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Abstract

Here we report on the development of a breakthrough microfluidic human in vitro cerebrovascular
barrier (CVB) model featuring stem cell derived brain like endothelial cells (BLECs) and nanoporous silicon
nitride (NPN) membranes (uSiM-CVB). The nanoscale thinness of NPN membranes combined with their
high permeability and mechanical stability make them an ideal scaffold for the assembly of an in vitro
microfluidic model of the blood-brain barrier (BBB) featuring cellular elements of the neurovascular unit
(NVU). Dual-chamber devices divided by NPN membranes yield tight barrier properties in BLECs, and allow
an abluminal pericyte-co-culture to be replaced with pericyte-conditioned media. With the benefit of
physiological flow and superior imaging quality, our uSiM-CVB captures each phase of the multi-step T-cell
migration across the BBB. The small volume of < 100 pL of the uSiM-CVB will enable in vitro investigations

of rare patient derived immune cells with the human BBB by live cell imaging under flow.

Introduction

The endothelial blood-brain barrier (BBB) in central nervous system (CNS) parenchymal microvessels
protects the CNS from the constantly changing milieu in the blood stream. In addition to strictly
controlling the movement of molecules across its interfaces it also rules the entry of immune cells and
immune mediators into the CNS (Engelhardt & Ransohoff, 2012). Under physiological conditions, immune
cell entry into the CNS is very low. In contrast, in CNS inflammatory diseases such as multiple sclerosis
(MS) high numbers of immune cells infiltrate the CNS, where they cause inflammation, BBB dysfunction
and demyelination (Sospedra & Martin, 2016). Immune cell trafficking across the BBB is thus a critical
hallmark of MS (Diebold & Derfuss, 2016) and has been extensively studied in experimental autoimmune
encephalomyelitis (EAE), an animal model for multiple sclerosis (Krishnamoorthy & Wekerle, 2009). In
vitro and in vivo live cell imaging studies in rodents suffering from EAE have provided evidence that T-cell
migration across the BBB is a multi-step process, where T cells start to roll on the endothelial surface and
after their arrest, crawl against the direction of the blood flow to sites permissive of T-cell diapedesis

across the BBB (summarized in (Engelhardt & Ransohoff, 2012). a4-integrins on the T cells were identified



to mediate their arrest to the BBB in the absence or presence of autoimmune neuroinflammation in
rodent EAE models, and antibodies blocking a4-integrins were shown in a variety of EAE models to inhibit
the development of clinical symptoms (Engelhardt & Ransohoff, 2012). These findings were successfully
translated into the clinic, where the humanized monoclonal anti- a4-integrin antibody natalizumab is used
for the treatment of MS (Diebold & Derfuss, 2016). Unfortunately, natalizumab comes with the
unforeseen and rare side effect of progressive multifocal leukoencephalopathy (PML), which is caused by
infection of human oligodendrocytes with the JC virus and can thus not be modeled in animals.
Furthermore, a number of anti-inflammatory treatments that were highly effective in EAE, have failed in
MS trials (Martin, Sospedra, Rosito, & Engelhardt, 2016), underscoring that the autoimmune pathogenesis
underlying MS and its treatments cannot be modelled in their entire complexity in available animal
models. Therefore, there is an unmet need for detailed functional studies employing human disease-
relevant tissues and cells. This includes the necessity for human models of the BBB allowing the study of
migration by disease-relevant immune cell subsets across the cellular barrier as a critical step in MS

pathogenesis.

Most well-characterized BBB culture models are based on primary brain endothelial cells or brain
endothelial cell lines from animal origin (bovine, porcine and murine) (Grant, Abbott, & Janigro, 1998;
Helms et al., 2016; Steiner, Coisne, Engelhardt, & Lyck, 2011). Although elegant human in vitro BBB
models employing primary human brain endothelial cells have been established (Cayrol, Haggani, Ifergan,
Dodelet-Devillers, & Prat, 2011) their availabilities are limited to few laboratories with privileged access to
human brain tissue. Thus, human brain endothelial cell lines like the hCMEC/D3 have been established
and widely used as in vitro models of the human BBB (Eigenmann et al., 2013; Weksler et al., 2005).
Although hCMEC/D3 retain morphological and functional characteristics of human brain endothelium,
they fail to establish barrier characteristics resembling their tightness observed in BBB in vivo (Deli,
Abraham, Kataoka, & Niwa, 2005). This limits the suitability of hCMEC/D3 for pharmacological,

toxicological and functional assays on the human BBB with in vivo predictability.



Recently, stem cell sources have demonstrated substantial advantage over other brain endothelial cells
sources for BBB modeling given their human origin, stability, scalability, self-renewal and potential to
generate syngeneic cellular components of the neurovascular unit (Canfield et al., 2017; Lippmann, Al-
Ahmad, Palecek, & Shusta, 2013). We have recently employed cord blood CD34* hematopoietic stem cells
to differentiate endothelial cells (ECs)(Cecchelli et al., 2014). By co-culturing CD34" -derived ECs with
bovine pericytes we were able to differentiate those ECs into brain-like endothelial cells (BLECs) providing
a valuable in vitro model for the human BBB (Cecchelli et al., 2014). Growing BLECs on conventional cell
culture filter inserts in co-culture with pericytes, we and others used both small molecule diffusion and
transendothelial electrical resistance (Cecchelli et al., 2014; Vandenhaute et al., 2016) to establish that
BLECs form tight barriers. With their excellent barrier function and robust expression of BBB signature
molecules in combination with large-scale availability, BLECs are an ideal culture platform to study the
interaction of human immune cells with the human BBB in vitro (Lyck et al., 2017).

To use BLECs in a model system to investigate immune cell interactions with the BBB, also requires a
culture platform that enables live cell observations. Microscopic imaging in conventional culture inserts is
severely hampered by the fact that the polymer track-etched (TE) membranes used in cell culture filter
inserts are largely opaque to transmitted light and degrade fluorescence signals (Carter et al., 2017). Even
the routine monitoring of confluency of the endothelial monolayers during cell culture is impaired by the
incompatibility of TE membranes with phase contrast microscopy.

Live cell imaging and phase microscopy on coverglass substrates, are well-established as the means of
monitoring immune cell migration across endothelial monolayers in vitro under static and flow conditions
(Coisne, Lyck, & Engelhardt, 2013; Martinelli et al., 2014; Munir, Rainger, Nash, & McGettrick, 2015;
Shulman & Alon, 2012). Following its arrest on the endothelial monolayer, an immune cell rapidly changes
from a phase-bright roundish shape that can easily be distinguished from the endothelial monolayer, to a
polarized cell that first spreads atop of the endothelial monolayer and then crawls along the endothelium,
and then finally to a phase-dark cell as it migrates beneath the endothelial monolayer (Cinamon,
Grabovsky, et al., 2001; Luu, Rainger, & Nash, 2000; Rudolph et al., 2016; Steiner et al., 2010). Similarly,

live fluorescence imaging has been used to reveal the dynamics of immune cells and adhesion receptors
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(Shaw et al., 2004) during their interaction with endothelial monolayers and to eventually distinguish
between paracellular and transcellular routes of diapedesis (Abadier et al., 2015; Carman et al., 2007;
Rudolph et al., 2016). Because glass coverslips are impermeable, these studies cannot be done in the dual
chamber co-culture systems needed to establish continuous cross talk between brain microvascular
endothelial cells and the pericytes and astrocytes of the neurovascular unit (Abbott, Patabendige,
Dolman, Yusof, & Begley, 2010; Garberg et al., 2005).

Another critical feature of an in vitro model for the study of the interaction of immune cells with the BBB
is the ability to maintain fluid flow during the interaction of the immune cells with the endothelial
monolayer maintaining its BBB characteristics. The inability to introduce any flow in the apical and basal
compartments of two chamber systems employing filter inserts limits their application to assays
performed under static conditions (no shear forces). Although static BBB models have provided
provisional answers to questions regarding the molecular mechanism of immune cell trafficking across the
BBB (Lyck et al., 2017; Reiss, Hoch, Deutsch, & Engelhardt, 1998; Steiner et al., 2011), the physiological
representation of immune cell trafficking across the BBB clearly requires the presence of flow (Cinamon,
Shinder, & Alon, 2001; Schreiber, Shinder, Cain, Alon, & Sackstein, 2007; Steiner et al., 2010; Steiner et al.,
2011). Several studies convincingly demonstrated that physiological shear forces influence each phase of
the multi-step process including the arrest and crawling of T cells on the endothelium, and the cellular
pathway of diapedesis across the endothelial monolayer (Cinamon, Shinder, et al., 2001; Schreiber et al.,
2007; Steiner et al., 2011).

