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Abstract

Umbilical cord blood represents a promising cell source for pro-angiogenic therapies. The present 

study examined the potential of mononuclear cells (MNCs) from umbilical cord blood to support 

endothelial progenitor cell (EPC) microvessel formation. MNCs were isolated from the cord blood 

of 20 separate donors and selected for further characterization based upon their proliferation 

potential and morphological resemblance to human vascular pericytes (HVPs). MNCs were 

screened for their ability to support EPC network formation using an in vitro assay (Matrigel™) as 

well as a reductionist, coculture system consisting of no additional angiogenic cytokines beyond 

those present in serum. In less than 15% of the isolations, we identified a population of highly 

proliferative MNCs that phenotypically resembled HVPs as assessed by expression of PDGFR-β, 

NG2, α-SMA, and ephrin-B2. Within a Matrigel™ system, MNCs demonstrated pericyte-like 

function through colocalization to EPC networks and similar effects as HVPs upon total EPC 

tubule length (p = 0.95) and number of branch points (p = 0.93). In a reductionist coculture 

system, MNCs served as pro-angiogenic mural cells by supporting EPC network formation to a 

significantly greater extent than HVP cocultures, by day 14 of coculture, as evidenced through 

EPC total tubule length (p <0.0001) and number of branch points (p < 0.0001). Our findings are 

significant as we demonstrate mural cell progenitors can be isolated from umbilical cord blood 

and develop culture conditions to support their use in microvascular tissue engineering 

applications.
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Introduction

Vascularization of tissue engineered-constructs remains an important goal for advancing the 

field of regenerative medicine.34 Tissues developed in vitro are limited to a thickness of 

150–200 μm due to the dependence on diffusion to meet oxygen and nutrient demands.35,46 

One solution to remove this size restriction placed upon scaffolds is to preform microvessel 

structures within the tissue-engineered constructs in vitro. Upon implantation, these 

microvessel structures could anastomose with the host vasculature, perfuse the construct, 

and enable function of the engineered tissue.

Current methods to engineer microvessel structures in vitro aim to recapitulate processes of 

both angiogenesis or vasculogenesis through coculture systems of the two vascular cell 

types required for stable microvessel formation: endothelial and mural cells.1,15,37,39 During 

physiological microvessel formation, the release of angiogenic paracrine factors, such as 

vascular endothelial growth factor (VEGF), stimulates endothelial cells (ECs) from a 

quiescent state to an activated state.1,9,18 The activated ECs degrade their basement 

membrane, proliferate, and arrange into lumenized microvessel structures. The ECs within 

these nascent capillary structures secrete cytokines, such as platelet-derived growth factor 

beta (PDGFB), that act to recruit mural cells, comprised of pericytes and vascular smooth 

muscle cells (SMCs).1,9,18 These mural cells form tight associations with ECs,1,9,18 

functioning to stabilize the newly-formed capillaries by offering structural support, 

preserving the integrity of the EC permeability barrier, and providing cellular signals that 

prevent EC proliferation and apoptosis.

The choice of vascular progenitor cells is vital to the clinical translation of pre-vascularized 

tissues. The ideal progenitor cell source should enable isolation of both endothelial and 

mural progenitor cell types without requiring invasive surgery, be readily expandable in 

vitro, and carry a low risk of immunogenicity to the patient. Umbilical cord blood has the 

potential to meet these criteria due to its non-invasive isolation, capacity to undergo human 

leukocyte antigen (HLA) matching to improve immune tolerance, and potential to yield 

highly proliferative populations of vascular progenitor cells.31,38,42 For example, cord blood 

derived-endothelial progenitor cells (EPCs) and mesenchymal progenitor cells (MPCs) can 

mimic the angiogenic role of mature endothelial cells and pericytes, 

respectively.5,12,31,32,33,37 Specifically, cocultures of MPCs and EPCs embedded within a 

Matrigel™ matrix successfully generated microvessel structures in vivo as demonstrated 

through anastomosis to host vasculature that remained functional for 4 weeks.31

In order to utilize MPCs and EPCs for angiogenic therapies, however, there remains a need 

to clearly define their isolation and characterization methods. While isolation and 

characterization procedures for obtaining angiogenic EPCs are well defined and largely 

consistent among groups,19,21,29,45 there exist several methodologies for isolating MPCs 

that vary by the mononuclear cell (MNC) isolation technique, expansion medium, and 

substrate coating.25,26,47 The most common method for MPC isolation utilizes density 

gradient centrifugation of cord blood to isolate MNCs with the subsequent selection of 

MPCs based upon their adherence to uncoated tissue-culture plastic.12,26,38 Derivation of 

MPCs can also occur through inducing endothelial-to-mesenchymal transition 
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(EndMT).26,30,33 In this approach, EPCs are first derived from MNCs before treatment with 

transforming growth factor-beta proteins. The MPCs resulting from EndMT procedures 

exhibit a contractile, SMC phenotype with pro-angiogenic paracrine properties.33 In 

addition, isolation methods employing EndMT have demonstrated success rates near 100% 

for achieving MPCs,26,30,33 an improvement over traditional isolation methods success rates 

which vary from 10 to 60%.25,26,47

Regardless of the isolation technique chosen to derive MPCs, there exists heterogeneity in 

the resulting MPC populations. For example, two distinct populations of MPCs, 

characterized as flattened or spindle-shaped morphology, can arise from MNCs and 

demonstrate variances in growth kinetics and differentiation capacity.28 This observation, 

combined with recent reports demonstrating that not all MSCs exhibit pericyte function,7,10 

make evident the need to functionally characterize the pericyte-potential of MPCs to ensure 

successful translation into angiogenic therapies. In this study, we sought to define a 

population of mural progenitor cells arising from cord blood MNCs that could support 

robust, network formation of EPCs. Our criteria for defining mural progenitor cells 

included: (1) spindle-shaped population with phenotypic similarity to human vascular 

pericytes (HVP) through expression of pericyte-associated markers alpha-smooth muscle 

actin (α-SMA), PDGFR-β, chondroitin sulfate proteoglycan 4 (NG2) and ephrin-B22,3,17 (2) 

a highly proliferative population demonstrating a minimum tenfold increase in cell yield 

from primary culture over 8 weeks of in vitro expansion (3) perivascular localization to, and 

support of, EPC networks evaluated through in vitro angiogenesis assays.

