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Chapter 6

Self-assembling 3D vessel-on-chip model with
hiPSC-derived astrocytes

Abstract

Precisely regulated crosstalk between endothelial cells (ECs), pericytes and astrocytes is es-
sential to the development and stability of the blood-brain-barrier (BBB) so that it can reg-
ulate transport of molecules in- and out of the central nervous system. There are currently
few experimental models mimicking these complex in vivo interactions, the most convincing
based on freshly isolated primary brain cells. Here, we investigated whether human induced
pluripotent stem cells (hiPSC) could be an alternative cell source for the astrocyte com-
ponent. We developed a 3D vessel-on-chip (VoC) model which incorporates hiPSC-derived
ECs (hiPSC-ECs), human brain vascular pericytes (HBVPs) and hiPSC-derived astrocytes (hiP-
SC-Astros). When the vascular cells and astrocytes were combined within a fibrin hydrogel,
they self-organized into lumenized microvascular networks, with direct interaction between
the cell-types included. hiPSC-Astros and human primary astrocytes (pAstro) behaved very
similarly in VoC triple cultures with no apparent differences in the morphology or expression
of contractile- and reactive markers in either HBVPs or astrocytes. Unexpectedly, micro-
vascular network formation was reduced in the presence of astrocytes with apparent local
disruptions in the EC layer. We then showed that continuous perfusion of the vasculature or
activation of cAMP signaling rescued vascular organization and decreased vascular permea-
bility in the 3D VoC-hiPSC-Astro model. However, inclusion of astrocyte had no effect on the
expression adherens- and tight junction, transport and extracellular matrix proteins indicat-
ing that hiPSC-ECs still do not acquire BBB-like identity in the 3D VoC model with astrocytes.

This chapter is adapted from:
Self-assembling 3D Vessel-on-Chip model with hiPSC-derived astrocytes. Stem Cell Reports.
(2024) In press

Dennis M. Nahon, Marc Vila Cuenca, Francijna E. van den Hil, Michel Hu, Tessa de Korte,
Jean-Philippe Frimat, Arn M.J.M. van den Maagdenberg, Christine L. Mummery and Valeria
V. Orlova.

159



160

Introduction
The Blood-Brain-Barrier (BBB) is formed through direct interactions between endothelial
cells (ECs), pericytes and astrocytes in the central nervous system. An intact BBB is essential
in regulating transport of nutrients and preventing toxins from entering the brain®. BBB
dysfunction is increasingly recognized as a contributor to multiple neurodegenerative
diseases?. This has led to many attempts to develop human in vitro models that recapitulate
complex interactions between astrocytes and the vasculature®. Some aspects of the BBB
in vitro, such as high transendothelial electrical resistance (TEER) and low permeability to
soluble tracers, has been achieved by co-culturing primary brain microvascular- or cord
blood-derived ECs with brain pericytes and astrocytes on a porous membrane*>. However,
primary brain cells are difficult to obtain and even from commercial sources, show batch-
to-batch variability. Here, we asked whether human induced pluripotent stem cells (hiPSC)
might be an alternative source, since they can be derived easily from any individual and can
capture genomes associate with degenerative brain diseases. Several studies have described
hiPSC-derived brain microvascular endothelial cells (BMECs)®®. Even though these have
been widely used in engineering approaches for the BBB? it later turned out that these
actually resembled epithelial cells rather than ECs*>!; this explained their abnormally high
TEER values. More recently alternative protocols to differentiate brain-like microvascular
ECs that more closely resemble true ECs based on the expression of EC-specific markers
and responses to proinflammatory stimuli have been developed'?. These were useful
for studying intrinsic defects in hiPSC-ECs derived from multiple sclerosis (MS) patient®.
However, the field could benefit from further advancing the models via inclusion of other
cellular components, especially for diseases where several cell types are affected, as in
cerebral amyloid angiopathy and other forms of vascular dementia for instance.

Vessel-on-chip (VoC) is one type of in vitro model that can mimic essential in vivo
features of the 3D environment such as complex multi-cellular interactions and mechanical
forces as a result of blood flow!*. Several VoC models have been developed which combine
the three most important cell types of the BBB: ECs, pericytes and astrocytes. However,
whilst they have some value, some of these models lack the direct heterotypic cell-cell and
cell-matrix interactions typically seen in vivo'>*® 1738, The models that do recapitulate these
interactions using vasculogenesis or angiogenesis as starting points, usually incorporate
primary cells, as mentioned earlier, specifically primary astrocytes'®2.,

In this study, we aimed to develop an hiPSC-based 3D VoC model that integrates
ECs from hiPSCs (hiPSC-ECs), human brain vascular pericytes (HBVPs) and hiPSC-derived
astrocytes (hiPSC-Astros). We used our earlier protocol to differentiate ECs from hiPSCs??
and showed that astrocytes derived from hiPSCs could be integrated into the VoC and
behaved much like human primary astrocytes (pAstros). hiPSC-Astros incorporated into a
VoC triple culture containing both hiPSC-ECs and HBVPs, self-assembled into microvascular
networks in 3D with hiPSC-Astros and HBVPs assuming positions surrounding the vascular

Chapter 6



wall in the microfluidic chip. Finally, we demonstrated two ways of improving microvascular
network formation and organization in the VoC model including hiPSC-Astros: activating the
cAMP pathway or introducing continuous microfluidic flow. However, despite improvements
in incorporating relevant cell interaction and reproducibility, the model still falls short in
reproducing a true BBB.

Results

3D VoC integrating hiPSC-derived astrocytes

A 3D VoC model was established by combining hiPSC-ECs and HBVPs in a fibrin hydrogel
and injecting the cell/gel mix into a commercially available AIM Biotech idenTx9 3D culture
chip using a protocol described previously?®* (Figure 1A). Either hiPSC-Astros or pAstros
were included in the VoC model to mimic BBB cell-cell interactions. First, hiPSC-derived
neural progenitor cells (NPCs) were generated as previously described?* (Figure S1A). hiPSC-
derived neural organoids contained neural rosette-like structures (Figure S1B) and more of
these organoids could be formed in the expansion phase (Figure S1C). Proper patterning
and differentiation were confirmed by expression of the NPC markers SRY-Box Transcription
Factor 2 (SOX2) and Paired Box 6 (PAX6) and the forebrain marker Forkhead Box G1 (FOXG1)
(Figure S1D). We then derived hiPSC-Astros in two different ways: one already published?*
(iAstros), the other using a commercially available kit (iSCT Astros) (Figure S1A). iAstros and
iSCT Astros showed comparable expression of key astrocyte markers, such as Glial Fibrillary
Acidic Protein (GFAP), Fatty Acid Binding Protein 7 (FABP7), S100 Calcium Binding Protein
B (S100R), Vimentin, Solute Carrier Family 1 Member 3 (SLC1A3/GLAST) (Figure S1E and
S1F). In addition, iAstros showed increased intracellular Ca* release upon stimulation with
adenosine triphosphate (ATP) (3 uM and 300 uM) (Figure S1G and S1H) and efficient uptake
of the neurotransmitter glutamate (Figure S1F), confirming their functionality.

