markers.

Co‑culture of BECs and leptomeningeal cells
On day 8 of iBEC differentiation, meningioma cells were 
seeded at a density of 3.6 × 104 cells/cm2 on the underside 
of transwell inserts [0.4  µm inserts (Corning), or 3  µm 
inserts (Greiner)] coated with collagen IV and fibronec-
tin on top, and 150 µg/ml collagen 1 (rat tail, Gibco) on 
the bottom (direct co-culture). For indirect co-culture, 
2.2 × 104 cells/cm2 were seeded onto collagen 1-coated 
cell culture plates, to which collagen IV and fibronectin-
coated transwell inserts were added later. After 4  h of 
incubation at 37  °C and 5% CO2, transwell inserts were 
flipped into the designated wells and iBECs were purified 
on top of the transwell membrane, seeding differentiated 
cells at a density of approximately 9 × 105 cells/cm2 onto 
the collagen IV and fibronectin matrix. Co-cultures were 
cultivated in EC medium with Pen/Strep for 1 day, before 
changing media to basic EC medium without bFGF and 
RA. Experiments were conducted on day 2 of co-culture 
(i.e., day 10 of the iBEC differentiation protocol). For 
co-culture of hCMEC/D3 cells and meningioma cells, 
transwell inserts were coated entirely with 150 µg/ml col-
lagen 1. Meningioma cells were seeded as described for 
the iBEC model. After 4 h, hCMEC/D3 cells were seeded 
on top of the membrane at a density of 9 × 104 cells/
cm2. Co-cultures were cultivated for 3 days in EndoGRO 
medium before performing experiments.

Bacterial strains
Neisseria meningitidis serogroup B strain MC58—
sequence type (ST)-74 [ST-32 clonal complex (cc)], 
kindly provided by E. R. Moxon [55]—was used in this 
study. Meningococci were grown on Columbia agar 
with 5% sheep blood (bioMérieux) at 37 °C and 5% CO2 
overnight. The following day, bacteria were subcultured 
in liquid proteose peptone medium (PPM)—reshly sup-
plemented with 1% Kellogg’s supplement, 10 nM MgCL2 
and 10 nM NaHCO3 (ROTH)—at 37 °C and 200 rpm for 
60 to 90 min.

Infection assays
One day before conducting infection experiments, antibi-
otics were removed from the cellular co-culture medium 
by washing twice with Dulbecco’s phosphate-buffered 
saline (DPBS, Gibco). Medium was changed once on 
the day of infection, at least 1 h before adding bacteria. 
Bacterial infection of cells was prepared as described 
previously [33, 46, 56]. Bacteria grown in liquid subcul-
ture were spun down, washed in DPBS, and diluted in 
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cell culture medium prior to infection. A multiplicity of 
infection (MOI) of 10 was used unless specifically noted 
otherwise.

Gentamicin protection assay
Bacterial adherence and invasion of the model endothe-
lial cell layer was evaluated using gentamicin protection 
assays. BEC layers were infected with N. meningitidis 
strain MC58 for 2 h or 8 h using an MOI of 100, which 
is within the range of MOIs used in previously published 
studies to investigate the interaction of the pathogen with 
BECs [15, 16, 24, 32, 57]. For enumeration of intracellular 
CFU per monolayer at the indicated times post-infection, 
cells were washed once with DPBS and incubated in cell 
culture medium with 200 µg/ml Gentamicin (Biochrom) 
for an additional 2 h. To evaluate the total number of cell-
associated bacteria, samples were processed immediately 
at the indicated time points. Briefly, the cells were dis-
sociated and lysed with 0.05% Trypsin–EDTA (Gibco) at 
37  °C for 5 min and 1% saponin (SERVA) for 15 min at 
room temperature (RT). Samples were plated in a dilu-
tion series and numbers of bacteria were calculated from 
CFU counts of countable dilutions. Data are presented as 
total CFU recovered/monolayer.

Transmigration assay
Rate of bacterial transmigration was determined by enu-
meration of CFU that had migrated from the apical to the 
basolateral compartment of the models within an hour 
after each indicated time point, using similar methodol-
ogy as described previously [33]. Transwell inserts with 
a 3  µm pore size (Greiner) were used to ensure menin-
gococci could pass through the membrane. Inserts were 
washed twice in PBS and transferred to fresh medium, 
only replacing the medium on the bottom. After 1  h of 
incubation at 37 °C and 5% CO2, samples from the baso-
lateral medium were plated in a dilution series to deter-
mine bacterial loads.

TEER and permeability experiments
Barrier tightness was assessed via transendothelial elec-
trical resistance (TEER) using a volt-ohm meter (Millicell 
ERS-2, Merck) and sodium fluorescein (NaF) permeabil-
ity measurements as described previously [48]. Briefly, 
medium on top of the transwell inserts was replaced 
with 10  µM NaF (Sigma) and samples were taken from 
the basolateral medium every 15 min for 1 h. At the final 
time point, an additional sample was collected from the 
top compartment, all samples were analyzed in a fluo-
rescence plate reader (Tecan), and NaF permeability (Pe) 
was calculated as described previously [48].

Immunofluorescence
Immunofluorescence staining of co-culture models was 
adapted from previously described protocols for iBEC 
and LMC staining [36, 46, 48]. Cells on transwell inserts 
were fixed in ice-cold methanol for 15 min, washed with 
DPBS, and incubated in 10% FCS for 1 h at RT. For detec-
tion of epithelial membrane antigen (EMA/Mucin 1) and 
E-Cadherin, cells were fixed in 4% paraformaldehyde and 
blocked with 10% FCS containing 0.1% saponin. Tran-
swell membranes were cut out using a scalpel and trans-
ferred to wells of a cell culture plate for primary antibody 
staining at 4  °C overnight (Table  1). The following day, 
samples were washed in DPBS and secondary staining 
was conducted for 1 h at RT using Alexa Fluor 488 goat 
anti-mouse (Invitrogen, ref. A11001), and Alexa Fluor 
555 donkey anti-rabbit (Invitrogen, ref. A31572) antibod-
ies at a dilution of 1:200 in 10% FCS. After final washing 
steps and DAPI staining (Invitrogen, ref. D1306; 1:5000 
in DPBS), membranes were mounted on glass slides 
(mounting medium: Fluoroshield, Sigma) and cellular 
staining was visualized on an Eclipse Ti2 confocal micro-
scope (Nikon). Image acquisition and analysis was per-
formed using NIS Elements image software version 5.02 
(Nikon). Junction coverage was determined for occludin 
expression using the JAnaP junction analyzer program 
[58].