Here we report on the development of a novel BBB model for the study of leukocyte/BBB interactions.
Ours is the first microfluidic BBB model (uSiM-CVB) to feature BLECs and the first to feature silicon
nanomembranes. Silicon nanomembranes (DesOrmeaux et al., 2014; Striemer, Gaborski, McGrath, &
Fauchet, 2007) are freestanding nanoporous membranes with a thicknesses (~ 100 nm) comparable to the
BBB basement membrane (Kelley, Lohmer, Hagedorn, & Sherwood, 2014; Tanner, 2012). The thinness of
nanomembranes makes them transparent and thus compatible with all forms of light microscopy
including phase and DIC (Carter et al., 2017). The thinness of nanomembranes also gives them orders of

magnitude higher permeability to small molecules than conventional membranes (Kim et al., 2008;
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Striemer et al., 2007) maximizing molecular cross-talk between compartments in a co-culture system.
Here we show that a uSiM-CVB device with BLECs and nanomembranes yields tight barrier properties and
robust cell junctions when perfused from the abluminal side with pericyte conditioned media. This
eliminates the need for pericyte or astrocyte co-culture, providing an enormous simplification. In a dual-
chamber culture system with glass-like imaging quality, we show that our uSiM-CVB model captures each
phase of the multi-step T-cell migration across the BBB under flow. Further, the volume of the device is
small enough (< 100 plL) to facilitate investigation of rare patient derived cellular subsets with limited
expansion potential. Collectively, these characteristics make our uSiM-CVB model a breakthrough

platform for the study of interactions between human immune cells and the human BBB in vitro.

Results

Commercial supports are not suitable for live cell imaging of the human in vitro BBB model under
physiological flow

We have previously developed a custom-made flow chamber that allowed us to observe the interaction of
immune cells with an in vitro model of the mouse BBB established from primary mouse brain
microvascular endothelial cells (pMBMECs) by live cell imaging (Coisne et al., 2013). As pMBMECs do not
require co-culture conditions to establish BBB characteristics, they can be grown in petridishes with
polymer coverslip bottoms, e.g. u -dish 35mm (ibidi) allowing for high imaging quality. A custom made
flow chamber can, in this case, be tightly mounted over the pMBMEC monolayers using a magnetic
system (Coisne et al., 2013). For experimental conditions requiring co-culture of pMBMECs, e.g. with
astrocytes, prior to live cell imaging of immune cell interaction with pMBMECs under flow, we have
successfully adapted the flow chamber setup such that it allows for insertion of pMBMEC monolayers
grown on commercially available filter membranes (Enzmann et al., 2013). Although this adaptation came
with a reduction in imaging quality of the pMBMEC monolayer, the multi-step immune cell interaction
with the pMBMEC monolayer could be investigated (Enzmann et al., 2013).

In the present study, we therefore employed our established methodology to transfer our novel human in



vitro model of the BBB established from CD34"* derived endothelial cells (EC) (Cecchelli et al., 2014) to the
established custom-made flow chamber device (Coisne et al., 2013). In order to perform the CD34" -
derived EC/pericyte co-cultures necessary to establish the BBB we first tested several commercially
available inserts. We first used the Milicell® standing inserts with a PTFE membrane to grow the CD34" -
derived ECs. To this end 3.5x10° CD34" -derived ECs were seeded on the Matrigel™ coated membrane and
the co-culture with pericytes was started as described before (Cecchelli et al., 2014). Unfortunately, we
could not show the BBB maturation on these filters because CD34*-derived EC did not form confluent
monolayers. To improve adhesive characteristics of the Millicell® PTFE filters, we tested coating with
different extracellular matrix proteins and combinations thereof including Matrigel™, laminins, collagens
and fibronectin. None of these coatings provided attachment of the endothelial monolayers suitable to
perform flow assays, as EC readily detached upon application of flow (Supplementary video 1).

We therefore systematically tested adhesion and growth of CD34" - derived EC on additional 6
commercially available filter systems to test their optical properties and their compatibility with the cell
growth: Millicell® polycarbonate, the Millicell® mixed cellulose esters, Corning polycarbonate, Corning
PTFE with collagen coating, Corning PET and Greiner PET (Supplementary table 1). Although these filters
all allowed for the growth of CD34* derived EC into confluent monolayers as confirmed by
immunofluorescence staining of the fixed BLECs, the Millicell® membranes (polycarbonate and mixed
cellulose esters) and the Corning polycarbonate membrane were not optically transparent to allow to
judge the confluency of the live cell monolayer. The other three filter inserts (Corning PTFE with collagen
coating, Corning PET and Greiner PET) were used to perform the flow assays. After the co-culture
procedure, the filters had to be cut out of their frame and inserted into our custom-made flow chamber
by placing the filter on an Ibidi pudish with the flow chamber mounted on top (Coisne et al., 2013). Cutting
out the filters beared the risk of mechanical rupture of the endothelial monolayer. Also, the live cell
imaging studies performed with this setup had a very low imaging quality and were not of sufficient
quality for a thorough evaluation of T-cell/BBB interactions. In the assay with the Corning pre-coated PTFE

filters, we were able to see the shapes of the T cells but it was impossible to clearly visualize the BLECs



(Supplementary video 2). On the PET filters from Corning (Supplementary video 3) and Greiner
(Supplementary video 4) we were again not able to clearly see the BLECs and the background was too high
to evaluate the behavior of the T cells even though they were visible. Thus, we concluded that we could
not adapt our existing flow chamber for the study of T-cell/BLEC interactions under flow.

A thorough review of experimental microfluidic culture devices described in the literature also suggests
that these would not provide ready solutions to our needs. Most generally, these systems are not
amenable to live cell observations of T cell/BLEC interactions due to the lack of membrane transparency
(Goncharova & Khaldoyanidi, 2013; Takeshita et al., 2014), and/or due to the fact that the endothelial
cells are not grown in a single horizontal plane but vertically (Xu et al., 2016) or on the luminal surface of
tubings (Cucullo et al., 2008; Herland et al., 2016; Neuhaus et al., 2006). Moreover, some of these systems
employ large amounts of fluid volume to maintain flow over time (Erbeldinger et al., 2017; Goncharova &
Khaldoyanidi, 2013; Takeshita et al., 2014), which would limit our ability to study the interaction of a

limited number of patient derived T-cell subsets with BLECs.

CD34*-derived ECs adhere and grow on nanoporous silicon nitride membranes

Nanoporous silicon nitride (NPN) is a recently developed ultrathin silicon membrane technology
(DesOrmeaux et al., 2014). NPN is the third generation of ultrathin porous membrane materials we have
developed using silicon manufacturing techniques, following pnc-Si (Striemer et al., 2007) and
microporous SiO; (upSiO2) (Mazzocchi, Man, DesOrmeaux, & Gaborski, 2014) . These ‘nanomembranes’
have found broad applications in biomedical sciences including cell culture (Agrawal et al., 2010;
Mazzocchi et al., 2014; Nehilla, Nataraj, Gaborski, & McGrath, 2014), lab on chip devices (Carter et al.,
2017; Chung et al., 2014) and bioseparations (Johnson et al., 2013; Winans, J. P. Smith, Gaborski, Roussie,
& McGrath, 2015). Silicon nanomembranes are ultrathin, optically transparent, biocompatible and highly
permeable, which makes them ideal substrates for the construction of in vitro barrier models relying on
molecular cross-talk with a second cell type Fig. 1A to 1D). The silicon platform also enables ready
integration into microfluidic devices (Chung et al., 2014; Johnson et al., 2013).

We considered 400 nm thick microporous ppSiO; (Carter et al., 2017) as a candidate for our human BBB
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model, however we have found that human umbilical vein endothelial cells (HUVECs) do not adhere to
these membranes in the presence of flow regardless of surface treatments (Supplemental Figure 1). By
contrast HUVECs readily adhere, and even align on NPN, in the presence of shear stresses up to 10
dynes/cm? applied continuously for 24+ hours (Supplemental Figure 1). Various surface coating techniques
were implemented to improve the cell adhesion on the ppSiO, substrates. Extracellular matrix (ECM)
proteins such as fibronectin, collagen 1, as well as basement membrane mimetic compositions (Geltrex™,
Corning, NY) were tested. Aminopropyl triethoxy silane (APTES) - 4% in acetone and 100% - were also used
to modify the surface properties to enhance cell adhesion under shear stress. None of the coating methods
prevented cell detachment from the microporous substrate under shear stress and the substrate was
decellularized in few hours post-flow (data not shown). Thus, we selected NPN as our membrane of choice
and confirmed that CD34*-derived ECs efficiently adhered to and built confluent monolayers on Matrigel™-

coated NPN with glass-like optical character ideal for in vitro live cell imaging (Fig. 1E).

