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Abstract
CD140a /PDGFRα + human oligodendrocyte precursor cells (hOPCs) are demonstrated to have signi�cant
potential in cell therapy against demyelinating diseases. However, little is known about the contribution of
human endothelial cells in the biology of PDGFRα + hOPCs in the stem cell niche. Hence trans-well co-
culture technique with human umbilical vein endothelial cells (HUVECs) was adopted under proliferative
or differentiating conditions to understand the role of endothelial cells in these processes within PDGFRα 
+ hOPCs. In co-culture with HUVECs, under proliferative conditions, the hOPCs show increased
proliferation and sphere formation. In contrast, under differentiating conditions, the hOPCs show
increased differentiation to astrocytes, with a concomitant decrease in differentiation to
oligodendrocytes, compared to no co-culture controls. Transcript assay for selected humoral factors in
the hOPCs and HUVECs revealed bone morphogenic proteins (BMPs), endothelin1, growth arrest speci�c
6 (GAS6), and interleukin 6 (IL6) to be in higher abundance in HUVECs than hOPCs. Further, Noggin was
tested and found to effectively attenuate HUVEC mediated astrocytic differentiation of CD140a /PDGFRα 
+ fetal hOPCs, con�rming the astrocytic differentiation of these hOPCs to be a BMP mediated process.
Hence, the study concludes that human endothelial cells can induce increased proliferation and BMP
mediated astrocytic differentiation of PDGFαR + hOPCs. Based on effect of noggin on differentiation
outcome of PDGFRα + hOPC, it is conjectured that co-administering pharmacological inhibitors of BMP
signaling along with PDGFRα + hOPC transplantation may make these cells more effective in
remyelination therapy.

Introduction
Among the cells that constitute the niche, the vasculature forms an integral part [1, 2]. Vasculature and
neurons mutually support each other mediated by brain derived neurotrophic factor and vascular
endothelial growth factor respectively during adult neurogenesis [3, 4]. Vascular endothelial cells also
stimulate the self-renewal of neural stem cells (NSCs) and expand neurogenesis within in vitro murine
systems [5]. The role of diffusible factors from endothelial cells is signi�cant in the biology of the
neurogenic niche since the endothelial contacts with NSCs in the sub-ventricular zone are frequently
devoid of astrocytic endfeet or pericyte sheath and thus are unusually permeable [6]. Vasculature also
acts as scaffolds for migration of Olig2 + PDGFRα + human oligodendrocyte precursor cells (OPCs)
during 18–24 gestational weeks [7]. While little is known on the contribution of human vascular
endothelial cells on proliferation, maintenance and differentiation of the human OPCs [6, 7], subtle inter-
species differences are recognized [8].

The hypothesis behind this study is that the soluble factors from human endothelial cells would support
human OPC proliferation and their differentiation to oligodendrocytes. Oligodendrocyte precursors
identi�ed by sequential stage speci�c surface antigens including, but not limited to, the transmembrane
proteoglycan NG2, cell surface ganglioside epitope A2B5, PDGFRα, CD9, O4/sulfatide, and
O1/galactocerebroside, can all mature to committed oligodendrocytes [9]. Most of these OPCs however
are bi-potential, differentiating to both oligodendrocytes and astrocytes as evidenced using transgenic
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lines of genetically marked OPCs [10]. Even the more mature OPCs expressing O4 sulfatide differentiate
to both oligodendrocytes and astrocytes [11, 12]. However, in trans-well co-culture with dorsal root
ganglia, the O4 + OPCs become unipotent towards oligodendrocytes [12], showing that OPC
differentiation outcome is in�uenced by niche associated soluble factors making it necessary to
understand the in�uence of endothelial cells on the PDGFRα + human OPCs (hOPCs).

Early OPCs isolated by immune selection using A2B5 monoclonal antibody [13] have a greater advantage
in transplantation-based cell therapy because of their ability to migrate away from the site of injection to
achieve remyelination in the hypomyelinated brains of shiverer mouse [14, 15]. Intermediate OPCs
expressing PDGFRα also successfully re-myelinate the same shiverer mouse brains [16, 17],
demonstrating their therapeutic potential. However, just like the mature O4 + OPCs, the early A2B5 + and
intermediate PDGFRα + OPCs are bi-potential. The effect of astrocytes on remyelination is complex with
both favorable and unfavorable roles known [18]. Both normal as well as reactive astrocytes inhibit
differentiation of OPCs to oligodendrocytes during spinal cord injury and promote astrocytic
differentiation in a bone morphogenic protein (BMP) dependent manner [19]. Hence, differentiation of
OPCs to astrocytes may not be a favorable outcome towards remyelination therapy.

The present study aims to explicate the potential roles of diffusible factors of endothelial cells as human
umbilical vein endothelial cells (HUVECs) in survival, proliferation, and differentiation of
CD140a/PDGFRα + fetal human OPCs (hOPCs) using trans-well co-culture technique. The �ndings
establish that the soluble factors from the human endothelial cells induce replication and proliferation of
the hOPCs and induce their BMP mediated differentiation to astrocytes.