Super resolution microscopy
After 24  h of infection with GFP-expressing wildtype 
strain MC58 [26], iBEC-LMC as well as hCMEC/
D3-LMC in  vitro co-culture models were washed once 
in DPBS, permeabilized in cytoskeleton buffer (10  mM 
MES, 150  mM NaCl, 5  mM EGTA, 5  mM glucose, and 
5  mM MgCl2 adjusted to pH 6.11) with 0.25% glutaral-
dehyde (Sigma) and 0.25% Triton X-100 (ROTH) for 

Table 1  Primary antibodies used for immunofluorescence

a Stebbins et at. 2016 [48]
b Kim et al. 2017 [50]

Target antigen Dilution Species and clonal 
information

Vendor

CD31 1:200 Rb, polyclonal, ref. ab32457 Abcam

VE-Cadherina 1:25 Ms, clone BV9 Santa Cruz

ZO-1b 1:100 Ms, clone ZO1-1A12 Invitrogen

Occludina 1:200 Ms, clone OC-3F10 Invitrogen

Claudin-5a 1:50 Ms, clone 4C3C2 Invitrogen

Vimentin 1:100 Ms, clone V9 Invitrogen

Desmoplakin I/II 1:50 Ms, clone A-1 Santa Cruz

EMA (Mucin 1) 1:25 Ms, clone VU4H5 Santa Cruz

E-Cadherin 1:100 Ms, clone G-10 Santa Cruz

Laminin 1:50 Rb, polyclonal, ref. PA1-16730 Invitrogen



Page 5 of 18Endres et al. Fluids and Barriers of the CNS           (2022) 19:81 	

1–2  min at 37  °C, and fixed in cytoskeleton buffer with 
2% glutaraldehyde for 10  min at RT. Samples were 
washed twice and quenched in 0.1% sodium borohydride 
(Sigma) in PBS for 7 min at RT. Following a third wash-
ing step, transwell membranes were cut out and stained 
with 5 U/ml phalloidin-Alexa Fluor 543 (Invitrogen, ref. 
A22283) or 100  nM phalloidin-ATTO 643 (ATTO-Tec, 
ref. AD643-81) overnight at 4  °C. The next day, samples 
were stained with DAPI (Invitrogen, ref. D1306; 1:5000 
in DPBS) and washed in ddH2O. Transwell membranes 
were cut into two halves and mounted in ProLong™ Glass 
Antifade Mountant (TermoFisher) on clean high pre-
cision coverglass slides (BRAND) one half of the mem-
brane with the endothelial cell side facing the coverslip 
the other with the meningeal cell side facing the cover-
slip. Mounted samples were cured at RT overnight, then 
stored at 4 °C.

Structured illumination microscopy (SIM) was per-
formed on a Zeiss Elyra 7 with Lattice SIM2 using either 
a 40x (Plan-Apochromat 40x/1.4 Oil DIC M27) or a 63x 
(Plan-Apochromat 63x/1.4 Oil DIC M27) oil immersion 
objective and four different excitation lasers (405  nm 
diode, 488 nm OPSL, 561 nm OPSL, and 642 nm diode 
laser). Z-stacks of endothelial or meningeal cell layers 
were captured in 3D Leap mode with optimal z-steps, 
controlled by a piezo stage, using appropriate band-
pass and long-pass filters sets. SIM imaging was per-
formed with 9 or 13 phase-shifts of the lattice SIM 
pattern. Reconstruction of the super-resolved images 
was performed using ZEN 3.0 SR FP2 (black) (Version 
16.0.10.306; Zeiss) with SIM and SIM2 processing mod-
ules. Final images were processed using Imaris 9.2.1. 
(Bitplane).

Transmission electron microscopy
Samples were prepared for transmission electron micros-
copy (TEM) at the indicated time points post-infection. 
Transwell membranes were washed in DPBS and fixed 
in 2.5% glutaraldehyde (Sigma) for 1  h at RT, washed 
three times in 50  mM cacodylate buffer (Roth), cut out 
using a scalpel and transferred to a glass vial containing 
cacodylate buffer for further processing. Samples were 
processed for EM as previously published [59], with the 
following modification: samples were infiltrated and 
embedded in Durcupan (Sigma). Electron micrographs 
were recorded on a JEM-1400Flash transmission electron 
microscope (JEOL) equipped with a Matataki camera 
system.

RNA extraction and quantitative PCR
After the indicated time of incubation with bacteria, cells 
from transwell models were collected using Accutase 
(Sigma) dissociation for 15  min (iBEC) or 5–7  min 

(hCMEC/D3). Uninfected cells were used as control. Cell 
lysis and RNA purification was performed using a Nucle-
oSpin RNA kit (Machery-Nagel). cDNA was generated 
using LunaScript RT (New England BioLabs). Quanti-
tative PCR (qPCR) was conducted on a StepOnePlus 
real-time PCR thermocycler (Applied Biosystems) using 
PowerUp SYBR Green master mix (Applied Biosystems). 
Primer sequences are supplied in Table 2. Primers were 
validated by primer efficiency analysis and agarose gel 
electrophoresis of the qPCR product. qPCR data are pre-
sented as fold change over 18S using the cycle threshold 
(ΔΔCt) calculation [60].

SNAI1 knockdown experiment
hCMEC/D3 cells were transfected with siRNA using 
TransIT-siQUEST® Transfection Reagent (Mirus) 
according to manufacturers instructions. hCMEC/D3 
were seeded at a density of 2 × 105 cells/well onto a 
24-well plate on the day prior to transfection. SNAI1 
siRNA (Santa Cruz) or scrambled, FITC conjugated 
siRNA (Santa Cruz) was added at a final concentration 
of 50 nM to a mix of EndoGRO basal medium (50 µl/
well) and TransIT-siQUEST® transfection reagent 
(1.5  µl/well) and incubated for 30  min at RT before 
transfection. After 24  h of transfection, the medium 
was changed, and the cell layers were infected with 
Neisseria meningitidis serogroup B strain MC58 at an 
MOI of 10 for 24 h. Finally, cell lysates were collected 

Table 2  Primers used for qPCR

a Rho et al. 2010 [61]
b Han et al. 2011 [62]
c Kim et al. 2019 [51]
d van Sorge et al. 2008 [63]

