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Deciphering potential vascularization factors of
on-chip co-cultured hiPSC-derived cerebral organoids

To elucidate elaborate crosstalk between cerebral organoids
(COs) and endothelial cells, the global transcriptome analysis
of the CO response to three-dimensional vascular bed
revealed potential vascularization factors for brain organoid
vascularization on a chip.
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Introduction

Deciphering potential vascularization factors of
on-chip co-cultured hiPSC-derived cerebral
organoidsy

Maneesha Shaji, ®2 Atsushi Tamada, ©° Kazuya Fujimoto, ®:
Keiko Muguruma, @ *° Stanislav L. Karsten*? and Ryuji Yokokawa @ *2

The lack of functional vascular system in stem cell-derived cerebral organoids (COs) limits their utility in
modeling developmental processes and disease pathologies. Unlike other organs, brain vascularization is
poorly understood, which makes it particularly difficult to mimic in vitro. Although several attempts have
been made to vascularize COs, complete vascularization leading to functional capillary network
development has only been achieved via transplantation into a mouse brain. Understanding the cues
governing neurovascular communication is therefore imperative for establishing an efficient in vitro system
for vascularized cerebral organoids that can emulate human brain development. Here, we used a
multidisciplinary approach combining microfluidics, organoids, and transcriptomics to identify molecular
changes in angiogenic programs that impede the successful in vitro vascularization of human induced
pluripotent stem cell (iPSC)-derived COs. First, we established a microfluidic cerebral organoid (CO)-
vascular bed (VB) co-culture system and conducted transcriptome analysis on the outermost cell layer of
COs cultured on the preformed VB. Results revealed coordinated regulation of multiple pro-angiogenic
factors and their downstream targets. The VEGF-HIF1A-AKT network was identified as a central pathway
involved in the angiogenic response of cerebral organoids to the preformed VB. Among the 324 regulated
genes associated with angiogenesis, six transcripts represented significantly regulated growth factors with
the capacity to influence angiogenic activity during co-culture. Subsequent on-chip experiments
demonstrated the angiogenic and vasculogenic potential of cysteine-rich angiogenic inducer 61 (CYR61)
and hepatoma-derived growth factor (HDGF) as potential enhancers of organoid vascularization. Our study
provides the first global analysis of cerebral organoid response to three-dimensional microvasculature for
in vitro vascularization.

of expected tissue-specific heterogeneity leading to the lack
of functional repertoire, significant variability causing

The recently discovered ability of cerebral organoids to
emulate in vivo brain development makes them a powerful
new tool for elucidating the mechanisms of human
neurogenesis and various disease pathologies.’
Unfortunately, multiple limitations of current organoid
technology prevent the realization of its full potential in
both basic research and translational applications.> Among
them are laborious and costly production processes, lack
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deviant behavior of phenotypes, and limited organoid life
span (generally three months®) that prevent development of
COs into fully functional mature organ tissue. The main
reason is the lack of a vascular system, preventing both
efficient oxygen and nutrient supply and simultaneous
waste removal, and ultimately leading to hypoxia and
necrosis.>*

Several strategies have been implemented to vascularize
human brain organoids, including transplantation of
organoids into an immunodeficient mouse brain,” human
ETS variant 2 induction,® endothelialization of organoids,”®
and fusion with vascular organoids.”™"" Although the growth
of vessel-like networks in cerebral organoids has been
reported, complete vascularization with functional and
perfusable vasculature has only been achieved by
transplantation.® Therefore, understanding the molecular
mechanisms that prevent efficient in vitro vascularization

This journal is © The Royal Society of Chemistry 2024
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and identifying the extrinsic factors influencing this complex
process are urgently needed.

Recent advances in microfluidic technology have
facilitated the customization of microenvironments by
accurately controlling mechanical, chemical, fluidic, and
structural cues. It is now possible to mimic in vivo conditions
by modeling vascularized tissue constructs in the presence of
growth factors in vitro through microfluidic platforms (on-
chip). Recent studies have demonstrated the successful
vascularization of liver,”> adipose tissue,'* kidney,"* and
tumor organoids.'*"> Although vascularization of brain
organoids on chips has not yet been reported, such an
approach may potentially be realized to increase flexibility
and control of current microfluidic systems.

One possible in vitro vascularization approach is to embed
organoids in a preformed vascular or capillary bed. Using
this method, functional connections between the organoid
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and the preformed vascular network can be achieved by
anastomosis.'® The formation of an efficient, functional, and
interconnected vascular network between the organoid and
the preformed vasculature depends on the successful
initiation of angiogenesis, followed by lumenization, network
formation, vascular remodeling, and pruning. Identifying the
factors responsible for the above-mentioned events in an
in vitro culture system will enable generation of stable and
mature vasculature. Therefore, it is crucial to identify the
factors involved in these processes.

Here, we integrated an on-chip organoid system with
region-specific microdissection and transcriptomics to
decipher the molecular mechanisms involved in early
angiogenesis of human induced pluripotent stem cell
(hiPSC)-derived COs. We developed a microfluidic platform
to co-culture COs directly on a pre-formed VB generated by
the self-assembly of human umbilical vein endothelial cells
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Fig. 1 Co-culture of human iPSCs derived CO with 3D vasculature on a chip. (A) Schematic showing the overall workflow of the study. Day, CC-
D, and GF represent organoid day, co-culture day, and growth factor, respectively. (B) The microfluidic chip used for the co-culture system. The
schematic representation of the chip showing the device dimensions. The bottom layer consists of 5 channels: 1, 5 for hLFs, 3 for vascular bed and
2, 4 for media supply. The channels are separated by micropillars of width 100 um and height 250 pm. (C) Whole mount immunostaining of the
organoids on-chip at different z-sections (top, middle and bottom). Vasculature is stained by CD31 (shown in red) and nucleus is stained by DAPI

(shown in blue).
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(HUVECS). To identify CO-specific expression changes, we
used vacuum-assisted capillary-based microdissection and
isolated the outer 200 pm thick organoid layer, excluding the
central areas potentially affected by hypoxia and cell death,
to dismiss tissue-reactive expression changes. We then
performed whole transcriptome analysis and used DAVID
functional annotation and GenCLiP3 literature search to
identify key angiogenic factors altered at three distinct time
points: initial vascular bed angiogenic response (day 28 or co-
culture day 3/CC-D3), sprouting angiogenic response (day 31
or CC-D6), and inhibition of angiogenesis (day 35 or CC-
D10).