Materials And Methods
Human Oligodendrocyte Precursor Cells

All experimental methods were carried out using protocols approved by the University of Rochester,
Institutional Review Board/Research Subjects Review Board (IRB/RSRB approval # 26905). For this study,
15 brain tissues were obtained after deidenti�cation of aborted fetuses between 18-23 gestational weeks
(gw) by the surgical pathology and considered exempt by IRB/RSRB. The cortical specimens were
collected and dissociated within less than two hours post mortem using papain and DNase as per
established protocols [13, 14]. Cells were plated at 2 million/ml in serum-free media (SFM) containing
DMEM/F12/N1 with 20 ng/ml of �broblast growth factor 2 (FGF2) overnight. Complete composition of
SFM is given in Supplemental Table S1. Dissociated cells were recovered the following day, counted, and
sorted by magnetic cell sorting for PDGFRα+ hOPCs, using primary antibody against PDGFRα, CD140a,
(BD Pharmingen) and rat secondary anti-mouse IgG2a+b conjugated Microbeads (Miltenyi Biotech) [14].
After sorting, the purity of the sort was veri�ed by FACS analysis and PDGFRα+ hOPCs were either frozen
for isolation of total mRNA or seeded in SFM as de�ned for proliferative or differentiating conditions for
co-culture with HUVECs.

Human Umbilical Vein Endothelial Cells
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The Human Umbilical Vein Endothelial Cells (HUVECs) purchased from the Department of Microbiology
and Immunology, University of Rochester Medical Center in their early (second) passage were maintained
on 0.2% gelatin-coated tissue culture �asks in DMEM/F12, 10% PD-FBS, 10ng/ml of FGF2 and 25ng/ml
of VEGF. The cells were passaged every 5-7 days with 0.05% Trypsin/EDTA with 1:4 splitting and used
within passage 3-5 for total mRNA isolation and co-culture with OPCs. 

Co-culture                                                                                                                                                             

For hOPC-HUVEC co-culture, PDGFRα+ hOPCs in 17500 numbers/well were seeded directly post sort in
24-well plates on de�ned substrate, and SFM for either proliferative or differentiating condition and
15000 HUVECs were seeded on 0.2% gelatin-coated trans-well inserts with 0.4μm pore size. 

Proliferative condition 

OPCs were seeded onuntreated 24-well suspension plate in SFM with 20 ng/ml FGF2, 20ng/ml PDGF-AA
for co-culture for up to 28 days, with a change in the trans-well insert every 5-7 days up to 28days for the
remaining plates. Plates were withdrawn for assessment of OPC sphere formation each week using
protocols detailed in Supplemental Experimental Procedures. 

Differentiating condition 

OPCs were seeded on poly-ornithine-laminin coated 24-well adherent plates, maintained in SFM with
25ng/ml VEGF to support the HUVECs with alternate-day media change. At the end of 4 and 7 days, the
hOPCs were �xed for immunocytochemistry for O4 and GFAP. 

2.3.3 Inhibition of differentiation 

OPCs were pretreated with 100ng/ml recombinant human Noggin (R & D Systems) 4h before starting co-
culture to inhibit all endogenous BMP signaling and re-treated every 24h thereafter. At the end of 4 and 7
days, the cells were �xed, and immunocytochemistry was performed for O4 and GFAP.

Immunocytochemistry

Immunocytochemistry for checking differentiation outcome of OPCsto oligodendrocytes or
astrocyteswith or without co-culture was doneafter 4 or 7 days for cells, and at the end of 2h or 4d after
re-plating the spheres for differentiation. Antibody-speci�c protocols for primary antibodies against
PDGFRα, A2B5, NG2, Olig2, GFAP, β–III tubulin, and O4 are described in the Supplemental Experimental
Procedures. The differentiation experiment was performed �ve times, and the inhibition of differentiation
was performed four times with biological replicates, each with triplicate wells for with or without HUVECs
co-culture and counts presented as mean ± standard error (SE).

Thymidine Incorporation Assay
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Under proliferative conditions, OPC cultures were pulsed with 1µCi of (Methyl-3H) – Thymidine per ml of
media for 72h in quadruplicate wells with or without co-culture. After incubation, the cells were washed
with Hank’s solution, DNA precipitated with ice-cold 5% (wt. /vol.) trichloroacetic acid for 20 min at 4°C,
and solubilized in 0.55 ml of 0.3 M sodium hydroxide – 0.1% sodium dodecyl sulfate for 1–2 h at 37°C.
Half milliliter of this cell extract was added to 5 ml of Ecoscint A scintillation cocktail, and radioactivity
measured in a Beckman Coulter LS 6500 Liquid Scintillation Counter for 1 minute. The experiment was
repeated with three biological replicates, in quadruplicate wells each, for co-culture and no co-culture
condition. Data was expressed as mean ± SE cpm/well.

RNA Preparation and Gene Expression Assay

Total RNA was extracted from PDGFRα+ OPCs (four biological replicates), and HUVECs (three biological
replicates), that had been snap-frozen directly post-sort and post-passage respectively, using RNeasy Mini
kit (Qiagen) for Animal Cells with "on column" DNase digestion. Total RNA was reverse transcribed using
the Reverse Transcription reagents (Applied Biosystems), random hexamers, and MultiScribe™ Reverse
Transcriptase (RT). Inventoried TaqMan® Gene Expression Assay were performed individually for 15
genes of relevant soluble factors or their receptors in reaction mix containing 5ng of cDNA, 900nM
forward and reverse primers, 250nM FAM-labeled MGB probes, and TaqMan® Universal PCR Master Mix
in triplicate wells. List of Inventoried TaqMan® Gene Expression Assays IDs is given in Supplemental
Table S2. The thermal cycle was run on ABI Prism 70000 for 2 min at 50 °C, 10 min at 95 °C, followed by
40 cycles of 15 sec at 95 °C and 2 min at 60 °C. Human GAPDH (FAM / MGB Probe, Non-Primer
Limited) was used as endogenous control. No RT control was performed for each RNA sample for every
assay. Gene expression was determined in HUVECs and OPCs relative to their respective endogenous
GAPDH by delta CT method. HUVEC to hOPC differential expression fold ratio (FR) was calculated and the
signi�cance determined by t-test statistics. Heat map for mean expressions was constructed on Prism
8. Raw Ct values for the TaqMan Assays are given in Supplemental Spreadsheet 1.