Gene Forward sequence Reverse sequence

18S rRNAa GTA​ACC​CGT​TGA​ACC​CCA​TT CCA​TCC​AAT​CGG​TAG​TAG​CG

PECAM1 AAG​TGG​AGT​CCA​GCC​GCA​
TATC​

ATG​GAG​CAG​GAC​AGG​TTC​
AGTC​

CDH5 AAG​GAC​ATA​ACA​CCA​CGA​
AACG​

CAA​ACT​GCC​CAT​ACT​TGA​
CTGTG​

TJP1 GTC​CAG​AAT​CTC​GGA​AAA​
GTGCC​

CTT​TCA​GCG​CAC​CAT​ACC​AACC​

OCLN ATG​GCA​AAG​TGA​ATG​ACA​
AGCGG​

CTG​TAA​CGA​GGC​TGC​CTG​
AAGT​

CLDN5 CTC​TGC​TGG​TTC​GCC​AAC​AT CAG​CTC​GTA​CTT​CTG​CGA​CA

SNAI1b GGA​CCC​ACA​CTG​GCG​AGA​
AG

ATT​CGG​GAG​AAG​GTC​CGA​GC

CXCL8c AGC​TCT​GTG​TGA​AGG​TGC​AG AAT​TTC​TGT​GTT​GGC​GCA​GT

CXCL1d CTC​TTC​CGC​TCC​TCT​CAC​AG GGG​GAC​TTC​ACG​TTC​ACA​CT

CXCL2d CTC​AAG​AAT​GGG​CAG​AAA​GC AAA​CAC​ATT​AGG​CGC​AAT​CC

IL6d GGA​GAC​TTG​CCT​GGT​GAA​AA CAG​GGG​TGG​TTA​TTG​CAT​CT

CCL20d GCG​CAA​ATC​CAA​AAC​AGA​CT CAA​GTC​CAG​TGA​GGC​ACA​AA
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for qPCR analysis. To assess cell viability, whole cells 
were collected, washed in PBS, and stained with 1 mg/
ml Propidium iodide (PI) for 10  min before flow 
cytometry analysis. Non-transfected cells treated with 
or without 2.5% Triton-X during PI staining were used 
as controls.

IL‑8 ELISA
After the indicated time of incubation with bacteria, 
supernatants were collected from the transwell models 
and used for detection of IL-8 using the Human IL-8 
ELISA Set (BD Biosciences) and following the manu-
facturers instructions. Briefly, 96-well plates (clear, 
flat bottom) were coated with capture antibody (1:250 
in 0.1 M sodium carbonate, pH 9.5) at 4  °C o/n. After 
blocking with 10% FCS for 1  h at RT, samples and 
standard were diluted appropriately in 10% FCS and 
added to the plate in technical duplicate. After 2  h 
of incubation at RT in the sealed plate, a 1:1 mix of 
detection antibody and Streptavidin–horseradish per-
oxidase conjugate (both 1:250 in 10% FCS) was added 
for 1  h at RT. Between all mentioned steps, multiple 
washes were performed using 0.05% Tween in PBS. 
Finally, the wells were incubated with tetramethylb-
enzidine and hydrogen peroxide (Thermo Fisher) at 
a 1:1 ratio for 15–30  min at RT, before the reaction 
was stopped with 2  N H2SO4. Wavelength corrected 
absorbance (450 nm–570 nm) was measured using an 
absorbance plate reader (Tecan) and protein concen-
trations were calculated using a standard curve.

Statistics
GraphPad Prism version 6.01 (GraphPad Software Inc.) 
was used for all statistical analysis. 2-tailed Student’s t 
test was used for pairwise comparison, where appropri-
ate. Analysis of variance (ANOVA) followed by Dunnett’s 
multiple comparisons test was used for multiple compar-
isons. Statistical significance was accepted at a P value of 
less than 0.05.

Results
Development and characterization of mBCSFB co‑culture 
models
Brain endothelial-like cells (iBECs) were differenti-
ated from iPSC line IMR90-4 according to previously 
describe protocols [44–46, 48] and co-cultured with 
model leptomeningeal cells, derived from meningioma 
[36], (LMCs) for two days immediately upon purification 
(Fig. 1). The co-culture models were characterized using 
transmission electron microscopy (TEM) and confocal 
immunofluorescence imaging. At the optimized seeding 
densities, TEM and imaging of semithin cross-sections 
revealed morphologically distinct monolayers of iBECs 
and LMCs on either side of the transwell membrane 
(Fig. 2a). Using TEM, we observed various electron dense 
regions between adjacent cells of the dense iBEC mon-
olayer, most likely representing cellular junctions includ-
ing tight junctions, adherens junctions, and desmosomes 
(Fig. 2a). The much larger LMCs on the basolateral side 
displayed a spread morphology with long cellular pro-
cesses extending out to other cells, and cytosolic compo-
nents including Golgi, endoplasmic reticulum, vesicles, 

Fig. 1  Schematic representation of iPSC-derived brain endothelial-like cell (iBEC) differentiation and co-culture with leptomeningeal cells (LMCs). 
iBEC differentiation as previously described [44–46, 48]. On day 8, LMC are seeded on the underside of transwells or on standard tissue culture 
plates. After 4 h of incubation, iBECs are purified onto the apical side of the transwells. Co-cultures were cultivated in EC medium with Pen/Strep 
for 1 day, before removal of factors added to the basal EC medium. Experiments were conducted on day 10 of differentiation (day 2 of co-culture). 
Figure created with BioRender.com
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lamellar bodies, and mitochondria could be visualized 
via TEM (Fig. 2a). Immunofluorescence staining showed 
characteristic expression of brain endothelial mark-
ers such as CD31, VE-cadherin, and tight junction pro-
teins ZO-1, occludin, and claudin-5 at the cell junctions 
within the iBEC layer (Fig. 2b). These markers were not 
observed in the LMC layer apart from a distinct expres-
sion of ZO-1 (Fig.  2b; Additional file  1: Video S1). The 
meningioma derived cells of the meningothelial subtype 
retained their characteristic morphology and expression 
of histopathological markers vimentin, desmoplakin, 
and epithelial membrane antigen (EMA) in co-culture 
(Fig.  2b). Despite immunopositivity for E-Cadherin, 
which is reported to be expressed in arachnoid barrier 
forming leptomeningeal cells [64], these cells did not 
show junctional localization of the protein. Finally, as 
current research has provided insight into the impor-
tance of the extracellular matrix on BBB development 
and maturation, particularly focusing on laminin [65], 
we have staining the iBEC-LMC co-culture model for 
this class of ECM proteins and found expression on both 
sides of the transwell membrane (Additional file  2: Fig. 
S1). Together these results demonstrate that iBECs can 
be co-cultured with the LMC cells, and staining patterns 
suggests that both cell types retain their characteristics 
and remain distinct in culture.

