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The human blood-cerebrospinal fluid barrier (\BCSFB) plays a crucial role in regulating brain interstitial fluid
homeostasis, and disruption of the hBCSFB is associated with various neurological diseases. Generation of
a BCSFB model with human physiologically relevant structural and functional features is crucial to reveal
the cellular and molecular basis of these diseases and discover novel neurologic therapeutic agents.
Unfortunately, thus far, few humanized BCSFB models are available for basic and preclinical research. Here,
we demonstrate a bioengineered hBCSFB model on a microfluidic device constructed by co-culturing
primary human choroid plexus epithelial cells (hCPECs) and human brain microvascular endothelial cells
(hBMECs) on the two sides of a porous membrane. The model reconstitutes tight junctions of the hBCSFB
and displays a physiologically relevant molecular permeability. Using this model, we further generate a
neuropathological model of the hBCSFB under neuroinflammation. Overall, we expect that this work will
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Introduction

Human brain function relies on the homeostasis of the
central nervous system (CNS), which is maintained by
continuous substance exchange and segregation of neuro-
toxic proteins, immune cells and pathogens in the peripheral
circulation. The blood-brain barrier (BBB) and blood-
cerebrospinal fluid barrier (BCSFB) are two major loci that
execute the transfer and barrier function of the brain.'
Distinct from the BBB composed of microvascular endothelial
cells, pericyte cells, and astrocytic end-feet in the brain
parenchyma, the BCSFB consists of a convoluted layer of
choroid plexus (ChP) epithelium and fenestrated capillary
loops, floating in the ventricles."”> More than a tight barrier
separating cerebrospinal fluid (CSF) from blood, the BCSFB
actively produces CSF and transports various molecules
through its unique transport and secretory system.' In
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offer a high-fidelity hBCSFB model for studying neuroinflammation-related diseases.

addition, the BCSFB provides a unique neuro-immunological
interface due to its expression of adhesion molecules and
chemokines that facilitate immune cell migration.*™

Because of these unique properties, human blood-
cerebrospinal fluid barrier (hBCSFB) dysfunction has been
regarded as one of the major causes of various neurological
diseases. Coronavirus disease 2019 (COVID-19), a fatal acute
respiratory syndrome caused by SARS-CoV-2, has been
reported to manifest neurological complications.®” Although
its pathophysiological mechanism remains unclear, the
disruption of the hBCSFB plays a pivotal role in the
neurological infection of SARS-CoV-2 during acute COVID-
19.%° In addition, the deposition of B-amyloid has been
proven to be associated with the impaired clearance ability of
ChP epithelium in Alzheimer's disease.'*"?

Although recent progress in non-invasive imaging
techniques has facilitated functional assessment of the
hBCSFB, they are mainly applied to evaluate CSF
dynamics.”*™*®> Mechanistic understanding of the role of the
hBCSFB in neuropathological processes relies on animal and
cell culture models. Mice models are frequently used for
studying the BCSFB; however, their gene expression and
functional annotation are different from humans.'® For
example, aquaporin-4 (AQP4), a predominant water-selective
transporter that contributes to brain water dynamics, is
expressed on the human ChP epithelium but mainly detected
in the ependymal and subependymal regions of mice."”
Current developments of three-dimensional (3D) in vitro
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models, such as inverted Transwell systems and stem cell-
derived ChP organoids, advance studies of functional and
systemic responses of the BCSFB.'®?° However, existing
cultured cell models still fail to reconstitute the in vivo-like
fluidic microenvironment, which will limit their utility and
translation to the patients.

In recent years, organ-on-chip technology has provided a
high-fidelity in vitro model system to recapitulate the
structural and functional features of human tissue barriers.*!
It allows the reconstitution of the biomechanical and
biochemical micro-environment of tissue barriers in the
aspects of cellular polarization, cell-cell interfaces, local
hemodynamics, and molecular permeability.”> To date, a
variety of human tissue barriers have been emulated,
including the BBB,*® blood-retina barrier,>***> pulmonary
endothelial barrier,’*?® and blood-testis barrier.?**° These
models not only demonstrate similar structures to those
in vivo but also possess tissue-barrier specific functions.

