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Abstract

Angiogenesis-mediated neovascularization correlates with recovery after intracerebral
implantation of neural stem cells (NSCs) in stroke. To elucidate NSCs’ mechanism of action, it is
essential to understand how these interact with the brain’s vasculature after implantation. Using an
all-human endothelial cell (EC, D3 cell line) and NSC (STROCO05 and CTXOEQ3) co-culture
model, fluorescently activated cell sorting (FACS) was used to isolate each cell type for a
comparison of gene expression between monocultures of undifferentiated proliferating and
differentiated non-proliferating cells. Gene expression for angiogenic factors (vascular endothelial
growth factor, platelet derived growth factor, angiopoietin), as well as cell survival (brain derived
neurotrophic factor, fibroblast growth factor) and migration (stromal cell-derived factor-1a) were
measured and contrasted with the corresponding receptors on each cell type. The cellular source of
extracellular matrix defining the basement membrane (vitronectin, fibronectin, laminin, collagen |
and V) and neuropil (hyaluronic acid, aggrecan, neurocan, thrombospondin, nidogen and brain
associated link protein-1) was evaluated for NSCs and ECs. Co-culturing dramatically changed the
expression profiles of each cell type in comparison to undifferentiated, but also differentiated cells.
These results indicate that monocultures provide a poor model to investigate the cellular signaling
involved in a tissue repair response. Co-cultures of NSCs and ECs forming vasculature-like
structures (VLS) provide a more complex model to investigate NSC-induced neovascularization.
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These /n vitro studies are essential to tease out individual cell signaling in NSCs and ECs to
develop a mechanistic understanding of the efficacy of NSCs as a therapeutic for stroke.
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Introduction

The neurovascular environment of the brain is severely affected after a stroke. Implantation
of neural stem cells (NSCs) into the damaged brain tissue improves behavioral impairments
[1, 2], but it remains unclear how NSCs exert these beneficial effects. A correlation between
behavioral recovery, astrocytes differentiation and vasculature has been reported after NSCs
implantation [1]. NSCs are known to exert angiogenic effects thought to contribute to some
of the therapeutic effects observed after NSC implantation [3]. Blocking of angiogenesis
after NSC implantation has further been show to prevent behavioral recovery [4] indicating
its importance in achieving a therapeutic response. However, angiogenesis also affects
neurogenesis, emphasizing the interdependence of these compartments and their constituent
cells [5, 6]. Understanding the signaling interaction between endothelial cells (ECs) and
NSCs is therefore crucial to develop a mechanistic understanding of the therapeutic effects
NSCs exert in stroke.

To examine the interaction between ECs and NSCs, a stringently controlled /n vitro
environment is favourable to dissect molecular changes in each cell type [7, 8]. Co-culturing
of ECs and NSCs produced a neurovascular environment [9] that allowed us to determine
that both juxtacrine and autocrine/paracrine factors are required to induce endothelial
morphogenesis [10]. However, establishment of vasculature-like structures (VLS) was
highly dependent on NSC “dosing”. Striatal NSCs (STROCO05) were more potent inducers
of stable VLS compared to cortical NSCs (CTXOEOQ3) [10]. Nevertheless, cortical NSCs
increased VEGF-A release 4x higher in the presence of ECs than striatal NSCs, highlighting
the complex interplay between NSCs and ECs, as well as the multi-faceted nature of their
signalling interactions. It further indicates that not all NSC lines will exert the same effects
and that these signalling molecules are dramatically altered in the presence of other cells,
such as ECs. By identifying key signals and how these change in response to other cells
relevant to therapeutic efficacy (i.e. ECs), it is possible to develop a potency assay to screen
cell lines for markers of putative efficacy.

Extensive mechanistic studies are difficult to perform /n vivo due to the brain’s complexity.
In vivo it is difficult to eliminate the contribution of individual cell types, but it is also
challenging to administer factors that cross the blood-brain barrier to enhance, inhibit or
block specific signalling pathways in the neuropil. /n vitro studies hence provide an
alternative approach, where cellular composition can be controlled and a relative high
throughput of different factors and doses can be evaluated. Using this approach, we
established that VEGF-R2 (VEGF-A receptor), PDGF-Rp (PDGF-B receptor), avp3
(vitronectin receptor), and a6 (laminin receptor) signalling are necessary to form NSC-

Brain Res Bull. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chou and Modo

Page 3

induced VLS [10], suggesting that these factors are crucial for NSCs to induce angiogenesis
in vivo. This is consistent with NSCs inducing angiogenesis after implantation in stroke-
damaged tissue [3] and Avastin, which blocks human VEGF-A, eliminating this pro-
angiogenic effect [4].