Network Analysis             

Differential molecular networks were generated for co-culture and no co-culture environment using gene
lists relevant to the two conditions consisting of the phenotypic marker genes used in sorting and
immunocytochemistry and the soluble factor genes assessed in Taqman assays. While both the co-
culture and no co-culture gene lists contained the same list of phenotypic markers and the soluble factors
relatively over-expressed by the OPCs, the gene list for co-culture environment additionally also contained
the humoral factors over-expressed by HUVECs relative to OPCs in gene expression assay. The Input
Gene-lists for Differential Network Analysis are given in Supplemental Table S3. Differential networks
were generated for the two gene lists on PCViz2 application [20] of Pathway Commons [21]. Network
BioPAX [22] �les were, opened on Cytoscape 3.4.0 [23] for identi�cation of major subnetworks, generation
of difference network and statistical visualization of nodes based on prevalence and connectivity.
 Complete list of nodes and edges for all three networks are given in Supplemental Spreadsheet 2.
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Statistical Analysis

Statistical analysis was performed on Prism, GraphPad Software, CA. Two-way repeated measures
ANOVA, followed by Bonferroni's correction of p-values, was used for determining signi�cance of
differences in sphere count, sphere size, thymidine incorporation, cell numbers post-sphere-dissociation,
and the effect of co-culture on O4 and GFAP expression by OPCs. One-way ANOVA followed by Neuman-
Keul's multiple comparison post-test was used for evaluating the effect of Noggin to attenuate astrocytic
differentiation of OPCs in co-culture. Student's t-test for samples with equal variance was used for
determining signi�cance in gene expression assays. The differences were considered statistically
signi�cant, when P-value was less than 0.05. Data are presented as mean ± SE except for gene
expression assays where it is reported as mean ± standard deviation (SD).

Results
Endothelial cells encourage sphere formation in PDGFRα+ oligodendrocyte precursor cells

To determine the effect of endothelial cell derived soluble factors on the oligodendrocyte precursor cells,
the hOPCs were maintained under proliferative conditions in co-culture with HUVECs on trans-well for four
weeks. Trans-well insert was changed every 5-7 days. It was observed that OPC spheres originated as
adherent spheres by clonal expansion. These spheres were more in number and of larger diameter when
the hOPC were in co-culture with the HUVECs compared to those without co-culture. A minimum hOPC
sphere was visually perceived consisting of approximately eight cells. After three weeks in culture, hOPC
spheres grew too large to be held to the substrate, and they would detach and stay close to the surface of
the plate. At this stage, the spheres also showed a tendency to gather and fuse, forming mega-spheres.
There was always a signi�cant difference in the number of spheres and the diameter of the largest
sphere between co-culture and no-co-culture conditions (Fig. 1A). The co-culture effect was highly
signi�cant (P<0.0001), and the increase in sphere numbers was also a function of time (P<0.0001) (Fig.
1B). In the same experiment, when the diameter of the largest sphere was measured every week for wells
with and without HUVEC co-culture, the co-culture effect was highly signi�cant, with P<0.0001 and along
with the time effect with P<0.0001 (Fig. 1C). Thus, co-culture with HUVECs encouraged survival or
proliferation or both for the PDGFRα+ OPCs.

Endothelial cells induce proliferation in PDGFRα+ human oligo progenitors

To determine if co-culture with endothelial cells encouraged the proliferation of progenitors, hOPCs were
allowed to grow up to four weeks with or without co-culture. When cell numbers in hOPC spheres were
determined by dissociating them with papain/DNase at 7, 14, 21, and 28 days, effect of HUVEC co-culture
on the increase in hOPC cell number was signi�cant with P=0.0013. The difference in cell numbers
between the co-culture and no co-culture group was signi�cant at 21-day (t=6.208, p<0.001) and 28-day
(t=8.991, p<0.001) time points. Independent of the co-culture, the cell numbers also increased as a
function of time with a P<0.0001 (Fig. 2A). Synthesis of new chromatin material should accompany
increased proliferation. To assess the net proportion of active DNA synthesis, when the hOPCs in
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quadruplicate wells with or without co-culture were pulsed for 72 hours with [3H- methyl] thymidine at 4,
12, 18, and 25 days, thymidine incorporation in the OPCs showed that the effect of co-culture was
signi�cant with P=0.0052. Again, the effect was signi�cant at only21-day (t=3.995, p<0.01) and 28-day
(t=8.819, p<0.001) time points and not at 7 and 14 days. The effect of time was also highly signi�cant
with P<0.0001 (Fig. 2B).

Co-culture does not alter differentiation outcome of the hOPC spheres  

To determine if the hOPCs in co-culture generated in the proliferative conditions had more oligogenic
potential, human OPC spheres formed at the end of each week of culture in proliferative conditions with
or without co-culture with HUVECs were re-plated and incubated in differentiation conditions for 2h to 4-
days. The differentiated spheres were then stained for common progenitor and differentiation markers -
PDGFRα, A2B5, NG2, Olig2, O4, GFAP, and β III tubulin (Fig. 2C). Fluorescence micrographs show that the
distribution of these markers is not signi�cantly different between the spheres arising from co-culture and
no co-culture conditions. However, there were always minor differences in the distribution of markers
between sphere to sphere within the same condition. Thus, irrespective of co-culture, some spheres were
remarkably rich in O4 or GFAP compared to the other spheres in the same well, indicating preservation of
asymmetric division of the progenitors under proliferative conditions irrespective of co-culture. In
addition, regardless of co-culture, O4 expression and its clonal expansion from the PDGFRα+ OPCs could
be seen only up to the �rst two weeks in these experiments, during which some spheres gave rise to a
greater number of O4 positives than others within the same well. At the end of four weeks in vitro,
irrespective of co-culture, the PDGFRα+ hOPC spheres upon re-plating were mostly A2B5 positive (50 to
75%) and GFAP positive (70 to 85%), with minimal (3 to 6%) O4 positive cells.                                                
             