Here, we design a microfluidic system for establishing a
hBCSFB model in vitro. Two microchannels are segregated by
transparent polyester (PET) porous membranes, which are
sandwiched between human-derived ChP epithelial cells and
brain microvascular endothelial cells. The two microchannels
were continually perfused with microfluid. This device
reproduces the cytoarchitecture and barrier function of the
hBCSFB and fills the gap in the existing BCSFB models.
Using this model, we demonstrate that neuropathology forms
in the hBCSFB when it is exposed to inflammatory stimuli,
which is present in a variety of neurological conditions.

Materials and methods

Microfluidic chip fabrication

The design of the microdevice used for the hBCSFB-on-chip
model was modified from a previously reported BBB-on-
chip.** The chip was composed of two parallel and closely
opposed microchannels that were cast in
polydimethylsiloxane (PDMS) elastomer. Briefly, the PDMS
mixture at a 10:1 mass ratio of base agent to curing agent
was poured onto the photolithographically prepared SU-8
microchannel masters and was fully degassed at -80 kPa.
Subsequently, the prepolymer of PDMS was cured at 65 °C
for 4 h. The fully cured PDMS construct was peeled off from
the masters and cut into separate parts embossed with
microchannels. The upper and lower channels were 2 cm
long and 1 mm wide; 200 and 100 um high, respectively.
Therefore, the total area in the microfluidic device for cell
growth was 0.2 cm?. Four holes punched by a biopsy punch
with a 1 mm diameter in the upper parts of the microdevices
were used as inlets and outlets of the hBCSFB-on-chip. PET
membranes (0.4 um perpendicular pores at a density of 2 x
10° pores per cm?) were bonded to the surface of the lower
parts to separate the channels. Then, the upper and lower
parts were aligned and bonded to each other under a
stereomicroscope by hand.
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Cell culture

The primary human choroid plexus epithelial cells (hCPECs)
and primary human brain microvascular endothelial cells
(hBMECs) were both purchased from Sciencell (cat #1310,
#1000), and propagated in a T25 flask for passage and
cryopreserved according to the manufacturer's instructions.
To minimize experimental variability, only the primary cells
in passages 3-6 were used for experiments.

HBCSFB reconstitution on the microfluidic chips

Before cell seeding, the channels of the microfluidic chips
were coated with Matrigel (800 pug ml™, Corning) for the
“ventricle channel” and laminin (100 ug ml™, Sigma) for the
“blood channel” overnight at 37 °C. Both channels were
rinsed with DPBS and then with their specific media before
seeding cells. For culturing hBMECs in the “blood channel”,
hBMECs at a seeding density ranging between 0.5 and 1 X
107 cells per ml were introduced into the lower compartment
of the microchannel, and the microdevice was flipped
immediately to allow the hBMECs to attach to the laminin-
coated membrane. After incubating at 37 °C, 5% CO, for 4 h,
the microfluidic chip was flipped back. Then, hCPECs were
introduced into the upper compartment at a concentration
ranging between 1 and 3 x 107 cells per ml, and incubated
overnight at 37 °C and 5% CO,. On the next day of cell
seeding, the microfluidic chips were connected to the
peristaltic pump, and both channels were continuously
perfused with fresh media at 30 pl h™. To test for the
responses of hBCSFB-on-chip to inflammatory stimulation,
tumor necrosis factor o (TNF-o) (PeproTech, AF-300-01A) was
perfused through the lower channel on day 4 for 24 h.

Numerical simulation

The numerical model based on the finite element method
was established to predict the flow field in the two channels
of the hBCSFB-on-chip. The permeability of the interface was
adjusted between the channels to simulate the absence or
presence of hBMECs. According to the porous zone
assumption,** the void fraction of the porous membrane (&)
was calculated from the following equation:

npd>
&e=—
4

(1)

Here d is the hole diameter and p is the pore density. Since
the CSF is considered to be an incompressible, viscous
Newtonian fluid, Darcy's law is satisfied in the hBCSFB-on-
chip, ignoring diffusion and convective acceleration:

vp=-Lv @)

o
where P is the pressure, x4 is the viscosity, a is the
permeability, and v is the velocity. To calculate the porosity
of the PET membrane, the permeability was adjusted to 2.5 x
107 m™ or 2.5 x 10" m™ in the absence or presence of
cells attached to the membrane.*> The CSF velocity and
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pressure fields throughout the hBCSFB-on-chip were
calculated by solving the Navier-Stokes and Darcy flow
equations:

pv-V)y = V-[-pI + k] (3)

where k is the permeability, and I is the hydraulic gradient.
All these simulations were conducted on COMSOL
Multiphysics (COMSOL Inc., Burlington, MA, USA). The “free
and porous media flow” module was utilized to model the
fluid motion in the microchannel. Specifically, the “porous
media” condition was used to define the properties of the
porous membrane, and the void fraction of the porous
membrane was set according to eqn (1). Moreover, the “mass
transport” module was used to simulate the nutrient
diffusion from the lower channel to the upper channel, and
the “diffusion coefficient” in the fluid was set to 5.15 x 10°
m? s™'. The CSF velocity and pressure fields throughout the
hBCSFB-on-chip were calculated after creating meshes and
defining boundaries. A steady-state solver was used to
determine the velocity, fluidic shear stress, streamlines, and
pressure in the microchannels.

Immunofluorescence staining

HBMECs and hCPECs in the microchannels were fixed with
4% paraformaldehyde for 15 min at room temperature and
then washed with DPBS. Next, cells were blocked in 10%
goat serum in DPBS with 0.5% Triton X-100 for 1 h. The
primary antibodies used in the study were transthyretin
(TTR) (1:100, ABclonal, A1120), CD31 (1:100, Abcam,
ab24590), AQP1 (1:100, Abcam, ab219055), zona occludens-
1 (ZO-1) (1:200, Proteintech, 21773-1-AP), and glucose
transporter-1 (Glut-1) (1:100, Proteintech, A6982). After
incubation with the primary antibodies overnight at 4 °C,
cells were incubated with Alexa Fluor-488, Alexa Fluor-647,
or Cy-3 secondary antibodies (1:300, all from Invitrogen)
for 1 h at room temperature. The nuclei of both types of
cells were then counterstained with DAPI (Life
Technologies). Images were captured with a Leica TCS SP8
STED confocal microscope equipped with LAS X software.
Quantitative analysis of immunofluorescence images was
conducted using the Image] software (NIH, MD, USA).
Briefly, each fluorescence image was obtained with
background subtraction and then converted into a binary
image. The expression of target proteins was presented as
the average mean fluorescent intensity (MFI), which was
computed using eqn (4):

__ integrated optical density (IOD) of target protein

MFI
total area

4)

Permeability assessment

To evaluate the barrier function, the apparent permeability
(Papp) of hBCSFB-on-chip was calculated by a previously
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described method.** All the P,,, assays were performed by
perfusing the upper and lower channels with a medium flow
of 30 pl h™. NaFI-FITC (0.376 kDa, Sigma, F6377) and
dextran-Texas Red (10 kDa, Invitrogen, D1828) were dissolved
in the hBMEC medium at a concentration of 10 ug ml™* and
100 pg ml™"', respectively, and either of these tracers was
perfused through the lower channel for 12 h. Meanwhile, the
upper channel was perfused with the hCPEC medium. The
medium was collected from inlets and outlets of both the
upper and lower channels. The concentrations of NaFl and
dextran in the effluents from both channels were evaluated
by a multifunctional plate reader (INFINITE 200 PRO). To
calculate P, the following equation (eqn (5)) was used:

(Top Output (ug ml™') - Top Input (ug ml™))
(Bottom Input (ug ml™'))
(Flow Rate (mls™1))
Membrane area (cm?)

(5)

Papp =

To test the permeability of protein, human IgG (Abcam,
ab205806) was used in place of NaFl/dextran. Quantitation of
IgG in the “ventricle channel” was performed using the IgG
Human ELISA kit (ELK Biotechnology, ELK 1390).

Transcriptional analysis

The hCPECs in each condition (2D monoculture, hBCSFB-on-
chip culture or hBCSFB-on-chip treated with TNF-a) were
collected on day 5 (n = 4-5). Specifically, hCPECs in three
hBCSFB-on-chips were pooled as one sample to meet the cell
numbers needed for RNA sequencing. For sample
preparation, hCPECs were washed gently with 1x DPBS, and
then the total RNA was extracted using TRIzol (Abclonal,
RK30129) according to the manufacturer's instructions. The
collected samples were submitted to  Novogene
Bioinformatics Technology Co, Beijing, China, for library
preparation and transcriptome sequencing. After quality
control and RNA-seq library preparation, the samples were
sequenced using Illumina Next Seq6000, with an average of
20 million reads per run. The differentially expressed genes
(DEGs) were selected by the following thresholds: adjusted
(adj) p-value < 0.05 and |log2FoldChange| > 1. The GO (Gene
Ontology) and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway enrichment analysis were performed
using DAVID (https://david.ncifcrf.gov/).