Results

This study comprised of the following parts: on-chip co-
culture system optimization, region-specific CO
microdissection and microarray analysis, identification of
critical angiogenesis factors and signaling pathways, and
functional evaluation of identified extracellular factors with
respect to VB formation and CO angiogenesis (Fig. 1A).

On-chip co-culture of cerebral organoids and 3D
microvasculature

Here, we integrated microfluidics and organoid technology to
develop an on-chip system to culture COs in direct contact
with microvasculature. COs and the VB were grown separately
and then co-cultured for 10 days. We employed a three-layer,
five-channel, polydimethylsiloxane (PDMS)-based microfluidic
device (Fig. 1B) with a removable membrane, as recently
reported.'” Cerebral organoids derived from hiPSCs using the
serum-free floating culture of embryoid body-like aggregates
with quick aggregation (SFEBq) technique® were co-cultured
on a 3D perfusable VB created by self-organization of HUVECs
(Fig. 1C and S17). The differentiation of hiPSCs into cerebral
organoids was confirmed using quantitative PCR for SOX1,
FOXG1, EMX1, and PAX6 (Fig. S2A1).” To exclude potential
adverse effects of the mixed medium on organoid
differentiation, we examined the expression of telencephalic
markers FOXG1, EMX1, and PAX6 (Fig. 2B and Ct).*

The VB remained stable and perfusable after 10 days of
co-culture (Fig. S3A and BY). We then investigated the effect
of the vasculature on the growth and differentiation of CO.
Immunostaining for neural progenitor markers SOX2 and
FOXG1, neuroepithelial stem cell marker NESTIN, and
differentiated neuron marker CTIP2® did not reveal any
differences in the ventricular structures of COs grown with or
without a pre-formed VB (Fig. S3C¥). Furthermore, the CTIP2/
SOX2 ratio, an indicator of overall neuron production during
organoid maturation,'® significantly increased between days
25 and 35 for COs cultured with (p < 0.001) and without (p <
0.001) pre-formed VB (Fig. S4A and Bf). No significant
difference was observed in the CO sizes grown with and
without VB (average diameter 1 mm, data not shown). Taken
together, these observations suggest that the morphology and
differentiation of organoids grown on a chip in direct contact
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with VB were not significantly different from those grown
using the dish culturing protocol.

Because vasculature plays a role in tissue maintenance
and survival through the exchange of nutrients and oxygen,
we examined whether the co-culture of organoids on VB
influenced the overall survival of the organoid. Expression of
CASP3, an apoptotic marker, showed accumulation at the
center of organoids without a VB, but exhibited a decreasing
trend in COs co-cultured on a VB (Fig. S4Ct). However, this
decrease was not significant (Fig. S4Dt).

Angiogenesis of hiPSC-derived cerebral organoids is inhibited
by 10 days of co-culture

Using immunostaining, we monitored the progress and
degree of vascularization during 10 days of co-culture.
Sprout-like endothelial structures branching from the
microvasculature towards the organoid on CC-D6 were
observed at the interface between the CO and VB using
confocal microscopy (Fig. 2A). To further investigate the
extent of vascularization, we performed immunostaining
assays using organoid cryosections on days 28 (CC-D3), 31
(CC-D6), and 35 (CC-D10) (Fig. 2B). After three days of co-
culture (CC-D3), we observed that HUVECs partially covered
the organoid, with a few cells migrating into the organoid
(Fig. 2B). On CC-D6, sprouts were observed along the
periphery of the organoid in the cryosection images (Fig. 2B),
with a noticeable increase in the percentage of ECs with
respect to the total number of cells (Fig. 2C). However, by
CC-D10, no further sprouts were observed invading the
organoids (Fig. 2B). Vascular structures were predominantly
limited to the outermost layer of the organoids, with a
significant reduction (p < 0.05) in the percentage of ECs
(Fig. 2B and C) at CC-D10. Based on these observations, we
conclude that CO vascularization was inhibited shortly after
its initiation.

Angiogenesis related genes are identified by on-chip cultured
COs

Analysis of VB morphology after contact with COs showed
sprouting of ECs by day 31 (Fig. 2), indicating probable
angiogenic events in response to interaction with the outer
organoid layer. However, organoid vascularization was
notably inhibited by day 35 (Fig. 2). We hypothesized that
signaling received from the cells at the periphery of the
organoids may be the main driving mechanism guiding such
in vitro angiogenic processes. Therefore, to identify the
regulatory network of angiogenic factors involved in the
initiation of the vascularization process, we conducted a
whole-transcriptome analysis of the outermost cell layer of
CO (200 pm thickness) using high-density oligonucleotide
microarrays. This approach ensured that the transcriptome
changes were detected only in the areas most in contact with
the VB, and that the hypoxic/necrotic core of the cerebral
organoid was excluded from the analysis (Fig. S5t). To
capture the dynamics of the vascularization process, samples

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Co-culture of CO with 3D vasculature on a chip reveals initiation and subsequent inhibition of vascularization.
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immunostaining showing organoid and vasculature on-chip at CC-D 3, 6, and 10. The vasculature is stained by CD31, and nucleus by DAPI. The
interface between cerebral organoid (CO) and vascular bed (VB) (approximately 260 um from the glass bottom) is shown by yellow lines in x-z and
x-y planes. (B) Schematic showing the sectioning (cutting) plane in red, CO (blue) in direct contact with GFP-positive VB (green) in the left side and
the immunostained cryosections (right side) of COs at CC-D 3, 6, 10. (C) Percentage of endothelial cells relative to the total number of cells in the

cryosections at day 28, 31, and 35, n = 6.

were collected on days 28 (CC-D3), 31 (CC-D6), and 35 (CC-
D10) of the microarray experiment (Fig. 1A).
This approach identified 1697
transcripts  (long list), for which
significantly altered in at least one of the two comparisons

distinct known

expression  was
(p =< 0.05). Sixty-six genes were differentially regulated at
both time points: 715 on day 31 and 916 on day 35. After
applying a higher significance level corresponding to the p
value <0.01, the gene list was reduced to 314 known
genes, with 270 and 40 genes regulated on days 31 and
35, respectively.