Endothelial cells induce differentiation of hOPCs to Astrocytes

To examine if co-culture with HUVECs could affect the differentiation pattern of the oligodendrocyte
precursors independent of their proliferation, PDGFRα+ hOPCs were seeded directly under differentiating
conditions and incubated for either 4 or 7 days. Differentiation of the OPCs to oligodendrocyte and
astrocyte lineages were assessed by immunocytochemistry for differentiation markers O4 and GFAP
respectively (representative micrographs in Fig. 3A). Counting the immuno-stained cells revealed that the
percent of oligodendrocytes as determined by O4 staining decreases signi�cantly upon co-culture with
P=0.0351, with the decrease in the O4 percentage at seven days being signi�cant (t =2.730, p < 0.05)
though the difference at four days was not signi�cant (Fig. 3B). Time had no signi�cant effect on the O4
survival within this one week. Co-culture very signi�cantly caused induction of astrocytic lineage as
measured by the percent of GFAP positive cells, P=0.0082, with a 26% astrocytic induction at four days
(t=2.894, p<0.05), and 31.66% at seven days (t=3.500, p<0.01). GFAP induction in these cultures also
signi�cantly increased with time, with P=0.0001 (Fig. 3C). Thus, co-culture with endothelial cells
encourages astrocytic differentiation of the PDGFRα+ hOPCs with a concomitant decrease in
differentiation to oligodendrocytic lineage.
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Transcriptional analysis of HUVECs and hOPCs reveal predominant soluble mediators

The relative contribution of soluble factors from HUVECs and PDGFRα+ hOPCs to the co-culture
environment was assessed by measuring the expression levels of 15 relevant genes using Inventoried
Taqman’s human Gene Expression Assay. Fold ratio (FR) for gene expression was calculated for HUVEC
to hOPC with respect to the respective endogenous GAPDH using delta CT method. Fig. 4A shows the
gene expression in each biological replicate as mean expression in three technical replicate assays. Heat
map of mean expression ratio with respect to endogenous GAPDH in HUVECs and PDGFRα+ hOPCs is
shown in the inset; Fig. 4B. HUVEC to hOPC fold ratio (FR) of gene expression is given in Table 1. Of all
the 15 genes tested for, the highest difference in mRNA expression relative to GAPDH was observed for
bone morphogenic protein 4 (BMP4), with HUVEC to hOPC expression FR=134.9 (p=0.0026). HUVECs
also showed increased expression of bone morphogenic protein 6 (BMP6) with FR=4.211 (p = 0.00071)
and endothelin1 (EDN1) with FR=41.50 (p=0.00101). Growth arrest speci�c 6 (GAS6) had FR=3.753 (p =
0.02363) and interleukin6 (IL6) had FR=3.726 (p = 0.00296), both showing higher expression in HUVECs
than the hOPCs. Endothelin1 receptor B (EDNRB) was signi�cantly more abundant in PDGFRα+ OPCs
than HUVECs. The other endothelin1 receptor EDNRA did not show any signi�cant difference in
expression between two cell types. Transcripts of soluble factors more abundant in OPCs compared to
HUVECs includes Pleiotrophin (PTN) with FR=0.003612 (p=0.01972), followed by �broblast growth factor
9 (FGF9) or glia activating factor, with FR=0.004552 (p=0.02482), and cytokines as, ciliary neurotrophic
factor (CNTF), and leukemia inhibitory factor (LIF), with FR of 0.032551, (p=0.00710), and 0.048426
(p=0.00235) respectively. Other humoral factor genes that did not show differential expression between
the two cell types were the bone morphogenic proteins 2 and 5 (BMP2 and BMP5) and the �broblast
growth factor -2 (FGF2). Raw Ct values for these experiments are given in Supplemental Spreadsheet 1.

TABLE 1 Relative mRNA Expression of selected soluble factors and receptors in terms of HUVEC to hOPC
Fold Ratio by Taqman Gene Expression Assaya
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HGNC Gene
Symbol

HGNC 

Full Name

Entrez 

Gene
ID

HUVEC to
hOPC 

Fold Ratio
(FR)

Signi�cantly More
Abundant in

p

 values

(n=7)
HUVECs
(n=3)

hGPCs
(n=4)

Bone Morphogenic Proteins

BMP2 bone morphogenetic
protein 2

650 0.628235   0.19476

BMP4 bone morphogenetic
protein 4

652 134.9001 Yes   0.00264

BMP5 bone morphogenetic
protein 5

653 0.023848   0.10684

BMP6 bone morphogenetic
protein 6

654 4.211436 Yes   0.00071

BMP7 bone morphogenetic
protein 7

655 NA   NA

Fibroblast Growth Factors  

FGF2 �broblast growth
factor 2

2247 1.747718   0.22904

FGF9 �broblast growth
factor 9

2254 0.004552 Yes 0.02482

Cytokines  

IL6 interleukin 6 3569 3.726636 Yes   0.00296

LIF leukemia inhibitory
factor

3976 0.048426 Yes 0.00235

PTN Pleiotrophin 5764 0.003612 Yes 0.01972

Other Humoral Factors    

GAS6 growth arrest-speci�c
6

2621 3.753718 Yes   0.02363

EDN1 endothelin 1 1906 41.49811 Yes   0.00101

CNTF ciliary neurotrophic
factor

1270 0.032551 Yes 0.00710

Endothelin Receptors  

EDNRA endothelin receptor
type A

1909 0.045506   0.08647

EDNRB endothelin receptor
type B

1910 0.011111 Yes 0.03155
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Note: a For the expression assay, 5ng of cDNA for each HUVEC (n=3) and hGPC (n=4)  sample was
loaded in triplicate wells for the Inventoried TaqMan®  Gene Expression Assays, the Assay IDs for
which are described in Table S1. For each gene, the HUVEC to hGPC expression fold ratio was
determined by delta CT method after normalizing the expression to endogenous GAPDH. BMP7 was
not detected in HUVECs during the assay and hence the fold ratio for BMP7 is not available (NA).
Statistical signi�cance was determined by t test for samples with equal variance. p<0.05 was
considered signi�cant. 