A triple culture of hiPSC-ECs derived from a control mCherry reporter hiPSC
line, HBVPs and iAstros derived from a control hiPSC line with a-tubulin-mEGFP reporter
(AISC0012, TUBA)* was monitored from day 1 to day 6 (Figure 1B). hiPSC-ECs self-organized
into interconnected microvascular networks within 2-3 days, with fully lumenized structures
by day 7 (Figure 1B). In addition, iAstros localized in the extravascular space, interacting
directly with the developing microvascular network (Figure 1B). The development of
a robust VoC triple culture model was confirmed by similarly including iSCT Astros from
two independent hiPSC lines (FLB or TUBA) (Figure S2). The remaining experiments were
performed using iAstros, and not iSCT Astros, as these can be cryopreserved at the end-
point of differentiation and used as an efficient cell source for 3D VoC triple culture setups.
The vascular beds thus established and were compared between VoC double cultures
(only containing hiPSC-ECs and HBVPs) and VoC triple cultures including either pAstros or
iAstros from two independent hiPSC lines (FLB or TUBA). All cell combinations formed an
interconnected microvascular network by day 7 in a highly reproducible manner across
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independent experiments (Figure 1C-F). Quantification of vessel parameters showed that
inclusion of any astrocyte source in our VoC model, reduced vascular density (%, Figure
1D) and average vessel diameter (um, Figure 1E) and increased average vessel length (um,
Figure 1F) relative to the double cultures. Significant differences were observed in vessel
parameters between pAstro and iAstro triple cultures depending on the hiPSC line used.
This is in line with batch-to-batch variability of pAstros previously described?®. Specifically,
incorporating iAstros from either the FLB or TUBA hiPSC line into our VoC model resulted in
a significant decrease in vascular density compared to pAstros (Figure 1D). However, only
iAstros differentiated from the TUBA hiPSC line also resulted in a significant decrease in
average vessel diameter and increase in average vessel length (Figure 1D-F).
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Figure 1. iAstros incorporated into 3D VoC model

A) Schematic of VoC protocol using hiPSC-ECs with HBVP and pAstros or iAstros. Cells were mixed in a
fibrin hydrogel and the cell/gel mix was injected in the microfluidic chip (AIM Biotech). Medium was
refreshed daily with EGM-2 supplemented with 50 ng/mL VEGF and 1% AGS. On day 1, the medium
was additionally supplemented with 10 uM DAPT for 24 hours. B) Representative immunofluorescence
images of a 3D VoC triple culture containing hiPSC-ECs, HBVPs and iAstros at day 1, 2, 4 and 6 showing
hiPSC-mCherry ECs (red) and iAstros differentiated from the TUBA hiPSC line (green, TUBA-GFP). Scale
bars: 250 um. C) Representative immunofluorescence images of microvascular networks in microfluidic
chips on day 7 showing hiPSC-mCherry ECs (red). Images showing microvascular networks from a VoC
double culture (hiPSC-ECs and HBVPs) or 3D VoC triple cultures including either pAstros or iAstros from
two independent hiPSC lines (FLB or TUBA). Scale bars: 250 um. (D-F) Quantification of full channel
images of microvascular networks showing vascular density at end-point day 7 showing (D), average
vessel diameter (E) and average vessel length (F). Data are shown as mean + SD. All conditions are N =
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3, n =12-18; three independent experiments with minimum of 3 microfluidic channels per experiment.
One-way ANOVA with Sidaks multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001; ns, non-significant.

Characterization of astrocytes and HVBPs in the 3D VoC model

We next analyzed the astrocyte morphology and interaction with hiPSC-EC in microvascular
networks in the VoC model. Both pAstros and iAstros from either the FLB or TUBA hiPSC
lines stained positively for GFAP and showed uniform distribution through the entire
microfluidic channel with no significant differences in the total number of GFAP-positive
cells (Figure 2A and 2B). Astrocytes in all conditions showed a distinct stellate morphology
and were positioned closely to the abluminal side of the microvascular networks (Figure 2C,
Video S1). No significant differences in the average astrocyte length (um, Figure 2D) or the
percentage of astrocytes associated with the microvascular network (%, Figure 2E) were
observed between the different sources of astrocytes upon quantification of the confocal
images. In addition, iAstros stained positively for the astrocyte-specific water channel AQP4
(Figure 2F), although the staining was distributed across the plasma membrane without
polarized expression in the astrocyte endfoot.
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Figure 2. Comparable structural properties of primary and hiPSC-Astros in a 3D VoC model

A) Representative immunofluorescence images of microvascular networks in microfluidic chips on day
7 showing hiPSC-mCherry ECs (red) and astrocytes (silver; GFAP). Images showing VoC triple cultures
of hiPSC-ECs with HBVPs and pAstros or iAstros from FLB or TUBA hiPSC line. Scale bars: 500 um. B)
Quantification of astrocytes in VoC triple cultures showing number of GFAP positive astrocytes in +80%
of full microfluidic channel. C) Representative immunofluorescence confocal images of microvascular
networks in microfluidic chips showing hiPSC-mCherry ECs (red) and astrocytes (silver; GFAP). Images
displaying xyz (i), xy (ii), and yz cross-sectional perspectives (iii). Images showing VoC triple cultures
of hiPSC-ECs with HBVPs and pAstros or iAstros from the FLB or TUBA hiPSC lines. Scale bars: 100 um.
(D-E) Quantification of astrocytes in VoC model showing average astrocyte length (D) and % of GFAP
objects touching the microvascular network (E). Data are shown as mean + SD. For (B, D) N =3, n = 6-8;
three independent experiments with a minimum of two microfluidic channels per experiment. For (E)
N =3, n = 3; three independent experiments, one microfluidic channel per experiment with three ROls
per channel. One-way ANOVA with Tukey’s multiple comparison. ns, non-significant. F) Representative
immunofluorescence confocal image of microvascular network in microfluidic chips showing ECs (red;
CD31) and astrocytes (green; Aqp4) in a VoC triple culture of hiPSC-ECs with HBVPs and iAstros from
the FLB hiPSC line. Images displaying xyz (i), xy (ii), and yz cross-sectional perspectives (iii). Scale bar:
100 um.

We confirmed the identity of the HBVPs in the 3D VoC culture by overlaying
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immunostaining for the pericyte marker NG2 and contractile marker SM22 (Figure 3A). We
previously demonstrated that SM22 is indicative of heterotypic cell-cell contact-induced
HBVP cell maturation in VoC culture® and confirmed similar cell-cell interactions in our
current VoC setup (Video S1). By using SM22, we therefore investigated whether HBVPs
were affected by the addition of astrocytes. Staining of the VoC triple cultures showed
SM22 in both HBVPs and astrocytes. To distinguish HBVPs from astrocytes, we used the
fluorescently tagged TUBA-GFP iAstros and co-stained the VoC model including pAstros with
the glial marker FABP7. Surface rendering of confocal images and identification of SM22+
HBVPs revealed similar numbers of HBVPs in the VoC double cultures and VoC triple cultures
including pAstro or iAstros (Figure 3B and 3C). SM22+ HBVPs in the microvascular network
had a reduced average volume and normalized average SM22 intensity in the VoC triple
cultures with astrocytes (um?3, Figure 3D and 3E). No significant differences were observed
in the direct interaction of the HBVPs with the microvascular network between the different
conditions (Figure 3B; %, 3F).