Gene ontology analysis using the DAVID functional
annotation tool'”*° revealed 30 categories for various
biological processes with at least 30% enrichment (EASE
score = 0.05; Table S1f). The most prominent categories
were related to vascular system and central nervous system
(CNS) and apoptosis.

development, cell differentiation,

This journal is © The Royal Society of Chemistry 2024

Interestingly, angiogenesis represented the most significantly
enriched biological process (63% enrichment, p = 0.0002;
Table S1t), followed by response to hypoxia (53%, p =
0.0005).  Furthermore, DAVID functional annotation
clustering using high stringency classification (EASE score =
0.01) of all known genes regulated at least one of the time
points (n = 1697) revealed multiple overrepresented
functional clusters, with a top cluster represented by
vascular development and angiogenesis genes (109 genes,
Fig. S67).

Further search for angiogenesis related genes using
GenCLIP3 analysis®' retrieved 287 hits showing co-occurrence
of an official gene name with the keyword “angiogenesis”
(Fig. S7, Table S21). Among these genes, 42 were mentioned
in at least 10 or more published studies, with the top three
genes represented by VEGFA (1d31), HIF1a (1d35), and AKT1
(1d31), the key elements of the vascular endothelial growth

Lab Chip, 2024, 24, 680-696 | 683
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Fig. 3 GenCLiP analysis reveals substantial dysregulation of VEGF pathway represented by direct interactors and downstream targets. (A) Genes

involved in the VEGF pathway identified by DAVID functional annotation and GenCLiP3 literature search using “VEGF” as a keyword. (B) Genes
directly interacting (regulators and downstream targets) with VEGFA.
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factor (VEGF) regulatory pathway. Combination of this group
with the “angiogenesis” cluster identified in DAVID
functional annotation clustering yielded a list of 332 known
angiogenesis-related genes (Fig. S7, Table S2t). Given the
well-known role of VEGFA in angiogenesis, we applied it as
a keyword against all 332 genes and reduced the network
to only VEGF-interacting genes (108 genes; Fig. 3A). This
resulted in the identification of 43 genes directly regulated
by VEGFA expression (Fig. 3B). Further stratification of the
literature to determine the interaction of these genes with
VEGFA resulted in the functional network depicted in
Fig. 3.

Key members of the VEGF signaling pathway agree with
observed angiogenic processes

The VEGF pathway is a central regulatory mechanism in
angiogenic process.>>>* One hundred and eight members
of the VEGF/HIF1A signaling pathway, including 43 direct

HIF1A INHIBITORS
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regulators and downstream targets of VEGFA, were
identified in this study (Fig. 3, Table S21). On day 31, the
expression of VEGFA (1d31) was elevated (Fig. 3), which
agreed with the increased expression of multiple VEGF-
activating factors on day 31 (Fig. 3 and 4; Text Data S1f).
Likewise, decreased VEGFA expression at day 35 coincided
with a decrease in the expression of multiple VEGF-
activating genes and increased expression of VEGF
inhibitors on day 31 (Fig. 4, Data S1t). Numerous targets
activated by the VEGF pathway demonstrated changes in
agreement with the activation of VEGFA on day 31 (Fig. 4,
Text Data S17).

Other pro-angiogenic factors are downregulated after 10 days
of co-culture

B-Catenin (CTNNB1; !d35), a central regulator of CNS
angiogenesis acting on CNS vessels specifically,*® was
significantly downregulated at day 35 (p < 0.05). Several
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and downstream targets at days 31 and 35.
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Identified network of co-regulated genes involved in VEGF controlled angiogenesis demonstrates regulation of VEGF pathway members
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activators of the WNT pathway were inhibited at day 35,
including discs large MAGUK scaffold protein 1*° (DLG1;
1d31), DEAD-box helicase 5°° (DDX5; !d35), heat shock
protein HSP 90-beta®” (HSP90AB1; 1d35), and secreted
frizzled-related proteins 1°*7° (sFRP1; 1d31, 1d35) (Table
S17).

In addition, multiple pro-angiogenic factors not directly
related to the VEGF or Wnt/B-catenin pathways were
inhibited at day 35, including APC-stimulated guanine
nucleotide exchange factor’"** (ARHGEF4 or ASEF, 1d31),
cannabinoid receptor 1**** (CNR1; 1d35), cofilin 1**> (CFL1;
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GFP HUVECs
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e
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1d35), heterogeneous nuclear ribonucleoprotein  K*°
(hnRNPK; 1d35), high mobility group box 1°7 (HMGBI;
1d35), mitochondrial dynamin-like GTPase®® (OPA1; 1d35),
programmed cell death 5% (PDCD5; !d35), and YY1-
associated factor 1*>*' (YAF1 or HDAC2; !d35) (Table S1f).
Similarly, some factors showed upregulation at day 31 during
the peak of pro-angiogenic activity, with decreased expression
by day 35. These included lamin A** (LMNA; 1d31), i-lactate
dehydrogenase A chain®*™*® (LDHA; 1d31), and serine/
threonine protein kinase 26*° (STK26 or MST4; 1d31) (Text
Data S2+).
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Fig. 5 On-chip sprouting assay demonstrates strong pro-angiogenic effect of HDGF and CYR61. (A) Schematic of the angiogenesis assay. (B)
Angiogenic sprouts (shown in green) at days 2 and 10 of culture in EGM2 only (control), EGM2 with HDGF, and EGM2 with CYR61. (C) Perfusability
of rhodamine dextran inside angiogenic sprouts formed in the presence of EGM2 alone (control), EGM2 with CYR61, and EGM2 with HDGF at day
10. (D) Percentage area covered by sprouts at day 2, 7, and 10 of the angiogenesis assay, n = 6.
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Identified extracellular factors affect angiogenic sprouting angiogenic inducer 61, CYR61 (1d31, d35-not detected),

growth differentiation factor 15, GDF15 (1d31), hepatoma-
A thorough search for angiogenesis-related genes regulated  derived growth factor, HDGF (1d31), hepatoma-derived
under at least one of the conditions (d31/d28, d35/d28)  growth factor-related protein-3, HDGFRP3 (!d31, 1d35),
identified six extracellular factors, including cysteine-rich  mesencephalic astrocyte-derived neurotrophic factor, MANF
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Fig. 6 On-chip vasculogenesis assay demonstrates strong vasculogenic effect of HDGF and CYR61. (A) Schematic showing vasculogenesis assay.
(B) Vascular networks formed at days 4, 5, 7 and 10 in EGM2 only (control), EGM2 with CYR61, and EGM2 with HDGF. (C) Percentage of
vasculature area at days 4 and 10, under three different conditions (n = 4). (D) Branches per square millimeter at days 4 and 10, n = 4.
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(1d31), and secreted frizzled protein 1, sFRP1 (1d35)
(Fig. 4).