For reference, BEC-LMC co-culture models using the 
established BEC cell line hCMEC/D3 [42, 43] were devel-
oped in parallel and characterized using the same meth-
ods. After 3 days of co-culture, confluent layers of both 
cell types were observed on either side of the transwell 
membrane and expression of BEC makers such as VE-
Cadherin and ZO-1 was detected (Additional file 2: Fig. 
S2a, b). However, within the hCMEC/D3 layer, we were 
unable to achieve clear and uniform immunofluorescence 
staining of junctional BEC markers at the cell–cell bor-
ders (Additional file 2: Fig. S2b). While hCMEC/D3s can 
reportedly lack certain barrier properties such as contin-
uous junctional expression of tight junction components, 
the model does retain much of the BEC phenotype, 
especially compared to other human primary or immor-
talized cell lines, and has been widely used to study N. 
meningitidis-BEC interaction in vitro [11, 14–16, 28, 41–
43]. Therefore, we continued to use hCMEC/D3s for ref-
erence in this study, reporting on hCMEC/D3 co-culture 
with LMCs for the first time.

LMC co‑culture increases BEC barrier tightness 
and stability
To evaluate effects of LMC co-culture on barrier tight-
ness and integrity of the iBEC model, we measured 
transendothelial electrical resistance (TEER) and 

sodium fluorescein (NaF) permeability. TEER meas-
urements were conducted over a period of 14  days 
after iBEC purification and start of co-culture (without 
media changes after the switch to EC medium on day 
1; i.e., day 9 of differentiation) (Fig.  2c) and NaF per-
meability was determined on indicated days (Fig.  2d 
and Additional file  2: Fig. S3b). Both, iBEC monocul-
ture and iBEC-LMC co-culture reached TEER levels 
of > 2000 Ω x cm2 on day 2 of co-culture [40] (Fig. 2c), 
which corresponds to day 10 of the iBEC differen-
tiation protocol when iBEC monoculture typically 
reaches peak TEER [46, 48]. At that time, TEER was 
increased (3389 ± 354 Ω x cm2) and NaF permeability 
was reduced (1.96 ± 0.38 × 10–7 cm/s) in the iBEC-LMC 
direct co-culture models, compared to iBEC mono-
culture (2820 ± 384 Ω x cm2; 2.85 ± 0.73 × 10–7  cm/s) 
(Fig. 2c, d). After that, TEER remained stable and sig-
nificantly higher in both direct and indirect co-culture 
for 7  days (Fig.  2c). LMC cells alone, cultured on the 
transwell underside, did not generate TEER higher than 
37 ± 17 Ω x cm2, and the increase in TEER continued 
to be accompanied by a reduction in permeability to 
NaF (day 4; Additional file  2: Fig. S3). TEER of iBEC 
monoculture dropped after peaking on day 2 before ris-
ing again to near peak levels and, finally, continuously 
descending after day 8 (Fig.  2c), which is comparable 
to previously reported data [66]. Continuous reduction 
of TEER beginning on day 8 was also observed in both 
co-culture models in parallel to monoculture. How-
ever, while TEER reached near-monoculture levels in 
indirect co-culture on day 12, TEER remained signifi-
cantly higher with direct co-culture for the remainder 
of the experiment (day 14; Fig. 2c). In our hCMEC/D3 
based models, peak TEER was reached after 3–4  days 
of co-culture and did not exceed 30 ± 8 Ω x cm2 within 
14 days (Additional file 2: Fig. S2c), remaining substan-
tially below physiological range [40]. Permeability to 
NaF was measured at 2.25 ± 0.36 × 10–5 cm/s for direct 
co-culture (Additional file  2: Fig. S2d). Elevated TEER 
was also detected in hCMEC/D3-LMC direct co-cul-
ture compared to hCMEC/D3 monoculture, accom-
panied by lower NaF permeability (Additional file  2: 
Fig. S2d). However, the maximum TEER was compara-
ble to TEER from LMC cells alone (37 ± 17 Ω x cm2; 
Additional file  2: Fig. S3a). In summary, LMC co-cul-
ture increased BEC barrier tightness and stability over 
time as reflected by lower NaF permeability and higher 
TEER. This effect was most pronounced in the high 
TEER iBEC models and was observed in both direct 
and indirect co-cultures, suggesting that LMC co-cul-
ture improves the barrier function of iBEC monolayers.
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Neisseria meningitidis interaction with BECs with LMC 
co‑culture
To validate the mBCSFB co-culture models for infection 
studies with N. meningitidis, we first examined N. men-
ingitidis interaction at the BEC layer. BEC layers were 
infected with N. meningitidis serogroup B strain MC58 
after 2 (iBEC models) or 3 days (hCMEC/D3 models) of 
direct co-culture with LMCs. For comparison, infection 
experiments were also performed on iBEC and hCMEC/
D3 monocultures. Bacterial adherence and invasion were 
determined 2 and 8  h post-infection (p.i.) using gen-
tamicin protection assays. N. meningitidis strain MC58 
significantly adhered to iBECs in iBEC-LMC co-cultures 
already after 2  h of infection (3.58 ± 1.53 × 106  cfu/
monolayer) and adherence increased marginally when 
infection was carried out for 8  h (1.75 ± 0.80 × 107  cfu/
monolayer; Fig. 3a). The number of recovered intracellu-
lar bacteria was comparatively low (1.26 ± 0.60 × 103 cfu/
monolayer, 2  h p.i.) and increased over time 
(2.06 ± 1.12 × 104  cfu/monolayer, 8  h p.i.). The average 
counts of adherent and invasive bacteria per monolayer 
were comparable to iBEC monoculture (Fig.  3a). Com-
pared to iBECs, similar numbers of adherent bacteria 
were detected on hCMEC/D3 layers of hCMEC/D3-LMC 
co-culture 2 h (5.19 ± 2.25 × 106 cfu/monolayer) and 8 h 
p.i. (1.39 ± 0.54 × 107  cfu/monolayer) (Additional file  2: 
Fig. S4a). Counts of recovered intracellular bacteria were 
lower after 2 h (42 ± 33 cfu/monolayer) and comparable 
after 8  h of infection (4.43 ± 5.38 × 104  cfu/monolayer). 
No significant difference in adherence or invasion was 
observed between hCMEC/D3-LMC co-culture and 
hCMEC/D3 monoculture (Additional file  2: Fig. S4a). 
Next, we examined the interaction between N. menin-
gitidis and iBECs of the iBEC-LMC direct co-culture 
model using TEM. In parallel, iBECs grown in co-culture 
with LMC and infected with a green fluorescence protein 
(GFP) expressing mutant of strain MC58 for 24 h, were 
stained for F-actin and analyzed using structured illumi-
nation microscopy (SIM). We detected bacteria tightly 
associated with iBECs as well as previously described cel-
lular structures such as cytoplasmic protrusions around 
the adherent bacteria [29, 57] (Fig. 3bI, II), and observed 
clusters of meningococci, commonly described as micr-
ocolonies (Fig.  3c, left panels). Taken together, these 
results demonstrate that BEC-LMC co-cultures serve 
as novel, suitable cellular mBCSFB models for infection 
studies with N. meningitidis.