Results
Construction of hBCSFB-on-chip

The HBCSFB consists of monolayered ChP epithelium and
fenestrated capillaries (Fig. 1A). Thus, a microfluidic chip
with two layered microchannels was employed in the present
study to reconstitute the cellular components of the hBCSFB
and its extracellular environment in vitro (Fig. 1B). We used
soft lithography to create flexible, transparent microfluidic
devices containing two parallel microchannels that can be
perfused simultaneously. The microchannels were partitioned

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic diagram of the generation of the hBCSFB-on-chip model. (A) Schematic representation of the BCSFB in the human brain. (B) The
schematic overview of the experimental procedures of hBCSFB-on-chip. BMECs were initially seeded in the lower channel of the hBCSFB-on-chip,
while the hCPECs were seeded in the upper channel. Following cell attachment, both channels were perfused continuously with fresh medium.
(C) The phenotype and function of the BCSFB were analyzed using the different indicated methods.

by a porous PET membrane, which served as the cellular
interface between hCPECs and hBMECs (Fig. 1B). Following
cell attachment, fresh medium was continuously introduced
to both of the microchannels to mimic the dynamic flow of
CSF and blood (Fig. 1B). Therefore, the proposed hBCSFB-on-
chip system provided a simple and efficient platform to
reconstruct a humanized BCSFB model in the present study
(Fig. 1C).

This journal is © The Royal Society of Chemistry 2023

Biomechanical analysis of fluid dynamics in the hBCSFB-on-
chips

To better understand and quantify the fluid flow in the
hBCSFB-on-chip, a numerical simulation was conducted upon a
model constructed with the realistic chip geometries
(Fig. 2A and B). A range of velocity was used to simulate the
physiologically fluidic environment in the hBCSFB-on-chip. The
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Fig. 2 Numerical modeling and simulations of the hBCSFB-on-chip. (A) Geometric modeling of the hBCSFB-on-chip. (B) Geometric size of the
hBCSFB-on-chip. (C) Simulation results of the velocity (ii) and shear stress (iii) at the vertical section through the center of the hBCSFB-on-chip (i).
(D) Simulation results of molecule diffusion from the lower channel to the upper channel in the vertical direction over time. (E) Distribution analysis
results of the velocity. (F) Distribution analysis results of the shear stress.

vertical section through the center of the hBCSFB-on-chip was
selected as a representative sample for analysis (Fig. 2C-i). In all
flow velocity conditions, the velocity distribution in the two

channels was symmetrical (Fig. 2C-ii), and the shear stress was
mainly concentrated at the membrane on which the cells were
planted (Fig. 2C-iii). Furthermore, the mass transport and

3006 | Lab Chip, 2023, 23, 3002-3015 This journal is © The Royal Society of Chemistry 2023
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efficient diffusion of molecules from the lower channel (“blood
channel”) to the upper channel (‘“ventricle channel”) over time
were proved by COMSOL simulation (Fig. 2D), which indicates
that the medium exchange can be achieved in our hBCSFB-on-
chip model. The quantitative analysis was conducted to
determine the velocity and fluidic shear stress. The velocities at
different initial flow rates all presented a parabolic distribution
in either the upper or lower channel and fitted with the porous
media flow (Fig. 2E), which is consistent with those in vivo.
Then we calculated the shear stress under different initial flow
rates, and found that the maximum shear stress was distributed
on the channel wall of the hBCSFB-on-chip and porous
membrane rather than the center of the channel (Fig. 2F). In
addition, the shear stress value, 0.32-4.35 mPa (Fig. 2C-iii),
generated under a flow rate of 30 ul h™ is within the
physiological range.” In the absence of cell attachment in the
membrane, the fluid can penetrate through the porous
membrane down to the lower channel near the inlet region
(Fig. S1AY). It proved the connectivity between the two channels
in the simulation model and presented a parabolic profile at a
stable state (Fig. S1BT). In addition, the velocity distribution on
the section also conforms to the characteristics of laminar flow
(Fig. S1C and D). These results provide a clue for the flow field
inside the channels, which is critical for understanding mass
transfer under fluid flow and biomechanical effects during the
culture medium exchange.