Pericyte co-culture can be replaced by pericyte-conditioned medium to induce BBB characteristics in
CD34*-derived ECs

Co-culture of CD34*-derived ECs with pericytes has been shown to be essential for induction of BBB
characteristics (Cecchelli et al., 2014). This procedure involves changes in gene expression of Wnt
signaling, tight junctions and transporters that occur over 6 days of co-culture (Cecchelli, 2014). In theory,
co-culture of ECs and pericytes could be accommodated by designing a two-chamber microfluidic device
with the EC grown on the silicon membrane in the upper compartment and the pericytes in the lower
compartment. The major disadvantage of this set up would be that in vitro live cell imaging of the BBB
under flow employs inverted microscopy, which positions the pericyte culture between the microscope
objective and the EC monolayer potentially impairing the imaging quality of the EC monolayer. We
therefore asked if the pericyte-co-culture could be replaced by administrating the conditioned medium of
the pericyte cultures. To this end, we co-cultured CD34*-derived ECs with or without pericytes in the
original Transwell® filter co-culture setup for 5 days as positive and negative control, respectively. In

parallel CD34*-derived ECs plated on additional matrigel coated Transwell® filter inserts were co-
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incubated with pericyte-conditioned medium (PCM) from the abluminal (lower compartment) or luminal
(upper compartment) side (Fig. 2A,B) and subsequently replaced on a daily basis by alternating between
24h and 48h In order to obtain the PCM, 2.25x10* /well pericytes were seeded into 24-well Costar plates
one day prior to seeding the CD34*-derived ECs. After the adhesion of the CD34"-derived ECs on the
Matrigel coated Transwell® filter inserts, the 24 hours PCM was collected from the pericyte cultures and
administered to the luminal or abluminal side of the CD34" -derived ECs (Fig. 2A,B) and subsequently
replaced on a daily basis by alternating between 24h and 48h PCM to ensure an optimal concentration of
the pericyte-derived factors (Fig. 2B). After 5 days of culturing the CD34*-derived ECs under the different
conditions, their barrier characteristics were compared side-by-side by testing the permeability of the EC
monolayers for the small molecular weight tracer lucifer yellow (LY) (Fig. 2C). In accordance to our
previous findings the monoculture of CD34*-derived ECs did not establish a diffusion barrier for LY (Pe LY =
2.04 +0.19 x 10 cm/min), while the co-culture with pericytes established brain-like endothelial cells
(BLECs) with tight barrier characteristics as shown by the significantly reduced clearance of LY across the
EC monolayer (Pe LY = 0.52 + 0.08 x10 cm/min; Fig. 2C). PCM applied from the abluminal side of the
CD34*-derived EC monolayer induced barrier characteristics comparable to those induced by the pericyte-
coculture (Pe LY = 0, 55+0,06 x10°3 cm/min; Fig. 2C). Interestingly, applying PCM from the luminal side
failed to induce comparable barrier characteristics, which underscores that our in vitro model of the BBB
appropriately mimics the in vivo situation with pericytes embedded in the endothelial basement
membrane at the abluminal side of the brain microvascular endothelial cells.

Following the permeability assay, the EC monolayers were stained for the transmembrane adherens and
tight junction proteins VE-cadherin and claudin-5, respectively and the junctional scaffolding protein ZO-1
to address the junctional integrity and maturation. The staining revealed that PCM when applied from the
abluminal side induced a junctional architecture in CD34*-derived ECs comparable to that induced by co-
culture with bovine pericytes (Cecchelli et al., 2014). Specifically, the pericyte co-culture or the
abluminally administered PCM induced a continuous and more jagged staining of the junctional and
scaffolding proteins VE-Cadherin and ZO-1 compared to the monoculture and PCM luminal conditions (Fig.

2D). Moreover, junctional claudin-5 immunostaining was enhanced in BLECs under conditions of pericytes
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co-culture and in the abluminally administered PCM conditions (Fig. 2D) when compared to controls. In
addition, the F-actin staining revealed absence of stress fibers underscoring the quiescent nature of the
ECs monolayers (Fig. 2D). Overall, these results confirmed that CD34" -derived ECs are polarized and that
the barrier-inducing signals provided by the pericytes have to be provided from the abluminal side to
induce BBB characteristics like junctional maturation and low permeability to small molecules. Taken
together, these results show that differentiation of CD34*-derived ECs into BLECs does not rely on true co-

culture with pericytes; it can equally well be achieved by applying PCM to the abluminal side.

CD34*-derived ECs establish BBB characteristics when grown on NPN membranes

In a next step, we asked if PCM induced barrier characteristics in CD34*-derived ECs also occurred when
the cells were grown on NPN membranes. For this purpose, we fabricated an open format device, which
we referred to as "Transwell mimetic”, in which a NPN membrane divides an upper and lower
compartment (Fig. 3A). The membrane compartment of this device is open for media and reagent
application from the top and promotes easy gas exchange for maintaining physiological pH within the
media. The basal compartment can be easily accessed from fluid ports on the top of the device and is
separated from the membrane compartment with the NPN membrane providing the sole area for
exchange of factors between compartments. The entire device can be autoclaved and the volume
requirements in the upper and lower compartments is 50 puL and 20 puL respectively.

In order to induce barrier characteristics in CD34*-derived ECs, we followed the same culture procedure as
depicted in Fig. 2B. CD34*-derived ECs (1x10° cells/mL) were seeded on the Matrigel coated NPN
membrane and grown in the absence or presence of PCM applied in the basal compartment (Fig. 3B).
CD34*-derived ECs were cultured for 5 days replacing the PCM in the basal compartment every 24 hours
alternating the 24h and 48h PCM. Barrier characteristics were tested after 5 days of culture by performing
a LY permeability assay (Fig. 3B). The paracellular permeability value across the endothelial monolayers).
The paracellular permeability value across the endothelial monolayers was evaluated as described in
details in Material & Methods and the PSe was divided by a cell growing area (0,014 cm?), in order to

generate the endothelial Pe in cm/min. The permeability assay revealed that CD34" - derived ECs grown
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on NPN membranes in monocultures did not establish a tight barrier with a permeability coefficients Pe LY
=1.82 +0.18 x10°3 cm/min. In contrast in the presence of abluminal PCM, CD34* -derived ECs grown on
NPN membranes established BLEC characteristics with a permeability coefficient Pe LY= 0.39 + 0.07 x10°3
cm/min (Fig. 3B), which is comparable to the LY paracellular permeability of BLECs grown on Transwell®
filter inserts (Fig. 2A). Thus, NPN membranes are suitable for the induction of BBB properties by PCM in
CD34* -derived ECs. BLEC properties were further confirmed by confirming the junctional localization of
VE-cadherin, claudin-5 and ZO-1 in BLECs gown on NPN membranes in the presence of abluminal PCM
(Fig. 3C).

Next, we investigated cell surface expression of adhesion molecules known to mediate T-cell interaction
with the BBB on BLECs grown on the NPN membranes. We found constitutive cell surface expression of
the adhesion molecule ICAM-2, constitutively expressed in human endothelial cells (Bo et al., 1996) and to
a lesser degree for ICAM-1 but not of VCAM-1 on BLECs (Fig. 3D). To mimic an inflammatory environment,
BLECs were stimulated with tumor necrosis factor alpha (TNF-a) activating e.g. the pleiotropic nuclear
factor—kB (NF-kB) (Collins et al., 1995). Accordingly, BLECs showed an up-regulation of ICAM-1 and VCAM-
1 after stimulation with TNF-a (10 ng/mL) for 16 h. Moreover, the TNF-a stimulation was inducing the
formation of F-actin stress fibers as revealed by the immunofluorescence staining (Fig. 3D). Taken
together, these results show that our human in vitro BBB model is functionally reproduced on our
customized silicon nanomembrane system and suitable to investigate the role of the signature molecules

involved in the T cell trafficking.

Establishment of a small scale human in vitro BBB model under flow: Introduction of the uSiM-CVB flow
system

The physical and optical characteristics of the NPN membranes make it possible to create flow chambers
with microliter scale volumes and a robust performance. This allowed for designing a novel small scale
two-chamber flow device, which we refer to as “pSiM-CVB flow system” (Fig. 4A). This new device is
composed of several 300 um thick silicone layers that create the compartments necessary for the apical

growth of the CD34" -derived ECs and the abluminal application of PCM. The top of the uSiM-CVB flow
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system is sealed by a layer of gas-permeable and transparent PDMS with fluid access ports to both the top
and bottom compartments of the device. The CD34" -derived ECs are seeded on the silicon
nanomembrane via the top channel that also serves as the flow channel, while the bottom channel is
strictly accessed by pipettes. In addition, the PDMS reservoirs on top of the device at both ends of the 2
channels allow the addition of excess culture medium (200 pL per channel) to prevent evaporation during
prolonged cell culture (Fig. 4B). In order to grow the BLECs monolayer, CD34" -derived ECs are seeded in
the top channel on the silicon nanomembrane (1.4 mm?) at a concentration of 1x10° cells/mL. Then, the
induction of BLECs is achieved by the daily and alternating administration of 24h and 48h PCM for 6 days,
as established in the “Transwell mimetic” system. To apply flow on the BLEC monolayers, both ends of the
top channels are connected with a transparent PVC tubing (@ = 1 mm) with the help of 18 gauge straight
needles. The inlet tubing is then connected to a 3-way tap linked to 2 reservoirs respectively containing
the Th1 cell suspension and migration assay medium, and the outlet tubing was connected to a
programmable pump that is pulling medium over the BLEC monolayer to create a controlled laminar flow.
With this device and scheme, it was possible to superfuse the Th1 cells over the BLECs monolayer and
directly image the T cells in phase contrast with a transmitted light inverted microscope (Axio Observer
71, Zeiss) equipped with a temperature-controlled chamber (37°C), and to observe the multi-step T-cell
migration across the BBB under physiological flow in vitro (scheme in Fig. 4C). To perform the flow
experiment, first the Th1 cells were infused in the top channel for 4 min at a low flow rate of 0.1 dyne/cm?
to allow a first contact with the BLECs (accumulation phase). Then the migration assay medium only was
infused and the flow rate was increased to 1.5 dyne/cm? to reach a physiological shear for 30 min (shear
phase). In order to see if we could image the BLECs at high resolution and keep the focus on the cells for
the duration of the flow experiment, a temporal snapshot of the BLECs taken from a video recorded with
a 10x magnification was made, showing the first and last frame of an area where T cells did not attach to
the BLECs monolayer (Fig. 4D). In order to mimic conditions of the BBB under inflammatory or non-
inflammatory conditions, BLECs were pre-treated or not with TNF-a after 5 days of culture with the PCM,
when the BBB characteristics (permeability, expression of tight junction molecules) were established (Fig.