Using immunocytochemistry, we further established that the presence of ECs shifted NSCs’
differentiation into neurons and astrocytes, rather than oligodendrocytes [10]. However,
other cellular and molecular changes were not readily attributable to either ECs or NSCs
using immunocytochemistry. We therefore here investigated molecular changes by means of
gene expression in either cell type to reveal how ECs and NSCs influence each other. A
separation of both cell types was achieved using fluorescently activated cell sorting (FACS)
followed by analysis of gene expression changes using quantitative reverse transcription
polymerase chain reaction (QRT-PCR). Specifically, we investigated whether ECs increase
the production of angiogenic proteins, such as vascular endothelial growth factors (VEGF-A,
VEGF-C, VEGF-D), platelet-derived growth factors (PDGF-A, PDGF-B), angiopoietins
(ANGPT1, ANGPT2), and transforming growth factor (TGFb1) in NSCs. Conversely, we
hypothesized that ECs may upregulate the expression of pro-survival factors (BDNF), as
well as substrates required for NSC migration (SDF-1a). As NSCs and ECs form VLS, they
also produce extracellular matrix (ECM) proteins that define both compartments. We
therefore further investigated which cell type produced ECM molecules forming the
basement membrane (vitronectin, fibronectin, laminin, collagen | and 1V), as well as ECM
proteins predominantly found in the neuropil (hyaluronic acid, aggrecan, nidogen, brain
associated link protein-1, neurocan, thrombospondin). These gene expression profiles
provide a more detailed understanding of how NSCs and ECs regulate each other to promote
a neurovascular environment /in vivo.

Materials and methods

Neural stem cells (NSCs)

Human NSC lines STROCO05 and CTXOEO03 (ECACC accession numbers 04110301 and
04091601, ReNeuron), respectively isolated from the whole ganglionic eminence and the
cortex of a 12-week gestation human fetal brain, were cultured on plates coated with laminin
(Sigma-Aldrich) in serum free medium (Supplementary Table S1) [2, 11]. Both cell lines
were produced by transduction with the retroviral vector pLNCX-2 (Clontech) encoding the
c-mycERTAM gene. Differentiation was induced by withdrawal of basic fibroblast growth
factor (bFGF), epidermal growth factor (EGF), and 4-hydroxytamoxifen (4-OHT) [12]. For
the NSCs only condition, cell lines were seeded at 20,000 cells/cm? in a T75 flask and
differentiated in co-culture media, consisting of a 50:50 mix of NSC and EC media
(Supplementary Table S1), for 7 days prior to being detached with Accutase. Cells were re-
suspended for fluorescently activated cell sorting (FACS).

Endothelial cells (ECs)

The human cerebral microvascular endothelial cell (EC) line D3 (kindly provided by Dr.
Pierre-Olivier Couraud, Institut Cochin) was isolated from microvessel fragments of an adult
temporal lobe. The D3 EC line was derived from adult primary cells through co-expression
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of human telomerase reverse transcriptase (nTERT) and the SV40 large T antigen via a
lentiviral vector transduction system [13]. D3 cells were cultured on glass coverslips coated
with rat tail collagen type 1 (BD Biosciences) at a concentration of 150 pg/mL at 37°C in
5% CO», using EBM-2 basal medium supplemented with 5% fetal bovine serum and
additional components (Supplementary Table S1) [13]. For the ECs only condition, the D3
cell line was seeded at 20,000 cells/cm? in a T75 flask and differentiated in co-culture
media, consisting of a 50:50 mix of NSC and EC media (Supplementary Table S1), for 7
days prior to being detached with Accutase. Cells were re-suspended for FACS.