Co-cultured hCPECs and hBMECs under laminar flow
express tissue-specific markers of the hBCSFB

In the living organism, the BCSFB is exposed to two
circulating fluids, the blood and CSF. Therefore, both the
hCPECs and hBMECs were stimulated by laminar flow at a
rate of 30 ul h™" (Fig. 3A). Plated hCPECs in the upper
channel formed a monolayer that expressed its specific
marker TTR, while hBMECs in the lower channel, on the
opposite of the PET membrane, expressed the endothelial
marker CD31 (Fig. 3B). After 5 days of microfluidic culture,
cells in both of the channels were still attached to the porous
PET membrane, forming an epithelial-endothelial interface
(Fig. 3C). To assess whether the dynamic extracellular
environment can functionalize the in vitro model of the
hBCSFB in this study, we examined the expression of tight
junction proteins, as well as major transporters of hCPECs.
As shown in Fig. 3D, the tight junction marker ZO-1 formed
the cell-to-cell junction along cell borders. The glucose
transporter Glut-1 and the water transporter AQP1, which are
important transporters to maintain the metabolic
homeostasis of the brain,' were detected on hCPECs as well
(Fig. 3D). We also tested the surface topography of the
hBCSFB, and observed that hCPECs formed microvilli-like
subcellular structures on the apical membrane in the
hBCSFB-on-chip, which are similar to the ChP in vivo
(Fig. 3E). Together, these results demonstrated that the
laminar flow enhanced the formation of the functional
structures in the hBCSFB-on-chip.

This journal is © The Royal Society of Chemistry 2023
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HBCSFB-on-chip recapitulates the physiologically-relevant
transcriptomic signature and form a selective barrier

To test whether laminar flow and interaction with hBMECs can
promote the functionality of hCPECs, we used the global RNA-
sequencing (RNA-seq) analysis to compare the transcriptome
differences between hCPECs cultured in the hBCSFB-on-chip
and hCPECs under conventional 2D monoculture. The DEG
analysis identified a total of 5298 genes that were significantly
differentially expressed, with 2737 up-regulated and 2561 down-
regulated transcripts in hCPECs under 3D microfluidic culture
compared to the control (Fig. 4A). Then, we performed gene
ontology (GO) enrichment analysis to highlight the different
cellular locations, molecular functions, and biological
processes. The GO enrichment analysis of the DEG data was
classified into four major functional categories: angiogenesis-
related pathways (Fig. 4B), cell-cell junction-related pathways
(Fig. 4C), membrane assembly-related pathways (Fig. 4D), and
transport function-related pathways (Fig. 4E). The sub-
categories of GO assignments with the largest transcripts were
‘angiogenesis’, ‘cell-substrate junction’, and ‘membrane
region’. The upregulation of the barrier and transport function
of hCPECs in hBCSFB-on-chip was also confirmed by the
increased mRNA expression of Claudin-5 (CLD5) and Glut-1 in
HCPECs cultured in the hBCSFB-on-chip as compared to the
controls (Fig. 4F). Furthermore, the upregulated expression
levels of several representative transporters of the hBCSFB (Fig.
S2A-Lt), such as ATP binding cassette transporter G1 (ABCG1,
cholesterol transporter), ABCB1 (P-Glycoprotein) and solute
carrier family 19 member 1 (SLC19A1, folate transporter), were
also detected in the hCPECs cultured in the hBCSFB-on-chip.
Considering that the hBCSFB acts as a highly active transport
interface with high local blood flow,*® these results prompt us
to imply that our model closely recapitulates the functional
features of the BCSFB in the human brain.