166 Chapter 6



B
... TUBA-GFP
P >
7 s 5
3D VoC Double culture =
3D VoC Double culture pAstro iAstro x
HBVP distance to vessel surface 0 pm
C D E F ns
* . k%K Kk
= * '?“' ARk i
Q2
50 ns _— © 1.5+ 1004
E g F :
2 30000 . > @
40 . [ . £ > 80 H
@ £ 2 2 1
o 7 2 S o £ T
8 ¢ g i g10 £
' 304 H = N S 60
3 g 200004 4 S 3 X
~ g . S - 2
8 ' g = 0
= H 2 7] . 8
@ 20 @ . 3 T 8. 40+
£ B H & 0.5 -y
o .©, 10000 5 °
= .E‘ 2 ]
10 ° © N 20
o ] 2
o 3 2]
= 8 E
" <
T T go. T T
& o @ o o H & o o 2 O o
O AN A A R
< < ™ Q < ~ 9 ) ~ < < ~

Figure 3. Comparable structural properties of HBVPs in a 3D VoC model including astrocytes
A) Representative immunofluorescence confocal image of microvascular network in microfluidic chips
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showing ECs (red; CD31) and HBVPs (silver; NG2, green; SM22) in a VoC double culture of hiPSC-ECs
with HBVPs. Images displaying xyz (i), xy (ii), and yz cross-sectional perspectives (iii). Scale bar: 100
um. B) Representative immunofluorescence confocal images of microvascular networks in microfluidic
chips on day 7 showing hiPSC-mCherry ECs (red), HBVPs (green; SM22) and pAstros (silver, FABP7)
or iAstros from the TUBA hiPSC line (silver, TUBA-GFP), surface-rendered images and color-coded
images of HBVPs distance to the vessel surface. Images showing VoC double cultures (hiPSC-ECs with
HBVPs) and VoC triple cultures including either pAstros or iAstros from the TUBA hiPSC line. (C-F)
Quantification of HBVPs in VoC double and triple cultures containing iAstros from the TUBA hiPSC line
showing number of SM22 positive objects (C), average SM22 object volume (D), normalized average
SM22 intensity per object (E) and percentage of SM22 objects touching the microvascular network
(F). Data are shown as mean + SD. For (C-F) N = 3, n = 9-10; three independent experiments, one
microfluidic channel per experiment with three or four ROIs per channel. Scale bars: 100 um. One-way
ANOVA with Sidaks multiple comparison test. *p < 0.05, ****p < 0.0001; ns, non-significant.

Continuous perfusion or activation of cAMP signaling improves vascular organization and
reduces permeability in the 3D VoC model

In addition to reduced microvascular network density and diameter and SM22 volume
and intensity, more detailed examination showed local disruptions in the EC layer in both
pAstro and iAstro triple culture conditions, although not in the double culture condition
(Figure S3A). To further optimize the triple culture VoC model, we investigated whether
culture conditions postulated to modulate maturation of astrocytes?”?® and certain hiPSC
derivatives® or microfluidic flow might improve organization of the microvascular networks
(Figure 4A). Specifically, we investigated the effect of activation of the cAMP pathway since
it has not only been reported to improve astrocyte maturity and immune response?’%, it is
also protective for endothelial integrity and barrier function in the BBB*. The influence of
continuous flow was studied since mechanical forces resulting from luminal flow through
blood vessels are known to promote EC survival, migration and proliferation®!. VoC triple
cultures including iAstros were thus either supplemented daily with dbcAMP (250 uM) or
subjected to continuous flow from day 3 till day 7 (Figure 4A). Both dbcAMP addition and
continuous flow in VoC triple cultures including iAstros increased vascular density over time
(%, Figure 4B). This was most evident on day 7, where both the cAMP and continuous flow
conditions significantly increased vascular density, average vessel diameter and decreased
average vessel length in comparison to standard VoC triple cultures (Figure 4C; %, 4D; um,
4E; um, 4F).
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Figure 4. Improved microvascular network of 3D VoC triple culture including hiPSC-Astros upon
activation of cAMP signaling or application of continuous perfusion

A) Schematic of experimental setup for improving microvascular network formation of VoC triple
cultures containing hiPSC-ECs, HBVPs and iAstros from the FLB iPSC line. In the iAstro cAMP condition,
the medium was daily supplemented with 250 uM dbcAMP to activate cCAMP signaling. In the iAstro
continuous flow (cFlow) condition, the VoC triple culture was subjected to continuous flow from day 3
onwards. B) Quantification of vessel density over time from daily images of hiPSC-mCherry ECs for the
four VoC culture conditions. C) Representative immunofluorescence images of microvascular networks
from the four VoC culture conditions at day 7 showing hiPSC-mCherry ECs (red). iAstro conditions are
triple cultures containing iAstros from the FLB hiPSC line. Scale bars: 200 um. (D-F) Quantification of
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microvascular networks showing vascular density at end-point day 7 (D), average vessel diameter
(E) and average vessel length (F). Data are shown as mean * SD. Data shown is N = 3-4, n = 14-22;
three or four independent experiments with a minimum of 3 microfluidic channels per experiment.
iAstro conditions are triple cultures containing iAstros from the FLB hiPSC line. Scale bars: 200 um.
G) Representative immunofluorescence images of microvascular networks (red; hiPSC-mCherry ECs)
perfused with 70 kDa FITC-Dextran (green) on day 7, 30 seconds after start of perfusion. Images show
VoC double cultures (hiPSC-ECs with HBVPs) and VoC triple cultures also containing iAstros from the
FLB hiPSC line. Scale bars: 200 um. H) Quantification of permeability coefficient for the four VoC culture
conditions at end-point day 7 from N=3-4, n=4-11; three or four independent experiments with one to
six microfluidic channels per experiment. In the iAstro conditions, data is pulled from triple cultures
containing both iAstros from the FLB and the TUBA hiPSC lines. One-way ANOVA with Sidaks multiple

comparison test. *p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001, ns, non-significant.

We subsequently investigated whether dbcAMP (the cell membrane permeable
analog of cAMP) or continuous perfusion affected microvascular network formation through
increased proliferation or through increased presence of matrix metalloproteinase-2
(MMP2), as was shown in a recent study of a VoC containing primary brain ECs, HBVPs and
pAstros32. Proliferation was quantified by 5-ethynyl-2’-deoxyuridine (EdU) pulse experiments
on day 4 of culture. Continuous flow in the VoC model with iAstros increased proliferation
compared to the control VoC cultures with- or without (dbcAMP treated) iAstros (Figure S3B
and S3C). Co-staining of microfluidic channels with the EC-specific transcription factor SOX17
revealed that most of proliferating cells were hiPSC-ECs (Figure S3D and S3E). Quantitative
real-time PCR (qRT-PCR) of VoC cultures at end-point day 7 confirmed the increase in MMP2
in the iAstro VoC triple culture under continuous flow condition (Figure S3F).