 

Network Analysis reveals BMP4 as the key differentiation factor

Knowledge-based networks were built using gene-lists speci�c to the co-culture and no co-culture
environments on the PCViz2 application of Pathway Commons with Input Gene-lists for Differential
Networks given in Table S2. The networks were analyzed with Cytoscape 3.4.0. and represented with
statistical weightage of molecular interactions at the nodes as well as the edges for no co-culture and co-
culture conditions (Fig. 5A, B). The difference network between the co-culture and no co-culture
environments (Fig. 5C) revealed BMP4 as the predominant node with the most connections, followed by
EDN1, BMP6, IL6 and GAS6 closely matching the experimental FRs of transcripts in HUVECs to hOPCs
determined by Taqman Assay. The complete list of nodes and edges for all three networks are given in
Supplemental Spreadsheet 2.

Noggin can inhibit HUVEC induced differentiation of hOPCs to Astrocytes 

Based on the relative fold ratios of the transcripts seen in gene expression assay (Table 1, Fig. 4), and the
knowledge-based networks (Fig. 5), bone morphogenic protein 4 (BMP4) was hypothesized to be the
most signi�cant humoral factor from HUVECs in co-culture media that could affect the differentiation
fate of hOPCs. If the astrocytic differentiation of the PDGFRα+ OPCs in co-culture with HUVECs is
mediated by the BMPs, the same should be attenuated by noggin, the general inhibitor of BMP signaling.
Therefore, PDGFRα+ hOPCs were plated for differentiation with a pre-treatment by 100ng/ml of Noggin
for 4h to block all endogenous BMP signaling, followed by the start of co-culture with HUVECs. The
Noggin treatment was repeated every 24 hours until 4 and 7 days, followed by immunocytochemistry for
O4 and GFAP to assess commitment to oligodendrocyte or astrocyte lineage, respectively.  Representative
micrographs are presented in Fig. 6A. Statistical analysis of the cell counts by one-way ANOVA revealed
that Noggin could effectively reduce HUVEC induced astrocytic differentiation at both 4- and 7-day time
points with P=0.0012. Effective lowering of the percent of GFAP positive cells for co-culture was from
56.27 ± 5.085 (mean ± SE) without Noggin to 25.21 ± 4.814 with Noggin (p < 0.01). While in the absence
of co-culture, only 37.83 ± 4.042 percent of human OPCs showed GFAP expression under identical
conditions (p < 0.05)). On day 7, the daily noggin treatment continued to attenuate HUVEC mediated
astrocytic differentiation with a similar statistical pattern (Fig. 6 B). Since HUVEC mediated astrocytic
differentiation of PDGFRα+ hOPCs was completely attenuated by Noggin, the endothelial mediated
astrocytic differentiation of hOPCs was concluded to be BMP mediated. 

Discussion
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PDGFRα positive human oligo-progenitors are of considerable therapeutic potential [16, 17] and hence the
role of the endothelial cells in the biology of PDGFRα + OPCs is of signi�cant interest. As summarized in
Fig. 7, the present study demonstrates that trans-well co-culture of HUVECs with human PDGFRα + OPCs
encourage increased proliferation of the OPCs, and their increased BMP induced differentiation to
astrocytes which can be reversed by the general BMP inhibitor, noggin. The results demonstrate the bi-
potential nature of the PDGFRα + human OPCs by underlining its BMP mediated astrocytic differentiation.
Nevertheless, astrocytic differentiation of these OPCs does not come as a surprise because PDGF
signaling activation is widely implicated in astrocytic brain tumors [24, 25], and PDGFRα positive
progenitor cells have been associated with the early changes associated with tumor initiation [26].
PDGFRα expressing stromal cells derived from oligodendrocytes progenitor cells are found at the invasive
front of high-grade gliomas, exhibiting a unique perivascular distribution indicating that the interaction of
these cells with the endothelial partners are of signi�cance towards tumor origin or expansion [27]. There
are reports of heterogeneity in murine derived PDGFRα + OPCs with some of these cells overlapping with
the endothelial cells giving rise to pericytes [28, 29] however curiously these reports do not explore the
differentiation of PDGFRα + OPCs to astrocytic lineage. Also, other reports use PDGFRβ as a marker for
pericytes instead [30]. In zebra�sh, the OPC identi�ed by olig1 have been genetically labelled and
followed to generate functionally diverse OPC subgroups in their response to neurons and activity
regulates the proliferation of a subset of OPCs that ful�l the functions similar to that of astrocytes in the
mammalian brains and thus are distinct from the cells that generate differentiated oligodendrocytes [31].
This almost reiterates the bipotential nature of these OPCs.