To further verify the functionality of the hBCSFB-on-chip,
we assessed whether molecules with different molecular
weights could be selectively filtered. Notably, compared to
hCPECs or hBMECs cultured alone in the microdevices under
dynamic conditions, the permeability of the hBCSFB-on-chip
was significantly decreased for dextran (10 kDa) but not NaFl
(0.376 kDa) (Fig. 4G and H), indicating that the size-
dependent transport capacity was recapitulated in the
hBCSFB-on-chip system. Taken together, these results
demonstrate  that  hBCSFB-on-chip  recreates  some
physiologically-relevant functions, which are also in line with
previous studies showing that dynamic flow can improve the
biological properties of cells.***”

TNF-a induces the dysfunction in the hBCSFB-on-chip

The breakdown of the BCSFB induced by systemic
inflammation has been documented in various neurological
disorders.*®*° Therefore, we perfused the “blood channel”
with TNF-o, a classic inflammatory cytokine, to test the
validation of hBCSFB-on-chip in disease modeling (Fig. 5A).
We determined the dysfunction in the hBCSFB-on-chip after

Lab Chip, 2023, 23, 3002-3015 | 3007
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Fig. 4 HBCSFB-on-chip recapitulates the physiologically relevant transcriptomic signature and forms a selective barrier. (A) The volcano plot
depicts differential gene expression in hCPECs which are co-cultured with hBMECs under laminar flow compared to the controls which are
cultured alone under static conditions. (B-E) Bubble plots of GO gene set enrichment analysis of all the differentially expressed genes in hCPECs
cultured in the hBCSFB-on-chip. Y-Axis labels represent the enrichment components, and the gene ratio score is shown on the X-axis. The size of
the bubble represents the number of genes assigned in each pathway, and the color accords with the enrichment significance. (F) Box plots of
RNA-seq analysis showing expression levels of CLD5 and Glut-1. Permeability of dextran (10 kDa) (G) and NaFl (0.376 kDa) (H) were compared in
hBCSFB-on-chips seeded with hBMECs and hCPECs, hBMECs alone, or hCPECs alone. ***p < 0.001.
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Fig. 5 Transcriptional profiling of hCPECs in the hBCSFB-on-chip upon inflammatory stimulation. (A) Schematic graph of perfusion of TNF-a
through the hBCSFB-on-chip. (B) Venn diagram of genes in hCPECs treated with TNF-a or in control condition. (C-E) Bubble plots of GO gene set
enrichment analysis for upregulated and downregulated genes in hCPECs derived from the TNF-a treated hBCSFB-on-chips compared to the
controls. (F) Heatmap of log2 expression values of differentially expressed gene datasets of hCPECs in TNF-a treated hBCSFB-on-chips compared

to the controls.

the exposure to TNF-a. Gene list comparison identified that
TNF-o. treatment resulted in 1107 unique, 4751 up-regulated
and 5576 down-regulated DEGs in hCPECs compared to the

3010 | Lab Chip, 2023, 23, 3002-3015

untreated control, as shown in a Venn diagram (Fig. 5B). GO
enrichment analysis revealed the association of the DEGs in
the cell-cell junction (Fig. 5C), angiogenesis (Fig. S3AfT),
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membrane assembly (Fig. S3Bt), and transport function (Fig.
S3Ct) when compared to the controls. The most striking
finding was that the TNF-a treatment specifically regulated
genes with a key role in innate immune responses. These
genes principally belong to the categories of immune
response families (Fig. 5D), chemokine-mediated pathways
(Fig. 5E), and cytokine process-related pathways (Fig. S3D¥).
Moreover, the comparative analysis showed the top 30 genes
related to inflammatory responses (Fig. 5F).

We next assessed whether transcriptomic changes were
associated with the disruption of the tight junction protein
Z0O-1. Immunofluorescence staining analysis demonstrated
barrier damage following exposure to inflammatory factors
TNF-a (Fig. 6A-C). Next, we conducted permeability assays on
the hBCSFB-on-chip upon exposure to inflammatory factors.
Our data indicate significantly increased permeability to
immunoglobulins (IgG) and dextran in the brain channel of
the hBCSFB-on-chip on 5 days after exposure to inflammatory
factors (Fig. 6D and E). All these data suggest that the
hBCSFB-on-chip could be wused to assess biochemical
treatments for inflammatory stimuli.

Control

TNF-a treated

C. D
*¥k
500 5+
L]
400 T =0 4
e Q E
L 3004 S % 3
= 300 | . e 3
- c -
O 200+ S S X 24
N -
X Q
S &
100 o gF 14
0 T 0-
Control TNF-a Treated Control

View Article Online

Paper
Discussion

In the present study, we combined reverse bioengineering
and organ-on-chip technologies to develop a hBCSFB-on-chip
system that could closely resemble the ChP fluid
environment. Specifically, we constructed a microfluidic
device to produce a bionic BCSFB-like structure by
BCSFB-specific
multicellular architectures, composed of hCPECs and
hBMECs. Additionally, the hBCSFB-on-chip demonstrated a
physiological response to inflammatory cues at the tissue

incorporating dynamic culture, and

level.