Materials and Methods

Isolation of MPCs and EPCs

To investigate the hypothesis that mesenchymal progenitor cells (MPCs) morphologically 

resembling pericytes could be derived from umbilical cord blood, we employed two 

isolation techniques commonly used to isolate MPCs, denoted as the traditional method26 

(TM) and endothelial-to-mesenchymal transition method30 (EndMT). Umbilical cord blood 

from 20 separate biological donors was obtained through the Carolina Cord Blood Bank 

following procedures approved by the Duke University Institutional Review Board. Cord 

blood was diluted with Hank's Balanced Salt Solution (HBSS) (Gibco®, Life Technologies, 

Carlsbad, CA, USA) at a 1:1 ratio and carefully layered atop Histopaque-1077 (Sigma-

Aldrich, St. Louis, MO, USA) solution. The resulting blood/HBSS mixture was separated 

into erythrocyte, MNC, and plasma layers through centrifugation at 740 g. The traditional 

method of MPC isolation26 consisted of plating MNCs onto T-75 flasks supplemented with 

Iscove's Modified Dulbecco's Medium (IMDM) (Sigma-Aldrich) containing 10 ng/ml 

fibroblastic growth factor-basic (R&D systems, Minneapolis, MN, USA), 2 mM L-glutamine 

(Lonza, Walkersville, MD, USA), 20% v/v fetal bovine serum (FBS) (Atlanta Biologics, 

Law-renceville, GA, USA), and 1% v/v penicillin streptomycin solution (Corning, Corning, 

NY, USA). After 30 days of culture, adherent MNCs were passaged using 0.25% trypsin–

EDTA (Gibco®) and expanded at 1.33 × 104 cells/cm2.

In contrast, the EndMT method first required the isolation of EPCs. EPCs were isolated as 

previously described.21 MNCs were plated onto 6-well polystyrene plates, pre-coated for 1 h 
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with 50 μg/mL of collagen I (BD Biosciences, San Jose, CA, USA), and supplemented with 

complete endothelial growth media (EBM2 with EGM2 bullet kit), a total of 50 mL (8.9% 

v/v) of FBS, and 5 mL (0.9% v/v) of penicillin streptomycin solution. To obtain MPCs using 

the EndMT method,33 confluent, primary passage EPCs were treated with RPMI 1640 

media (Sigma-Aldrich) supplemented with 20% v/v FBS, 2 mM L-glutamine, and 10 ng/mL 

of TGF-β2 (R&D systems). After 21 days of treatment, the media was changed to RPMI 

1640 media (Sigma-Aldrich) supplemented with 20% v/v FBS and 2 mM L-glutamine. 

EndMT-derived MNCs were passaged using 0.25% trypsin–EDTA and expanded at 1.33 × 

104 cells/cm2.

To obtain EPCs for angiogenesis coculture assays, adherent MNCs displaying cobblestone-

like EC morphology were passaged by 22 days, after initial MNC plating using the EPC 

method, with 0.025% trypsin– EDTA and confirmed for EPC phenotype through flow 

cytometry analysis and immunofluorescence. Endothelial outgrowth cells from EPCs were 

expanded at 6.67 × 103 cells/cm2 with endothelial growth media. MNCs morphologically 

resembling pericytes from three separate donors were used between passages 3–5 for all 

experiments. EPCs derived from three separate donors were used between passages 3–6 for 

all experiments. The population doubling time (PDT) for MNCs was determined by the 

following formula:

Cell Culture

In order to characterize the pericyte potential of MNCs, human brain vascular pericytes 

(HVPs) (ScienCell, Carlsbad, CA, USA) were cultured in medium containing 10 mL of 

FBS, 5 mL of pericyte growth supplement, and 5 mL of penicillin/streptomycin solution 

(ScienCell). Pericytes were seeded at 1.33 × 104 cells/cm2 on tissue-culture plastic, 

precoated for 1 h with 2 μg/cm2 poly-L-lysine (Sigma). HVPs were used between passages 

5–8 for all experiments. Human umbilical vein-derived endothelial cells (HUVECs) from 

pooled donors (Lonza) were used as an EC reference to characterize EPCs. HUVECs were 

expanded in the same endothelial growth medium as EPCs with a total FBS concentration of 

2% v/v and used between passages 3-6 for all experiments. To further evaluate the mural 

cell potential of MNCs, we utilized human aortic vascular smooth muscle cells (SMCs) 

(Lonza) cultured in smooth muscle basal medium supplemented with smooth muscle growth 

media-2 SingleQuots (Lonza) and 1% v/v penicillin streptomycin solution. SMCs were used 

between passages 6–8 for all experiments.

Characterization of MNCs for Mesenchymal and Endothelial Gene Expression

We employed quantitative real-time polymerase chain reaction (qRT-PCR) methods to 

assess the expression of genes associated with mesenchymal stem cells (alpha smooth 

muscle actin/α-SMA, fibroblast-specific protein 1/FSP-1) and endothelial cells (vascular 

endothelial cadherin/VE-cadherin, platelet endothelial cell adhesion molecule/PECAM-1) 
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(Table 1).30 A two-step cycle configuration was performed with an initial denaturation for 3 

min at 95°C and 50 cycles at 95°C for 15 s and 61°C for 1 min. All samples were performed 

in triplicate for all genes. The 2 (–Delta Delta C(T)) method was used to determine relative 

gene expression to SMCs. The housekeeping gene was 18 s rRNA.

Surface Antigen Characterization of MNCs

To evaluate the mesenchymal phenotype of SS-MNCs, we performed flow cytometry 

analysis using a BD FACSCalibur™ cell analyzer (BD Biosciences) for the expression of 

mesenchymal lineage-associated surface antigens CD105, CD73, CD90 and lack of 

expression for hematopoietic lineage-associated surface antigens CD45, CD34, HLA-DR, 

CD19, and CD14 (Biolegend, San Diego, CA, USA). IgG mouse isotype (Biolegend) served 

as a negative control. FITC-conjugated antibodies were added to SS-MNCs at a 

concentration of 2 μL/105 cells.