Co-culturing NSCs and ECs

To investigate the interaction between NSCs and differentiated ECs (Figure 1A), NSCs were
added to a confluent layer of differentiated ECs to produce vascular-like structure (VLS,
Figure 1B), as previously described in detail [9]. To determine an appropriate ratio of NSCs
and ECs, D3 ECs were first seeded at 20,000 cells/cm? on collagen | in a plate and
maintained for 7 days in co-culture medium, consisting of a 50:50 mix of NSC and EC
media (Supplementary Table S1). This produces approximately 200,000 ECs/cm?.
STROCO5 (12,500 cells/cm?2) and CTXOEO03 (50,000 cells/cm?) NSCs, were added to the
EC layer and differentiated for 7 days. We have previously established that this approach
induces endothelial morphogenesis that compartmentalizes a vascular and neural
compartment, modeling the neurovascular environment /in vitro using human cells [9]. Both
juxtacrine and paracrine/autocrine signaling are required to establish these neurovascular
structures [10]. After co-culturing for 7 days, cells were detached with Accutase and re-
suspended for FACS.

Fluorescence-activated cell sorting (FACS)

To establish gene expression changes in NSCs and ECs due to co-culture, both cell types
were separated using FACS. For this, cells were pelleted (1,500 rpm at 10 cm, i.e. 252 g, for
5 min) and approximately 1.0 x 10° cells were re-suspended in 2 ml of PBS (500 cells/pL).
ECs were tagged for FACS using an allophycocyanin-conjugated mouse monoclonal anti-
human CD31/PECAM-1 antibody (FAB3567A; 1/200 R&D Systems). Propidium iodide
(P4170; 1/500 Sigma-Aldrich) was used to determine cell viability. Cells were incubated for
30 min at 22°C prior to being washed with ice-cold PBS (3x) to remove unbound labels.
Cells were analyzed and sorted using a Becton Dickinson FACS Aria Il flow cytometer (BD
Biosciences). All analyses consisted of 3 technical replicates (i.e. 3 readings from each
preparation) for 3 biological replicates (i.e. 3 separate culture preparations).

Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

After FACS, total RNA was extracted from CD31+ and CD31- cells collected using RNase
Inhibitor (Qiagen) and the RNeasy Mini Kit (Qiagen). The concentration of RNA was
determined using a Qubit 2.0 fluorometer (Invitrogen). Samples were reversely transcribed
in a GS4 thermal cycler (G-storm) using the high capacity cDNA reverse transcription kit
with RNase inhibitor (Invitrogen). With a real-time PCR system (StepOne™, Applied
Biosystems), forward and reverse primers (Supplementary Table 2) were applied with power
SYBR® green PCR master mix (Invitrogen) to produce a quantitative read-out of the
threshold cycle (Cy), reflecting the level of gene expression. Expression of the target genes
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was normalized using the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as reference. A log 2 transformation was undertaking to equally scale gene
expression increases and decreases. Changes in gene expression were compared to
undifferentiated cells to determine the impact of differentiation and co-culture. Each
biological sample (n=3) was tested in triplicates.

Statistical analysis

Results

Graphs were drawn in Prism 5 (GraphPad) with data points representing the mean +
standard error of mean. Biological variability of log2 transformed gene expression data was
normally distributed and therefore parametric analyses, notably analysis of variance
(ANOVA), comparing multiple groups were computed. Tukey’s post-hoc testing determined
statistical significance between experimental conditions. Statistical significance was set at
p<0.01, with a magnitude of change >2-fold compared to baseline.

FACS robustly separates NSC and EC after co-culture

To dissect gene expression of individual cell types in EC/NSC cocultures, FACS was
performed after cells were detached from the cell culture plate. Total cell counts and
viability measures were performed for each cell type in their undifferentiated and
differentiated state to ensure a high sample quality (Figure 2A). Approximately 5.6 x 10°
cells were collected from D3/STROCO5 coculture, and 4.3 x 10% CD31- cells from D3/
CTXOEO03 coculture. Using an antibody against CD31/PECAM-1, an endothelial marker,
ECs were separated from NSCs to produce samples with each cell type (Figure 2B). CD31
was highly specific to isolate ECs >97% of D3 cells and less than 0.3% of NSCs being
positive (Figure 2C). Among the live cells collected from D3/STROCO5 coculture, 42.9%
were positive for CD31 (i.e. D3 cells), and 49.2% were negative (i.e. NSCs). Among the live
cells collected from D3/CTXOEOQ3 coculture, 78.6% were CD31+ D3 cells and 10.2% were
CD31- NSCs.