Microfluidic technologies have offered unprecedented
opportunities to bioengineer various tissues by recapitulating
their key features of structures and functionalities. In our
current study, we took two fundamental properties of the
human BCSFB into account: a functional cytoarchitecture
and barrier function, and employed optimized hBCSFB-on-
chip combined with bioengineering to reproduce such
properties of human ChP. This hBCSFB-on-chip system could
recreate some crucial features in vivo like ChP multicellular
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Fig. 6 TNF-o treatment disrupts the barrier function of the hBCSFB-on-chip. (A) Immunofluorescence staining of hCPECs in hBCSFB-on-chip for
ZO-1 and DAPI. Boxed regions showed that the expression of ZO-1 on hCPECs was reduced by TNF-a treatment. Scale bar, 50 um. (B) The profile
of ZO-1 (red) and DAPI (blue) represented the distribution and relative intensity of fluorescence based on the distance shown on the lines in (A).
(C) Image-based quantification of the ZO-1 expression in the hCPECs cultured in TNF-a treated hBCSFB-on-chips and the controls. (D and E)
Permeability of dextran (10 kDa) and IgG following perfusion of TNF-o showed impaired barrier function of hBCSFB-on-chips. **p < 0.01, ***p <

0.001.
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architectures and tissue-barrier interfaces by incorporating
parallel microchannels. Specifically, the hBMEC seeding in
the bottom channel formed a tight monolayer to constitute
the “blood channel”, and primary hCPECs were seeded on
the top to form the “ventricle channel”. A flexible, porous
membrane, coated with the tissue-relevant extracellular
matrix, separates the endothelial cells from the hCPECs
cultured independently in a specific medium with controlled
laminar flow and shear stress. Assessing the interaction of
integrated hBCSFB-on-chip showed that hBMECs marked by
CD31 formed a uniform monolayer on the “blood channel”,
while hCPECs expressing TTR formed an intricate network
within the brain compartment. The BCSFB is an important
secretory structure in the brain, and to that end, it has
numerous solute and water transporters, as well as efflux
transporters. The expression of Glutl glucose transporter,
water transporter AQP-1, and tight junctional complex ZO-1
in hCPECs cultured in the hBCSFB-on-chip reflected the
specialization of ChP function. SEM analysis showed that
hCPECs contain villus-like microstructures, which mirrors
the ChP structure in the real human situation. Furthermore,
compared with monocultured hCPECs or hBMECs, the
integrated hBCSFB-on-chip by co-culturing with hCPECs and
hBMEGs significantly decreased the blood-to-brain leakage of
dextran. Gene expression profiling of integrated hBCSFB-on-
chip and single-cultured hCPECs showed robust differences.
Additionally, GO enrichment analysis of the DEGs showed
highly enriched categories related to angiogenesis, cell-cell
junction, membrane assembly, and transport-related
functions in the integrated hBCSFB-on-chip. Importantly, we
detected upregulation of nutrient trafficking-specific
transporters in the hCPECs in the hBCSFB-on-chip model,
including ABCG1 and SLC19A1. Considering that ChP plays a
unique role in the transport of cholesterol and folate,*"** our
model may provide a tool for studying the role of the BCSFB
in maintaining CNS homeostasis. In addition, ABCBI,
namely multidrug resistance protein 1, is an active efflux
pump for numerous drugs, including chemotherapeutic
agents, antipsychotics, and HIV protease inhibitors.****
Thus, our model may also serve as an effective tool for
screening drug candidates that are able to transport through
the human BCSFB. Notably, ChP organoids have recently
emerged as an invaluable research model system for
recapitulating the morphology and function of human
ChP.>?° The ChP organoids are derived from human
embryonic stem cells (hESCs) or human induced pluripotent
stem cells (hiPSCs), and they often start from homogeneous
primitive neuroectoderm to intricate ChP barrier architecture
with a fluid-filled compartment. Because organoid generation
is based on the accumulating knowledge of developmental
biology, these models are very suitable for exploring different
developmental stages of ChP. Additionally, the ChP organoids
do not contain any vasculature, which is a disadvantage for
the studies aimed at oxygen transport and nutrient delivery.
Therefore, our hBCSFB-on-chip model and ChP organoids
represent distinct approaches based on the strategies of
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bioengineering and developmental biology, respectively.
These two different CNS barrier models can supplement each