To confirm EC phenotype of EPCs derived from MNCs, EPCs at passage 3 were analyzed 

with flow cytometry for expression of EC-associated markers CD31, CD146, CD105, 

CD309/VEGFR2; expression of hematopoietic progenitor cell markers CD34, CD133; lack 

of expression for leukocyte markers CD45, CD14, and the MSC/fibroblast-associated 

marker CD90. Pre-conjugated antibodies to FITC or PE (Biolegend) were added at a 

concentration of 2 μL/105 cells. CD133 (Miltenyl Biotec, San Diego, CA, USA) was used at 

a concentration of 10 μL/105 cells. HU-VECs served as an EC control. IgG mouse isotype 

conjugated to FITC or IgG goat isotype conjugated to PE (Biolegend) served as negative 

controls. A minimum of 9000 gated events were analyzed per condition.

Differentiation of SS-MNCs Towards Adipogenic, Osteogenic, and Chondrogenic Lineages

In order to evaluate mesenchymal function of the SS-MNCs, we assessed their ability to 

differentiate towards adipogenic, osteogenic, and chondrogenic lineages with StemPro® 

differentiation kits (Invitrogen™, Life Technologies, Carslbad, CA, USA). Following the 

manufacturer's suggestions, SS-MNCs were cultured in osteogenic, adipogenic, or 

chondrogenic induction media for 24, 10, and 15 days, respectively. At the end of induction, 

cultures were rinsed twice with Dulbecco's Phosphate Buffered Saline (PBS), without 

calcium chloride and magnesium chloride (Sigma-Aldrich) and preserved through the 

addition of 10% formalin for 1 h.

Alizarin Red (Sigma-Aldrich) staining was used to indicate osteoblast mineralized matrix. 

Oil Red O staining (Sigma-Aldrich) was employed to visualize lipid vacuole formation. To 

demonstrate chondrogenic differentiation of SS-MNCs, Alcian blue (Sigma-Aldrich) was 

used to stain for the presence of proteoglycans. Alcian blue was prepared at a 1% 

concentration in 0.1 N HCl and added to preserved samples for 30 min before rinsing with 

distilled water. The resulting samples were imaged with a Nikon® Eclipse Inverted 

Microscope system (Nikon Instruments Inc. Americas, Melville, NY, USA).

Immunofluorescence to Evaluate Pericyte Phenotype of SS-MNCs

To evaluate the potential pericyte phenotype of the SS-MNCs, we performed 

immunofluorescence to detect expression of PDGFR-β, α-SMA, NG2, and ephrin-B2. To 
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confirm the SS-MNCs as a population separate from EPCs, we examined the SS-MNCs for 

expression of VE-cadherin. EPCs were further characterized for expression of EC functional 

proteins endothelial nitric oxide synthase (eNOS) and von Willebrand Factor (vWF). 

Cultures of SS-MNCs, HVPs, or EPCs were plated on 8-well chamber slides (Nunc™ Lab-

Tek™ II Chamber Slide™, Thermo Fisher Scientific, Rochester, NY, USA) and allowed to 

reach confluency prior to fixation with 4% paraformaldehyde for 10 min.

To prevent non-specific binding, cultures were incubated overnight at 4°C with 3.5% bovine 

serum albumin (BSA) (Thermo Fisher Scientific). Primary antibodies of PDGFR-β (2 

μg/mL, Santa Cruz Biotechnology, sc-432, Santa Cruz, CA, USA), α-SMA (2 μg/mL, 

Abcam, ab7817, Cambridge, MA, USA), NG2 (6 μg/mL, Abcam, ab83178), ephrin-B2 (10 

μg/mL, Abcam, ab131536) VE-cadherin (2 μg/mL, Santa Cruz Biotechnology, sc-6458), 

eNOS (2 μg/mL, Santa Cruz Biotechnology, sc-654), vWF (2 μg/mL, Santa Cruz 

Biotechnology, sc-53466) were diluted with BSA and added to preserved cultures for 

overnight incubation at 4°C. To prevent non-specific secondary antibody binding, cultures 

were rinsed twice with PBS containing 0.01% Tween®20 (Sigma-Aldrich) and once with 

PBS prior to adding secondary antibodies (donkey anti-mouse/donkey anti-rabbit/donkey 

anti-goat AlexaFluor 488 and donkey anti-rabbit AlexaFluor 555, Invitrogen™) diluted 

1:200 in BSA for overnight incubation at 4°C. To observe nuclei, cells were incubated with 

4,6-diamidino-2-phenylindole (DAPI) (Molecular Probes®, Life Technologies) for 2 h 

before rinsing twice with PBS.

An inverted confocal microscope (Leica DMI6000CS, Leica Microsystems Inc., Buffalo 

Grove, IL, USA) captured immunofluorescence images with a 40× oil-immersion objective. 

To avoid spectral bleed-through, we performed sequential scanning with separate channels 

for excitation of the 405, 488, and 561 nm lasers. Four images were taken per condition at a 

depth of 12 μm, compiled from 2 μm slices, using 1024 × 1024 pixels, and a line and frame 

average of 2. Images were reconstructed with Imaris software (Bitplane USA, South 

Windsor, CT, USA). To quantitatively compare the intensity of protein expression between 

SS-MNCs, HVPs and EPCs, integrated pixel measurements were taken on 

immunofluorescence images with FIJI software and normalized to cell number per image.

Matrigel™ In Vitro Angiogenesis Assay to Evaluate the Pericyte Function of SS-MNCs

Matrigel™ (Corning) was coated upon tissue-culture treated μ-slides designed for 

investigating angiogenesis (ibidi, Verona, WI, USA) at 10 μl per well, resulting in an 800 

μm-thick gel. To visualize network structures, SS-MNCs, HVPs, HUVECs, and EPCs were 

transduced with either green fluorescent protein (GFP) or tdTomato red fluorescent protein 

using a previously established protocol.5 Monoculture controls of each cell type were plated 

at 1 × 104 cells/well. Cocultures of SS-MNCs and HVPs with either HUVECs or EPCs were 

plated at a 1:1 ratio using the same total cell number as the monoculture conditions. Cultures 

were supplemented with EBM2 media containing 2% v/v FBS and 1% v/v penicillin 

streptomycin solution. After 6 h of culture, samples were preserved with 4% 

paraformaldehyde for 10 min. Network formation was captured through confocal imaging 

(Leica) using a 10× objective with an image depth of 200 μm compiled from 10 μm sections. 

Network images were reconstructed with Imaris software and analyzed for total tubule 
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length and number of branch points using Metamorph® Angiogenesis Tube Formation 

Application (Molecular Devices, Sunnyvale, CA, USA). The minimum and maximum 

widths for defining tubules were 13 and 84 μm, respectively.