Separation of individual cell types afforded the isolation of RNA from both cell type to
investigate how co-culture affected gene expression using the comparative CT method for
gRT-PCR. To account for different numbers of cells in each sample, gene expression was
normalized to GAPDH expression and further log2 transformed to equally space increased
and decreased expression profiles (Figure 2D). Expression of CD31 in D3 cells was 512
times higher than in STROCOS5 cells (p<0.001) and 1,176 times higher than in CTXOEO03
cells (p<0.001), but there was no significant difference in undifferentiated and differentiated
ECs. In contrast, gene expression of GFAP was 24,833 times higher in STROCO05 (p<0.001)
and 244,589 times higher in CTXOEO03 monoculture (p<0.001) than D3 ECs. Microtubule
associated protein 2 (MAP2) gene expression was upregulated in differentiating STROCO05
and CTXO0EOQ3 cells, but not ECs. Co-culturing only upregulated MAP2 in STROCOS5 cells,
but not CTXO0EO3.

To contextualize gene expression changes for each cell line, gene expression profiles were
further compared to undifferentiated cells to highlight how differentiation and co-culture
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affected individual cell lines (Figure 2E). Interestingly CD31 was only upregulated in
STROCO05 and CTXOEOQ3 cells after co-culture (p<0.001). GFAP was also dramatically
upregulated >3000x in D3 cells compared to differentiated D3 in monoculture (p<0.001).
GFAP was also increased in differentiating CTX0EO3 (p<0.001), but less so in STROC05
(p<0.001). MAP2 expression in ECs was within baseline expression (i.e. —1 to 1-fold
change), but differentiating STROCO05 and CTXO0EO3 has higher expressions of MAP2
(p<0.001). However, co-culturing did not further increase MAP2 expression in NSCs, with
CTXOEO03 even exhibiting a significant decrease in expression (p<0.001). The gene
expression profiles highlight major cellular changes that occur during differentiation and co-
culture that also affect cell signaling.

Co-culturing reciprocally upregulates angiogenic signaling

Analysis of angiogenic factors in supernatant prevent the identification of the cellular
source. However, FACS of cells after co-culture and analysis of gene expression provides
novel insight to which cells upregulate the production of angiogenic factors, as well as their
respective receptors. The VEGF gene family is a major secreted factor in the angiogenic
cascade (Figure 3A). Co-culture here upregulated VEGF-A in ECs by more than 200x
(p<0.001), but also increased VEGF-A gene expression in STROCO05 by >1000 fold
(p<0.001) and CTXOEO03 by >100 fold (p<0.001). VEGF-C was also upregulated in
STROCOS after differentiation and co-culture (p<0.001), whereas VEGF-D was only
upregulated in co-cultured ECs (p<0.01). VEGFR2 was only upregulated (p<0.001) in
CTXOEO3 after co-culture (Figure 3B), whereas VEGFR1 was upregulated in differentiated
(p<0.01) and co-cultured STROCO05 (p<0.001) and co-cultured CTXOEOQ3 (p<0.001). No
marked VEGF receptor changes were evident for ECs (<1-fold change). Absolute gene
expression changes are presented in Supplementary Figure S1.

In contrast to VEGF-A, other angiogenic factors underwent far less dramatic changes.
PDGFA was only slightly increased in ECs compared to undifferentiated cells (Figure 3C),
with only differentiating CTXOEOQ3 exhibiting an almost 4-fold increase in expression
(p<0.001). PDGFB only revealed an increase in EC, especially when co-cultured with
STROCO5 (p<0.001). The PDGF receptors were only upregulated in ECs (Figure 3D).
PDGFRa in ECs was highly upregulated (>40-fold increase) when co-cultured with NSCs,
whereas PDGFRb was less affected by co-culture with STROCO05 inducing the greatest
increase (18-fold, p<0.001). ANGPT1 was significantly upregulated by at least a factor of 8
in all conditions (p<0.001), apart of the co-culture with CTXOEQ3 (Figure 3E). In contrast,
this one condition was significantly upregulated for ANGPT2 (p<0.01). The Tie2
angiopoietin receptor, however, was only upregulated in ECs when co-cultured with
STROCO05 NSCs (p<0.001, Figure 3F). There was no differential gene expression of TGFb1
compared to baseline undifferentiated cells (Figure 3G). Gene expression for the TGFbR1
was upregulated in ECs and differentiated STROCO05 (p<0.01), but there was no change in
the TGFbR2 expression (Figure 3H). These results indicate that NSCs dramatically increase
their pro-angiogenic function in the presence of ECs, especially VEGFA and VEGFRL. In
ECs, gene expression for VEGFA was also very markedly increased, but this was
accompanied by an increase in PDGFRa and not an increase in VEGF receptors. These
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differences between ECs and NSCs potentially indicate a differential regulation of the
angiogenic cascade by both cell types.