The gestational age of the fetus from which the hOPCs are isolated for the experiments are ruled out
from being a confounding factor in these observations, since PDGFRα + progenitors derived from 15-
23gw are known to exhibit an age-dependent increase in early to mid-stage lineage markers, including O4
sulfatides and Olig2 [32]. Hence, identifying unipotent OPCs could be a possible solution against the
astrocytic differentiation of OPCs. Towards this, tetraspannin could be a preferred marker, since
tetraspannin expression promotes oligodendrocyte differentiation [33]. Hence PDGFRα + OPCs that co-
express pro-oligodendroglial tetraspannin CD9 could be more lineage restricted [33, 34]. However, cues as
�brinogen following vascular damage induce BMP signaling even in more mature O4 + OPCs to increase
astrocytic differentiation, and decrease re-myelination [11]. Hence, the search for unipotent OPCs could be
elusive. Instead, better understanding of the in�uence of the components of the oligogenic niche on OPC
differentiation could be necessary in designing of remyelination therapy.

Endothelial interactions are of fundamental importance in oligovascular niche as fate of the OPCs
depend upon the soluble factors to which they get exposed [35], that includes endothelial-derived factors.
The effects of human endothelial- human OPC interactions as observed here agree with reports on
oligovascular niche using murine OPCs with mouse brain endothelial cells [36] or human brain
microvasculature derived endothelial cells [37] implicating BMPs as inhibitors of oligodendrocyte
development and promoters of astrocyte development, with the BMP inhibitor noggin having the opposite
effect [38–41]. The novel aspect of this study is that it is the �rst report of trans-well co-culture interaction
of human derived endothelial cells with human derived PDGFRα + OPCs and the observed effects are that
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of proliferation of the OPCs and their BMP mediated astrocytic differentiation. The previous study [37]
performed with human endothelial cells used murine derived OPCs in co-culture, and thus this is the �rst
humanized study of endothelial oligodendrocyte progenitor interaction. Anatomy of stem cell niche
encourages interactions of the laminin-containing extracellular matrix of endothelial cells with the α6β1
integrin on stem cells, to inhibit stem cell proliferation within the niche [1]. Adhesion to the vasculature is
also the key to directed migration of the OPCs before maturation [37]. However, as observed here, the
poly-ornithine-laminin coated adherent plates is insu�cient to prevent the differentiation of the PDGFRα 
+ hOPCs.

The use of HUVECs as endothelial partners in co-culture is justi�ed since HUVECs in pre-clinical trials
have improved myelination in murine models of amyotrophic lateral sclerosis [42]. Comparative
expression pro�les of HUVECs and human cerebral endothelial cells show relatively more IL6 being
expressed by cerebral endothelial cells than HUVECs [43]. Observations of the present study show IL6
transcripts to more abundant in HUVECs relative to OPCs, making IL6 the one of the more prevalent
endothelial cell-derived factors. Hence IL6 could contribute to some of the observed co-culture effects. It
has recently been shown that inhibition of IL6 downstream signaling by Janus kinase inhibitor tofacitinib
can improve myelination outcome [44], indicating that IL6 signaling is unfavorable for remyelination
strategies. Brain endothelial cells are also an integral component of the tumorigenic niche of astrocytic
tumors [45] where vasculature is critical in balancing the proliferation through mTOR signaling [46] and
with Akt-MAPK signaling sensitizes inhibition and differentiation [47].

Mouse endothelial progenitor cell secretome improves cognitive function in mouse models of cerebral
hypoperfusion. This secretome is enriched with 38 proteins, including angiogenin, endothelin 1, PDGF -
AA, PDGF–AB, PDGF-BB, FGF1, FGF2, but the list does not include the BMPs, or any other TGFβ receptor
inducers [48]. Likewise, in the present study, endothelin1 was detected as the second most prevalent out
of the transcripts of soluble factors assayed for in the HUVECs. The effect of endothelin1 on proliferation
of PDGFRα + hOPCs was followed using speci�c inhibitors to EDNRA (BQ 123, Sigma, USA) and EDNRB
(BQ 788, Sigma, USA). It has been observed that daily treatment with 10nM of BQ 788, could inhibit the
endothelial mediated PDGFRα + hOPC sphere formation, and 3H- thymidine incorporation in hOPC
spheres but not with BQ 123 (10-1000nM), signifying speci�city of endothelial derived EDN1 action in the
PDGFRα + hOPCs through EDNRB, con�rming the expression data for EDNRB in these cells (Table 1).
These observations are also supported by the reports of EDN1 signaling maintaining proliferation of NG2 
+ murine OPCs that are also Olig2 + and PDGFRα+ [49–51]. The key regulator of differentiation of
PDGFRα + hOPCs is however BMP signaling which induces the differentiation of hOPCs towards
astrocytes in agreement with previous studies with murine OPCs [36–38]. Hence the role of BMPs in
remyelination therapy needs to be discussed in this context.

Bone morphogenic proteins induce differentiation by reducing proliferation in NSCs [40]. Due to this
ability to induce differentiation, BMPs are useful in cancer remission [52]. BMPs also induce stem cell
renewal by the Smad, PI3K/Akt, and Wnt-dependent signaling [53]. Thus, BMPs induce both proliferation
and differentiation. Early OPCs expressing A2B5 overexpress BMP inhibitors as neuralin and BMP-activin
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membrane-bound inhibitor in tonic defense against BMP signaling [54]. However, such tonic defense
against BMP signaling seems insu�cient in PDGFRα + human OPCs to prevent their astrocytic
differentiation in presence of the excess of BMPs presented by the human endothelial cells. BMP4
mediated inhibition of OPC differentiation involves ID and Olig proteins [55, 56], and is stage-speci�c with
mature oligodendrocytes failing to respond to BMP2 and BMP4 [57–60]. Bone morphogenic proteins and
their receptors are upregulated in most human white matter diseases, and directly correlate with the
in�ammatory activity in multiple sclerosis lesions [61]. BMP are well-known inhibitors of myelination and
re-myelination processes [62]. Noggin inhibits BMP4 signaling to promote OPC maturation as well as
myelination [63]. Pharmacological inhibitors of BMP as LDN-19318 or selective deletion of BMP receptor
type IA (BMPRIA) also have similar effects [63]. Thus, remyelination therapies should be directed towards
reducing the BMP levels. BMP4 also accelerates the commitment of hESCs to endothelial lineage [64]
indicating of possible positive feedforward loop between the two cell types; not explored in this study.