Neisseria meningitidis traversing the mBCSFB models
Next, we investigated the traversal of N. meningitidis 
across the mBCSFB. After infecting the BEC layers with 
N. meningitidis strain MC58, we analyzed iBEC-LMC 
co-culture models using TEM and SIM. Using TEM, we 

were able to observe few bacteria traversing the iBEC-
LMC co-culture model and interacting with the LMC 
layer at 24 and 30 h p.i. (Fig. 3bIII, IV). SIM analysis of 
iBEC-LMC models, stained for F-actin after 24  h of 
infection with GFP expressing N. meningitidis strain 
MC58, revealed small numbers of meningococci on the 
apical side of or in the process of crossing the LMC layer 
on the basolateral side of the model (Fig.  3c, right pan-
els). To quantify bacterial transmigration, we conducted 
bacterial transmigration assays on BEC-LMC co-culture 
and BEC monoculture models. 2, 6, 24 and 30 h p.i., bac-
terial transmigration rates were determined by enumera-
tion of cfu in the basolateral compartment after 1  h of 
incubation in fresh basolateral media. While bacterial 
traversal of the iBEC-LMC model was mostly undetect-
able 2 h p.i., bacteria crossing the barrier were detected 
more frequently and in greater numbers (> 100  cfu/h) 
after 6 h (Fig. 3d). At 24 h p.i., transmigration rates had 
increased substantially (0.16–1.76 × 106  cfu/h) and 
continued to increase over the 30  h time course of the 
experiment (0.94–2.92 × 106  cfu/h). Similar results were 
obtained from infected iBEC monocultures, although 
measured bacterial traversal was higher at the early 
infection timepoints (0.43–4.84 × 103  cfu/h at 6  h p.i.) 
(Fig. 3d). In the hCMEC/D3-LMC models, high rates of 
bacterial transmigration were already detected 2  h p.i. 
(0.02–1.08 × 106  cfu/h) and increased to a lesser degree 
up to 6  h p.i. (1.52–5.28 × 106  cfu/h) before remaining 
at approximately the same level (1.64–8.40 × 106  cfu/h, 
24  h p.i.) (Additional file  2: Fig. S4b). The numbers of 
bacteria traversing hCMEC/D3s grown in monoculture 
were comparable to hCMEC/D3-LMC co-culture data, 
although slightly higher at 2 h (0.06–1.8 × 106 cfu/h) and 
slightly lower at 24  h p.i. (0.24–4.8 × 106  cfu/h) (Addi-
tional file 2: Fig. S4b).

In previous research, it has been a matter of debate, 
whether N. meningitidis crosses the brain endothe-
lium at the mBCSFB via a transcellular [17, 29, 31] or 
a paracellular route [25, 28] or both [33]. To gain more 
information on the mechanism of barrier traversal in 
our models, we measured TEER over a 32 h time course 
p.i. as an indication of barrier integrity and restriction 
to paracellular transport. In our iBEC-LMC model, 
TEER remained high for 24 h p.i. (Fig. 3e), although we 
detected increasing amounts of bacterial transmigra-
tion in that time frame (Fig.  3d), suggesting transcel-
lular traversal by N. meningitidis. Additionally, we still 
observed intact cell-junctions after 24  h of infection 
using TEM (Fig.  3bII). However, after 24  h of infec-
tion, TEER began to drop leading to significant loss of 
TEER compared to the uninfected control by 30  h p.i. 
(Fig. 3e), which has also been previously described for 
iBEC monoculture [33]. We observed similar effects 
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analyzing infected iBEC monocultures, in this study, 
although TEER was lower overall compared to iBEC-
LMC co-culture (Fig.  3e). TEER of hCMEC/D3-LMC 
co-culture and hCMEC/D3 monoculture models also 
remained stable for up to 24 h of infection before drop-
ping to significantly lower levels, although total TEER 
was substantially lower compared to the iBEC model 
(Additional file  2: Fig. S4c). These data indicate that, 
while the barrier remains intact for some time, pro-
longed N. meningitidis infection eventually compro-
mises barrier integrity of BECs at the mBCSFB. Taken 
together, these results suggest a transcellular route for 
N. meningitidis traversal of the mBCSFB, although loss 
of barrier integrity during the later course of infec-
tion (> 24  h of infection) may also enable paracellular 
crossing.

Barrier deterioration upon prolonged N. meningitidis 
infection
To further investigate the mechanisms behind barrier 
deterioration upon prolonged N. meningitidis infec-
tion, we analyzed expression of cell-junction compo-
nents in our BEC-LMC co-culture models. First, we 
examined expression of adherens and tight junction 
genes in infected BECs from our BEC-LMC co-cul-
ture and BEC monoculture models. In the iBEC-LMC 
co-culture model, expression of genes encoding for 
endothelial adherens junction protein VE-Cadherin 
(CDH5) and tight junction proteins ZO-1 (TJP1) and 
claudin-5 (CLDN5) was downregulated in infected 
iBECs compared to the uninfected control, espe-
cially after 24  h and 30  h p.i. (Fig.  4a). The strongest 
effect was observed with CLDN5. Expression of CD31 
(PECAM1) and occludin (OCLN) was not altered 
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(Fig.  4a). Expression of SNAI1, which encodes for 
Snail1, a repressor of tight junction gene expression 
[67–71], was significantly increased with infection at 
the indicated time points (Fig.  4a). The same expres-
sion profiles were observed with iBEC monocultures 
(Fig.  4a), consistent with previously reported data on 
iBECs cultured in cell culture plates [33]. qPCR data 
from hCMEC/D3 samples grown in co-cultures with 
LMC are consistent and show reduced PECAM1 
expression in addition to downregulation of CDH5, 
TJP1, and CLDN5 (Additional file 2: Fig. S5). Interest-
ingly, expression of OCLN was increased in hCMEC/
D3s with infection, and we observed a tendency 
towards upregulation of TJP1 and CLDN5 together 
with downregulation of SNAI1 after 8  h of N. menin-
gitidis infection. This observation could not be cor-
related with functional changes such as increased 
TEER, a phenomenon that was, however, occasion-
ally observed at the early infection time points both 
in iBEC and hCMEC/D3 models (Fig.  3e; Additional 
file  2: Fig. S4c). Together, these data demonstrate 
downregulation of tight and adherens junction genes 
upon N. meningitidis infection.