We next hypothesized that angiogenesis-related
extracellular regulatory factors have strong effects on the
interaction between vascular cells and COs with regard to
vascularization of the latter via angiogenic processes from
the pre-formed vascular network.

To screen the identified growth factors for angiogenic
activity, a three-channel microfluidic device was wused
(Fig. 5 and S8Af). In this angiogenesis assay (Fig. S8Af),
ECs migrated through gel-forming sprouts in response to
the growth factor gradient in the gel (Fig. 5A). The extent
of sprout formation depended on the angiogenic activity
of growth factors. Fig. S8Bt shows the angiogenic activity
of all the identified growth factors. CYR61 (100 ng ml™)
(p < 0.05) and HDGF (50 ng mL™') treatment was
associated with significantly higher activity within two

days, with elongation of sprouts, interconnection of
neighboring sprouts similar to intussusceptive
microvascular growth, and creation of network-like
structures. On day 10, CYR61 displayed superior

angiogenic activity compared to that of HDGF (p < 0.05,
Fig. 5B). Next, we tested the perfusability of the sprouts by
flowing 70 kDa rhodamine dextran for both CYR61 and
HDGF and observed the presence of dextran inside the
sprouts, although leaky, confirming perfusable sprouts for
both factors (Fig. 5C). The angiogenic activity measured by
sprout coverage after 10 days of growth revealed negligible
sprout formation for MANF and HDGFRP3 and no
significant difference in sprout generation by FGF13 and
sFRP1 when compared to the control (Fig. 5D and S8Bf).
In contrast, CYR61 and HDGF led to significantly higher
angiogenic activity, with a maximum sprout coverage area
of over 50% (p < 0.01) and 30% (p < 0.01), respectively
(Fig. 5D).

Identified extracellular factors CYR61 and HDGF affect
vascular network formation

To assess vasculogenic activity, we examined CYR61 and
HDGF for their ability to promote the self-organization of
ECs into complex network structures. We repurposed the
same three-channel device (Fig. S8AYT) by seeding HUVECs in
the fibrin-collagen gel in the central channel and supplying
growth factors from both sides (Fig. 6A). Vascular networks
were formed in the presence of both CYR61 (100 ng mL™)
and HDGF (50 ng mL™") within four days (Fig. 6B). After 10
days, CYR61-treated samples exhibited significantly more
extensive vasculature (~70%; p < 0.0001) than the control
(~25%). Similarly, HDGF-treated samples also exhibited
significantly greater coverage than the control (~60%; p <
0.001); however, the CYR61 vasculogenic effect was
significantly stronger than that of HDGF (p < 0.0001;
Fig. 6C). The generated vascular networks demonstrated
significantly more branches for both CYR61 (p < 0.015) and
HDGF (p < 0.05) than for the control (Fig. 6D). Furthermore,
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CYR61 treatment led to a markedly higher connectivity ratio
in the vascular networks compared to control, although the
difference was not statistically significant (Fig. S9AT). The
perfusability of the vascular network was confirmed by
injecting fluorescent rhodamine dextran (Fig. S9BT). From
the results of both angiogenesis and vasculogenesis assays,
we concluded that CYR61 was the best angiogenic enhancer,
closely followed by HDGF. Therefore, we hypothesized that
both CYR61 and HDGF could be putative modifiers of
organoid vascularization.

CYR61 and HDGF show signs of improved angiogenesis and
may stimulate organoid vascularization in vitro

Next, we investigated whether the addition of CYR61 and
HDGF directly to the co-culture medium had significant
effects on cerebral organoid vascularization. Both CYR61 (100
ng mL™") and HDGF (50 ng mL™") were added directly to the
mixed medium (EC medium:organoid medium = 1:1), and
organoids were grown in the on-chip co-culture system for 10
days (Fig. 7A). The sprout invasion was evaluated by both
immunostaining of organoid sections and confocal
microscopy. On CC-D10 (day 35), sprouts invading the
ventricular structure (shown by CD31 staining) and many
ECs migrating into the CO (shown by GFP-HUVECs) were
observed in the co-cultures containing CYR61 (Fig. 7B, C and E
and S9Ct). In the case of HDGF, long vascular networks were
observed inside the organoid in the sections (Fig. 7C and
S9Ct) as well as in the confocal images (Fig. 7F) and had
higher percentage of vasculature are compared to CYR61 and
control (Fig. S9CT). These data suggest that the co-culture of
organoids in the presence of growth factors improved
angiogenesis in the organoids and stimulated the organoid
vascularization process in vitro.

Discussion

Brain vascularization is achieved through complex
interactions between the vascular and nervous systems.
Understanding the cues of neurovascular communication is
essential for building efficient long-term brain organoid
systems that can be used to model developmental processes
and determine disease mechanisms. Numerous molecular
factors expressed by both vascular and nervous tissues have
been identified, and their importance has been demonstrated
both in vivo and in vitro.*” Their role is often beyond the
control of angiogenic processes, having a strong impact on
neurogenesis, neuronal migration, and general brain
homeostasis. The formation of new blood vessels is not only
triggered by the necessity to provide adequate nutrients and
oxygen, but also directly controls cerebral developmental
processes, including neurogenesis, gliogenesis,
regionalization, and neuronal plasticity. In contrast,
molecular factors exerted by neurons and surrounding cells
regulate EC properties and their angiogenic potential.*’
Recent  single-cell-omics  studies have  convincingly
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(A) (€) Control CYR61 HDGF
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Day 35 (CC-D10)

Control

Contact plane Middle plane Top plane

Contact plane Middle plane Top plane

Contact plane Top plane

Day 35 (CC-D10)  DAPI | GFP-HUVECs

Fig. 7 CYR61 and HDGF improve CO angiogenesis in vitro. (A) Schematic showing the CO co-culture with 3D vasculature in the presence of
growth factors, CYR61 and HDGF. (B) Schematic showing the sectioning (cutting) plane in red, CO (blue) in direct contact with VB (green). (C)
Immunostained cryosections of organoids co-cultured for 10 days on-chip in mixed medium (NDM/EGM2), mixed medium with CYR61, and mixed
medium with HDGF. Vasculature is stained by CD31 (shown in red) and nuclei by DAPI (shown in blue). Lower panel shows the magnified images
of the white dotted rectangular regions in the upper panel. (D-F) Confocal images showing the CO (blue) with VB (green) after 10 days of co-
culture in (D) mixed medium alone/control, (E) mixed medium with CYR61 and (F) mixed medium with HDGF. COs are stained using DAPI. Images
at the plane of contact of CO and VB (denoted by contact plane), plane inside the organoid co-culture well (denoted by middle plane) and plane
above the co-culture well (denoted by top plane) are also shown.