3B,C), 16h before starting the flow experiment recorded with a 10x objective (EC Plan-Neofluar 10X/0.30
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Ph1). First, we found that the resolution was sufficient to perfectly distinguish each endothelial cell in
phase contrast images. Then, we could observe that treatment of BLECs with TNF-a induced a more
elongated shape of the BLECs (Fig. 4D), which is in accordance with the induction of F-actin stress fibers as
observed with the immunofluorescence staining (Fig. 3D). When starting to apply flow (0 min) the NPN
membrane’s stiffness kept it perfectly in focus (34min55s) and allowed us to continuously image the BLEC
monolayer under physiological flow in the same focal plane. In addition, we ensured that the monolayer
stayed perfectly intact and in focus under physiological flow for a time period of at least 30 minutes,

which is a prerequisite for following the T cell-BLECs interactions over time.

Live cell imaging of the interaction of human T cells with BLECs under physiological flow

In a final step, we employed the uSiM-CVB to study the interaction of human T cells with the human BBB
under physiological flow. To infuse T cells on the BLECs monolayer, we aspirated human Th1 cells from a
reservoir via an inlet tubing over the BLEC monolayer for 4 minutes with a flow rate of 0.1 dyne/cm?
(accumulation phase). After this accumulation phase the flow rate was increased to a physiological flow
rate of 1.5 dyne/cm? for 30 min (shear phase) allowing to study post-arrest T-cell behavior on the BLECs

monolayer under physiological flow by live cell imaging.

In order to illustrate how we could observe various types of T cell/BLEC interactions with high resolution,
we generated temporal snapshots from a video recorded with a 20x magnification where BLECs were
stimulated with TNF-a (Fig. 5A). In addition, we also recorded videos with a 10x magnification of T cell-
BLEC interactions where BLECs were stimulated (video 2) or not (video 1) with TNF-a.. These 10x
maghnifications videos allowed us to have a statistical comparison of the T-cell behavior on the BLEC
monolayers in unstimulated and TNF-o stimulated conditions (Fig. 5B), since a higher number of T cells
could be tracked compared to higher magnification videos, at the cost of a lower resolution. To analyze
the respective T-cell behavior on the BLECs monolayers in a quantitative manner, we performed a visual
frame-by-frame offline analysis of the time-lapse videos. To this end each T cell was categorized into a
specific behavioral group. Under both, unstimulated and TNF-a stimulated conditions, the majority of T

cells were found to polarize upon arrest (video 1 and 2) and to migrate across the BLEC monolayer with or
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without prior crawling on the BLECs. These were categorized under “diapedesis” (Fig. 5A). T cells that
crawled on the surface of the BLECs for the entire observation time were categorized as “crawling” (video
1 and 2, Fig. 5A). One additional behavior observed was T cells that remained stationary without
displacing beyond a distance exceeding their own diameter and presenting dynamic cellular protrusions
and thus “probing” the BLEC monolayer (video 1 and 2, Fig. 5A). Also, a certain number of T cells were
found to quickly “detach” from the BLECs monolayer when the flow rate increased at the beginning of the
shear phase (video 2). In general, we observed a higher number of T cells arresting on the TNF-a
stimulated BLECs versus the non-stimulated BLECs monolayers resulting in an increased number of T cells
interacting with the TNF-a stimulated BLECs in each T cell behavioral category (Fig. 5B). Overall, the TNF-o.
stimulation favored T cell-BLECs interactions without modulating their behavior among categories. This
observation is in accordance with the upregulated cell surface expression of ICAM-1 and VCAM-1
previously shown (Fig. 3D), suggesting that upon TNF-a stimulation, the upregulation of adhesion
molecules could explain the significantly higher number of Th1 cells found to arrest on BLECs under
physiological flow, ~4 min after starting to infuse T cells and just after the accumulation phase (Fig. 5B).
Taken together, our novel uSiM-CVB flow system allows for detailed observation of the multi-step T cell
extravasation across a human model of the BBB at a very small scale suitable for employing rare patient

derived immune cells.

Discussion

The development of an in vitro platform to study the migration of immune cells across the BBB in the
context of disorders of the human CNS presents several challenges. We have recently faced this challenge
by establishing a novel human in vitro model of the BBB from human ECs derived from cord blood CD34+
hematopoietic stem cells (Cecchelli et al., 2014). We demonstrated that when co-cultured with pericytes,
CD34* EC differentiate into brain-like endothelial cells (BLECs) establishing low permeability barriers and
mature tight junctions. Due to the general availability of cord blood stem cells, BLECs can be widely

adopted to study molecular mechanisms in pathologies implicating the BBB such as neurodegenerative or
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neuroinflammatory disorders (e.g. Alzheimer’s disease, multiple sclerosis), stroke and traumatic brain
injury, infectious processes and inflammatory pain.

While we have previously used BLECs to study immune cell extravasation across the BBB in static culture
conditions (Lyck et al., 2017), the application of physiological flow is needed for more physiological
observations. Physiological flow has been shown to have a significant impact on T-cell diapedesis across
vascular monolayers in vitro (Schreiber et al., 2007; Steiner et al., 2011). The visualization of the multi-step
immune cell extravasation across the vascular wall requires a testing platform compatible with
transmitted light microscopy, preferably phase contrast. The desire for flow and live-cell imaging has
compelled us and others to use flow chambers with endothelial cells cultured on glass coverslips, as the
track-etched membranes used in traditional two-chamber filter devices are notoriously bad for imaging
under transmitted light (Carter et al., 2017). This choice however, introduces new complications as non-
permeable substrates are not physiological and are thought to compromise the polarization of barrier
cells due to the lack of basal transport (Samuel et al., 2017). In addition, these flow chambers are not
suitable for in vitro BBB models that rely on the continuous and polarized cross-talk of the brain
endothelial cells with cellular elements of the neurovascular unit, such as pericytes or astrocytes
(Engelhardt & Liebner, 2014; Hawkins & Davis, 2005). Here, we provide new and compelling evidence of
the need for a dual compartment for maintaining barrier characteristics in our human in vitro BBB model:
the addition of pericyte conditioned media (PCM) to the basal, but not to the apical compartment, was
sufficient for the induction of tight BLEC barriers (Fig. 2A). Thus, CD34* ECs monocultures on non-
permeable glass or tissue culture plastic would not mimic the human BBB in vitro, even in conditioned

media.

Our experiences identify a minimum set of device requirements for the study of immune cell migration
across the BBB under physiological flow by live cell imaging; the device must: 1) be transparent, 2) enable
physiological flow in the luminal compartment, and 3) include a permeable yet sufficiently stiff cell-
substrate so that flow doesn’t shift the image focus. The previous decade has witnessed the emergence of

customized microsystems for ‘organ-on-chip’ models or ‘microphysiological systems’ (MPS) (Bhatia &
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Ingber, 2014). While a number of these efforts have focused on BBB (Cucullo et al., 2008; Goncharova &
Khaldoyanidi, 2013; Herland et al., 2016; Takeshita et al., 2014; Xu et al., 2016), only Walter and
colleagues (Walter et al., 2016) addressed the need for membrane transparency. Their solution was to
employ ‘transparent’ track etched membranes that have 100 fold fewer pores than conventional
materials (108 pores/cm? vs 108 pores/cm?) and are more than twice as thick (23 pm vs 6 — 10 um). While
these membrane modifications diminish the confounding influence of pores on light transmission and
enabled the team to acquire clear phase images of monolayers, they also dramatically reduce the diffusive
permeability of the membranes by more than two orders of magnitude. Indeed, we calculated the small
molecule permeability of the low porosity TE membranes used by Walter et al. to be 10° cm/s, a value
lower than some of the permeabilities we report here for luciferase yellow transport across BLEC
monolayers. Thus, these low porosity TE membranes can be rate limiting for small molecule transport if
used in a two chambers system. This would mask the properties of monolayers in barrier measurements
and may prohibit induction of BBB characteristics in endothelial monolayers grown on these membranes

because of the hindrance of small molecule diffusion to and from the basal side of cells.

We addressed the need for optical transparency by building the first in vitro BBB model that features
silicon nanomembrane technology. Silicon nanomembranes are free-standing porous membranes
produced by silicon microfabrication methods and with a thickness that can be tuned between 15 nm
(Striemer et al., 2007) and 400 nm (de Mesy Bentley et al., 2017). The nanomembranes used for the novel
flow chamber device were 50 nm thick nanoporous silicon nitride (NPN) (DesOrmeaux et al., 2014) with ~
50 nm pores and a density of 10! pores/cm?. The small molecule diffusive permeability of these
membranes is a remarkable ~ 0.1 cm/s (Kim et al., 2008), a value so high that is indistinguishable from
free diffusion through water in practical assays (Snyder et al., 2011). In other words, small molecule
diffusion across a nanomembrane occurs as if the membrane is not there, even as it provides a physical

divide to define the compartments of a two-chamber system.