To assess whether Snail1 plays a role in this mecha-
nism, we performed siRNA knockdown of SNAI1 and 
analyzed its effect on expression of cell-junction genes 
in hCMEC/D3 cells with and without N. meningitidis 
infection (Additional file 2: Fig. S6). SNAI1 knockdown 
lead to increased expression of CLDN5, CDH5, and 
PECAM1, which are all Snail1 targets [72]. However, we 
observed no significant rescue effect of N. meningitidis 
induced downregulation of these genes. Together, these 
findings indicate that other mechanisms instead or in 
addition to Snail1 mediated repression may be respon-
sible for the downregulation of cell-junction genes after 
N. meningitidis infection.

Previous studies with immortalized BECs grown in 
monoculture showed that N. meningitidis modulates 
the localization of adherens junction proteins together 
with the polarity complex and affects tight junction 
expression in brain endothelial cells [25, 28]. To assess 
the effects of N. meningitidis on the localization and 
expression of occludin, which was not transcription-
ally regulated, we analyzed BEC layers of our iBEC-
LMC co-culture model after 24 and 30  h of infection 
with strain MC58 using confocal microscopy and the 
recently developed junction analyzer software JAnaP 
[58]. Here, we observed reduced junction coverage 24 h 
and 30 h p.i. (Fig. 4c). In summary, these results dem-
onstrate that N. meningitidis leads to barrier disintegra-
tion in BECs at late time point of infection, although 
barrier function of BECs was enhanced by LMCs in the 
mBCSFB model.

Immune response of BECs to N. meningitidis infection 
with LMC co‑culture
Finally, we examined immune activation of BECs in our 
mBCSFB models in response to N. meningitidis infection, 
considering that BEC activation presumably contributes 
to recruitment of leukocytes into the CSF and progres-
sion of bacterial meningitis [73]. Using qPCR, we inves-
tigated gene expression of neutrophilic chemoattractants 
and activators IL8 (CXCL8), C-X-C motif chemokine 
1 and 2 (CXCL1, CXCL2), C–C motif chemokine 20 
(CCL20), and the broad cytokine Interleukin-6 (IL6). 
In both iBEC-LMC and iBEC monocultures, CXCL8, 
CXCL1, CXCL2, and CCL20 were upregulated dur-
ing the time course of infection, with higher upregula-
tion of CXCL8 and CXCL1 in the monoculture model at 
24 h p.i. (Fig. 5a). Despite significant increases in mRNA 
expression, IL-8 was barely detectable by ELISA in the 
cell culture supernatants (Fig.  5b). Slightly higher pro-
tein concentrations were measured in the apical medium 
of iBECs co-cultured with LMCs. However, this effect 
may be due to IL-8 secretion by the meningioma derived 
LMCs, which has previously been described [34]. These 
observations, including the disconnect between cytokine 
expression and secretion in iBECs are consistent with 
previous studies that have used iBECs cultured as mon-
olayers in cell culture plates to model infection with N. 
meningitidis and Group B Streptococcus [33, 50]. Highly 
significant upregulation of all cytokines and chemokines 
examined, including CXCL8, CXCL1, CXCL2, CCL20, 
as well as IL6, was observed in hCMEC/D3 co-culture 
with LMC (Additional file  2: Fig. S7a). This effect was 
consistent with data from hMCEC/D3 monoculture, 
although the relative fold change of CXCL8, CXCL1, and 
IL6 expression was a bit lower at certain time points. In 
contrast to the iBEC models, high protein levels of IL-8 
were detected in the cell-culture supernatants of the 
hCMEC/D3 models (Additional file 2: Fig. S7b). In sum-
mary, these results demonstrate that relevant proinflam-
matory cytokines are upregulated in iBECs and hCMEC/
D3s co-cultured with LMCs, comparable to iBEC and 
hCMEC/D3 monocultures, and suggest that the molecu-
lar response of BECs to N. meningitidis infection plays a 
role in immune activation at the mBSCFB, as previously 
described [33, 50, 73].

Discussion
Bacterial meningitis is a severe disease that occurs when 
pathogens such as Neisseria meningitidis (the meningo-
coccus) cross the meningeal blood-cerebrospinal fluid 
barrier (mBCSFB) and infect the meninges [1, 2]. The 
mBCSFB consists of specialized brain endothelial cells 
(BECs) that exhibit a barrier phenotype to maintain brain 
homeostasis and are surrounded by leptomeningeal cells 
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(LMCs) [1, 8]. Due to the human-exclusive tropism of 
N. meningitidis, most studies examining meningococ-
cal interaction at the mBCSFB have utilized primary or 
immortalized BECs that, however, lack critical barrier 
phenotypes in vitro [11, 40, 41]. N. meningitidis interac-
tion with LMCs alone has been investigated using LMCs 
derived from meningioma [34–37]. However, menin-
gococcal penetration of the mBCSFB has not yet been 
studied in a multicellular context including this cell type 
in  vitro. Here, we used iPSC derived BECs (iBECs) or 
hCMEC/D3 cells in co-culture with meningioma-derived 
LMCs to develop a more complex and physiologically 
relevant in  vitro model for studying N. meningitidis-
mBCSFB interaction.