Cell survival and migration

The cell survival factor BDNF was not increased with differentiation of ECs or NSCs, but
was upregulated by >4 fold (p<0.001) in both cell types when cocultured with CTXOEO03
NSCs (Figure 4A, see Supplementary Figure S2 for absolute gene expression). Coculture
with STROCO5 only upregulated BDNF in NSCs. The associated TrkB receptor was also
upregulated in both ECs and STROCO05 cells when co-cultured (p<0.001). Upon co-culture
with CTXOEO03 TrkB was only upregulated in ECs (Figure 4B). This condition saw a minor
upregulation of p75 instead, whereas no other condition saw an expression change beyond
baseline. An upregulation of bFGF (p<0.001) was only evident in ECs when co-cultured
with STROCO5 (Figure 4C), but the corresponding receptor was only upregulated (p<0.001)
when NSCs were differentiated without ECs (Figure 4D). The migratory factor, SDF-1a,
was upregulated (p<0.01) in co-cultured NSCs, as well as differentiated STROCO5 (Figure
4E), but there was no change in the corresponding receptor CXCR4 expression levels
beyond baseline (Figure 4F). These results indicate that ECs are beneficial to NSCs to
produce pro-survival factors, such as BDNF and upregulate its receptor TrkB. An
upregulation of bFGF in co-cultured ECs and STROCO5 reflects an ongoing pro-angiogenic
response, when ECs need to proliferate to produce more cells required for tubulogenesis.
SDF-1a was mainly in co-cultured NSCs, potentially indicating that NSCs induce
endothelial morphogenesis by secretion of this pro-migration factor.

Basement membrane and neuropil associated ECM proteins

Deposition of a basement membrane is a crucial step in dividing the neurovascular
environment into a vascular and neuropil compartment. RGD ECM molecules support NSCs
migration, but also define the basement membrane of the vasculature. No major changes in
vitronectin gene expression were evident (Figure 5A, see Supplementary Figure S3 for
absolute gene expression). Fibronectin in contrast was markedly increased (18 fold) in co-
cultured CTXOEO3 (p<0.001), but not in ECs. Less marked increases (>3 fold) were also
significant (p<0.01) for co-cultured STROCO05 and differentiated NSCs. The most significant
(p<0.001) upregulation of the ITGaV receptor was in co-cultured STROCOS5, but all co-
cultured cells upregulated its gene expression (>3-fold, Figure 5B). The ITGb3 receptor was
only significantly (p<0.001) upregulated 4.5-fold in co-cultured STROCO5. The expression
of laminin was only increased in co-cultured EC (p<0.001), with STROCO5 exerting a 5x
greater effect than CTXOEOQ3 (Figure 5C). There was however only a minor upregulation
(2-3 fold) of the laminin receptors in STROCO5 co-cultured cells (p<0.01, Figure 5D). The
deposition of collagen | was only associated with significant (p<0.001) gene expression
changes in ECs, with STROCO05 co-cultured ECs revealing a 35-fold increase (Figure 5E).
Collagen IV production was mostly unchanged, with only ECs co-cultured with STROCO05
exhibiting a 5-fold increased (p<0.001) gene expression compared to undifferentiated cells
(Figure 5F).

The production of HA was upregulated in differentiating NSCs (p<0.001), as well as co-
cultured CTXOEO03 (p<0.001), but not STROCO05 (Figure 6A, see Supplementary Figure S4
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for absolute gene expression). Co-cultured EC also upregulated HA production (p<0.01), but
to a lesser degree. Changes in aggrecan gene expression did not reach statistical significance
(Figure 6B). Another neuropil-associated ECM protein, neurocan was most strongly
upregulated in STROCO5 co-cultured ECs (>230-fold, p<0.001), but less so (>10-fold) in
differentiating and co-cultured CTXOEQ3 (Figure 6C). Thrombospondin was only
upregulated (p<0.001) in differentiating STROCO5 (Figure 6D), whereas nidogenl was
expressed at baseline for all conditions (Figure 6E). Brall was upregulate most (>7-fold) in
co-cultured ECs (p<0.001), but was non-significantly different in other conditions (Figure
6F). These results indicate that NSCs are the main source of fibronectin, whereas laminin,
collagen I and IV, neurocan and Brall are mainly produced by ECs. It is important to note
that overall STROCO5 co-culture exerted a greater effect on ECM production than
CTXOEOQ3.