The superior imaging characteristics of nanomembranes have been appreciated in cell culture studies for
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some time (Agrawal et al., 2010; Carter et al., 2017), but they have never been used for live cell imaging or
functional BBB studies before now. The microporous SiO, membranes employed by Carter et al. for
example, do not support adhesion under physiological flow (Figure S1). Here we show the compatibility of
NPN with the growth of human BLECs monolayers and the adhesion of these monolayers under
physiological flow. Thus, because of its physical properties combining high permeability with thinness and
stiffness as well as its better biocompatible characteristic under flow, we chose the NPN membrane over
the SiO, membrane to build our uSiM-CVB flow system. The elimination of the need for maintaining
barrier characteristics in BLECs by co-culture with pericytes through the use of pericyte-conditioned media
in the basal compartment, is another key innovation. The introduction of two cell types to microculture
devices is technically challenging, as is distinguishing between these cell types across a nanomembrane
that is thinner than the diffraction limit of light (Carter et al., 2017). With pericyte conditioned media in
the basal compartment of closed microdevices equipped for flow in the apical compartment, we were
able to maintain BBB characteristics in BLECs while ensuring the visibility of the monolayer as a
prerequisite to study of T-cell migration across the BBB under flow. The requirement of membrane
stiffness comes about because we have seen polymer membranes deflect with the onset of flow resulting
in a change of focus during live imaging. Despite their high porosity and extreme thinness, the high
Young’s modulus of silicon nitride helps NPN membranes resist deflection with small pressure changes,

particularly at the membrane dimensions (2 mm x 0.7 mm) that we use here (Gillmer et al., 2017).

The uniqueness of the microsystem presented in this study extends beyond superior imaging quality, and
features ease of assembly and use, the potential for high throughput manufacturing, and importantly,
operation with microfluidic volumes. The volumes of the basal channels in both the “Transwell mimetic”
and the uSiM-CVB flow system, and the apical channel in the uSiM-CVB flow system of the device are less
than 20 pL. This feature will eventually allow the use of small samples of body fluids or cells obtained from
patients for personalized medicine. Even for in vitro mouse models, microfluidic volumes of these devices
are beneficial, since the volume of body fluids of mice are equally small. For example, a metabolic profile

analysis is difficult to achieve unless the working sample volumes are on the same order as the volumes in
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the body.

In our present study, NPN membranes were superior to any commercially available membrane systems
with respect to their optical characteristics and most critically by providing the adhesive properties that
allowed maintenance of a BLEC monolayer under physiological flow. Indeed, the CD34* ECs grew perfectly
on the NPN membrane reaching confluency 24h after seeding and building a dense monolayer after 6
days of culture. Because the silicon platform enables the facile construction of dual compartment culture
devices, we readily adapted the co-culture based human in vitro BBB model requiring co-culture of CD34*
ECs with pericytes (Cecchelli et al., 2014). Successfull replacement of the pericyte co-culture with pericyte-
conditioned medium (PCM) supplied from the basal compartment further advanced the human in vitro
BBB model for in vitro live cell imaging. Basal application of PCM allowed for differentiation the CD34* ECs
in BLECs monolayers with low permeability to small molecular tracers and BBB like morphology as
visualized by the junctional localization of VE-cadherin, claudin-5 and ZO-1 and the establishment of a

cortical Factin ring.

The next step, which was to apply flow in our uSiM-CVB flow system, took full advantage of the properties
of the NPN material that help distinguish it from all commercial membrane materials. While its thinness
gives it a superior transparency and makes it excellent for live cell imaging, the material is sufficiently stiff
that it remains in focus with the onset of flow. Indeed, in our present study we found that applying shear
forces up to 1.5 dynes/cm? in the apical compartment of our novel device did lose focus in more than 30
minutes of continuous recording. Optical imaging quality of the T-cell interactions observed on the BLECs
monolayer using the novel uSiM-CVB flow system were indistinguishable from those previously recorded
when studying T cell interaction with endothelial monolayers grown on glass (Rudolph et al., 2016;
Shulman et al., 2009; Steiner et al., 2010). The observations of T-cell arrest, crawling on, and diapedesis
across the BLECs monolayers under physiological flow as well as the observed influence of the
inflammatory status of the BLEC on these interactions, validates the suitability of this novel microfluidic

device to serve as an in vitro BBB platform. Furthermore, the small size of the uSiM-CVB flow system
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opens the opportunity to investigate rare samples with a limited number of immune cells concentrated in
a small volume thanks to the apical channel of 20 pL. The minimum number of immune cells that can be
used depends of the proportion of cells that interact with the BLECs and can be imaged in a field of view
under the microscope. Determining this number for particular samples will enable multiplex investigations
of the interaction of rare disease immune cells isolated from patients with neuroinflammatory disorders

(e.g. multiple sclerosis) with the BBB under physiological flow in vitro.

Taken together the adaptation of our previously established stem cell derived in vitro model of the human
BBB to a novel micro-scale nanomembrane based microfluidic device, with superior physical and optical
characteristics, provides a powerful tool to study the interaction of a variation of patient derived cells,
ranging from immune cells to cancer cells with the human BBB under physiological flow in vitro. Overall,
we expect this platform to open new opportunities to define novel therapeutic targets for neurological
disorders ranging from neuroinflammation to tumor metastasis and for adaptation to investigate other

cellular barriers.

Materials and Methods

Device Fabrication

The key feature of the engineered devices used in the cell culture applications presented here is the
nanoporous silicon nitride (NPN) membranes, also referred to as silicon nanomembranes. The details of
the fabrication of these membranes are provided elsewhere (DesOrmeaux et al., 2014), and are
commercially available at SiMPore Inc., Rochester, NY. These membranes are manufactured on 300
micron silicon substrates with a resulting freestanding permeable film that is 50 nm thick with a pore
aspect ratio of 1:1 (i.e., average pore diameter is also 50 nm). The overall dimension of the silicon
membrane ‘chips’ is 5.4 x 5.4 mm?. The permeable area or membrane ‘window’ of the chip is 2 mm x 0.7
mm.

The microfluidic device used for static and dynamic assays consist of 2 compartments: apical and basal,

separated by the permeable membrane chip in between. The apical and basal fluidic compartments or
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channels are composed of transparent silicone gaskets (300 microns thick) commercially available from
Specialty Silicone Fabricators, CA. The different layers of the devices are shown in Figures 3 and 4
representing the devices for static and flow configurations respectively. The channels and the silicon chip
are covalently bonded to each other via surface functionalization of the silicon atoms in each layer. Briefly,
both the bonding surfaces are exposed to UV-Ozone environment for 10-15 minutes, followed by thermal
curing at 70°C for 2 hours. The fluidic access ports for these devices are provided by a thick slab of poly
dimethysiloxane (PDMS) (Sylgard 184, Dow Corning). Flow devices have 4 access ports: 2 for the apical
chamber and 2 for the basal chamber, while “Transwell mimetics” only have access ports for the basal
chamber. These ports are made by simply punching holes in the PDMS block using a 18 gauge needle.
Media reservoirs are added to support cell culture in both types of devices. In the “Transwell mimetic”
this is a single reservoir immediate above the membrane while the flow devices have a media reservoir on
the top of all the 4 access ports. The reservoirs are made out of PDMS blocks as well with wider punched
holes, and bonded to the intermediate PDMS blocks via UV-Ozone exposure. The PDMS blocks and the
bottom glass substrates are also bonded to the gaskets-chip-gaskets’ assembly using similar UV-Ozone

chemistry.

Cell-membrane adhesion assays

Adhesion of endothelial cells was investigated using human umbilical vein endothelial cells (HUVECs).
Primary HUVECs were cultured in MCDB-131 complex medium with 10% serum, both purchased from Vec
Technologies (Rensselaer, NY), in the presence of 5% CO, and 80% humidity at 37 °C. Upon confluence,
HUVECs were harvested and introduced in the flow devices consisting of either NPN or microporous
silicon dioxide (upSiO,). Prior to cell seeding, the membranes are coated with human plasma fibronectin
(Sigma-Aldrich) at ~2 pg/cm? density at room temperature for one hour. Cells were allowed to grow under
static conditions for 24 hours, and afterwards were connected to a flow circuit to recirculate media in the
cell chamber. Media flow was optimized to yield 10 dynes/cm? of shear stress on the endothelial cells to
mimic physiological levels of veins. Cells were inspected during regular intervals to ensure the adherence

of cells on the underlying substrate. Phase contrast images were recorded at 10x magnification using a
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Nikon microscope, before the introduction of flow, and after 2 hours and 24 hours. Images of cells
adhering on both nanoporous and microporous substrates at relevant time points are as shown in the

Supplementary Figure 1.

Isolation and differentiation of CD34" cells from human umbilical cord blood

The isolation of CD34" cells required the collection of human umbilical cord blood (UCB) from infants.
Parents signed an informed consent form in compliance with French legislation. The protocol was
approved by the French Ministry of Higher Education and Research (CODECOH Number DC2011-1321) and
all experiments were carried out in accordance with the approved protocol. CD34" cells were isolated
from human umbilical cord blood (UCB) according to a protocol previously reported (Pedroso et al., 2011).
Then, CD34" cells isolated from the UCB were differentiated in ECM basal medium (ScienCell)
supplemented with 20% (v/v) fetal bovine serum (FBS; Life Technologies) and 50 ng/mL of VEGFies
(PeproTech Inc.), on 1% (w/v) gelatin-coated 24 well plates (2x10° cells/well). After 15-20 days ECs are
seen in the culture dish. For each experiment, the cells were expanded in 0.2% (w/v) gelatin-coated 100
mm Petri dishes (Corning) in ECM basal medium supplemented with 5% FBS, 1% endothelial cell growth

supplement (ECGS; ScienCell) and 50 pg/mL gentamycin (Biochrom AG).

