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Abstract

The development of stable, functional microvessels remains an important obstacle to overcome for
tissue engineered organs and treatment of ischemia. Endothelial progenitor cells (EPCs) are a
promising cell source for vascular tissue engineering as they are readily obtainable and carry the
potential to differentiate towards all endothelial phenotypes. The aim of this study was to
investigate the ability of human umbilical cord blood-derived EPCs to form vessel-like structures
within a tissue engineering scaffold material, a cell-adhesive and proteolytically degradable
poly(ethylene glycol) (PEG) hydrogel. EPCs in co-culture with angiogenic mural cells were
encapsulated in hydrogel scaffolds by mixing with polymeric precursors and using a mild
photocrosslinking process to form hydrogels with homogeneously dispersed cells. EPCs formed
3D microvessels networks that were stable for at least 30 days in culture, without the need for
supplemental angiogenic growth factors. These 3D EPC microvessels displayed aspects of
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physiological microvasculature with lumen formation, expression of endothelial cell proteins
(connexin 32, VE-cadherin, eNOS), basement membrane formation with collagen 1V and laminin,
perivascular investment of PDGFR-f} and a-SMA positive cells, and EPC quiescence (<1%
proliferating cells) by 2 weeks of co-culture. Our findings demonstrate the development of a
novel, reductionist system that is well-defined and reproducible for studying progenitor cell-driven
microvessel formation.

Introduction

Vascularization remains a key challenge in the field of regenerative medicine due to the
complexity of recapitulating in vivo processes of capillary formation to produce functional,
stable microvasculature [1-2]. In vivo, microvessels are formed from pre-existing
microvessels (angiogenesis) in response to injury, or de novo, during embryonic
development, from endothelial progenitor cells (EPCs) (vasculogenesis) [3-4]. For both
angiogenic and vasculogenic processes, the stages of microvessel formation require the
coordinated actions of cytokine secretion, endothelial cell (EC) migration, lumen formation,
extracellular matrix remodeling, and recruitment of mural cells [3—-4]. Once recruited, the
mural cells, including pericytes and vascular smooth muscle cells (SMCs), form intimate
associations with ECs that provide structural support for nascent capillary vessels and
protect against pathological microvessel growth by promoting quiescence of ECs [5-6].
Developing microvessels can also recruit mesenchymal stem cells (MSCs), which
differentiate to mural cells upon contact with ECs through gap-junction channels [7-8].

One approach to developing microvasculature within tissue engineering scaffolds is to
simulate in vivo microvessel formation conditions in vitro. This is possible through the
combination of ECs and mural cells under pro-angiogenic conditions, such as the inclusion
of vascular endothelial growth factor type A (VEGF-A) in culture media [1-2, 9-10]. A
number of in vivo studies have also demonstrated that pre-formed, tissue engineered
microvessels can anastomose with host vasculature and support perfusion [11-15].
Additionally, microvessels tissue engineered in vitro show promise as a therapeutic device
for the vascularization of ischemic tissues [16].

Before translation of the tissue engineered microvessels to vascularization therapies can
occur, all components of the system, which include vascular cells, biomaterials, and culture
media conditions, must be rendered clinically acceptable. For instance, the use of vascular-
derived ECs requires an invasive isolation procedure for the patient. An alternative,
minimally invasive, source for ECs are EPCs, isolated from the peripheral blood of adults or
umbilical cord blood [17]. These blood-derived EPCs, distinguished from mature ECs by
increased expression of CD34+ and CD133+ hematopoietic progenitor cell markers [18],
have demonstrated encouraging therapeutic potential with participation in
neovascularization of angiogenic sites [19]. ECs derived from umbilical cord blood EPCs
(hCB-EPCs) have extensive expansion potential, yielding near 101°-fold expansion over 100
days of culture. As well, hCB-EPCs can be cryogenically preserved without appreciable loss
in viability of CD34+, CD133+ cells and matched to non-autologous donors through human
leukocyte-antigen (HLA)-typing [20-21]. hCB-EPCs have demonstrated vasculogenic
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activity in vivo after combining with SMCs in Matrigel ™ and injected subcutaneously on the
backs of athymic mice to form lumenized microvessels that perfused within 1 week of
implantation [22]. In comparison to adult peripheral blood-derived EPCs, hCB-EPCs are
more genetically stable, evidenced by their significantly higher telomerase activity [17].
High telomerase activity is correlated with improved vasculogenic potential in vivo [23] and
maintenance of stem cell differentiation potential after long-term expansion in vitro [24].
For these reasons, hCB-EPCs may offer the advantages over other EPC sources of enhanced
in vivo microvessel formation and greater potential to differentiate towards tissue-specific
endothelium. The hCB-EPCs may also provide an easier translational path as an “off-the-
shelf” allogenic EC source than vascular-derived ECs or other potential stem cell sources,
like induced pluripotent stem cells, where differentiation to ECs may be harder to control.