We next perfused VoC cultures with FITC-Dextran (70 kDa) to investigate local
vascular barrier integrity and quantified the permeability coefficient of the four VoC
triple culture conditions (Figure 4G, H; cm/sec). Both addition of dbcAMP and application
of continuous flow improved local vascular integrity and significantly decreased the
permeability coefficient in iAstro VoC triple cultures (Figure S3G).

Finally, we explored the influence of the different VoC conditions on the expression
of BBB-related markers. gRT-PCR of VoC culture conditions at end-point day 7 was
somewhat variable between experiments, and did not show a significant increase in most
of the investigated BBB-related genes in triple culture conditions (Figure S4A). Integration
of astrocytes had no effect on the expression of adherens- and tight junction markers,
such as VEC, ZO1 and CLDN5 by gRT-PCR (S4A) and by immunohistochemistry (S4B). Some
upregulation of transport-related genes, such as SLC2A1 and PGP and ECM-related gene
COL4A1 was observed by gRT-PCR (S4A) under continuous flow, but this was less evident by
immunohistochemistry (54C,D).

Discussion
In this study, we described the generation of 3D microvascular networks containing hiPSC-
ECs, HBVPs and hiPSC-Astros. We showed that these triple cultures develop interconnected,
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lumenized, perfusable networks, with direct interaction between the incorporated cell-
types. No apparent differences were observed in the morphology and expression of reactive
markers in astrocytes, in any of the culture conditions tested in this study. Although the
number of HBVPs and their interaction with the microvascular network was similar between
culture conditions, the average volume and expression of the contractile marker SM22 did
differ between HBVPs in double and triple cultures. This could indicate that both primary-
and hiPSC-Astros affect the maturity and contractile phenotype of the HBVPs in our system.
Interestingly, we observed decreased vascular density and diameter of the vessels upon
adding pAstros or iAstros, similar to earlier studies also using primary astrocytes!%,
Decreased vascular density and diameter can be a consequence of “tightening” of
the endothelium through astrocyte-induced paracrine signaling which has been well-
established in vivo'*°, and has also been observed in vitro'®. In addition, the sub-optimal
microenvironment for ECs caused by the presence of astrocytes could have reduced vessel
stabilization, evidenced by local vascular barrier disruptions and increased leakage of FITC-
Dextran in our VoC triple cultures including iAstros. We also observed cell-line dependence
of hiPSC-Astros on vessel parameters which will be important to note for those developing
patient specific models. This was in agreement with other studies showing cell batch (i.e.
donor) variability of primary astrocytes on microvascular network formation?. Additional
studies will be needed to further define the impact of astrocytes on these self-assembling
in vitro microvascular networks.

For in vitro models to be useful for disease modeling and drug screening, it is
essential that these models are reproducible and robust® across independent technical
experiments, as we demonstrated in the present study. In addition, we showed that
appropriate culture medium and fluidic flow are important in the formation and stability of
microvascular networks containing hiPSC-ECs, HBVPs and hiPSC-Astros. We demonstrated
that the addition of dbcAMP improved microvascular network formation and organization
and vascular permeability in the VoC model that included iAstros. This is in line with
previous reports demonstrating the importance of cAMP signaling in astrocyte and EC
function?”:28:303435  |nterestingly, EC proliferation was not increased by adding dbcAMP,
although we cannot exclude the possibility that timing of the EdAU experiment was sub-
optimal. Future studies will be needed to clarify the exact mechanism by which dbcAMP
acts in this 3D model.

We also showed that continuous microfluidic flow promoted EC proliferation and
improved stability of the triple culture microvascular networks. This is consistent with the
general notion of improved stability and organization of ECs under flow conditions® and
earlier studies using similar microvascular systems?3¢%, |n addition, we observed increased
MMP2 expression as shown previously®’, even though this earlier study investigated the
effect of interstitial flow in the first stages of vasculogenesis while we only applied flow
when a lumenized microvascular network had already formed, primarily resulting in luminal
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shear stress.

Co-culture of hiPSC-ECs with tissue-specific cells has previously been shown to
enable the induction of a tissue-specific molecular identity for several organ systems3&2°,
including the brain®. While we see direct interaction between the multiple cell types in our
system, we did not observe consistent increases in BBB-related markers in which iAstros
were added to the VoC model. These results were independent of whether iAstros were
from FLB or TUBA hiPSC lines. Additional optimization of the metabolic environment, adding
other relevant small molecules or cytokines or altering the transcriptional regulation of
hiPSC-ECs using transcription factors will be required for the model to closely recapitulate
the BBB®.

In summary, we have established a 3D VoC model containing hiPSC-ECs, HBVPs
and hiPSC-Astros mimicking the direct cell-cell interactions seen in vivo. We demonstrated
that hiPSC-Astros perform similarly to pAstros and are thus an alternative source to primary
brain tissue for this cell type. However, we noted that the extent to which hiPSC-Astros
influence microvascular network formation can be hiPSC line dependent. Elevation of cAMP
signaling or application of continuous flow improved microvascular networks containing
hiPSC-Astros. For future studies it would be interesting to integrate hiPSC-derived smooth
muscle cells? instead of HBVPs for a fully hiPSC-derived model suitable for investigating the
cell type-specific contribution in disease phenotypes. Nevertheless, culture conditions will
need further refinement before hiPSC can be implemented as next-generation BBB model
systems for modeling neurodegenerative disorders and subsequent screening for new
therapeutic interventions.

Experimental Procedures

hiPSC lines and maintenance

hiPSCs were maintained on recombinant vitronectin-coated plates in TeSR-E8, all from
StemCell Technologies, according to the manufacturer’s instructions. hiPSCs used for
astrocyte differentiation were cultured on matrigel-coated (BD Biosciences, 354230) plates
in TeSR™1 medium (StemCell Technologies, 05850) and mechanically passaged once a
week using dispase solution 1 mg/mL (Gibco, 17105-041). The following hiPSC lines were
used: LUMCOO020iCTRL (Described in this report as FLB and generated from skin fibroblasts,
https://hpscreg.eu/cell-line/LUMCIi028-A)*. NIH Center for Regenerative Medicine hiPSC
line (NCRM-1, generated from CD34+ cord blood cells, https://hpscreg.eu/cell-line/
CRMIi003-A), obtained from RUDCR Infinite Biologics at Rutgers University, was modified
in-house with a mCherry expression cassette under the human cytomegalovirus (hCMV)
early enhancer/chicken B actin (CAG) promoter using a previously established protocol*.
The Allen Cell Collection line AICS-0012 (Described in this report as TUBA and generated
from skin fibroblasts, https://hpscreg.eu/cell-line/UCSFi001-A-2) with mEGFP insertion site
at TUBA1B.
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Cell preparation prior to VoC culture

hiPSC-ECs (P1) were thawed and cultured on gelatin-coated plates in complete EC growth
medium composed of Human Endothelial-SFM (EC-SFM) with 1% platelet poor serum (PPS),
VEGF (30 ng/mL) and bFGF (20 ng/mL) 4 days prior to VoC seeding. HBVPs (P4) were thawed
and cultured on gelatin-coated plates in Pericyte Medium (ScienceCell, 1201) supplemented
with 1% Pericyte Growth Supplement (ScienceCell, 1252), 2% FBS and 1% penicillin/
streptomycin, 4 days prior to VoC seeding. pAstros were thawed and cultured in Astrocyte
Medium (ScienceCell, 1801) supplemented with 1% Astrocyte Growth Supplement (AGS,
Sciencell, 1852), 2% FBS and 1% penicillin/streptomycin, 4 days prior to VoC seeding. iAstros
were thawed and cultured in NS medium supplemented with 20 ng/mL CNTF, 4 days prior to
VoC seeding. iSCT-Astros were used directly after maturation at the end of the differentiation
protocol. For an overview of the hiPSC lines and differentiation batches used for the different
experiments, see Supplemental Table 1.