Coculture In Vitro Angiogenesis Assay to Evaluate the Pericyte Function of SS-MNCs

To assess whether SS-MNCs could form perivascular associations under conditions that 

mimicked physiological microvessel formation, we utilized a previously established in vitro 

angiogenesis assay composed of angiogenic mural cells (SMCs) mixed with EPCs upon 

uncoated tissue culture plastic at seeding numbers of 8 × 104 cells/cm2 and 4.8 × 104 

cells/cm2, respectively37. SS-MNCs were added to EPCs and SMCs at ratios varying from 

1:16:4 to 1:0.1:4 EPC to SS-MNCs to SMCs. The total number of SS-MNCs and SMCs was 

maintained at 8 × 104 cells/cm2 and EPC numbers were kept constant at 4.8 × 104 cells/cm2 

for all ratios of SS-MNCs. These tri-cultures were plated upon 24-well tissue-culture plastic 

plates (Corning) and maintained in EBM2 media containing 9% v/v of FBS, and 0.9% v/v of 

penicillin streptomycin solution. After 9 days of culture, images were taken of SS-MNCs 

(transduced with GFP) and EPCs (transduced with tdTomato) using a Nikon® Eclipse 

Inverted Microscope system. EPC networks were quantified using Metamorph's 

Angiogenesis Tube Formation module using the same parameters as the Matrigel™ assay 

analysis. To evaluate the effect of SS-MNCs on the tortuosity of EPC networks, we 

measured the angle of curvature between adjacent EPC segments that comprised a branch 

point using ImageJ software.

SS-MNCs were also investigated for their ability to support EPC networks upon coculture in 

comparison to SMCs and HVPs. EPCs were mixed with SS-MNCs, SMCs, or HVPs at a 1:4 

ratio for a total cell number of 1.28 × 105 cells/cm2 on 24-well tissue-culture plastic plates 

(Corning) and maintained in EBM2 media containing 9% v/v of FBS, and 0.9% v/v of 

penicillin streptomycin solution. Images of tdTomato-transduced EPCs were taken during 

the first 14 days of coculture using a Nikon® Eclipse Inverted Microscope system. To 

evaluate whether media conditions could enhance the rate of EPC network formation in SS-

MNC cocultures, osteogenic media conditions were used in place of EBM2 media 

conditions.36 Osteogenic media (STEMCELL™ Technologies, Vancouver, BC, Canada) 

consisted of MSC basal medium containing an osteogenic stimulatory supplement, 1 M β-

glycerophosphate, 1 mg dexamethasone, and 100 mg ascorbic acid. EPC monocultures (4.8 

× 104 cells/cm) supplemented with osteogenic media were used as a control. Images of the 

resulting EPC microvascular structures were taken with an inverted confocal microscope 

(Leica) at a depth of 100 μm with 2 μm slices.

Statistical Analysis

To investigate statistical significance between conditions, we used one or two-factor 

analysis of variance (ANOVA) followed by a post hoc Tukey honest significant difference 

test for multiple comparisons using the JMP® statistical software platform (SAS, Cary, NC, 

USA).
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Results

A Spindle-Shaped Subpopulation of Mononuclear Cells (SS-MNCs) Derived from Umbilical 
Cord Blood Morphologically Resemble Pericytes

We observed MNCs with distinct morphologies arising from each isolation method (Fig. 

1a). The EPC method yielded MNCs exhibiting a cobblestone morphology. In contrast, 

fibroblast-like cells were observed with TM techniques. EndMT methods yielded cells 

exhibiting a mix of phenotypes seen in both EPC and TM isolations. Interestingly, in all of 

the isolation methods, we discovered a subpopulation of MNCs, described as spindle-shaped 

MNCs (SS-MNCs), which bore a striking resemblance to HVP shown by morphological 

comparisons at subconfluent and confluent conditions (Figs. 1a and 1b). These SS-MNCs 

were not dependent on the isolation method nor individual donors. For instance, SS-MNCs 

obtained using EPC isolation methods were not consistently observed in the TM and EndMT 

isolations that were performed in parallel using the same donor. Further, the EPC method 

resulted in slightly higher isolation success rates, near 15%, in comparison to the 10% 

isolation success rate observed with TM and EndMT methods. While treatment of MNCs 

with TGF-β2 during primary passage (EndMT method) to induce the EndMT process did 

not result in significant increases in SS-MNCs, increases of gene expression for 

mesenchymal-associated markers α-SMA and fibroblast-specific protein 1 (FSP-1), and 

corresponding decreases in endothelial cell markers VE-cadherin (p < 0.002) and PECAM-1 

were observed in TGF-β2-treated MNCs in comparison to untreated MNCs (Supplemental 

Fig. 1).

The SS-MNCs derived from the EPC isolation method contained the greatest expansion 

potential in comparison to SS-MNCs isolated by the TM and EndMT methods, as 

demonstrated by a tenfold increase in cell number to over 10 million cells after 8 weeks of 

culture (Fig. 1c). This result indicates the media composition affects the proliferative 

potential of SS-MNCs with endothelial growth media favorable for expansion over basal 

media conditions. The average population doubling time for SS-MNCs using the EPC 

method was 21 ± 5 days (Fig. 1d), which was not significantly different (p = 0.11) from the 

doubling time for the traditional method (47 ± 20 days) or the EndMT method (40 ± 2 days) 

over a culture period of 45 days.

To examine the extent of pericyte phenotype displayed by the SS-MNCs derived from EPC 

isolation methods, we performed immunostaining for the following panel of markers 

expressed by pericytes: PDGFR-β, α-SMA, NG2, and ephrin-B2.2,3,17 Due to the use of 

endothelial cell isolation techniques and growth medium for the expansion of SS-MNCs, we 

sought to demonstrate the unique phenotype of SS-MNCs through immunostaining for VE-

cadherin and corresponding immunostaining for pericyte markers on EPCs. Approximately 

100% of the SS-MNCs expressed PDGFR-β, α-SMA, and NG2 (Fig. 2a). VE-cadherin was 

also expressed in up to 17% of the total SS-MNC population. We observed similar 

expression for PDGFR-β (p = 0.27) and α-SMA (p = 0.56) between SS-MNCs and HVPs 

based on the intensity of fluorescence, evaluated through the integrated pixel density per cell 