demonstrated that organ development and tissue factors produced by specific cells and are regulated in a
specification occur under the tight control of molecular  complex temporo-spatial manner.'®
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The human brain presents an additional dimension of
complexity, guided by a sophisticated system of molecular
gradients generated by various cell types. Its vascular system
development utilizes mechanisms different from those of
other organs and involves an additional structure, the blood
brain barrier (BBB), composed of individual neurovascular
units built of several cell types.*® The perineural vascular
plexus (PNVP) is the first primitive vascular network to form
in vivo around the neural tube and is mainly triggered by
VEGFA expressed by the neural tube, which initiates a
cascade of pro-angiogenic factors that further drive CNS
vasculogenesis.””®" The ingression of angiogenic sprouts
from the PNVP produces the intraneuronal vascular plexus
that develops in concert with migrating radial glial cells,
ultimately forming the periventricular vascular plexus.*”*>
ECs recruit pericytes, and the vascular system is covered by
astrocyte processes connected to neurons forming the
neurovascular unit, an essential element of the BBB.”*
Further vascularization of the brain during development is
primarily achieved through angiogenesis in a highly
orchestrated process.’®”* Clearly, reproduction of such a
process is difficult to achieve in conventional cell culture
system.'®>°

Reproducing the brain vascularization process in vitro is a
monumental task that is yet to be successfully
demonstrated.'® One reason is the inherent conflict in co-
culturing dissimilar cell types controlled by extrinsic factors
that impose direct, specific, and often mutually exclusive
effects on different cell types. To preserve a specific brain
organoid lineage, a particular type of culture medium and
growth factors, some of which demonstrate inhibitory effects
on microvasculature growth, must be used. Here, we applied
a combination of growth culture conditions (NDM/EGM2) in
a microfluidic system to simultaneously provide the required
nutrients for both neurogenic CO specification and
propagation of the vascular network. Our data demonstrated
that the neuronal lineage of CO in this environment was
preserved and that the preformed VB remained intact for at
least 10 days (Fig. 2). The initial angiogenic response during
co-culture correlates with the migratory behavior of
endothelial cells (ECs) at the initiation of angiogenesis.”®
Following the migration of ECs, angiogenesis proceeds via
the formation of sproutlike structures, which then
interconnect to form a vascular network, ultimately
vascularizing the tissue.** However, angiogenic processes
observed after a few days in co-culture were quickly inhibited
after day 7, which may have been in part due to changes in
the molecular machinery evoked by COs on vascular cells
(Fig. 2). A similar initiation of the angiogenic process was
previously observed when COs were coated with ECs in
Matrigel.”

We monitored global transcriptome changes in the outer
layer of COs (200 um) during critical time points and applied
DAVID functional annotation in combination with a GenCLiP
literature search to identify genes associated with
angiogenesis and vascular development. We found that, while
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the expression of some pro-angiogenic factors was elevated at
day 31, many activators of angiogenesis were downregulated
at day 35, which may explain the overall inhibition of
angiogenic processes by CC-D10 (Fig. 3 and 4).

This was particularly striking when focusing on the VEGFA
(1d31) regulatory network (Fig. 4). Angiogenesis is a
multistage process of new blood vessel formation that
involves many factors centered around VEGF signaling,””
which plays a crucial role in the guidance of endothelial tip
cells and proliferation of stalk cells.*” The main source of
VEGFA is neural progenitor cells*® and its activation occurs
via physiological stimuli, such as hypoxia®® or activation of
various pro-angiogenic factors.>> HIF1 is the main
transcription factor in this group that triggers a cascade of
pathways involved in the regulation of oxygen homeostasis
and angiogenesis.”” It is a heterodimeric protein existing in
two forms: HIFla (1d35) and HIF1b. Whereas HIF1b is
constitutively expressed, HIFla (1d35) undergoes oxygen-
dependent regulation.’®®® HIF1 is a positive regulator of
VEGF expression and is critical for postnatal CNS
angiogenesis.®"®* Our data indicate that, while the VEGFA
network seemed to be activated at the early stage of co-
culturing (day 31), many VEGFA-activating cues were
suppressed at day 35 (Fig. 4).

The WNT/B-catenin signaling pathway is another major
regulator of CNS-specific angiogenesis and is tightly
connected to the HIF1/VEGF pathways.>! It is considered a
main driver of sprouting angiogenesis and neurovascular unit
formation.®® WNT-activating factors are expressed in CNS
progenitors, stimulating the ingrowth and maturation of
newly formed blood vessels.*” Transplantation studies
indicate that extracellular signals from the brain parenchyma
induce ECs to trigger CNS angiogenesis®® and is also
regulated by the WNT pathway.>® Beta-catenin (CTNNB1;
1d35), stabilized by WNT ligands, initiates the expression of
specific genes involved in body pattern formation,
neurogenesis, neurodegeneration, and vascular tissue
development.®®®® Inhibition of WNT/B-catenin signaling in
mice leads to severe defects in CNS angiogenesis, whereas
non-CNS angiogenesis remain intact.>* Similar to VEGF
pathway, beta-catenin (CTNNB1; |d35) was downregulated by
day 35 being in agreement with inhibited CO angiogenic
processes (Fig. 2).

In this study, we performed transcriptome analysis of the
outer layer of COs to identify molecular changes in response
to their crosstalk with 3D vasculature. Because of the close
contact between the organoid and the VB, the collected
outermost areas may have included endothelial cells.
However, based on our estimates, the percentage of EC in the
CO sections did not exceed 5% and 2% on days 31 and 35,
respectively (Fig. 2C). Therefore, it is plausible that even if
some ECs were accidentally captured during dissection, they
would be insufficient to significantly alter the combined CO
expression profile.