Induction of BBB characteristic in CD34" -derived endothelial cells

Induction of BBB like characteristics in CD34" -derived endothelial cells was achieved by co-culture with
bovine pericytes as described before (Cecchelli et al., 2014). In brief, pericytes were initially seeded on
100-mm gelatin-coated petri dishes (Corning) and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Life Technologies) supplemented with 20% (v/v) FBS (Life Technologies), 2 mM L- glutamine, 50
mg/mL gentamycin. Upon reaching confluency pericytes (2.25x10* /well) were seeded into 24-well plates
(Costar). On the following day, CD34*-derived ECs grown on gelatin-coated 100 mm petri dishes in ECM
(Sciencell) were trypsinized and seeded (4x10%/filter insert) onto Matrigel-coated (Corning, 354230)

Transwell® filter inserts (Costar cat n.3495) and placed above the pericyte cultures. At the end of this
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culture procedures the CD34"-derived ECs will acquire the features of brain like endothelial cells (BLECs)
as revealed by the expression of BBB marker and functional properties revealed by LY permeability assay

evaluated from 2 to 20 days of co-culture (Cecchelli et al., 2014).

Endothelial Permeability (Pe) Measurements

Endothelial permeability was investigated by measuring the clearance of Lucifer yellow (LY; 20 nM; Life
technologies) across the BLECs monolayer exactly as described before (Cecchelli et al., 2014; Cecchelli et
al., 1999; Coisne et al., 2005; Steiner et al., 2010). In brief, prior to experiments, LY (MW 457.3 g/mol) was
diluted in assay medium (DMEM (Gibco, Paisley, UK), 5 % FCS (Gibco, Paisley, UK), 25 mM Hepes (Gibco,
Paisley, UK), 2 % I-glutamine Gibco, Paisley, UK) as previously published in (Cecchelli et al., 2014) and 100
ul of the LY solution (20 nM) was added to the upper side of the filter inserts, which were subsequently
placed into wells containing 600 ul of assay medium. The plate was incubated at 37 °C and the inserts
were transferred into wells containing fresh assay medium every 10 min, avoiding long exposure to light
and room temperature. 200 pl samples from all lower compartments were transferred to a 96-well plate.
For the “Transwell mimetic” system, the membrane compartment was filled with 50 uL of a LY solution
(20 nM), and in the basal compartment with 20 pL of permeability assay medium. After 60 min incubation,
the assay medium was collected from the basal compartment and the fluorescence was evaluated with
the TECAN reader infinite M1000 PRO. A standard dilution curve (20-0.05 uM) and empty filters or
“Transwell mimetic” were used to obtain the reference permeability of the empty filter inserts. The
permeability coefficient was calculated as follows: the slope of the average tracer volume cleared was
plotted versus time in order to obtain the linear regression designated as PSt. The slope of the tracer
clearance curve of the coated empty filters was indicated as PSf. The permeability surface area product of
the endothelial cell monolayer (PSe) was calculated from PSt and PSf: 1/PSe = 1/PSt - 1/PSf. The PSe was
divided by the filter surface area, in order to generate the epithelial Pe in cm/min. The fluorescence
detection was performed using the Tecan Infinite M1000 device and the Tecan i-control software (Tecan

Trading AG, Mannerdorf, Switzerland).
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Stimulation of BLECs with the pro-inflammatory cytokine TNFa
To mimic neuroinflammatory conditions, human brain like endothelial cells (BLECs) were stimulated with
human recombinant tumor necrosis factor-a (TNF-a, 210-TA, R&D Systems, Inc.) at a concentration of 10

ng/ml for 16 to 20h prior to performing experiments.

Immunofluorescence stainings of BLECs

For staining in the Transwell® filter inserts, BLECs were fixed in 1% (w/v) formaldehyde diluted in calcium

and magnesium-free phosphate- buffered saline (PBS) for 10 min at room temperature (RT) and
permeabilized with Triton X-100 (0.1% (w/v) in PBS for 10min at RT. After three rinses with PBS, the filter
membranes were carefully cut out with a scalpel and blocked for 30 min with skimmed milk 5% (w/v) in
PBS. BLEC monolayers were incubated for 1h at RT with primary antibody against zonula occludens-1 at 5
pg/mL (ZO-1, Thermo Fisher Scientific, 617300) or VE-Cadherin at 7.5 pg/mL (ref. sc-9989; Santa Cruz). For
the staining of claudin-5, BLECs were fixed in methanol at -20°C for 30s before a permeabilization step of
20 min at RT in Triton X-100 0.3% in PBS, followed by a blocking step of 20 min at RT in in skimmed milk 5%
in PBS. Next BLECs were incubated with primary antibody against claudin-5 at 2.5 pg/mL (Invitrogen,
381700) diluted in skimmed milk 5% (w/v) in PBS. After three washes in PBS cells were incubated with
secondary antibody for 30 min at RT with goat anti rabbit/Alexa fluor 488 at 5 pug/mL (life technologies,
11034) for Z0-1 and claudin-5 and goat anti mouse-Cy3 at 7.5 pg/mL (Jackson ImmunoResearch, 115-166-
06) for VE-Cadherin. After Triton permeabilization, staining of F-actin was obtained with rhodamine-labeled
phalloidin (Invitrogen, R415) 1:50 in PBS for 1h at RT. Nuclei were stained using DAPI at 1 ug/mL. Each filter
was mounted on a glass slide under a rounded coverslip, using a drop of Mowiol (Sigma-Aldrich) containing
1,4-diazabicyclo [2.2.2] octane (Sigma-Aldrich) as an antiquenching agent.

For BLECs staining on NPN membranes live cells were incubated with 10 pg/ml of anti-ICAM-1 (R&D system),

ICAM-2 (Fitzgerald), or VCAM-1 (Clone 51-10C9, cat 551146) antibody for 20 min at 37°C in the culture
medium. After a washing step with PBS, BLECs were fixed with 1% PFA in PBS and permeabilized with Triton
X-100 (0.1% (w/v) in PBS for 10min at RT. For ICAM-1 and ICAM-2 staining, cells were incubated with the

secondary antibody donkey anti-mouse-Cy3 (Jackson ImmunoResearch, 715-165-151). For F-Actin staining,
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after Triton permeabilization, cells were incubated with rhodamine- labeled phalloidin (Invitrogen, R415)
1:50in PBS for 1h at RT. Nuclei were stained with DAPI at 1 ug/mL. For the staining of ZO-1 and VE-Cadherin,
after incubation with primary antibody, BLECs were washed in PBS and incubated with secondary
antibodies, goat anti-rabbit-Alexa fluor 488 and goat anti mouse-Alexa fluor 488, respectively, for 30 min at
RT. For the claudin-5 staining, the same protocol as for BLECs staining on Transwell® filters was applied.
Stainings were analyzed with a fluorescence microscope (Axio Observer, Zeiss) and pictures were acquired

at the day of the staining and processed with the ZEN software.

Human peripheral blood T cells

Human CD4*CD45R0O* T helper 1 (Th1) cells were obtained by fluorescence activated cell sorting from the
peripheral blood of healthy donors according to their specific expression pattern of chemokine receptors
(CXCR3*, CCR4"# CCR6"#) exactly as previously described (Engen et al., 2014; Sallusto et al., 1998). Th1
cells were cultured in the presence of interleukin -2 (IL-2, 500U/ml) for a total of 20 days. At the day of the
experiment dead cells were removed by a Ficoll gradient (780g, 20 min, 20°C) and Th1 cells were
resuspended in migration assay medium (DMEM w/o phenol red, Hepes 25mM, Foetal Bovine Serum 5%,

L-glutamine 4mM) at 1x10° cells/mL.

In vitro live cell imaging

BLECs were grown to confluency in ECM basal medium supplemented with 5% FBS, 1% endothelial cell
growth supplement (ECGS; ScienCell) and 50 pg/mL gentamycin (Biochrom AG) for 6 days as described
before and stimulated or not 16 h to 20 h prior to the assay with TNF-a at 10 ng/mL (R&D System, 210-
TA). The flow experiment settings consisted of an open reservoir containing migration assay medium only
and another one containing the T cell suspension both connected with an inlet transparent PVC tubing (@
=1 mm, Semadeni, ref 1336) to the flow chamber by a 3-way tap allowing to alternatively infuse T cells or
migration assay medium without stopping nor disturbing the laminar flow. The inlet and outlet tubing
were connected to the flow chamber with an 18 gauge straight needle with the tap open to avoid any

increased pressure in the chamber. Flow was applied by connecting the outlet tubing to a syringe
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automatically drawn up by a precision pump (Harvard Apparatus, Holliston, MA, USA). The flow rate was
calculated as described in (Coisne et al., 2013). Briefly, the shear stress was calculated according to the
formula: T= (3 x ux Q)/(2 x a? x b) with T = shear stress (dyne/cm?), u (coefficient of viscosity) = 0.0083
dyne x sec/cm? (migration assay medium), Q (volumetric flow rate) = variable controlled by the pump in
cm?/sec, a (half height of the chamber) = 0.015 cm, b (width of chamber) = 0.2 cm. To allow for the
accumulation of sufficient Th1 cells on the BLECs monolayer, Th1 cells were first infused with a flow rate
of 0.1 dyne/cm? for 4 min (accumulation phase). After the accumulation phase, the tap is switched to
infuse migration assay medium only and the flow rate was increased to 1.5 dyne/cm? thus mimicking a
physiological laminar flow condition for 30 min (shear phase). T-cell interaction with the BLECs was
recorded for 30 min in time lapse mode (1 picture/5 s) with 10x (EC Plan-Neofluar 10X/0.30 Ph1) or 20x
(LD Plan-Neofluar 20X/0.4 Korr Ph2) objectives with a field of view (FOV) respectively of 0.645 um x 0.645
pm and 0.323 um x 0.323 um using an inverted research microscope (Axio observer Z1, Zeiss) equipped
with a camera (Zeiss Axiocam MRm) and the ZEN-blue software. The microscopic equipment used for the
in vitro live cell imaging has been described in depth before (Coisne et al., 2013). Video editing was
performed with the software “Adobe After Effect” allowing to export the image sequences as videos
running at 30 frames/s as well as to edit the videos to show the different T cell behavior with the BLECs.
Fiji software was used to classify the T cell behavioral categories observed on the BLECs under

physiological flow (diapedesis, crawling, probing and detaching).