Discussion

The interaction between NSCs and ECs in the brain remains poorly understood.
Nevertheless, the implantation of NSCs is known to induce an angiogenic response that
affects the brain’s neurovascular microenvironment and is thought to contribute to
behavioral recovery [1, 3]. We established an /n vitro co-culture model of NSCs and EC that
produces a neurovascular environment [9, 10] and previously characterized the role of
autocrine/paracrine and juxtacrine signaling in this system [10]. Using FACS, isolation of
NSCs and ECs here afforded a characterization of gene expression changes in each cell type
that underlie the angiogenic response, as well as the deposition of ECM proteins that define
both the vascular and neural compartments of brain tissue.

NSC-induced angiogenesis

During brain development, there is substantial cross-talk between the vasculature and NSCs
that drives proliferation, as well as differentiation of both cell types [6, 14, 15]. VEGF
secreted from ECs, as well as NSCs, exerts diverse roles in the developing brain [16], but
also plays a key role in angiogenesis after stroke [17]. NSCs induce angiogenesis when
implanted in the peri-infarct stroke cavity [1, 3] through a VEGFA mediated process [4],
which is a major signal involved in peri-infarct angiogenesis [18]. Co-culture of NSCs and
ECs is known to upregulate the release of VEGF-A and thought to model the /in vivo
interaction between these two cell types [10]. However, it remained unclear if ECs, NSCs or
both upregulated VEGFA. Our results here indicate that both NSCs and ECs jointly
upregulate VEGFA. Interestingly, STROCO5, which more efficiently produces endothelial
morphogenesis [9], saw a 4-fold higher upregulation of VEGFA compared to CTXOEO3 and
ECs. Astrocyte-derived VEGFA has been shown to promote the survival of ECs and to
stabilize tubular structures [19], potentially highlighting a key role for astrocytes tightly
bound to VLS. STROCO05 NSCs also upregulated VEGFC, which was not upregulated in
CTXOEO3 or ECs. VEGFC and VEGFR3 have been associated with the activation of NSCs
to induce self-renewal [20]. This is also consistent here with the increase in bFGF in the
STROCO5 cell line, which produces a proliferative effect in both NSCs and ECs. In contrast
to NSCs, ECs upregulated VEGFD, but only when co-cultured with NSCs. VEGFD is
upregulated after brain injury [21] and a known EC mitogen involved in angiogenesis and
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lymphangiogenesis [22]. The EC-specific upregulation of VEGFD here indicates that NSCs
can induce the release of secreted factors in other cell types that can produce additional
therapeutic effects independent of the implanted cells.

Changes in VEGF expression were the most dramatic changes occurring in co-culture, but
the PDGFRa receptor also underwent a marked upregulating in ECs. Expression of this
receptor in ECs has been associated with remodeling of tissues, especially
neovascularization [23], which occurs after NSCs implantation in the peri-infarct stroke area
[1]. However, changes in the angiogenic cascade also affect neurogenesis. For instance, the
upregulation of angiopoietin-1, due to the presence of ECs here, can shift NSC
differentiation from oligodendrocytes to neurons and astrocytes [10], as ANGPT1 has been
shown to be pro-neurogenic [24]. ECs also exert an increased release of BDNF from NSCs
that underlies an improved survival and neuronal differentiation [25-27]. NSCs are also the
main source of SDF-1a, which promotes their migratory behavior [28, 29], even though
migration of neuroblast is known to use the basement membrane of the vasculature for
adhesion [30].

ECM proteins defining the neural and vascular compartments

In the neurovascular microenvironment, the basement membrane serves several functions,
notably providing a substrate for NSCs to migrate to sites of injuries, but it also defines the
junction between the vasculature and the neuropil [31]. We here demonstrated that
fibronectin is mostly upregulated in NSCs, especially CTXOEOQ3. Fibronectin is known to
improve NSC survival and migration /n vivo [32, 33] and is commonly used as a substrate
for NSCs to attach to culture flasks, as is laminin [34]. However, laminin in co-culture was
selectively upregulated in ECs, as was collagen | and collagen IV. These results suggest that
different molecules forming the basement membrane might have distinct cellular origins.
However, in the absence of typical mural cells, such as pericytes and vascular smooth
muscle cells, cellular function /n vitro might not fully reflect the cellular signaling
interactions found /7 vivo in the neurovascular unit [35]. Nevertheless, our results here
provide a greater understanding of the interactions between NSCs and ECs, which is
required to further elucidate the roles of additional signaling partners, such as pericytes [36].
The temporal dynamics of ECM deposition forming the basement membrane might also
affect which type of cell contributes to the basement membrane during vessel formation [10,
37].