VoC set up and culture

Microvascular networks inside microfluidic chips were generated as previously described®#2
with minor modifications. Microfluidic chips with one middle gel channel flanked by two
media channels (AIM Biotech, idenTx9 chip) were used. Cells were resuspended in EGM-
2 medium supplemented with thrombin (4 U/mL, Sigma, T4648) at 15 x 10° cells/mL for
hiPSC-ECs, 3 x 10° cells/mL for HBVPs and 7.5 x 10° cells/mL for astrocytes (5:1:2.5 ratio
respectively). Three astrocyte cell suspensions were tested in combination with hiPSC-ECs
and HBVPs: (1) pAstros, (2) iAstros and (3) iSCT-Astros. The cell suspensions were mixed with
an equal volume of fibrinogen solution (6 mg/mL, final concentration 3 mg/mL, Sigma, 8630)
and immediately injected into the gel channel of the microfluidic chip (3 gel channels per
cell/fibrin mix and 15 pl per gel channel). Chips were incubated for 15 minutes at RT before
adding EGM-2 supplemented with 50 ng/mL VEGF and 1% Astrocyte Growth Supplement
(AGS; Sciencell, 1852) to the media channels. The microfluidic chips were refreshed every 24
hours with EGM-2 supplemented with VEGF (50 ng/mL) and 1% AGS. Refreshing was done
by application of a hydrostatic pressure over the medium channel by adding 100 uL medium
to the right media ports and 50 pL medium the left media ports. On day 1, y-secretase
inhibitor N-[N-(3,5-difluorophenacetyl)-I-alanyl]-s-phenylglycinet-butyl ester (DAPT, 10 uM,
Sigma, D5942) was added for 24 hours. For cAMP condition, the media was additionally
supplemented with 250 uM dbcAMP (Sigma, D0627) for the entire duration of culture. For
the continuous perfusion condition, the microfluidic chips were placed on an interval rocker
platform (Perfusion rocker, MIMETAS) set at a 5-degree inclination and 8 minutes cycle time
from day 3 onwards.

Statistical Analysis

Self-assembling 3D VoC with hiPSC-derived Astros
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Statistical analyses were performed using GraphPad Prism 9 software. Normality of the data
was evaluated by the Shapiro-wilk test. One-way ANOVA with Tukey’s multiple comparison
test or Sidak multiple comparison test was used for comparing multiple groups. Detailed
statistics are indicated in each figure legend. The data are reported as mean + SD.
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Figure S1. Related to Figure 1. Characterization of hiPSC-astrocytes.

A) Schematic of ‘Peteri’ protocol (iAstro) and ‘SCT’ protocol (iSCT Astro) to generate forebrain
patterned astrocytes from hiPSCs. B) Representative brightfield image of a regionalized
hiPSC-derived neural organoids on day 30. Scale bar: 250 um. C) Representative brightfield
image of hiPSC-derived neural organoids on day 60. Scale bar: 500 um. D) Representative
immunofluorescence images of hiPSC-derived neural organoids (day 72) differentiated from
the FLB hiPSC line stained for SOX2, PAX6 or FOXG1. Scale bars: 100 um. E) Representative
immunofluorescence images of iAstros and iSCT Astros stained for GFAP, FABP7, S100R,
Vimentin and GLAST. Scale bars; 200 um. F) Image based quantification of the percentage
of marker positive cells. Data are shown as mean + SD. pAstro, iAstro FLB and LUMCi005 are
N = 3. iSCT Astro FLB and LUMC114 are N = 2. G) Assessment of intracellular Ca?* release in
iAstros. Representative traces of normalized average fluorescence intensity (F/FO) in iAstros.
Astrocytes were either stimulated by automated addition of plain NS medium (black) or
NS medium supplemented with 3 uM (light green) or 300 uM (dark green) ATP. Data are
shown as mean £ SD of N = 3; iAstros from one hiPSC line (FLB), one differentiation, in three
independent experiments. H) Quantification of intracellular Ca* release; normalized area
under the curve, for pAstros and iAstros. Data shown as mean + SD of N = 3; iAstros from
one hiPSC line (FLB), three differentiations, in three independent experiments. (I) Quantified
glutamate uptake normalized to the number of cells (nmol/1000 cells) for pAstros, iAstros
and HBVP. Data shown as mean + SD of N = 3, n = 6; one batch of pAstros and HBVPs and
iAstros from one hiPSC line (FLB), three differentiations, in three independent experiments.
One-way ANOVA with Tukey’s multiple comparison. *p < 0.05; ns, non-significant.
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Supplementary figure 2

3D VoC Double culture +iSCT Astro FLB —_—
+iSCT Astro TUBA - -

Figure S2. Related to Figure 1. iSCT Astros incorporated into 3D VoC model.

A) Representative immunofluorescence imagesfromday 1, 2,4 and 6 showing hiPSC-mCherry
ECs (red) and hiPSC-TUBA astrocytes (green, TUBA-GFP) from the ‘SCT’ protocol (iSCT Astro)
in VoC triple cultures. Scale bars: 250 um. B) Representative immunofluorescence images
of microvascular networks in microfluidic chips on day 7 showing hiPSC-mCherry ECs (red).
Images showing microvascular networks from 3D VoC triple cultures including iSCT Astros
from two independent hiPSC lines (FLB or TUBA). Scale bars: 250 um.
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Supplementary figure 3
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Figure S3. Related to Figure 3. Microvascular network integrity in VoC conditions increased
proliferation and increased MMP2 expression upon continuous flow in 3D VoC triple
cultures with astrocytes.

A) Representative immunofluorescence confocal surface rendered images of microvascular
networks in microfluidic chips of VoC cultures on day 7 showing hiPSC-mCherry ECs (red).
Scale bars: 100 um. B) Representative images showing proliferating cells (silver; EdU) and
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ECs (red and green; mCherry-ECs and SOX17 respectively) in VoC double cultures (hiPSC-
ECs with HBVPs) and VoC triple cultures with iAstros from the FLB hiPSC line. In the iAstro
cAMP condition, medium was daily supplemented with 250 uM dbcAMP and in iAstro
continuous flow (cFlow) condition, microfluidic chips were continuously perfused from
day 3 onwards. Microfluidic channels were fixed and stained at day 4. Scale bars: 200
pum. (C-E) Quantification of proliferation showing the total number of EdU positive nuclei
(C), percentage of proliferating cells which are ECs ((EdU+ SOX17+)/(EdU+)*100) (D) and
percentage of ECs which are proliferating ((EdU+ SOX17+)/(SOX17+)*100) (E). Data shown
as mean +SD of N = 2, n = 8; two independent experiment with a minimum of 3 microfluidic
channels per experiment. Exception is iAstro cAMP with N = 1, n = 5; one independent
experiment with 5 microfluidic channels. F) Relative expression of MMP2 normalized to CD31
as assessed with quantitative real-time PCR (qRT-PCR) for the four VoC culture conditions at
end-point day 7. Data shown as mean = SD from N = 3-6 independent experiments. In the
iAstro conditions, data shown is from triple cultures containing both iAstros from the FLB
and the TUBA hiPSC line. One-way ANOVA with Sidaks multiple comparison test. *p < 0.05
G) Representative immunofluorescence confocal surface rendered images of microvascular
networks in microfluidic chips of VoC cultures on day 7 showing hiPSC-mCherry ECs (red).
Scale bars: 100 um.
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Supplementary figure 4
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Figure S4. Related to Figure 4. Assessment of blood-brain barrier properties in 3D VoC
cultures.