Statistical analysis

Data are shown as the mean + SEM. Statistical significance was assessed by Student’s t-test or one- way
ANOVA followed by Dunett’s post hoc test. For multiple comparison p-values are indicated in the
corresponding figures (**** p < 0.0001). Statistical analyses comprising calculation of degrees of freedom

were done using GraphPad Prism 6 software (Graphpad software, La Jolla, CA, USA).
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Figure legends

Figure 1. CD34" - derived ECs grow to confluent monolayers on the nanoporous silicon nitride
membrane.

(A) Schematic of the nanoporous silicon nitride membrane used for the cell culture experiments. The free-
standing membrane region is a 2 mm x 0.7 mm window in the center of a 5.4 mm x 5.4 mm membrane
‘chip’. (B) The cross-sectional (A-A) schematic of the membrane. The bulk substrate consists of 300
microns of crystalline silicon, which is etched at the center to remove the bulk leaving a free standing 50
nm thin silicon nitride membrane. The manufacturing of these membranes was described before
(DesOrmeaux et al., 2014). (C) Optical micrograph of the membrane chip. (D) Scanning electron
micrograph of the porous membrane demonstrating the ultrathin nature and porous structure of the
silicon nitride membrane (> 20% porosity in this example). (E) Phase contrast pictures of CD34* -derived
ECs adhering and growing to confluent monolayers on the NPN membranes from day 0 until day 5 after
plating. The CD34"* ECs adhere on the NPN membrane after 1 to 2 hours and start to grow to form a
confluent monolayer between 1 and 2 days of culture. Cellular density increases until day 5. Scale bar, 100

pm.

Figure 2. Induction of BBB characteristics in CD34" ECs by pericyte-conditioned medium

(A) Scheme of the different culture conditions used to test the BBB induction (B) Timeline of experimental
procedures: scheme of the PCM production and luminal or abluminal administration to the CD34*-derived
ECs followed by Lucifer Yellow (LY) permeability assay, immunofluorescence stainings and live cell imaging
under physiological flow. (C) Lucifer Yellow (LY) permeability assay: the permeability was measured across
monocultures of CD34*-derived ECs (monoculture), CD34*-derived ECs co-cultured with pericytes (co-
culture), or pericyte-conditioned medium at the abluminal (PCM abluminal) or luminal (PCM luminal) side.
Bars show means + SEM of n= 3 independent experiments performed at least in duplicate for each
condition. Statistical analysis: one-way ANOVA followed by Dunnett’s multiple comparison test **** p <

0.0001. (D) Immunofluorescence stainings for the junctional proteins VE-cadherin (red), ZO-1 (green),
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claudin-5 (green) and for F-actin (red) in CD34" -derived ECs grown in mono-culture, in co-culture with
pericytes or with PCM administered at the abluminal or luminal side are shown. The pictures show a more
jagged VE-cadherin and ZO-1 fluorescent staining in the co-culture and PCM conditions (arrows). The
claudin 5 staining is also more important and continuous in the co-culture and PCM abluminal conditions

(arrows). Scale bar, 50 pm.

Figure 3. CD34"-derived ECs grown on nanoporous silicon nitride membranes establish BLECs
characteristics.

(A) Design of a “Transwell mimetic” device developed to culture CD34" -derived ECs in the membrane
compartment of the NPN membrane, in close proximity to the pericyte-conditioned medium (PCM) in the
basal compartment. The device is constructed from poly dimethyl siloxane (PDMS) and silicone gaskets
sandwiched together using UV-ozone bonding. Note the transparent nature of the whole device in
general, and specifically of the silicon membrane used to support cell growth. The schematic is shown on
the right (drawn not to scale). Molecular tracers can be added to the membrane compartment and
collected from the basal compartment for fluorometric analysis. (B) The permeability Lucifer Yellow (PeLY)
was measured across monolayers of CD34* -derived ECs grown alone (monoculture) and CD34"-derived
ECs cultured in the presence of PCM in the abluminal compartment. The values show mean + SEM of 11
customized devices for the CD34*-derived ECs mono-cultures and 12 devices for the CD34*ECs cultured in
the presence of abluminal PCM. Statistical analysis: Student’s t-test ****p < 0.0001. (C)
Immunofluorescence staining on BLECs, induced by pericyte-conditioned medium in the basal
compartment, for the junctional markers ZO-1 (green), VE-cadherin (green), and claudin-5 (green). Each
staining is representative of 2 independent experiment performed on 2 distinct devices, Scale bar, 20 um.
(D) Immunofluorescence staining for ICAM-1 and ICAM-2 (red), VCAM-1 (green), and F-actin (red) on
BLECs unstimulated (NS) or stimulated with TNF-a for 16h. Each staining is representative of 2

independent experiment performed on 2 distinct devices. Scale bar, 20 um.
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Figure 4: Assembly of the uSiM-CVB flow system

(A) Photograph of the assembled uSiM-CVB flow system. Note the optical transparency of the device
components (PDMS, silicone gaskets and silicon membrane) upon complete assembly. (B) Exploded view
of the uSiM-CVB flow system. The supporting layer of the device is a thin #1.5 glass cover slip. All the
silicone layers (blue/green/teal) are 300 microns thick. ‘Top’ and ‘Bottom’ channel allows the perfused
media to run through the respective layers, while the ‘Top Connecting Layer’ and ‘Bottom Connecting
Layer’ demarcate the top and bottom compartments respectively, and prohibit the media from leaking
outside. The ‘Membrane Layer’ provides a framework for supporting the membrane, and is also 300
microns. The topmost layer is PDMS reservoirs, which hold the media and act as storage units. They are
exposed to the outside environment in the incubator to allow for gas exchange. Similarly, all the other
device components- PDMS, and the silicone gaskets are all gas-permeable and sterile. The entire device is
autoclavable for sterilization. During flow set-up, the 18 gauge needles fitted with silicone tubings are
inserted in the 4 holes in the Top Connecting Layer, and form a liquid-tight connection. (C) Schematic of
the settings allowing the live cell imaging of the T cells-BLECs interactions under flow. T-cells are perfused
on the apical (top) side of the device, which transmigrate through the endothelial cells and crawl in the
subendothelial layer above the nanoporous membrane. The pores in the silicon membrane are too small
(~ 50 nm) to allow crawling into the basal (bottom) compartment of the device. The working distance of
the device (distance between microscope objective and T-cells) is 1.180 mm. (D) A temporal snapshot
illustrating the level of resolution as well as the stability of the focus under flow has been made with
several frames taken from two videos recorded with a 10x magnification (EC Plan-Neofluar 10X/0.30 Ph1).
The CD34"* ECs were cultured in the top channel of the flow chamber with the pericyte-conditioned
medium in the bottom channel for 6 days and the CD34* ECs were stimulated or not with TNF (10 ng/mL)
16h before starting to record the videos. Th1 cells are allowed to accumulate on the BLECs monolayer at a
low flow rate of 0.1 dyne/cm? for 4 min from the first frame after the first Th1 cells appear in the field of
view, then the flow rate was set to 1.5 dyne/cm? for 30 min (shear phase). The pictures are showing areas
without any T cells interacting with the BLECs to illustrate how we could clearly image the BLECs

monolayer and how the focus remains stable from the start (00min) to the end (34min55s) of the
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recording session under flow. The time is displayed on the top left of the video (min:sec format). Scale =

30 pum.