(Fig. 2b). SS-MNCs contained significantly lower levels of NG2 expression (p = 0.006) and 

higher levels of ephrin-B2 (p = 0.02) and VE-cadherin (p = 0.007) than HVPs.
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Although the fluorescence intensity of VE-cadherin in SS-MNCs did not significantly differ 

from EPCs (p = 0.18), the pattern of expression was diffuse in contrast to distinct 

localization within adjacent cell– cell contacts seen in EPCs (Fig. 2a). HVPs lacked 

observable VE-cadherin expression. The EPCs contained significantly lower levels of 

PDGFR-β (p = 0.018), NG2 (p = 0.005), and ephrin-B2 (p = 0.004) expression in 

comparison to SS-MNCs. As well, EPC expression for PDGFR-β, NG2, and ephrin-B2 was 

localized near the nucleus, in contrast to the membrane-localized expression patterns 

observed in HVPs and SS-MNCs. Further characterization of EPCs supported their EC 

phenotype based on expression of vWF and eNOS. In addition, flow cytometry analysis 

demonstrated the majority of the EPC population expressed EC markers CD31 (92.1%), 

CD146 (95.9%), CD105 (99.9%), and as well as expression for CD309/VEGFR2 (35.8%). 

In addition, EPCs contained higher amounts of the hematopoietic stem cell marker CD34 

(16.9%) in comparison to HUVECs (3.9%); and lack ofexpression (<0.1%) for the leukocyte 

markers CD45, CD14, and the fibroblast/MSC-associated marker CD90. (Supplemental 

Figs. 2, 3). Therefore, despite the use of EPC isolation techniques, the SS-MNCs are distinct 

from EPCs based on their expression for pericyte-associated proteins PDGFR-β, NG2, and 

ephrin-B2.

SS-MNCs Contain Functional Properties of Mesenchymal Stem Cells and Pericytes

In order to clarify the identity of the spindle-shaped MNCs, we analyzed cell markers and 

functions associated with mesenchymal stem cell (MSC) and pericyte phenotypes. The 

minimum standards for defining MSCs14 include: (1) adherence to plastic (2) surface 

antigen expression positive (>95%) for CD105, CD73, CD90, and negative (<2%) for 

CD45, CD34, HLA-DR, CD19, CD14 and (3) in vitro differentiation towards osteoblasts, 

adipocytes, and chondroblasts demonstrated through von Kossa, Oil Red O, and Alcian blue 

staining, respectively. SS-MNCs could adhere to plastic and were expanded in uncoated 

tissue-culture flasks. SS-MNCs showed positive expression (>98%) for CD73, partial 

expression for CD105 (27%) and CD90 (14.5%), and lack of expression (< 1%) for CD45, 

CD34, HLA-DR, CD19, and CD14 (Fig. 3a). To assess their differentiation potential, we 

cultured SS-MNCs with media formulated for the induction of MSCs towards adipogenic, 

chondrogenic, and osteogenic media. Although the SS-MNCs lacked adipogenic 

differentiation potential, shown by the absence of lipid vacuole formation indicated by Oil 

Red O staining, they were shown to differentiate into osteoblasts and chondroblasts through 

positive von Kossa staining for mineralized matrix and Alcian blue staining for the presence 

of proteoglycans (Fig. 3b). Therefore, the SS-MNCs, while demonstrating mesenchymal-

like function through differentiation towards osteogenic and chondrogenic lineages, are not 

MSCs as defined by the International Society for Stem Cell Research12 due to their lack of 

adipogenic differentiation and surface antigen expression for CD90 and CD105.

To determine whether the SS-MNCs exhibit pericyte function, we employed the use of a 

Matrigel™ in vitro assay.11 After 6 h of plating, SS-MNCs colocalized to EC networks in a 

similar manner as HVPs, at depths up to 100 μm from the gel surface (Fig. 4a). Specifically, 

SS-MNCs demonstrated perivascular localization to HUVEC networks in the same manner 

as HVPs and had no significant differences upon HUVEC total tubule length (p = 0.85) and 

number of branch points (p = 0.96) (Figs. 4b and 4c). To further support the use of cord 
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blood as a single cell source for angiogenesis-based therapies, we also evaluated the network 

formation potential of EPCs in comparison to HUVECs. EPCs showed significantly (p < 

0.0001) higher network formation potential than HUVECs based on a threefold increase in 

total tubule length and near fourfold increase in number of branch points (Figs. 4b and 4c). 

While we observed a decrease in EPC total tubule length and number of branch points in 

SS-MNC cocultures, these inhibitory effects upon EPC network formation were also 

observed with HVPs, as shown through a lack of significant differences between EPC total 

tubule length (p = 0.95) and number of branch points (p = 0.93). In addition, co-cultures of 

EPCs and SS-MNCs were able to form network structures to the same extent as cocultures 

of mature endothelial cells (HUVECs) and pericytes (HVPs) based on similar values for EC 

total tubule length (p = 0.98) and number of branch points (p = 0.99).

Taken together with the MSC and pericyte characterization results, these observations 

suggest SS-MNCs represent a distinct population of vascular progenitor cells that contains 

functional properties of both MSCs and HVPs.

In the Absence of Biologically-Derived Matrix Substrates and Supplemental Growth 
Factors, SS-MNCs, When Combined with SMCs at Low Ratios, Demonstrate Perivascular 
Localization to EPC Networks

While Matrigel™ substrates provide a useful screening assay to assess the angiogenic 

potential of progenitor cells, insights gained from these results were limited to 24 h of 

observation, after which we saw regression of EC networks. As well, the Matrigel™ matrix 

is derived from tumor-basement membrane,22 promoting potential cancer-like vessels. 