A) RNA expression of key BBB-genes for the different 3D VoC culture conditions. Values
were obtained with gRT-PCR and were normalized to housekeeping gene hARP and to
CD31. Individual repeats are plotted for the conditions indicated. B) Representative
immunofluorescence confocal images for junctional proteins VE-Cadherin (VEC), Zonula
occludens-1 (Z01) and Claudin-5 (CLDN5). C) Representative immunofluorescence confocal
images for transporter protein P-glycoprotein (PGP). D) Representative immunofluorescence
confocal images for extracellular matrix (ECM) proteins Collagen IV and Laminin. Scale bars:
100 pm. Data are shown as mean * SD. For N = 3-4, n = 3-6; three or four independent
experiments with one pulled RNA sample per condition. In the iAstro conditions, data is
pulled from triple cultures containing both iAstros from the FLB and the TUBA hiPSC lines.
One-way ANOVA with Sidaks multiple comparison test. *p < 0.05, **p < 0.01; ns, non-
significant.
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Supplemental Table 1. List of hiPSC lines and batches used per experiment

Figure hiPSC-ECs hiPSC-Astros

Line Number of Line Number of
batches batches

FigS1H,1 - - LUMCO0020iCTRL 3

Fig 3 C-F NCRM-1 3 AICS-0012 1

Fig4 G, I;S4A LUMCO054iCTRLO2 1 LUMCO020iCTRL 1
AICS-0012 1

Supplemental Table 2. List of antibodies for IF

Antibody Species Source Use Dilution Catalog #
SOX2 Rat eBiosciences 2D 1:200 53-9811-80
PAX6 Rabbit Cell Signaling 2D 1:200 60433S

FOXG1 Rabbit Abcam 2D 1:200 ab18259
GFAP Rabbit DAKO 2D +3DVoC 1:1500 7033401
FABP7 Mouse SantaCruz 2D +3DVoC 1:500 sc-374588
S100R Mouse Sigma 2D 1:500 $2532
VIM Mouse Sigma 2D 1:300 V6630
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SLC1A3/GLAST/ Mouse Miltenyi 2D 1:100  130-095-822
EAAT1
Agp4 Rabbit Novus Bio 3D VoC 1:200 NBP1-87679
NG2 Mouse Santa Cruz 3D VoC 1:200 sc-53389
SM22/TAGLN Rabbit Abcam 3D VoC 1:400 ab14106
SOX17 Goat R&D systems 3D VoC 1:300 AF1924
PGP Mouse Invitrogen 3D VoC 1:100 MA1-26528
CollagenlV Goat Millipore 3D VoC 1:200 AB769
Laminin Rabbit Sigma 3D VoC 1:100 AB19012

Supplemental Table 3. List of primers for gRT-PCR

Target Forward primer (5’ — 3’) Reverse primer (5’ — 3’)
VEC GGCATCATCAAGCCCATGAA TCATGTATCGGAGGTCGATGGT
CD31 GCATCGTGGTCAACATAACAGAA  GATGGAGCAGGACAGGTTCAG
Z01 CAACATACAGTGACGCTTCACA CACTATTGACGTTTCCCCACTC

CLDN5 GCGTGCTCTACCTGTTTTGC CAGCTCGTACTTCTGCGACA
OCLN ACAAGCGGTTTTATCCAGAGTC GTCATCCACAGGCGAAGTTAAT

SLC2A1 AACTCTTCAGCCAGGGTCCAC CACAGTGAAGATGATGAAGAC
PGP TGACCCGCACTTCAGCTAC GGGCTTCCCGATGATGTCG
MRP1 TTACTCATTCAGCTCGTCTTGTC CAGGGATTAGGGTCGTGGAT
LRP1 CTATCGACGCCCCTAAGACTT CATCGCTGGGCCTTACTCT

COL4A1 CAAAAGGGTGATACTGGAGAACC ATTTCCTGCGAAACCAGGCA

LAMA1 GTGATGGCAACAGCGCAAA GACCCAGTGATATTCTCTCCCA

MMP2 CTACGATGGAGGCGCTAATGG CTTGGGGCAGCCATAGAAGG

Supplemental Experimental Procedures

Differentiation of hiPSCs towards ECs

hiPSCs were maintained in mTeSR-E8 and differentiated towards ECs as previously
described®?. Briefly, mesoderm was induced by changing the media to B(P)EL medium
supplemented with 8 uM CHIR99021 (Tocris Bioscience, 4423). Cells were refreshed at day
3, 6 and 9 with B(P)EL with VEGF (50 ng/mL) and 10 uM SB431542 (Tocris Bioscience, 1614).
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hiPSC-ECs were isolated on day 10 using CD31-Dynabeads™ (Thermo Fisher Scientific) as
previously described2. hiPSC-ECs were expanded in complete EC growth medium comprised
of Human Endothelial-serum free medium (EC-SFM) with 1% Human platelet poor serum
(P2918, Sigma), VEGF (30 ng/mL) and bFGF (20 ng/mL). hiPSC-ECs were expanded for
additional 3-4 days post-isolation and cryopreserved using serum-free cryopreservation
medium at passage number 1 (P1) (CryoStor®CS10) (StemCell Technologies, 100-1061).