Hallmark phenotypes of BECs include endothelial 
markers, tight junction expression, barrier properties, 
functional nutrient and efflux transporters, and response 
to other CNS cell types [74]. To benchmark and validate 
BEC in  vitro models, certain methods including TEER 
measurements, permeability assays, and immunostain-
ings of key markers such as endothelial adherens and 
tight junctions are used [40]. Primary and immortal-
ized BECs are scalable and have been widely used for 

modeling of blood-CNS barriers but frequently lose 
important barrier phenotypes once removed from their 
native microenvironment [11]. The extensively charac-
terized immortalized microvascular endothelial cell line 
hCMEC/D3 retains many BEC characteristics but exhib-
its low TEER and often lacks continuous expression of 
tight junction components at the cell–cell junctions [11, 
41–43, 75] (Additional file 2: Fig. S2). Despite these draw-
backs, hCMEC/D3s are a robust and widely used in vitro 
model to study N. meningitidis-BEC interaction [14–16, 
28].

Advances in stem-cell technologies have generated 
model brain endothelial-like cells derived from iPSCs, 
which possess all relevant BEC phenotypes including 
endothelial markers, tight junction expression, barrier 
properties, response to other CNS cell types, and func-
tional efflux transporters [11, 44, 45, 48, 49, 66]. Follow-
ing the publication of the initial protocols, much research 
has been conducted on these models, uncovering advan-
tages as well as weaknesses, and establishing alternative 
protocols and improvements. Described limitations are 
the expression of epithelial genes and proteins, which has 
been detected in addition to the endothelial phenotypes 
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described [76]. In this study, we differentiated iBECs 
from iPSC line IMR90-4 according to previously pub-
lished protocols [44, 46, 48] and co-cultured them with 
LMCs on permeable transwell inserts. We observed clear 
expression of important brain endothelial markers such 
as CD31, VE-cadherin, and claudin-5 within the iBEC 
layer, but epithelial characteristics were also present, 
particularly related to the cytoarchitecture, such as small 
protrusions on the apical surface, larger cell height and 
nucleus, and epithelial-like organization of intercellular 
junctions (Fig.  2). Although these limitations must be 
considered when employing the model, it remains suit-
able for certain applications due to its main advantages 
such as the tight barrier properties. Recently, iBECs have 
been useful for modeling various diseases of the CNS 
including Huntington’s disease, MCT8 deficiency (caus-
ing Allan-Hurndon-Dudley syndrome), and infectious 
disease [33, 46, 50–53, 77–79].

Important benchmarks for the barrier properties of 
in  vitro BBB models are high TEER inversely related 
to paracellular permeability of solutes (although non-
linear) [40], although in  vivo data are are only available 
for pial microvessels in anesthetized frogs and rats [80]. 
This relationship (one-phase exponential decay) was 
first demonstrated on rat primary BECs, where perme-
ability coefficient values for sodium fluorescein were 
below 2 × 10–6  cm/s above a threshold TEER of 130 Ω 
cm2 [81]. iPSC derived BECs typically reach TEER val-
ues above 1500 Ω x cm2 and NaF permeability values in 
the order of 10–7 cm/s [33, 44, 46, 47, 49, 66] (Fig. 2c,d). 
In this study, we observed that LMC co-culture further 
increased iBEC barrier tightness and stability over mul-
tiple days as reflected by lower NaF permeability and 
higher TEER. While iBECs alone can exhibit high para-
cellular tightness, co-culture with other cells from the 
neurovascular unit such as astrocytes and pericytes has 
been reported to assert stimulating as well as stabilizing 
effects on iBEC barrier properties, demonstrating that 
iBECs respond to cues from other CNS cell types [11, 
40, 44, 45, 49, 66, 82–84]. Astrocytes and pericytes have 
also been shown to induce BBB properties in primary 
bovine, porcine, rodent, or primate BEC models, which 
exhibited physiologically relevant levels of paracellular 
restriction that human primary and immortalized BEC 
lines did not reach [11, 40, 41, 85]. Co-culture with lep-
tomeningeal cells, which are important in the context of 
the human mBCSFB, has not been explored before. We 
observed slightly higher TEER and lower NaF perme-
ability of hCMEC/D3 cells co-cultured directly on the 
transwell membrane with LMCs compared to monocul-
ture, although these effects could not be correlated with 
changes in barrier phenotype of hCMEC/D3 layers due 
to the low overall TEER.

Recognizing the advantage of a human in vitro system 
exhibiting physiological barrier tightness, an increasing 
number of studies has recently used iPSC derived BECs 
to model interaction with CNS pathogens such as GBS, 
Zika virus, and more recently SARS-CoV2, particularly 
to investigate how such pathogens affect and penetrate 
the blood-CNS barriers [33, 46, 50–54]. Recently, we 
validated iPSC derived BECs for infection studies with 
the human-specific bacterium N. meningitidis [33]. As 
monoculture in vitro models only distantly represent the 
native microenvironment and the use of in vivo models 
to study interaction with human-specific N. meningitidis 
is limited to humanized rodents [86], more complex 
in vitro models could be useful to study this host–patho-
gen interaction. Co-culture systems with iBECs and other 
CNS cell types are now widely used to model function 
and dysfunction of blood-CNS barriers [40, 44, 45, 49, 66, 
82–84] but have not been used for infection studies with 
CNS pathogens yet. Therefore, we developed and used 
the iBEC-LMC co-culture model to examine meningo-
coccal interaction with and traversal of the mBCSFB.

We observe substantial bacterial adherence to iBECs 
in our iBEC-LMC co-culture system soon after infec-
tion, consistent with our results using hCMEC/D3s 
with LMC co-culture as well as published data [14, 17, 
18, 26]. This tight interaction, which is primarily medi-
ated by meningococcal type IV pili (Tfp), is critical for 
vascular colonization and, ultimately, penetration of 
the mBCSFB [14–18, 26, 28]. The mechanism of barrier 
traversal by N. meningitidis has been a matter of debate 
for a long time. Most bacteria that can cause meningitis 
including N. meningitidis, Group B Streptococcus, Strep-
tococcus pneumoniae, and Escherichia coli K1, penetrate 
blood-CNS barriers such as the mBCSFB via a transcel-
lular pathway following cellular invasion by the bacte-
ria or via a paracellular pathway that becomes available 
through disruption of cellular junctions or cell damage 
[1, 2]. Cellular invasion of BECs by N. meningitidis has 
been observed using peripheral, bone marrow derived, 
brain microvessel derived, and, recently, also iPSC 
derived BECs in vitro, suggesting a transcellular route for 
N. meningitidis traversal of the mBCSFB [17, 18, 26, 27, 
29–33]. In this study, we also found that N. meningitidis 
invades iPSC derived BECs and hCMEC/D3 cells in our 
newly developed co-culture systems with LMCs. While 
relatively low at first, bacterial invasion increased signifi-
cantly during prolonged infection, which was previously 
reported in another immortalized BEC model and poten-
tially results from the demasking of adhesins and inva-
sions upon downregulation of the polysaccharide capsule 
[18]. Co-culture with LMCs did not affect N. meningitidis 
adherence or invasion of BECs in our assays. Finally, we 
observed increasing meningococcal transmigration of 
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our iBEC and iBEC-LMC models within 24 h of infection 
while barrier integrity was still very high. Considering 
that these models exhibit physiological barrier tightness, 
these observations further support the hypothesis of 
transcellular barrier traversal by N. meningitidis.