Therefore, to further examine the effect of SS-MNCs on EPC network formation, we 

combined SS-MNCs in a tri-culture system with EPCs and SMCs. The SMCs can replace 

the use of biologically-derived matrix substrates to support robust, stable microvessel 

formation of EPCs that closely mimics physiological processes of microvessel formation 

seen in vivo.23,37,39

SS-MNCs added simultaneously to EPCs and SMCs, and examined 9 days after formation 

of tri-cultures, inhibited vessel formation in a concentration-dependent manner, as evidenced 

through a decrease in the number of branch points, average segment length, and angle of 

curvature (Figs. 5a–5c). Tri-cultures containing low amounts of SS-MNCs (below 1:4:4 

EPC:SS-MNC:SMC) enabled the formation of EPC networks that contained perivascular 

localized SS-MNCs. HVPs demonstrated similar perivascular-like localization to EPC 

networks as SS-MNCs at a low HVP: SMC ratio (Supplemental Fig. 4). A tenfold reduction 

in SS-MNC, from 1:1:4 to 1:0.1:4 EPC:SS-MNC:SMC, resulted in extensive connectivity of 

EPC networks shown by a threefold increase in the number of branch points (Figs. 5b and 

5c). These observations indicate SS-MNCs, when placed in tri-culture with SMCs and 

EPCs, may secrete inhibitory factors that prevent EC network formation. The presence of 

SMCs, at several fold higher ratios than SS-MNCs, counteracts this inhibitory effect of SS-

MNCs on EPC network formation without affecting the ability of SS-MNCs to interact with 

EPC networks in a pericyte-like manner.
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SS-MNCs Contain the Potential to Serve as an Angiogenic, Mural Cell Source for the In 
Vitro Formation of EPC Networks

During vascular development, ECs secrete PDGF, recruiting mesenchymal precursor cells to 

stabilize the developing microvessel structure.43 Once contact is established between ECs 

and MSCs, latent TGF-β1 is released, resulting in differentiation of MSCs towards a mural 

cell phenotype that can support microvessel formation by EPCs.16 Although the SS-MNCs 

express mural cell markers, NG2, PDGFR-β, α-SMA, and ephrin-B2; extended coculture 

with EPCs may provide the necessary microenvironmental cues to elicit their pro-angiogenic 

function. To test this hypothesis, we examined the effect of SS-MNCs upon EPC network 

formation for 2 weeks under coculture in vitro conditions that did not contain supplemental 

growth factors, biologically-derived matrix, or additional angiogenic mural cells. We 

compared our findings to EPCs in coculture with mural cell types of SMCs or HVPs. SS-

MNCs appeared to inhibit EPC network formation for the first 6 days of culture, when 

compared to SMC cocultures, as evidenced through the presence of EPC clusters that did not 

elongate to form capillary-like networks (Figs. 6a and 6b). EPCs in coculture with HVPs 

showed similar morphology to SS-MNC cocultures. However, by day 10 of culture, the 

clusters of EPCs present in SS-MNC conditions developed highly connected, mesh-like 

structures of networks not observed with HVP cocultures.

Overlay images of EPCs in cocultures of SMCs, SS-MNCs, or HVPs revealed homogeneous 

distribution of SMCs and SS-MNCs in contrast to HVPs which were localized adjacent to 

EPCs (Fig. 6c). By day 14 of culture, SS-MNC coculture conditions demonstrated a 

significantly higher number of branch points (p < 0.0001) and increased total tubule length 

(p < 0.0001) than HVP coculture conditions. The EPC networks formed in coculture with 

SS-MNCs persisted for at least 18 days (Supplemental Fig. 5). We conclude from these 

observations that SS-MNCs have the potential to act as an angiogenic mural cell source to 

support network formation by EPCs.

EPC Network Formation in SS-MNC Cocultures Can Occur Under Osteogenic Media 
Conditions

While SS-MNCs supported network formation of EPCs, network structures took nearly 

twice as long to develop with SS-MC cocultures than with SMC cocultures. The substitution 

of osteogenic media, in place of basal media conditions, enhances the ability of 

mesenchymal progenitor cells to support EC network formation by increasing the total 

tubule length within 6 days of coculture.36 We hypothesized the addition of osteogenic 

media could also enhance the rate of EPC network formation in SS-MNC cocultures in 

comparison to basal media conditions, which contain no additional growth factors beyond 

those present in serum.

To test our hypothesis, we repeated coculture experiments of SS-MNC and EPCs using 

osteogenic media conditions, which contained, in addition to serum, dexamethasone, β-

glycerophosphatase, and ascorbic acid. We observed no increase in the onset of network 

formation with SS-MNC and EPC cocultures containing osteogenic media (Fig. 7a) in 

comparison to coculture conditions containing basal media with serum (Fig. 6a). However, 

the EPCs in osteogenic media conditions formed 3D nodules containing microvasculature 
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structures (Figs. 7a–7c). The SS-MNCs both surrounded and incorporated into the 3D 

nodules, where they appeared to function as a matrix support to the 3D EPC microvessel 

structures (Fig. 7b). Therefore, while the use of osteogenic media does not enhance the rate 

of EPC network formation in SS-MNCs cocultures, it causes the formation of 3D 

vascularized nodules not seen in EPC monocultures or EPC and SS-MNC cocultures 

utilizing basal media.

Discussion

In this study, we isolated a population of spindle-shaped MNCs from human umbilical cord 

blood that phenotypically resemble pericytes based on their expression of PDGFR-β, α-

SMA, ephrin-B2, NG2, and perivascular localization to EC network structures. Further, 

these SS-MNCs possessed angiogenic mural cell function, shown through their ability to 

support network formation of EPCs under coculture conditions containing minimal 

angiogenic stimulants. Interestingly, we found osteogenic media conditions stimulated the 

development of 3D vascularized-nodules of EPCs in SS-MNC cocultures.

Increasing the isolation success rate and purity of mesenchymal cells from tissues is a major 

focus for regenerative medicine.41 Isolation of MSCs from umbilical cord blood as an 

allogenic cell source is of interest due to their availability and ease of procurement. 

Recently, groups have reported methods to improve the purity of MSCs by using surface 

antigens.4,20 While this approach can yield pure populations of MSCs, the time and cell 

doubling rate required to reach therapeutically-relevant cell numbers can lead to senescent 

cells that no longer possess angiogenic characteristics of MSCs observed at earlier 

passages.13,24,44 In this work, we found a highly proliferative population of MNCs from 

cord blood morphologically resembling pericytes was possible. The lack of difference in 

isolation success rates between TM and EndMT methods was surprising, considering the 

previously reported successes of the EndMT method.26,30,31 A reason for the discrepencies 

between reported SS-MNC isolation success rates from those found in our study may be due 

to our requirements for isolation success which includes the SS-MNCs obtained from a 

single donor to expand in cell numbers of over 10 million cells by 8 weeks of culture. 