The basement membrane separates the vascular environment from the neuropil. It can
therefore be expected that ECM in the neuropil is mostly produced by neural cells derived
from NSCs [38]. Although NSCs prefer vasculature-associated cell adhesion molecules,
such as fibronectin and laminin, during proliferation and migration, a different set of
molecules reflective of ECM molecules in the neuropil is required as these cells mature and
position themselves within tissue [12]. We here demonstrated that, for instance, hyaluronic
acid (HA), is upregulated in NSCs and to a lower degree also in co-cultured ECs. HA plays a
pivotal role in the NSC niche, as well as during the cells differentiation [39]. HA is very
abundant in brain tissue and provides it with its elasticity properties [40]. Thrombospondin,
an ECM molecule associated with peri-neuronal nets, was singularly upregulated in
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differentiated STROCO5. Thrombospondin is widely distributed in the striatum and cortex.
Although commonly thought to be produced by astrocytes, it is mostly found around
neurons in the brain [41], reflecting the key difference between cells producing an ECM
molecule versus its structural and juxtacrine role in other cells. Interestingly, many neuropil-
associated proteins, such as aggrecan, neurocan, and Brall were more upregulated in co-
cultured ECs. Although neurocan was deemed to be dispensable during brain development
[42], the roles of these molecules in development versus maintaining a mature tissue remain
poorly understood. It is noteworthy that the ECM is not a static element of tissue [43], but
contributes to cell differentiation through juxtacrine signaling in both development [44] and
after brain injury [45]. The expression of ECM molecules here might hence not necessarily
reflect their role in mature brain tissue, but could be specific to the individual cells exert
when NSCs encounter a differentiated vasculature and induce a neovascularization response.
The differentiation of NSCs into different lineages, as well as formation of synaptic
connections, based on the microenvironmental context might further alter their gene
expression profile and will need consideration in future studies [46, 47].

Conclusions

The CTXOEO3 line has been shown to promote a cell dose-dependent recovery after stroke
[48]. Recovery is associated with angiogenesis [3] and correlated with neovascularization
[1]. A key challenge for in vivoand in vitro co-culture studies is to understand how
individual cells signal to other cells to produce a recovery response. We here demonstrated
that FACS of co-cultured cells can provide a deeper insight into gene expression related to
angiogenesis and the neurovascular environment formed by ECs and NSCs. However, it is
important to note that /7 vivo microglia [49, 50] and pericytes [51, 52] also contribute to the
signaling within the 3 dimensional neurovascular niche [53]. The development of more
complex models representing brain tissue are therefore desirable [54, 55]. It is expected that
these studies will identifiy key signaling nodes, such as GSK3p [56], that regulate NSCs
interaction with ECs to provide the basis for a more complete mechanistic understanding of
how NSCs exert therapeutic effects directly and indirectly [57, 58]. We further predict that
these assays paired with whole transcriptome analysis [59] will eventually also provide tools
for high throughput /n vitro screening of individual cell lines to predict /n vivo
efficaciousness and accelerate the development and translation of cell therapy products [60,
61].
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Highlights
. Coculture of human brain endothelial and neural stem cells
. Fluorescent activated cell sorting (FACS) to isolate endothelial and neural
stem cells after co-culture
. Differential gene expression after monoculture and coculture for factors

involved in angiogenesis, cell survival and migration

. Identification of cellular source of extracellular matrix molecules in the

basement membrane and neuropil
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Figure 1. Experimental Design.
A. Neural stem cells (NSCs) and endothelial cells (ECs) were expanded in monoculture in