Multiple sclerosis lesions from post mortem tissues show skewed cellular heterogeneity in terms of
reduced numbers of early and intermediate OPCs, while the more mature oligodendrocytes show
increased expression of many myelin proteins indicating a change in their transcriptional pro�le to match
the disease contingency [65]. Oligodendrocytes are now understood to be active immunomodulators in
chronic in�ammatory demyelinating diseases as multiple sclerosis. The Mouse PDGFRα + OPCs in
experimental autoimmune encephalomyelitis are capable of phagocytosis of �uorescence beads as well
as myelin. Disease-speci�c oligodendroglia in human multiple sclerosis brains co-express Olig1 and
MHC-II demonstrating a signi�cantly different transcriptional pro�le that re�ects the disease context [66].
Also, the skewed cellular heterogeneity observed in multiple sclerosis lesions extends to astrocytes and
endothelial cells, with both these cell types seen in relatively increased proportions in the MS lesions than
in controls [65] making the outcome of human endothelial and PDGFRα + hOPCs described in this study
relevant to addressing an effective regenerative therapy against multiple sclerosis and other
demyelinating diseases.

The role of astrocytes in such disease context depends on the status of the astrocytes [18]. However,
during development astrocytes favor the maturation, migration and myelination stages of
oligodendrocyte precursors through secreted factors as PDGF, sonic hedgehog (Shh), and BDNF
respectively [67, 68]. Apart from this, astrocyte expressed CNTF and LIF help with the progress of
myelination while the chemokine CXCL1 is deleterious for OPC maturation and migration [67, 69].
However, reactive astrocytes release remyelination inhibitory factors as ECM including chondroitin
sulphate, proteoglycans (CSPGs), hyaluronan, tenascin-C, and �bronectin, all of which are present in MS
lesions [18]. Apart from this, reactive astrocytes also release endothein1, also determined to be abundant
in this study in endothelial cells. Though endothelin1 encourages proliferation of murine NG2 + OPCs
[49–51] and PDGFRα + hOPCs, endothelin1 induced Jagged expression in reactive astrocytes is known to
cause Notch activation in the OPCs leading to inhibition of OPC differentiation, thereby making
endothelin1, an endogenous inhibitor of remyelination, and a target for remyelination therapy [70]. Apart
from this, both the neurotoxic C3D expressing astrocyte and the protective S100a10 + astrocytes express
BMP4 in lesions from MS patients, indicating their involvement in in�ammation and inhibition of
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remyelination [71, 72]. Thus, depending on their naïve or reactive status, astrocytes either positively or
adversely affect the remyelination therapy making the results of this study relevant in designing of
transplantation therapy using PDGFRα + hOPCs.

Conclusion
Overall, this study provides support to the inference that, endothelial cells in trans-well co-culture induce
proliferation of PDGFRα + hOPCs and their BMP mediated astrocytic differentiation, as evidenced by
attenuation of astrocytic differentiation by noggin. The novel aspect of the study is that it is the �rst
report of co-culture interaction of a human derived endothelial cell with an oligodendrocyte precursor of
human origin. The study thus strengthens the conclusions previously drawn using both or at least one of
the co-culture partner cells from murine origin. The study demonstrates the bi-potential nature of the
PDGFRα + hOPCs with differentiation capability towards both oligodendrocytes as well as astrocytes. It
also shows the vulnerability of the PDGFRα + hOPCs to BMPs and has implications in designing of
remyelination therapy. Since noggin can overcome the bone morphogenic protein induced astrocytic
differentiation of PDGFRα + hOPCs, these cells may be better used in combination with the
pharmacological inhibitors of bone morphogenic proteins towards improving their e�cacy in
remyelination therapy.
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Figure 1

Co-culture with HUVECs stimulates sphere formation in PDGFRα+ hOPCs in a time-dependent manner (A)
Representative micrographs of spheres formed by PDGFRα+ hOPCs from a 22gw specimen in
proliferative condition at 7, 14, 21, and 28 days, with or without HUVEC co-culture. Scale bar, 80μm. (B)
The number of spheres were counted at each time point. Average number of spheres formed are plotted
as mean ± SE against time at 7, 14, 21, and 28 days from n=3 independent experiments with biological
replicates. Each biological replicate was seeded in quadruplicate wells each for both with as well as
without HUVEC co-culture. (C) The PDGFRα+ hOPCs sphere diameters were also measured with
graduated grid on microscope eyepiece. Average size of the largest hOPC sphere in each well are plotted
as mean ± SE against time at 7, 14, 21, and 28 days from n=3 independent experiments (biological
replicates) each with quadruplicate wells for with or without HUVEC co-culture. Two-way repeated
measures ANOVA, followed by Bonferroni’s correction of p-values was used to determine signi�cance of
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difference between and across groups. Post hoc p-values are designated as * for p<0.05 and ** for
p<0.01.