other with their benefits. Taken together, the bioengineered
hBCSFB-on-chip provided human physiologically relevant
in vitro and clinically relevant models, recapitulating the
structural and functional features of the BCSFB barrier.
Although both the BBB and BCSFB are major players in
mediating CNS homeostasis, the importance of the BCSFB is
underestimated compared to the BBB. Structurally, the BBB
is sealed by tight junction complexes among adjacent
endothelial cells, resulting in a low permeability to most of
the molecules in the peripheral blood. In contrast, the
endothelial membrane on the BSCFB interface has leaky
inter-endothelial junctions and forms fenestrations. Thus,
the BCSFB is more permeable than the BBB.” In the present
study, the permeability of hBCSFB-on-chip was higher than
that of the previously reported BBB-on-chip,** which is
consistent with the physiological condition. More
importantly, the unique expression of adhesion molecules,
chemokines, and cytokines on the BCSFB make it act as a
positive immunosurveillance system in the brain.*® The ChP
participates in neuro-humoral brain modulation and
neuroimmune interactions, thereby contributing greatly to
maintaining brain homeostasis. Based on this hBCSFB-on-
chip model, we further investigated the neuropathology of
the BCSFB under inflammatory stimuli. TNF-a is a
pleiotropic pro-inflammatory cytokine and a key mediator
involved in several pathological conditions. What is more,
TNF-o. is reported as the main inflammatory upstream
mediator in ChP tissue in AD patients. In our study, the
hBCSFB-on-chip could be used to model TNF-o. induced
functional damage at the BCSFB tight junctions. TNF-a. was
perfused at a physiologically relevant shear stress through
the “blood channel”, while the ventricle compartment with
hCPECs was perfused with normal media. Interestingly, we
observed the loss of tight junctions in the hCPECs, as shown
by the decreased expression of ZO-1, suggesting the
breakdown of the BCSFB barrier. These results suggested that
the BCSFB interface established in our model mimicked
functional responses to inflammatory stimulations applied
on the “blood channel”. In addition, the RNA-seq was also
performed to guide the investigation of the regulatory effects
of TNF-o stimulation on the signaling pathways related to
the barrier function, including the angiogenesis, cell-cell
junction, membrane assembly, and transport-related
functions. The ChP-CSF system is key to brain homeostasis,
waste clearance, and immune regulations. However, it
remains elusive how TNF-a affects the immune system in the
BCSFB. Here, we used hBCSFB-on-chip to study the different
effects of TNF-o induced inflammatory responses. We
observed a significant difference in intracellular signaling
mediated after the TNF-o treatment. GO enrichment analysis
classified the functional categories of DEGs, in terms of
immune response families, chemokine-mediated pathways,
and cytokine process-related pathways. This indicated that
the complex BCSFB environment in our system resulted in
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robust stimulation of immune response, which was
consistent with the notion that ChP served as a crucial source
for brain homeostasis and immune regulations in the brain.
Thus, this new BCSFB model more closely recapitulates the
human immune response in ChP and allows us to address
the significance of TNF-o. induced inflammatory pathways.
Overall, our novel hBCSFB-on-chip provides a unique
opportunity to investigate human BCSFB function under
inflammatory stimuli, and a potential platform for drug
screening.

Despite the above advantages, this hBCSFB-on-chip has
some limitations. As we mentioned earlier, the BCSFB
orchestrates the neuroimmune interactions through its
ability to facilitate immune cell migration.>® For example,
recent studies have documented the migration of specific T
lymphocyte subsets through the BCSFB in multiple
sclerosis.*”*® However, the co-culture with immune cells in
our BCSFB-on-chip model has not been achieved in the
present study, which might be due to the impact of cell
culture medium. A more complicated co-culture system that
includes immune cells or brain parenchymal cells should be
developed further. As the identification and validation of
disease-specific pathology remain a considerable challenge,
we anticipate that a variety of experimental approaches will
be possible to overcome these limitations. Overall, we believe
that our hBCSFB-on-chip system utilized in the current work
could serve as an alternative human-relevant model, and
open a new avenue for modeling BCSFB disorders.
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