Differentiation of hiPSCs towards neural progenitors

Neural progenitor cells (NPCs) were generated through a regionalized neural organoid phase
as described previously, with minor modifications?. Briefly, hiPSCs were dissociated using
0,5 mM Ethylenediaminetetraacetic acid (EDTA, Invitrogen, 15575020) and plated as small
clumps 1:1 into ultra-low attachment 6-well plate (Corning, 3471) or ultra-low T75 (Corning,
3814) in mTeSR-1 with 20 ng/mL bFGF (Miltenyi Biotec, 130-093-842) and RevitaCell
(Life Technologies, 1:200). Following day an additional refreshment with mTESR-1, bFGF
and Revitacell. The subsequent day neural induction and regional (forebrain) patterning
was started by changing the medium to Neuronal Induction Medium (NIM) consisting of
advanced DMEM/F12 (Life Technologies, 31331028), 2 mM L-glutamine (Life Technologies,
25030), 1% non-essential amino acids (NEAA; Life Technologies, 11140035), 1% N2
supplement (Life Technologies, 17502048), 1% Penicillin-Streptomycin (Life Technologies,
15070063 ) supplemented with 0.1 uM LDN-193189 (Axon Medchem), 10 uM SB-431542
(Tocris Bioscience, 1614), 0.5 pug/mL DKK-1 (PrepoTech, 120-30B) and 1 uM cyclopamine
(R&D systems, 1623/1). Patterning took place from day O until day 12 with medium changes
every second day. NPCs were matured from day 12 to day 30 by refreshment every second
day with NIM medium supplemented with 20 ng/mL brain-derived neurotrophic factor
(BDNF; Peprotech, 450-02). NPCs were expanded from day 30 by switching to Neurosphere
(NS) Medium consisting of advanced DMEM/F12, 2 mM L-glutamine, 1% NEAA, 2% B27
supplement (Life Technologies, 17504044), 2 ug/mL heparin (Leo Pharma BV, 14179857)
and 1% Penicillin-Streptomycin supplemented with 20 ng/mL bFGF and 20 ng/mL epidermal
growth factor (EGF; R&D systems, 236-EG-200). Medium was changed two times a week and
NPC spheres were manually dissociated to small clumps approximately every one and a half
week. At day 60, NPC spheres were manually dissociated to small clumps and cryopreserved
in 50 % NS medium, 40 % FBS (Biowest, S1860) and 10 % dimethyl sulfoxide (DMSO; Sigma,
D2650). NPCs were thawed and cultured on 6-well plates coated with 20 pg/mL poly-
ornithine (PO; Sigma, P3655) and 5 ug/mL laminin (Sigma, L2020) and maintained for 5 days
in NS medium supplemented with 20 ng/mL bFGF and 20 ng/mL EGF to recover. The first day
the media was also supplemented with 1:200 Revitacell. The NPCs were subsequently used
for differentiation towards astrocytes.

Differentiation of neural progenitors towards astrocytes
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NPCs were either differentiated using a previously published protocol® (iAstros) or using a
commercially available kit (iSCT Astros). In the iAstro differentiation, astrocyte specification
was started by changing the media to NS medium supplemented with 20 ng/mL CNTF
(Peprotech, 450-13). When reaching 80-90% confluency, cultures were passaged 1:4 using
accutase (Millipore, SCR0O05). At day 30, astrocytes were cryopreserved in CryoStor®CS10.
For characterization and functional assays of astrocytes, cryopreserved iAstros were thawed
and cultured for 3 days on PO/laminin-coated plates in NS medium supplemented with 20
ng/mL CNTF.

For iSCT Astro differentiation, NPCs were passaged to matrigel-coated plates
and maintained in STEMdiff™ Neural Progenitor Medium (StemCell Technologies, 05833)
for 4-5 days to recover and expand. NPCs were subsequently differentiated using the
STEMdIiff™ Forebrain Neuron Differentiation Kit (StemCell Technologies, 08600), following
manufacturer’s protocol. After completing the 7 days differentiation protocol, medium was
changed to BrainPhys™ Neuronal medium (StemCell Technologies, 05790) and cells were
maintained for 11 more days before using in functional assays. Population of astrocytes was
confirmed by positive staining for key astrocyte markers. Cells were passaged using accutase
before use in microfluidic chips to enrich the astrocyte population.

Primary human brain vascular pericyte and primary astrocyte culture

Human brain vascular pericytes (HBVPs) and primary human cortical astrocytes (pAstros)
were purchased from ScienceCell. HBVPs were cultured in Pericyte Medium (ScienceCell,
1201) supplemented with 1% Pericyte Growth Supplement (ScienceCell, 1252), 2% FBS and
1% penicillin/streptomycin. pAstros were cultured on poly-L-lysin coated (15 pg/mL, Sigma,
P4707) plates in Astrocyte Medium (ScienceCell, 1801) supplemented with 1% Astrocyte
Growth Supplement (AGS, Sciencell, 1852), 2% FBS and 1% penicillin/streptomycin. HBVPs
and pAstros were cryopreserved at passage number 3 (P3) or 2 (P2) respectively, using
serum-free cryopreservation medium (CryoStor®CS10) (StemCell Technologies, 100-1061).

Immunostaining and microscopy of forebrain neural organoid

Forebrain neural organoids were fixed with 4% paraformaldehyde (PFA, Sigma) for 30
minutes at 4 °C and washed with phosphate-buffered saline (PBS) before continuing for
wholemount staining. Cell plasma membranes were permeabilized with 0.5% Triton X-100
for 15 minutes at RT and washed 3 times for 10 minutes with PBS. Blocking was performed
by adding 2% BSA in PBS for 3 hours at RT. Primary antibodies (see Supplemental Table 1
for details) were diluted in 1% BSA in PBS and incubated O/N at 4 °C. After washing with
PBS, secondary antibodies (1:300, Invitrogen) diluted in 1% BSA were added and incubated
for 2 hours at RT. Stained organoids were mounted with ProLong Gold Antifade Mountant
(Thermofisher Scientific #P36930) on microscope slides. Images were taken using the EVOS
M7000 using 20x magnification objective.
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Immunostaining, microscopy and quantification of 2D astrocytes

iAstros were seeded on PO/laminin coated 96-well black imaging plates (Corning) at a
seeding density of 35000 cells/well in NS medium supplemented with 20 ng/mL CNTF. iSCT-
Astros were seeded on PO/laminin coated 96-well black imaging plates at a seeding density
of 35000 cells/well in BrainPhys™ Neuronal medium. Both were fixed 3 days later, using 4%
PFA for 10 minutes at RT. Cell membranes were permeabilized with 0.1% Triton X-100 for 5
minutes at RT and washed with PBS before blocking with 1% BSA in PBS for 1 hour. Primary
antibody diluted in 1% BSA were added and incubated O/N at 4 °C. For primary antibody
overview see Supplemental table 1. Images were taken using EVOS M7000 using 10x
magnification objective. Quantification of the percentage of marker positive astrocytes was
performed using custom pipelines developed on the free open source CellProfiler software
(https://cellprofiler.org/)*. In brief, both nuclei and marker objects were identified after pre-
processing steps to reduce unspecific object identification. Nuclei and marker objects were
subsequently overlapped for visual examination of proper identification and to calculate
number of masked nuclei objects.

Immunostaining and microscopy of VoC

Cells in VoCs were fixed in situ in 4% PFA for 30 minutes at RT. Cell plasma membranes
were permeabilized with 0.5% Triton X-100 for 15 minutes at RT and washed 3 times for
10 minutes with PBS. Blocking was performed by adding 2% BSA in PBS for 3 hours at RT.
Primary antibodies (see Supplemental Table 1 for details) were diluted in 1% BSA in PBS and
incubated O/N at 4 °C. After washing with PBS, secondary antibodies (1:300, Invitrogen)
diluted in 1% BSA were added and incubated for 2 hours at RT. Images of the full microfluidic
channel of VoCs were taken with the EVOS M7000 using the 10x objective and automated
stitching. 3D images were taken using the DragonFly spinning disk (Andor) microscope with
40x magnification objective, 2x2 tile scans with automated stitching and post-processing
performed using Imaris 9.5 software (Bitplane, Oxford Instruments).