Surprisingly, we found pre-coating with collagen I and the use of EGM2 growth factors 

utilized in EPC isolation techniques not only supported SS-MNC attachment but also 

resulted in rapid cell expansion to over 10 million cells in a period of 8 weeks. One 

explanation for this effect is that the presence of growth factors within EGM2-containing 

media, such as VEGF and FGF2, simulate an angiogenic microenvironment that stimulates 

both EPC and pericyte growth.1,3,18 Further investigations are needed to support this 

hypothesis as well as to optimize the media conditions for the isolation and expansion of SS-

MNCs.

Although the SS-MNCs did not meet the minimum criteria to be defined as MSCs,14 they 

demonstrated near 100% expression of pericyte markers PDGFR-β, NG2, α-SMA. The SS-

MNCs also exhibited diffuse VE-cadherin expression, indicating the possibility of an EPC 

origin. The heterogeneous expression of SS-MNCs in our study for both SMC-like (α-SMA) 

and fibroblast-associated (CD90) markers may indicate the potential for fibroblast 

differentiation, impacting their end-use as pericytes in tissue-specific applications such as 
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myogenesis.6 Therefore, characterization of MSC-like cells for pericyte and fibroblast-

associated markers, in addition to in vitro angiogenesis assays assessing their ability to 

function as mural cells, may be the best approach for the selection of these cells in 

angiogenic therapies.

As well, more stringent assays are needed to identify SS-MNCs as true “mural progenitors”, 

such as those previously employed to define EPCs.21 For example, single cell proliferation 

assays and clonogenic capacity, as well as the ability of SS-MNCs to integrate and function 

alongside mural cells in vivo, will help support their mural progenitor cell identity.

While our Matrigel™ assay results indicated a greater sensitivity of EPCs to the addition of 

SS-MNCs than HUVECs, there was no significant difference in the resulting total tubule 

length and number of branch points in comparison to HUVEC and SS-MNC cocultures. 

Inhibitory factors secreted by SS-MNCs to prevent further EPC network formation is 

consistent with the physiological function of pericytes to stabilize nascent microvessel 

structures.1,2 The Matrigel™ matrix is also limited in its ability to offer thorough analysis of 

SS-MNC pericyte function due to the lack of EC network stability we observed after 24 h. 

The immature SS-MNCs may require additional time to differentiate towards a pro-

angiogenic mural cell type, which we observed by 2 weeks of coculture with EPCs based on 

the support of EPC network formation (Fig. 6).

Interestingly, the patterns of EPC clusters observed upon coculture with SS-MNC, and their 

subsequent development into a mesh-like structure of microvascular networks by day 10 of 

coculture, resembles patterns of EPCs observed during vasculogenesis where aggregates of 

EPCs form blood islands that fuse to form primary capillary plexus.1,18 In vivo, the 

development of capillary sprouts from vascular buds is observed after 4 days of 

angiogenesis induction by corneal suture.8 The extended time for EPC network formation 

observed in our study may be explained by the absence of the angiogenic microenvironment 

stimulated during the inflammatory response caused by corneal suture in vivo. Another 

possible explanation for the delayed onset of EPC network formation found in SS-MNC 

cocultures in comparison to SMC cocultures could be due to differences in Angiopoietin-1 

and Tie-2 signaling, critical for the regulation of pericyte and EC interactions.2 There may 

also exist differences in the extracellular matrix composition between SMC and SS-MNC 

cocultures that could affect subsequent EPC network formation. For example, collagen I can 

induce EC capillary morphogenesis whereas laminin-1 can suppress EC activation and 

subsequent microvessel formation.40 To be thorough, an investigation into the contributions 

of different ECM components, as well as the role of their corresponding integrin ligands 

within EPC and SS-MNC coculture systems, should be analyzed in a future study. While 

further investigations are needed to characterize EPCs as undergoing vasculogenesis, the 

cocultures of SS-MNCs and EPCs may provide a novel in vitro model for investigating de 

novo microvessel formation.

An unexpected finding from our study was the difference in angiogenic potential between 

mural cell subtypes HVPs and SMCs. While employing HVPs and SMCs as a positive 

control to evaluate the mural cell potential of SS-MNCs in supporting EPC network 

formation within a minimalist coculture system, we observed HVPs were not able to support 
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EPC network formation over 14 days of coculture in contrast SMCs. Although both 

pericytes and SMCs are included in the class of mural cells1,3,18 their distinct roles in 

supporting EPC microvessel formation are not well understood. Previously reported studies 

demonstrated the ability of HVPs to support angiogenesis of ECs utilized biologically-

derived gels9 or supplemental, angiogenic growth factors.39 Based on our findings, SMCs 

are a more angiogenic mural cell than HVPs due to their ability to sustain EPC network 

formation without additional stimulants provided in the culture media or tissue-culture 

substrate. Although the SS-MNCs were shown in this study to possess characteristics of 

both SMC and HVPs, further characterization in defining mural cells is needed before any 

definitive classifications can be made regarding the identity of SS-MNCs.

Another unanticipated finding from this study was the intriguing formation of 3D 

microvessel structures upon induction of SS-MNC and EPC cocultures within osteogenic 

media. These microvascular structures are similar to results found utilizing human fetal bone 

marrow-derived MSCs in coculture with EPCs.27 In addition, the networks formed using our 

SS-MNC conditions were stable for up to 18 days in culture, an improvement over 

microvasculature formed using fetal-derived MSCs, which regressed by 14 days of 

culture.27

In conclusion, our findings identify an angiogenic population of MNCs that phenotypically 

resemble pericytes and support the formation of microvascular networks from EPCs. The 

results of our study strengthen the use of umbilical cord blood as a single tissue source for 

the isolation of both endothelial and mural progenitor cells to use in microvascular tissue 

engineering applications.
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Refer to Web version on PubMed Central for supplementary material.
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EC Endothelial cell
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blood

EPC Endothelial progenitor cell

HUVEC Human umbilical vein-derived endothelial cell

HVP Human vascular pericyte

MNC Mononuclear cell

MPC Mesenchymal progenitor cell

MSC Mesenchymal stem cell

SMC Smooth muscle cell

SS-MNC Spindle-shaped mononuclear cell

TM Traditional method for isolating MPCs from cord blood
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Figure 1. 
Comparison of isolation methods for obtaining pericyte-like cells from umbilical cord blood. 