Interestingly, we observed higher rates of bacte-
rial transmigration often correlated with lower TEER. 
For instance, compared to data from the iBEC models, 
transmigration rates were already substantially higher in 
the hCMEC/D3 based models at the earliest measured 
time point after infection, and we even detected more 
meningococci traversing the iBEC monoculture than the 
iBEC-LMC co-culture model early on, although absolute 
counts were low. This suggests that using models exhib-
iting physiological barrier tightness may be important 
for studying bacterial traversal, and it indicates that N. 
meningitidis likely crosses the BEC barrier via a paracel-
lular route if available. Previous studies have suggested 
that this pathway does become available through disrup-
tion of cellular junctions [15, 25, 28, 33]. Increased per-
meability to lucifer yellow and discontinuous junctional 
localization of adherens junction protein VE-Cadherin 
was detected and correlated with meningococcal BEC 
barrier traversal in infected hCMEC/D3s [15, 28]. Mech-
anistically, junctional disorganization was caused by 
signaling events triggered by Tfp mediated interaction 
between N. meningitidis and hCMEC/D3s that lead to 
the recruitment of cytoskeletal and cell-junction compo-
nents underneath adherent meningococcal colonies [15, 
28]. Using another immortalized BEC cell line (HBMEC), 
cleavage of tight junction protein occludin and cell 
detachment mediated by matrix-metalloproteinase 
MMP-8 was observed upon prolonged N. meningitidis 
challenge [25]. In this study, we observed loss of TEER 
and reduced junction coverage of occludin in iBECs co-
cultured with LMCs after 24 h of infection. Additionally, 
previous data from iBEC monocultures grown on plate 
indicates cleavage of occludin induced by N. meningitidis 
infection [33]. Together, this suggests modulation of 
occludin in infected iBECs, although further investiga-
tion is required to fully elucidate this mechanism.

In addition to disorganization of cell-junction compo-
nents, we examined effects of N. meningitidis infection 
on gene expression of adherens and tight junction pro-
teins in BECs as a potential mechanism for barrier dete-
rioration and found that expression of genes coding for 
VE-Cadherin, ZO-1 and especially endothelial specific 
tight junction protein claudin-5 was significantly down-
regulated in infected iBECs, predominantly after 24 h of 
infection or later. Simultaneously, Snail-1 (SNAI1), a tran-
scriptional repressor of tight junctions [67, 68, 70, 71], 
previously linked to Group B Streptococcus, Streptococcus 
pneumoniae, and E. coli K1 induced BBB disruption [69, 

87, 88], was upregulated. These results were consistent 
between iBEC-LMC co-culture, iBEC monoculture on 
transwell and iBECs cultured on plate [33]. Furthermore, 
N. meningitidis infection had similar effects on expres-
sion of cell-junction genes as well as SNAI1 in hCMEC/
D3s with and without LMC co-culture. Together, these 
findings suggest downregulation of tight and adherens 
junction genes in addition to reorganization of junction 
proteins during N. meningitidis induced barrier disrup-
tion. However, transcriptional repression mediated by 
Snail1 seems not to be the sole mechanism behind this 
effect, as indicated by siRNA knockdown experiments. 
Further investigation is required to elucidate this mecha-
nism. In conclusion, while meningococcal invasion of 
BECs potentially contributes to early traversal, deteriora-
tion of barrier properties may open up a more accessible 
paracellular route later on during infection.

Meningococcal interaction with the mBCSFB and 
proliferation in the subarachnoid space evokes a strong 
inflammatory response that is triggered by immune 
activation of BECs and LMCs and leads to the influx of 
leukocytes, primarily neutrophils at first [1, 8]. Previous 
studies have shown that Group B Streptococcus and N. 
meningitidis elicit upregulation of neutrophilic chemoat-
tractants in iPSC derived BECs [33, 50]. Consistent with 
these findings, we observed transcriptional upregulation 
of IL-8 (CXCL8), CXCL1, CXCL2 and CCL20 in iBECs 
cultured on transwell inserts with and without LMCs. 
This demonstrates that iBECs activate innate immune 
response mechanism in response to bacterial infection. 
However, despite the transcriptional upregulation of 
these factors, secretion of the related proteins was almost 
undetectable as our study as well as previous investiga-
tions have shown [33, 50]. hCMEC/D3s responded to the 
infection in similar fashion, although all analyzed gene 
transcripts were upregulated much more substantially 
and high levels of cytokine secretion were detected in 
this model. Further investigation is required to fully elu-
cidate the inflammatory response of BECs to bacterial 
infection and determine if the low abundance of secreted 
cytokines observed in iBECs is biologically relevant. Acti-
vation of LMCs upon meningococcal interaction follow-
ing mBCSFB traversal likely contributes to inflammation 
in the subarachnoid spaces, too, and secretion of various 
cytokines after N. meningitidis infection has been dem-
onstrated in meningioma derived LMCs [34, 35, 37].

Conclusions
In this study, we report, for the first time, co-culture of 
human iPSC derived BECs or hCMEC/D3s with men-
ingioma derived LMCs to study N. meningitidis interac-
tion at the mBCSFB in a physiologically relevant context. 
As described for co-culture with other CNS cell types, 
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iBECs respond to cues from co-cultured LMCs, which 
leads to improvement in barrier tightness and stability. 
N. meningitidis interacts with and penetrates iBEC-LMC 
co-culture models, and disrupts barrier function, consist-
ent with previous data. BEC response to infection was 
generally not affected by LMC co-culture. Overall, our 
data suggests that models exhibiting physiological barrier 
tightness can provide relevant insight into modulation 
and penetration of blood-CNS barriers by pathogens, 
demonstrating the usefulness of iBECs for modeling 
interaction with the meningeal pathogen N. meningitidis.
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