EdU assay for EC proliferation in 3D microfluidic chips

Proliferation was measured using the EdU Click-iT kit Alexa-488 (ThermoFisher Scientific
#C10337) according to manufacturer’s protocol. Briefly, on day 4 of culture, microfluidic chips
were refreshed with EGM-2 supplemented with 50 ng/mL VEGF and 1% AGS additionally
supplemented with EdU (1:1000) for 6 hours. Cells were fixed with 4% PFA for 30 minutes,
permeabilized with 0.5% TX-100 for 15 minutes at RT. Freshly prepared Click-iT reaction
cocktail was added for 3 hours at RT. Microfluidic chips were washed three times with PBS
and blocked in 2% BSA in PBS for 3 hours at RT, followed by co-staining with primary and
secondary antibodies.
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Characterization of vascular and perivascular parameters in 2D images

Quantification of VoC vascular and perivascular parameters vessel density, average
diameter, average vessel length, average astrocyte length and number, average HBVP
length and number, EdU+ nuclei, EdU+ ECs of total EdU+ nuclei, EdJU+ ECs, PGP intensity
and CollagenlV and Laminin area from 2D images was performed as previously described
6, Briefly, images of the whole microfluidic channel as acquired using EVOS M7000, were
quantified using custom pipelines developed on the free open source CellProfiler software
(https://cellprofiler.org/)*. Pre-processing steps were applied to all images to enhance image
features and a gaussian filter to reduce unspecific object identification. A minimum cross-
entropy thresholding method was used on vascular network images to produce a binarized
image. The binarized images from the CellProfiler output were then analyzed using Image)
software with the freely available plugin Diameter) (https://imagej.nih.gov/ij/, https://
imagej.net/Diameter])’. For quantification of CollagenlV and Laminin, a similar pipeline was
used to generate binarized images. Quantification of PGP intensity was done by using a
custom cell profiler pipeline with maximum projection images from 3D confocal images as
input. Both intensity of PGP and area covered by either CollagenlV or Laminin staining was
normalized by the area of the vessel, as determined by CD31 staining . EdU+ nuclei, EdU+
ECs of total EdU+ nuclei and EdU+ ECs were quantified with a custom-made pipeline in
CellProfiler *.

Characterization of astrocyte and HBVP cell parameters in 3D

Characterization and quantification of GFAP positive and SM22 positive objects and
quantification of PGP intensity was performed by 3D quantitative analysis using images taken
with the DragonFly spinning disk (Andor) and processed using Imaris 9.5 software (Bitplane,
Oxford Instruments). Average HBVP SM22 object intensity and volume was obtained by
first surface-rendering both individual SM22 positive objects and individual FABP7 or TUBA-
GFP positive objects for the pAstro or iAstro conditions respectively. HBVP SM22 positive
objects were obtained by filtering out the double positive objects. For quantification of
the percentage of HBVP SM22 positive or GFAP positive objects touching the vessel, first
an additional surface rendering of the microvascular network (mCherry positive) was
performed. HBVP SM22 positive or GFAP positive objects touching the vessel was defined as
a distance of 0 um between the surface-rendered objects and >0 um distance was defined
as no contact.

Perfusion assessment in VoC system

Before the perfusion assessment and time-lapse imaging for permeability quantification,
ECs were first stained using Ulex Europaeus Agglutinin |, DylLight594 (1:600, Vector
Laboratories, DL-1067) by incubation of the microfluidic channels for 45 minutes in the
incubator. Subsequently, time-lapse images were taken using the EVOS M7000 with on stage
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incubator with the 10x objective at 20 fps for 30 seconds. 70 pL of 70 KDa FITC-Dextran
(1:1000, Sigma) in EGM-2 was added to one medium port and 50 pL of EGM- 2 to all other
media ports to induce interstitial gravity driven flow. Agglutinin was imaged at the same
location as the dextran perfusion was imaged to enable accurate assessment of fluorescent
tracer leakage inside and outside the microvascular network. Calculation of permeability
coefficient was based on previously established methods®. In short, the following formula
was used:

P=1/At * Am/SPv * Alm/Al

With At=T2—-T1 (30 seconds), Am being the surface area of the matrix, SPv being the surface
perimeter of the vessel, AlIm = (Im2 * (lv1/Iv2)) — Im1 being the difference in fluorescence
intensity in the matrix corrected for potential changes in the dextran concentration in
the vascular space during imaging and Al = Ivl — Im1 being the difference in fluorescence
intensity between the vasculature and matrix at the start of the measurement.

Assessment of intracellular Ca2+ release in astrocytes

Intracellular Ca?* release was assessed in astrocytes at day one post-seeding in a black, flat-
bottomed 96-well plate coated with poly-I-lysine for pAstros and PO/laminin for iAstros. The
calcium-6 dye (Molecular Devices) was dissolved in 10 mL HBSS buffer B and subsequently
diluted 1:4 in Buffer B (Molecular Devices). The diluted dye solution was added 1:1 to the
wells containing astrocytes in NS medium. Astrocytes were incubated for 2 hours at 37 °C
with 5% CO, before being measured on the FDSS/ucell (Hamamatsu Photonics) at 37 °C with
an exposure time of 0.017s. Response to ATP stimulus was performed by first preparing a
compound plate including a medium control of NS medium, 30 uM ATP (Sigma, A9187) in
NS medium or 3 mM ATP in NS medium. Control and ATP stimulus from the compound plate
were automatically mixed and injected into the assay plate, reaching final ATP concentrations
of 3 and 300 uM. Analysis was performed in R (4.0.3) and the induced change in Ca* release
was calculated by quantification of the area under the curve of the average fluorescence
intensity normalized to the NS medium control.

Glutamate uptake assay

A colorimetric glutamate assay kit (Sigma, MAK004) was used to determine the reduction of
glutamate in the cell culture medium over time. Cells were plated 2 days before the assay in
a 96 well plate. Before the assay, cells were washed with HBSS (Gibco) and then incubated
with 100 puM glutamate in HBSS. Samples were collected and analyzed according to the
manufacturer’s instructions. The uptake of glutamate was normalized to the number of cells
per well. Cells were stained with 1 ug/mL HOECHST 33342 (Thermo Fisher Scientific, 62249)
for 20 minutes before washing with PBS. Whole wells were imaged using EVOS M7000 and
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subsequent downstream identification and quantification of the number of nuclei was
performed with Image) software (https://imagej.nih.gov/ij/).

RNA isolation and quantitative RT-PCR

Total RNA was isolated from the microfluidic devices at end-point day 7. Cells were extracted
by dissolving the extracellular matrix / fibrin mix with Collagenase B (1 mg/ml, Roche,
11088815001) for half an hour at 37 degrees °C, while rocking. RNA was extracted using
the NucleoSpin RNA XS kit (Macherey-Nagel) and cDNA was synthesized using an iScript-
cDNA Synthesis kit (Bio-Rad). iTag Universal SYBR Green Supermixes (Bio-Rad) and Bio-Rad
CFX384 real-time system were used for the PCR reaction and detection. Primers used can
be found in Supplemental Table 3. Relative gene expression was calculated using the delta
Ct calculation and normalized to the housekeeping gene hARP and to CD31. Heatmap was
generated using the freely available online tool http://www.heatmapper.ca/expression/®.
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