One way to promote vascularization process is to supply
the culture media with certain angiogenic extracellular
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factors. In this study, we identified six growth factors,
including CYR61 (1d31, d35-not detected), GDF15 (1d31),
HDGF (1d31), HDGFRP3 (!d31, !d35), MANF (1d31), and
sFRP1 (1d35) (Fig. 4). CYR61 (1d31, d35-not detected), GDF15
(1d31), HDGF ('d31) and MANF ('d31) are known pro-
angiogenic factors involved in the VEGF/HIF1A signaling
pathway. For example, CYR61 (1d31, d35-ND) is an activator
of the VEGF®*”" pathway (Fig. 4) that stimulates endothelial
tip cell activity’” and plays an important role in
neovascularization during embryonic development.”* HDGF
(1d31) is a secretory factor that promotes tumorigenesis,
metastasis and enhances VEGF-dependent angiogenesis’*”®
likely by stimulating the expression of HIF1A”® (Fig. 4).
Similarly, increased levels of GDF15 (1d31) and MANF (1d31)
promote angiogenesis via HIF1A**"®* and the VEGF pathway®’
(Fig. 4). sFRP1 (1d35) is a modulator of the Wnt/B-catenin
pathway, which is known to stimulate angiogenesis and
promote maturation of neovasculature in mesenchymal stem
cells.* The involvement of HDGFRP3 (ld31, !d35), a
neurotrophic  factor that stimulates angiogenesis by
promoting EC growth, migration, tube formation, and
sprouting® (Fig. 4), to a particular signaling pathway is
unknown.

Our functional studies identified CYR61 (1d31, d35-not
detected) and HDGF (1d31), as potential modifiers, that may
improve CO vascularization (Fig. 5). While HDGF has been
previously reported to be an important factor in vascular
network formation, self-organization of ECs by CYR61 has
not been previously demonstrated (Fig. 6). Moreover, both
factors showed moderate improvement in CO-VB sprout
formation within the entire co-culture period, (Fig. 7)
compared to that in COs without growth factors
(Fig. 2B and C), suggesting their possible functional
involvement in CNS angiogenesis. However, in-depth
investigations are required to determine the mechanisms of
these factors and their roles in brain angiogenesis.

Particularly noteworthy is the potential influence of
stromal cell quantity and origin on vasculogenesis. The brain
vasculature contains specialized structures known as the
BBB, which includes pericytes and other stromal cells.
However, in this study, HUVECs and hLFs were used for the
preparation of on-chip VB, which is a major limitation.
Therefore, brain-specific microvascular ECs or iPSC-derived
ECs could be used in future studies to generate a co-culture
model closely resembling the developing human brain. In
future studies, perfusion culture could be employed to
improve the vascularization process. Additionally, single-cell
sequencing or spatial omics analysis can be performed in the
future for a better understanding of CO-specific
vascularization process.

Materials and methods
Microfluidic devices: design and fabrication

To culture COs on a preformed VB, a three-layer microfluidic
device was fabricated using a soft lithography process, as
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described previously.'” Briefly, the device comprised a top
polydimethylsiloxane (PDMS) layer with gel injection ports,
medium inlets, an organoid culture well, a PDMS middle
layer with five parallel channels separated by micropillars
(width = 100 um, height = 250 um), a removable polyester
membrane coated with Sigmacote (Sigma) (pore size 0.4 pm;
Sterlitech, Kent, WA, USA), and a glass bottom layer (Fig. 1B).
To prepare the top layer, organoid culture wells (diameter: 8
mm), gel injection ports (diameter: 2 mm), and medium
inlets (diameter: 6 mm) were punched out from a PDMS slab
using biopsy punches (Sterile Dermal Biopsy Punch, Kai
Industries, Tokyo, Japan) with corresponding diameters. Both
PDMS layers were irreversibly air plasma bonded (40 s, 50 W,
flow rate: 50 scem; Femto Science, Hwaseong, Korea) and
baked at 70 °C for 1 h.

Angiogenesis and vasculogenesis assays were conducted
using a three-channel microfluidic device with a width of 500
pm, separated by microposts (width 100 pm), and fabricated
via standard photolithography using SU8 2100 (MicroChem,
USA) on a silicon wafer with a feature height of 100 um. The
microfluidic device had two layers: a top PDMS layer
featuring channel inlets of 2 mm, a medium reservoir of 6
mm, and a glass bottom layer (Fig. S8Af).

The PDMS portion of the device was bonded to a glass
coverslip (24 mm x 24 mm, Matsunami Glass, Osaka, Japan)
via plasma treatment. The bonding was completed by baking
at 120 °C overnight. The devices were sterilized by UV
treatment before the experiments.

For the five-channel device, the polyester membrane
coated with Sigmacote was placed onto the organoid culture
well, before gel injection.

Cell and cerebral organoid cultures

Control hiPSCs (201B7) were obtained from the RIKEN
Bioresource Research Center. iPSCs were cultured under
feeder-free conditions on iMatrix-511- (Nippi, Japan) coated
plates with StemFit (AKO2N, Ajinomoto, Japan) and
maintained in an incubator under 5% CO, at 37 °C. For
passaging, iPSCs were harvested using 0.5% TryPLE Express
(Thermo Fisher Scientific) and replated on iMatrix-511-
coated dishes at a density of 1350 cells per cm? Cerebral
organoids were derived from hiPSCs using a previously
reported method for serum-free floating culture of
embryoid body-like aggregates with quick re-aggregation
(SFEBq)® (Fig. S27).

GFP-expressing HUVECs (GFP-HUVECs, Angio-Proteomie,
Boston, MA, USA) were cultured in endothelial growth
medium 2 (EGM2, Lonza, Basel, Switzerland), with GA1000
replaced with 1% penicillin and streptomycin (P/S, Thermo
Fisher Scientific). Human lung fibroblasts (hLFs; Lonza)
were cultured in fibroblast growth medium 2 (Lonza). Cells
from passages four to five were used for the experiments.
All cells were cultured in a humidified incubator at 5% CO,
and 37 °C.