Figure 2

Co-culture with HUVECs induces proliferation of PDGFRα+ hOPCs to form spheres but not their
differentiation outcome (A) The average number of cell count from dissociated PDGFRα+ hOPC spheres
are plotted as mean ± SE at 7, 14, 21, and 28 days from n = 3 independent experiments (biological
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replicates), each with quadruplicate wells for with or without HUVEC co-culture. (B) Average cumulative
[3H methyl] –Thymidine incorporation measured as mean ± SE cpm/well are plotted against time at 7,
14, 21, and 28 days from n=3 independent assays (biological replicates) in replicate quadruplicate wells
for with or without HUVEC co-culture conducted in parallel to the sphere dissociation assay. Two-way
repeated measures ANOVA, followed by Bonferroni’s correction of p-values was used to determine
signi�cance of difference between and across groups Post hoc p values are designated as * for p<0.05
and ** for p<0.01. (C) Representative images of differentiated hOPC spheres from with and without co-
culture at 14 days in vitro from a 20.6 gw specimen. The OPC spheres re-plated in differentiation
condition after 14 days were allowed to differentiate on poly ornithine – laminin. Immunocytochemistry
was performed for PDGFRα/Olig2, A2B5/GFAP, O4/beta III tubulin, NG2/GFAP revealed the pattern of
expression to be similar for spheres grown with or without co-culture. The nuclear stain is DAPI. Scale bar,
80μm.
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Figure 3

Co-culture with HUVECs induces astrocytic differentiation in the PDGFRα+ hOPCs (A) Representative
micrographs of PDGFRα+ hOPCs differentiated on poly-ornithine laminin substrate, with or without
HUVEC co-culture, in the presence of 25ng/ml of VEGF in serum-free media (20 gw specimen), immuno-
stained for O4 and GFAP,. Scale bar, 10μm. (B) Percent of O4 positive and (C) Percent of GFAP positive
cells out of total cells counted in phase in ten random �elds or 200 cells/well as mean ± SE of counts
culture plotted against number of days, from n=5 independent experiments (biological replicates), each
with triplicate wells for with or without HUVEC co-culture. Two-way Repeated Measures ANOVA, followed
by Bonferroni’s correction of p-values was used to determine signi�cance of difference between and
across groups. Post hoc p values are designated as * for p<0.05 and ** for p<0.01.

Figure 4

Gene expression pro�le by Taqman assay for selected soluble factors in HUVECs and PDGFRα+ hOPCs
(A) Relative mRNA expression fold ratio of selected humoral factors with respect to endogenous GAPDH
by Inventoried TaqMan® Gene Expression Assay are plotted as mean ± SD for triplicate assays (technical
replicates) for HUVEC (n=3 biological replicates) and PDGFRα+ hOPCs (n=4 biological replicates). Assays
IDs are given in Supplemental Table S1. Statistical signi�cance was determined by student's t-test for
equal variance. Signi�cant differences are indicated as* for p<0.05 and ** for p<0.01, when the
expression is signi�cantly higher in HUVECs with respect to hOPCs; and as # for p<0.05 and ## for
p<0.01 when the expression is signi�cantly higher in hOPCs with respect to HUVECs. Inset (B) shows the
heat map of mean gene expression of biological replicates for the 15 genes assayed in HUVECs and
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PDGFRα+ hOPCs. Fold ratio of gene expression in HUVECs to PDGFRα+ hOPCs with respect to their
respective endogenous GAPDH are given in Table 1. Raw Ct values for all Taqman assays are given in
Supplemental Spreadsheet 1. 

Figure 5

Differential network analysis reveals BMP4 as the key endothelial-derived soluble factor that in�uences
the biology of the PDGFRα+ hOPCs during co-culture.  Networks were generated for both no co-culture
and with co-culture condition using the input gene lists for differential network analysis on the PCViz2
application, Pathway Commons. Network visualization, identi�cation of major subnetworks and
generation of difference network was done on Cytoscape 3.4.0. Input gene lists for differential network
analysis are given in Supplemental Table S3. (A) Network for the No Co-culture condition. (B) Network for
the Co-culture condition (C) Difference Network between the Co-culture and the No Co-culture
conditiona. In all network diagrams, circles are larger for nodes with higher connectivity, and broader
edges indicate stronger connections. For networks (B) and (C), nodes indicated by yellow circles are those
provided in the input gene list. Complete list of nodes and edges for all three networks generated are
given in Supplemental Spreadsheet 2.
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Figure 6

Noggin attenuates endothelial co-culture induced astrocytic differentiation of PDGFRα+ hOPCs (A)
Representative micrographs for attenuation of HUVEC mediated astrocytic differentiation of PDGFRα+
hOPCs by 100ng/ml Noggin (19.3 gw specimen). Complete attenuation of co-culture induced astrocytic
differentiation by noggin indicates the differentiation to be BMP induced. Scale bar, 10μm. (B) Percent of
GFAP positive cells after treatment with 100ng/ml Noggin out of total cells counted in phase in ten
random �elds or 200 cells/well, plotted as mean ± SE of counts from n=4 independent experiments
(biological replicates) each with triplicate wells for with or without HUVEC co-culture. One-way ANOVA
followed by Neuman-Keul's multiple comparison post-test was used for evaluating the effect of Noggin to
attenuate astrocytic differentiation of hOPCs in co-culture. Post hoc p values designated as * for p<0.05
and ** for p<0.01.
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Figure 7

Effect of endothelial co-culture on PDGFRα+ human oligodendrocyte precursor cells (hOPCs). Trans-well
co-culture of PDGFRα+ hOPCs in proliferative condition with human umbilical vein endothelial cells
(HUVECs), leads to increased proliferation of these progenitors. Under differentiating conditions, the
endothelial cells encourage BMP induced astrocytic differentiation of PDGFRα+ hOPCs as evidenced by
complete attenuation of differentiation with noggin. The study also establishes the bi-potential nature of
PDGFRα+ hOPCs.
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