their undifferentiated state. For differentiation, both cell types were grown for 7 days. For
co-culture, ECs were plated first and allowed to differentiate for 7 days before
undifferentiated NSCs were added for co-culture under differentiation conditions. After 7
days of co-culture, cells underwent fluorescently activated cell sorting (FACS) to separate
NSCs and ECs for individual cell analysis using quantitative reverse transcription
polymerase chain reaction (QRT-PCR). B. Vasculature-like structures (VLS) are formed
through endothelial morphogenesis in which ECs (CD31+) organize in a plexus with NSCs
(GFAP+) forming a neuropil-like patch.
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Figure 2. Fluorescently activated cell sorting (FACS) of co-cultures.
A. Scattergrams of total cell counts, as well as live/dead cells for all 3 cell lines. B. The

same analysis was performed for co-cultured cells after cell sorting using CD31 as a marker
to separate ECs (CD31+ cells) from NSCs (CD31- cells). C. The percentage of CD31+ cells
in D3 monoculture was 97.1%. Only 0.3% of NSCs expressed CD31 making this a highly
selective cell separation marker. D. Based on FACS, gene expression in ECs and NSCs for
endothelial and neural markers were measured and normalized using GAPDH. A log2
transformation of data was computed to afford an equal scaling between increases and
decreases in gene expression. E. To contextualize gene expression changes due to
differentiation and co-culture, gene expression in undifferentiated cells was considered as
baseline. Co-culture dramatically increased the expression of endothelial and neural markers
in ECs and NSCs.
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Figure 3. Angiogenic factors and receptors.
A. The expression of VEGFA and VEGFC was dramatically altered in co-culture. Less

marked changes in VEGFD were evident in ECs (CD31+) in coculture with NSCs. B. VEGF
receptor expression was less altered by co-culture, although considerable changes in
VEGFR1 were observed. C. Changes in PDGFA and PDGFB were markedly less than those
observed for VEGFA. D. In contrast, PDGFRa receptor changes were considerable for ECs
in co-culture. E. ANGPT1 was upregulated in all conditions, apart of ECs in co-culture with
CTXOEO03. ECs in co-culture with CTXOEOQ3 instead upregulated ANGPT2. F. Only minor
changes in the angiopoietin Tie2 receptor were evident due to differentiation or co-culture.
G. No marked changes in gene expression in TGFb1 were evident. H. However, TGFbR1
was slightly upregulated in ECs in co-culture, as well as in differentiating STROCO05 cells.
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Figure 4. Cell survival and migration factors and receptors.
A. BDNF was upregulated in NSCs in co-culture, as well as ECs when cocultured with

CTXOEOQ3. B. TrkB receptors were upregulated in ECs in coculture and in STROCO05 under
differentiation and coculture conditions. C. bFGF exhibited a more limited upregulation in
ECs and STROCO05 when co-cultured. D. The FGFR2 receptor in contrast was only
upregulated in differentiating NSCs, not in coculture. E. Differentiation and co-culture of
STROCO5 upregulated SDF-1a, as well as in co-cultured CTXOEOQ3. However, no change in
ECs was evident. F. The receptor CXCR4 was downregulated in differentiating and
cocultured STROCO5, but upregulated in CTXOEOQ3 cells in the same conditions.
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Figure 5. Basement membrane associated ECM proteins.
A. Only differentiating CTXOEO3 cells revealed a minor upregulation of vitronectin,

whereas co-cultured CTXOEO3 markedly upregulated fibronectin. B. In contrast, cocultured
STROCO5 upregulated the corresponding receptors for ITGaV and ITGb3. C. Laminin was
only upregulated in ECs after co-culture. D. The laminin receptors ITGa6 and ITGb1 were
mainly upregulated in EC and STROCO5 co-cultures. E. Collagen | was most strongly
upregulated in ECs when co-cultured with STROCOS5, but 7x less so when co-cultured with
CTXOEQ3. F. Collagen IV was also mainly upregulated in ECs when co-cultured with
STROCO5.
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Figure 6. Neuropil associated ECM proteins.

A. Hyaluronic acid (HA) was mainly upregulated in NSCs, but also co-cultured ECs
upregulated HA. B. Aggrecan was upregulated in co-cultured ECs and CTXOEOQ3, but not in
STROCO5. C. Neurocan was dramatically upregulated in STROCO05 co-cultured ECs and
CTXOEO03 that were differentiated or co-cultured. D. Thrombospondin was only upregulated
in differentiated STROCO05 cells. E. Nidogen 1 was not upregulated in any condition. F. Co-
culture upregulated brain associated link protein-1 (Brall) in ECs, but not in NSCs.
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