Lab Chip, 2024, 24, 680-696 | 691


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lc00930k

Open Access Article. Published on 29 January 2024. Downloaded on 7/12/2025 7:38:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Vascular bed preparation and perfusion assay

The cell seeding procedure is shown in Fig. S1. Briefly, GFP-
HUVECs and hLFs were prepared in EGM2 at concentration
of 1.6 x 107 cells per mL and 1 x 10’ cells per mL,
respectively. A fibrin-collagen gel comprising fibrinogen
(Sigma), collagen type I (Corning), and aprotinin (Sigma), was
prepared on ice. The cell suspension was then mixed with
fibrin-collagen gel solution at a ratio of 1:1. The
concentrations of fibrinogen, collagen type I, and aprotinin
in the final gel cell suspension were 2.5 mg mL™’, 0.2 mg
mL™, and 0.15 U mL™, respectively. Thrombin (0.5 U mL™",
Sigma) was quickly added to the solution before injection
into the five-channel device. Thirty microliters of HUVEC
suspension (8 x 10° cells per mL) were injected into channel
3, and 20 uL hLF suspension (5 x 10° cells per mL) was
injected into channels 1 and 5 (Fig. S17). After polymerization
of the gel at 37 °C for 15 min, EGM2 was introduced into
channels 2 and 4. The porous polyester membrane was
removed using tweezers. EGM2 was then introduced into
organoid culture wells and medium reservoirs. The device
was kept in a Petri dish covered with wet paper to prevent
the evaporation of the media. After 2 d, GFP-HUVECs (5 x 10°
cells in 20 pL. EGM2) were introduced into channel 2 and
incubated vertically at 37 °C for 30 min to allow the
attachment of GFP-HUVECs to the side of the gel wall. The
procedure was repeated for channel 4 to facilitate the
opening of the constructed vascular network. The medium
was changed every 2 days.

The perfusability of the vascular bed was tested on CC-
D10 by introducing a fluorescent dye, 10 pl of 10 uM
rhodamine B-conjugated dextran (70 kDa rhodamine dextran,
Sigma) in DPBS, into channel 4 after removing EGM2 from
the medium reservoirs. The pressure difference between
channels 2 and 4 facilitated rapid perfusion of the dye
through the vascular network, and images were obtained by
confocal microscopy. The perfusability of the vascular
network and angiogenic sprouts was tested on day 10 by
introducing 10 pl of 10 uM rhodamine dextran into channel
1 after removing EGM2. The dye flowed through the center
channel to channel 3, and images were captured.

Co-culture of hiPSC-derived cerebral organoids with
preformed vasculature

For the on-chip co-culture system, the VB and COs were
generated separately as described above. On day 25, multiple
COs were introduced into the organoid culture well with a VB
preformed on day 7, and then co-cultured for an additional
10 days (Fig. S1f) in mixed medium containing EGM2 and
neural differentiation medium (NDM) in equal proportions.
The NDM was prepared according to a previously published
protocol.> To test whether the mixed medium had any
adverse effects on the cell growth in the co-culture
experiments, COs were cultured in three types of media,
NDM, EGM2, and mixed medium (NDM:EGM2 = 1:1), from
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day 25 to day 35 (Fig. S2B and Cf). The medium was changed
every 2 days.

Quantitative PCR

Total RNA was extracted from eight to ten COs for each
condition using a Nucleospin RNA kit (MACHERY-NAGEL
Inc., USA). ¢cDNA was synthesized using PrimeScript RT
Master Mix (Takara Bio Inc., Tokyo, Japan) and a thermal
cycler (Bio-Rad Laboratories Inc., Tokyo, Japan). Quantitative
PCR was performed using TB Green Premix Ex Taqll (Takara
Bio Inc., Tokyo, Japan) and f-actin was used to normalize
gene expression. The following primers were used: B-actin F:
CAATGTGGCCGAGGACTTTG; p-actin-R: CATTCTCCTTAGAG
AGAAGTGG; SOX1-F: GAACGCCTTCATGGTGTG; SOX1-R:
CTGATCTCCGAGTTGTGCAT; FOXG1-F: AGAAGAACGGCAAG
TACGAGA; FOXG1-R: CGGGTCCAGCATCCAGTAG; PAX6-F:
TTCACATCTGGCTCCATGTT; PAX6-R: GGGTTGCATAGGCAGG
TTAT; EMX1-F: GTCCGAGCAGAAGAAGAAGG; EMX1-R: AGTC
ATTGGAGGTGACATCG. The experiments were conducted in
three independent replicates, each with five technical
replicates.

Brain organoid microdissection and RNA isolation

For gene expression experiments, day 28 (d28), day 31 (d31),
and day 35 (d35) COs co-cultured on a VB were rapidly
harvested, freshly frozen, cut into 15 pum sections using a
cryostat (ThermoFisher Scientific, USA), and placed on non-
charged glass slides. The 200 pum thick outer rims were
collected from the serial sections of four independently
cultured organoids (n = 4) for each time point using a
capillary-based, vacuum-assisted cell and tissue acquisition
system (UnipicK+, NeuroInDx, Inc., CA; Fig. S5f). On an
average, at least 20 sections were microdissected per
organoid. Total RNA was extracted from the collected tissues
using the Qiagen RNeasy Micro Kkit, according to
manufacturer protocol. The concentration and purity of the
RNA were determined wusing a NanoDrop One/One
spectrophotometer (Thermo Fisher Scientific, USA).

Microarray experiment and data analysis

Twenty nanograms of isolated total RNA was used for T7-
based amplification and labeling (Agilent Low RNA Input
Linear Amplification Kit). The dye incorporation efficiency
was detected using a NanoDrop One/One spectrophotometer
(Thermo Fisher Scientific). Agilent whole human genome
microarray comparisons of CO outer layers were performed
for co-cultured organoids prior to detecting the vascular bed
angiogenic response (d28, control), during visible angiogenic
response (d31), and inhibited angiogenesis (d35), producing
two independent comparison groups: d31 (angiogenesis)
versus d28 (control) and d35 (inhibited angiogenesis) versus
d28 (control) (Fig. 1). For each time point, four independently
isolated RNA samples were used, producing four biological
replicates. Eight microarray hybridizations were performed
for each biological comparison, for a total of 16 microarrays,
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generating two groups of differentially expressed genes in the
outer layers of organoids at d31/d28 (d31) and d35/d28 (d35)
comparison points. The direction of expression for each gene
in each comparison is indicated by up (1) or down (1) arrows
in the text.

Raw microarray data were acquired using an Agilent DNA
Microarray scanner and processed with the accompanying
Agilent Feature Extraction 10.5 Image Analysis software using
default settings. Lowess normalized signal intensities with a
>300 cut-off for the mean signal at each time point and
>100 in each individual array were used to identify gene
expression changes on d31 and d35 versus d28. To identify
differential expression, the genes were tested against two
conservative criteria: a ratio beyond the 99.5% confidence
interval observed in homotypic comparisons,®> which
corresponded to a ~2-fold expression change; and a paired
t-test yielding a p value less than 0.05. A Benjamini-Hochberg
correction for multiple comparisons was performed.
Identified differentially expressed genes were subjected to
DAVID functional annotation analysis'>*® and a literature
network search using GenCLiP3*' for functional categories
and specific “angiogenesis” factors. DAVID analysis was used
to identify over-represented biological processes (EASE score
= 0.05) and enriched clusters of genes for specific biological
processes (EASE score = 0.01). The following parameters were
used to identify enriched clusters: EASE score below 0.01,
p-value below 0.05, adjusted for multiple comparisons using
Benjamini-Hochberg correction, and at least 2-fold
enrichment for each functional category.