(a) Mononuclear cells (MNCs) resulting from traditional (TM), endothelial-to-mesenchymal 

transition (EndMT), and endothelial progenitor cell (EPC) isolation methods. A 

subpopulation of spindle-shaped MNCs (SS-MNCs) were observed in all isolation methods; 

(b) Comparison of the morphology of SS-MNCs, derived using EPC isolation methods, with 

human vascular pericytes (HVPs) at subconfluent and confluent densities. Scale bars equal 

200 μm; (c) The expansion potential of SS-MNCs derived from EPC (n = 3), TM (n = 2), 

and EndMT (n = 2) isolation methods were assessed during the first 60 days in culture. (d) 

Population doubling time (PDT) for SS-MNCs derived using TM, EndMT, and EPC 

isolation methods during the first 45 days of culture. Error bars in panels (d) and (e) indicate 

standard deviation.
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Figure 2. 
Evaluation of SS-MNCs for pericyte phenotype. (a) Representative immunofluorescence 

images comparing expression of pericyte-associated markers PDGFR-β, α-SMA, NG2, and 

ephrin-B2 and endothelial cell marker (VE-cadherin) between HVPs, SS-MNCs, and EPCs. 

Nuclei were counterstained with DAPI (blue). Scale bar equals 100 μm. (b) Quantitative 

comparison of immunofluorescence expression for PDGFR-β, α-SMA, NG2, ephrin-B2, and 

VE-cadherin between HVPs, SS-MNCs, and EPCs assessed by integrated pixel density per 

cell. *p<0.05 in comparison to SS-MNCs, #p<0.05 in comparison to HVPs. Error bars 

indicate standard error of the mean. n = 3 images analyzed per condition. Image area 

analyzed is 0.15 mm2.
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Figure 3. 
Evaluation of SS-MNCs for mesenchymal stem cell phenotype and function. (a) 

Representative histograms depicting SS-MNC surface marker expression though median 

fluorescence intensity (MFI) for CD105, CD73, CD90, CD45, CD34, HLA-DR, CD19, 

CD14 in comparison to mouse IgG isotype control. (b) Representative images of SS-MNCs 

after culture with induction media towards adipogenic, osteogenic, or chondrogenic lineage 

and staining with Oil Red O, von Kossa, or Alcian blue, respectively. Insets represent 

control conditions. Scale bar equals 100 μm.
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Figure 4. 
Evaluation of SS-MNCs for angiogenic pericyte function within a Matrigel™ system. (a) 

Representative images of network formation from 3 independent experiments between 

monocultures and cocultures of SS-MNCs, HVPs, HUVECs, and EPCs upon Matrigel™ 6 h 

after plating. To visualize networks and interactions between cell types, HUVECs and EPCs 

were transduced with tdTomato lentivirus and SS-MNCs and HVPs transduced with GFP. 

Images are 3D projections from a 200-um thick z-stack, taken at 10 μm intervals. Scale bar 

equals 100 μm. (b, c) Quantification of network morphology for total tubule length and 

branch points was performed over an image area of 2.4 mm2. n = 4 images analyzed per 

condition, *p<0.0001.
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Figure 5. 
Evaluation of SS-MNC on EPC network formation when placed in tri-culture with 

angiogenic mural cells. (a) Representative images at day 9 of culture depicting EPCs, 

transduced with tdTomato lentivirus, and SS-MNCs, transduced with GFP lentivirus. SMCs 

are unlabeled.The ratio of SS-MNCs to SMCs was varied while the number of EPCs 

remained constant.Scale bar equals 500 μm. (b) Enlarged representative image depicting 

intimate pericyte-like association of SS-MNCs (green) to EPCs (red) at a 1:1:4 ratio of EPCs 

to SS-MNCs to SMCs. Scale bar equals 200 μm. (c) Quantification of average segment 

length, number of branch points, and angle of curvature for microvessel networks as a 

function of EPC:SS-MNC:SMC ratio in triculture experiments. Image area analyzed is 7 

mm2. n = 4 images analyzed per condition. *statistical significance (p<0.05) against the 

1:16:4 ratio, ˆstatistical significance against the 1:4:4 ratio, #statistical significance against 

the 1:1:4 ratio, &statistical significance against the 1:0.1:4 ratio.
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Figure 6. 
Evaluation of the angiogenic, mural cell function of SS-MNCs through support of EPC 

network formation. (a) Representative images of EPCs transduced with tdTomato lentivirus 

in coculture with SMCs, SS-MNCs, or HVPs over 14 days of culture. Scale bar equals 100 

μm. (b) Quantification of EPC networks for total tubule length and number of branch points. 

*p<0.05, #p<0.05 in comparison to day 10 of SMC coculture, %p<0.05 in comparison to day 

14 of SMC coculture, $p<0.05 in comparison to day 14 of SS-MNC coculture. Image area 

analyzed equals 0.57 mm2. (c) Overlay images of SMCs, SS-MNCs, or HVPs (green) at day 

10 of coculture with EPCs (red). Scale bar equals 200 μm.
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Figure 7. 
Evaluation of osteogenic media conditions to enhance the ability of SS-MNCs to support 

EPC network formation in vitro. (a) Representative images of EPCs transduced with 

tdTomato lentivirus, in monoculture or coculture with SS-MNCs within osteogenic media 

conditions during the first 14 days of culture. Scale bar equals 200 μm. (b) Brightfield and 

fluorescent overlay depicting 3D nodule formation of tdTomato-transduced EPCs in 

coculture with SS-MNCs at day 10 of osteogenic media coculture. Scale bar equals 100 μm. 

(c) 3D EPC microvessel structures after 10 days of coculture with SS-MNCs containing 

osteogenic media. Scale bar equals 100 μm. Image depth equals 75 μm.
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Table 1

Primer sequences for evaluating EPC and MPC identity of MNCs.

Gene Forward primer Reverse primer

PECAM-1 5′-TGA GTC TAG GTC GGGGAG TG-3′ 5′-GAG CAT ATA CTG GTCGCC CC-3′

α-SMA 5′-AGC GAC CCT AAA GCTTCC CA-3′ 5′-CAT AGA GAG ACA GCACCG CC-3′

VE-Cadherin 5′-CGG CTA GGC ATA GCATTG GA-3′ 5′-TGT TGG CCG TGT TATCGT GA-3′

FSP-1 5′-GGT GAA GAA GAT GGGTGG GG-3′ 5′-CTG CAG CCA CCT GGTCTA TT′-3′

18s rRNA 5′-CCG CTT TCT GCC GAGATG CC-3′ 5′-GCT GCC CAA TCC CCGTGT TG-3′
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