Figure 5. in vitro live cell imaging of the T cell-BBB interactions under flow

(A) A temporal snapshot illustrating the different T cell-BLECs interactions has been made with several
frames taken from a video recorded with a 20x magnification (LD Plan-Neofluar 20X/0.4 Korr Ph2). The
CD34* ECs were cultured in the top channel of the flow chamber with the pericyte-conditioned medium in
the bottom channel for 6 days and the CD34* ECs were stimulated with TNF (10 ng/mL) 16h before
starting to record the video. Th1 cells are allowed to accumulate on the BLECs monolayer at a low flow
rate of 0.1 dyne/cm? for 4 min from the first frame after the first Th1 cells appear in the field of view, then
the flow rate was set to 1.5 dyne/cm? for 30 min (shear phase). Each row is showing a specific behavior of
the Th1l cells with the BLECs with the example of 2 different cells one highlighted with a blue arrow and
the other one with a yellow arrow. The first row illustrates the diapedesis event where T cells start to
arrest (1min20s) and then polarize and firmly adhere (5min) to the BLECs. Then the T cells start to
transmigrate through the BLECs monolayer (5min35s) and take more (23min, blue arrow) or less
(7min45s, yellow arrow) time to complete diapedesis. The pore size of 50 nm prevents the leukocytes
from crossing the silicon membrane, and cells are trapped in the subendothelial spaces and can still be
followed and identified by their darker gray shape in comparison of the BLECs monolayer (23min). The
second row illustrates the crawling event where T cells first arrest (1min20s) and then polarize and firmly
adhere (3min) to the BLECs. Then the T cells start to form a leading edge with a lot of small protrusions
(5min25s, blue arrow and 13min45s, yellow arrow) and actively move on the BLECs against the direction
of the flow until they even disappear from the field of view (13min45s, blue arrow and 29min50s, yellow
arrow). The third row illustrates the probing event where T cells first arrest (1min20s) and then polarize
and firmly adhere (4min40s) to the BLECs. Then the T cells remained stationary without displacing beyond
a distance exceeding their own diameter and presenting the ability to greatly modulate their shape,
sending a lot of dynamic cellular protrusions around them (from 7min30s to 26min). The red arrow shows

the direction of flow and the time is displayed on the top left of the video (min:sec format). Scale = 20 um.
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(B) Analysis of the arrest and postarrest T-cell interactions with NS and TNF-a stimulated BLECs in the field
of view of the videos recorded with a 10x magnification (example in video 1 and 2) under physiological
flow (1.5 dyne/cm?) for 30 min. T cells remaining arrested to the BLECs monolayer where quantified (total)
at the end of the accumulation phase (0.1 dyne/cm2 for 4 min from the time the first T cells appear in the
field of view). Then post-arrest T cell behavior on the BLECs monolayer under flow was analyzed such as
each T cell was assigned to one of 4 categories as follows: diapedesis, crawling, probing and detaching.
Values are means + SEM for 10 assays for each condition. Statistical analysis: t-test * p < 0.05, ** p < 0.01,

p < 0.001, ****p < 0.0001.

Video 1. Th1 cell interactions with the unstimulated BBB under flow

The BLECs were induced by growing CD34" -derived ECs in the top channel of the flow chamber with the
pericyte-conditioned medium in the bottom channel for 6 days before the assay. Th1 cells are allowed to
accumulate on the BLECs monolayer at a low flow rate of 0.1 dyne/cm? for 4 min from the first frame after
the first Th1 cells appear in the field of view. After the accumulation phase at precisely 4 min 55 sec, the
flow rate was set to 1.5 dyne/cm? for 30 min (shear phase). The dynamic T cell interactions with the BLECs
monolayer under a physiological flow were recorded with a 10x magnification (EC Plan-Neofluar 10X/0.30
Ph1) with a Zeiss Axiocam MRm camera. During the recording, 1 picture was acquired every 5s and the
time laps video was exported with a framerate of 30 images/s. The video shown here is repeated 3 times,
the 1% run shows the full-scale video, the 2" run is a zoom in of one area highlighting a T cell crawling
(green circle) on the BLECs monolayer, and the 3™ run is a zoom in of one area highlighting T cell
diapedesis (blue circle) and T cell probing (orange circle) events. The red arrow shows the direction of flow
and the time is displayed on the top left of the video (min:sec format). Scale = 100 um. The video is
representative of 10 experiments and the statistical analysis of the T cell behavior is shown in the Figure

5B.
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Video 2. Th1 cell interactions with the TNF stimulated BBB under flow

The CD34"* ECs were cultured in the top channel of the flow chamber with the pericyte-conditioned
medium in the bottom channel for 6 days and the CD34* ECs were stimulated with TNF (10 ng/mL) 16h to
20h before starting to record the video. Thl cells are allowed to accumulate on the BLECs monolayer at a
low flow rate of 0.1 dyne/cm? for 4 min from the first frame after the first Th1 cells appear in the field of
view (accumulation phase until 4min55s). After the accumulation phase of precisely 4 min 55 sec, the flow
rate was set to 1.5 dyne/cm? for 30 min (shear phase). The dynamic T cell interactions with the BLECs
monolayer under a physiological flow were recorded at a 10x magnification (EC Plan-Neofluar 10X/0.30
Ph1) with a Zeiss Axiocam MRm camera. During the recording, 1 picture is acquired every 5s then the
video is exported with a framerate of 30 images/s. The video is repeated 3 times, the first run shows the
full-scale video, the second run is a zoom in of one area highlighting T cells crawling (green circles) and
detaching (purple circles) and the last run is a zoom in of one area highlighting diapedesis (blue circles)
and probing (orange circles) events. The red arrow shows the direction of flow and the time is displayed
on the top left of the video (min:sec format). Scale = 100 um. The video is representative of 10 and the

statistical analysis of the T cell behavior is showed in the Figure 5B.
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Supplementary Material

Table 1. List of commercially available cell culture filter inserts tested to adapt the human in vitro BBB
model established from CD34EC co-cultured with bovine pericytes as described (Cecchelli et al., 2014) to
our established custom-made flow chamber system exactly as described (Enzmann et al., 2013). The table
lists the technical problems encountered for each cell culture filter insert and gives reference to
Supplementary Videos provided allowing to judge the image quality of BLECs on the respective filter

systems.

Supplementary video 1. Flow chamber adaptation of the human BBB model using 6 well hanging inserts,
0.4 um pore size, PTFE, coated, Millipore, Sevelen, Switzerland (1% device listed in the supplementary
table 1). BLECs are detaching under the flow, and the lack of transparency of the filter makes the imaging

of the cell difficult.

Supplementary video 2. Flow chamber adaptation of the human BBB model using 6 well hanging inserts,
0.4 um pore size, PTFE, coated, Corning Incorporated, NY, USA (5™ device listed in the supplementary

table 1). T cell on top of BLECs not clearly visible under the flow.

Supplementary video 3. Flow chamber adaptation of the human BBB model using 6 well hanging inserts,
0.4 um pore size, PET Corning Incorporated, NY, USA (6 device listed in the supplementary table 1). T cell
on top of BLECs not visible under the flow. Imaging disturbed by the membrane pores brightness, respect

to the membrane insufficiently transparent.

Supplementary video 4. Flow chamber adaptation of the human BBB model using 6 well hanging inserts,
0.4 um pore size, PET Greiner, Huber & Co. Ag Reinach Switzerland, (7™ device listed in the supplementary
table 1). T cell on top of BLECs not visible under the flow. Imaging disturbed by the membrane pores

brightness, respect to the membrane insufficiently transparent.

44



Supplementary Table 1

Insert description Experiments Performed Limitations of inserts

1. 6 well standing inserts, low wall, Cell growth on coated filter

0.4 uym pore size, PTFE Millipore,
Sevelen, Switzerland (Enzmann
et al. 2013)

Membranes:
Matrigel, laminin, gelatine
and rat tail collagen

BLECs do not adhere
on this filters

. 6 well standing inserts, high wall,

0.4 uym pore size, polycarbonate
Millipore, Sevelen, Switzerland

Cell growth
Light Microscopy

Filter membrane is not
transparent

. 6 well standing inserts high wall

0.4 um pore size mixed cellulose
esters Millipore, Sevelen,
Switzerland

Cell growth
Light Microscopy

Filter membrane is not
transparent

. 6 well hanging inserts, 0.4 ym

pore size, polycarbonate Corning
Incorporated, NY, USA

Cell growth
Light Microscopy

Filter membrane is not
transparent

. 6 well hanging inserts, 0.4 ym

pore size, PTFE coated Corning
Incorporated, NY, USA

Cell growth
Light Microscopy
In vitro flow assay

Filter membrane is
insufficiently transparent

. 6 well hanging inserts, 0.4 ym

pore size, PET Corning
Incorporated, NY, USA

Cell growth
Light Microscopy
In vitro flow assay

Filter membrane is
insufficiently transparent

. 6 well hanging inserts, 0.4 ym

pore size, PET Greiner, Huber &
Co. Ag Reinach Switzerland

Cell growth
Light Microscopy
In vitro flow assay

Filter membrane is
insufficiently transparent

45




Supplementary Figure 1
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Figure S1. Comparison of the NPN and SiO, membranes endothelial cell attachment properties under
flow

(A) Human umbilical vein endothelial cells (HUVECs) are grown on nanoporous silicon nitride (NPN) for 24
hours under static condition (left panel), and were later exposed to ~9-10 dynes/cm? of shear stress of fluid
flow for another 24 hours (right panel). Inset represents a zoomed in image of the cell monolayer without
any noticeable pore distribution on the membrane substrate. (B) HUVECs were grown under similar static
conditions on 3 um pores silicon dioxide membranes (left panel) followed with identical shear stress
exposure. Notice the visible presence of 3 um pores during phase imaging as observed in the inset
(magnified view). Within 2 hours of shear introduction, there is over 60% cell loss from the membrane

substrate as shown in the right panel.
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