Sprouting and vasculogenesis assays

For sprouting assay, fibrin-collagen gel consisting of 2.5 mg
mL™" fibrinogen (Sigma), 0.2 mg mL™" collagen type I
(Corning), and 0.15 U mL™" aprotinin (Sigma) was prepared
on ice. After adding 0.5 U mL™" thrombin to the gel, the
mixed solution was injected into channel 2 of the three-
channel device (Fig. 5A and S8Af). The devices were
incubated overnight for polymerization of the gel in a
humidified chamber with 5% CO, at 37 °C. GFP-HUVECs
were prepared in EGM2 at a concentration of 1.6 x 107 cells
per mL, and 20 pL of suspension was then added to
channel 1 and incubated vertically at 37 °C to allow the
attachment of HUVECs onto the gel wall for 20 min
(denoted as day 0). EGM2, alone or with growth factors
(EGM2 + GFs), was then added to channels 1 and 3,
respectively, and cultured for 10 d (Fig. 5A). The medium
was changed every day.

For the vasculogenesis assay, 30 puL of GFP-HUVECs (8 x
10° cells per mlL) in EGM2-based fibrin-collagen gel
solution with thrombin, as described above, were injected
into channel 2 of a three-channel device (Fig. 6A and S8ATY)
and incubated in a humidified chamber at 5% CO, and 37
°C for 15 min to polymerize the gel. EGM2 + GFs was then
added to channels 1 and 3 (day 0). After 2 d, 20 puL of GFP-
HUVECS (5 x 10° cells per mL) was added to channel 1 and
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incubated vertically at 37 °C for 30 min. The same
procedure was repeated for channel 3. EGM2 containing
growth factors was then supplied to channels 1 and 3
(Fig. 6A) and cultured until day 10, with the media changed
every day.

The following growth factors were purchased and
reconstituted according to manufacturer guidelines:
recombinant human CYR61 Fc chimera protein CF (CYR61;
R&D Systems Inc.), hepatoma-derived growth factor
recombinant protein (HDGF; ProSci, CA, USA), recombinant
human FGF13 protein (FGF13; RayBiotech Life, Inc., GA),
recombinant human sFRP1 protein CF (sFRP1; R&D Systems
Inc.), recombinant human MANF protein CF (MANF; R&D
Systems Inc.), and recombinant human HRP3 protein (HRP3;
Abcam). CYR61, FGF13, sFRP1, MANF, and HRP3 were
diluted in EGM2 to a final concentration of 100 ng mL™%;
HDGF to a final concentration of 50 ng mL™ for the
experiments (Fig. 5 and 6). For the on-chip co-culture system,
CYR61 and HDGF were added to the mixed medium (Fig. 7).

Immunohistochemistry

Organoids were washed twice with phosphate-buffered saline
(DPBS) and then fixed in 4% paraformaldehyde (PFA) in
DPBS on ice for 20 min and incubated overnight in 20%
sucrose in PBS at 4 °C for cryoprotection. PFA-fixed or
cryoprotected organoids were embedded and frozen in
Tissue-Tek optimal cutting temperature (OCT) compound
(Sakura Finetek, Japan), serially sectioned at 10 pm thickness
using a cryostat (Thermo Fisher Scientific) and mounted on
glass slides (Matsunami). The tissue sections were washed in
PBS to remove excess OCT compound, permeabilized with
0.3% Triton X-100 in PBS (DPBST) three times for 15 min
each, blocked with 10% donkey (Jackson
Immunoresearch) in DPBST for 1 h at room temperature,
and incubated overnight with primary antibodies (Table S37)
in blocking solution prepared in 0.05% Tween 20 in DPBS
(DPBT) at 4 °C. The sections were then washed three times
with DPBT for 15 min each, incubated with secondary
antibodies (Table S3t) and DAPI (#D3571, Thermo Fisher
Scientific) diluted in blocking solution prepared in DPBT for
1 h at room temperature, and then washed thoroughly with
DPBT. Tissue sections were then mounted in SlowFade Gold
Antifade Reagent (Thermo Fisher Scientific) for imaging.®
For whole-mount immunostaining, devices with co-
cultured organoids on vasculature were washed twice in
DPBS, fixed in 4% PFA for 20 min on ice, and washed twice
in DPBS. The tissues were permeabilized with 1% Triton
X-100 in DPBST (DPBST1) three times for 15 min each,
blocked with 10% donkey serum in DPBST1 for 3 h at room
temperature, and incubated with primary antibodies (Table
S3%) in dilution buffer prepared in DPBST1 at 4 °C for 2 d.
The devices were washed with DPBST1 three times for 20
min each and incubated for 1 h with secondary antibodies
(Table S31) and DAPI (D3571, Thermo Fisher) in DPBST1 at

serum
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room temperature. The tissues were washed three times with
DPBS for 30 min.

Image and statistical analysis

Images were captured using a confocal microscope (Olympus
FV-3000, Tokyo, Japan). The immunostained images were
binarized using Image] software and analyzed for the
percentage area of at least four organoids and devices. To
analyze the vascular network morphology, GFP images were
acquired using a confocal microscope and post-processed to
obtain the maximum intensity projected image. GFP images
were filtered and binarized. The area fraction was then
measured from the binary image using Image] software
(NIH). The binary image was then skeletonized and analyzed
for branches, junctions, and endpoints. The percent cover of
vasculature area was determined by measuring the area
fraction of the binary image. The average vessel diameter was
calculated as follows:

Average diameter (um)

Vasculature area of binary image
(No. of branches x Average branch length)

The number of branches per square millimeter was

calculated by dividing the number of branches by the total
area in square millimeters. The connectivity ratio was
calculated by dividing the junctions by the endpoints.

All data presented in this manuscript represent the mean
+ SD, unless specified in the figure legends. Statistical tests
were performed using the GraphPad Prism software (San
Diego, CA, USA). Tukey's Multiple comparison test (one-way
ANOVA) was used to determine statistical significance. The
following symbols were used: * p < 0.05; ** p < 0.01; *** p <
0.001; *** p < 0.0001; and ns, no significance. Illustrations
were prepared using BioRender and Adobe Illustrator.
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