Despite their participation in neovascularization, EPCs require the support of mural cells to
develop and maintain microvessel structures de novo [25-29], as do most types of
differentiated ECs. We have previously shown co-culture of SMCs with ECs results in a
self-sustainable angiogenic microenvironment, conducive for robust, stable microvessel
growth with minimal supplemental growth factors [26—27]. This property is valuable
because the use of supplemental growth factors may not be available upon implantation in
vivo, potentially causing regression of microvessels. In addition, angiogenic cytokines can
interfere with the development of complex, tissue engineered structures by inducing
undesired differentiation of supporting stem and progenitor cells [1]. Tissue engineered
microvessels formed by co-cultures of ECs with SMCs possess lumen and attain EC
quiescence, mimicking aspects of physiological microvessels [27, 29].

Biologically-derived gels, such as Matrigel™ and collagen, have been used in the majority of
studies of 3D EPC and EC microvessel formation [9]. These gels are usually animal-derived,
raising concerns for clinical translation due to immunogenicity issues [30]. In addition, the
composition of the extracellular matrix varies widely across tissues with varying amounts of
structural proteins such as collagen, elastin, and fibronectin [31]. As well, there exist
differences in the composition of bioactive molecules sequestered within the matrix such as
growth factors, cytokines, and matrix proteases [31]. These differences may have a
significant effect on the differentiation of EPCs towards tissue niche-specific
microvasculature. Thus, while the use of biologically-derived gels such as collagen may
offer the appropriate cues to initiate microvessel formation, the lack of control over spatial
and temporal presentation of bioactive cues limits its application for developing niche-
specific tissue microvasculature.

An alternative is the use of bioinspired, synthetic biomaterial systems such as peptide-
modified poly(ethylene glycol) (PEG) hydrogels. PEG hydrogels are highly resistant to
protein adsorption and thus can serve as an essentially inert, “blank slate” into which one
can incorporate biochemical cues to regulate the microvessel formation [32-35].
Specifically, encapsulation of HUVECs and 10T1/2 pericyte progenitor cells within a 3D,
matrix metalloproteinase (MMP)-degradable PEG hydrogel system containing the adhesive
peptide ligand, RGDS, and VEGF supported robust microvessel formation that was stable
for at least 1 month in vitro, contained lumen, demonstrated pericyte-localization, and
basement membrane deposition [11]. MMP-degradable PEG hydrogels containing VEGF

Cell Mol Bioeng. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peters et al.

Page 4

also supported angiogenesis of microvessels invivo [11, 36] and increased the rate of
reperfusion in ischemic tissue [36]. As well, the bioactive molecules within these PEG
hydrogel systems can be patterned to mimic the endogenous microvascular structures, such
as the cerebral cortex, by controlling their crosslinking with two-photon laser scanning
lithography [37].

Incorporation of blood-derived EPCs in favor of vascular-derived ECs within PEG hydrogel
systems can further enhance the ability to engineer niche-specific microvasculature. The
differentiation potential of EPCs, combined with the capacity of PEG hydrogel systems to
mimic endogenous matrices, enables the development of custom modular microvascular
units, which could be incorporated into larger tissue-mimetic constructs, aiding efforts to
develop vascularized tissue-engineered organs. In the present study, we aimed to establish
initial hydrogel and co-culture parameters that support 3D microvessel formation by hCB-
EPCs within a PEG hydrogel-based reductionist system. We assessed our success based on
the following parameters of physiological microvasculature: lumen formation within
microvessels, expression of EC junctional and anti-thrombotic associated proteins, arrest of
continued EPC proliferation, perivascular localization by SMCs, basement membrane
formation, and stability of microvessel structures for at least 1 month in vitro.

Materials & Methods

Isolation of EPCs

Umbilical cord blood was obtained from the Carolina Cord Blood Bank through exempt
status by the Institutional Review Board at Duke University. Cord blood was diluted with
Hank’s Balanced Salt Solution (HBSS) (Gibco®, Life Technologies) at a 1:1 ratio and
carefully layered atop Histopaque-1077 (Sigma-Aldrich) solution. The resulting blood/
HBSS mixture was separated into erythrocyte, mononuclear cell (MNC), and plasma layers
through centrifugation at 740 x g as previously described [17] and plated at 80 x 10°
cells/cm? in 6-well plates coated with 8 ug/cm? of rat tail collagen I (BD Biosciences). EPC
colonies were isolated 2 weeks after initial plating with clonal isolation rings (Corning). To
aid in the isolation of a highly proliferative population of endothelial colony forming cells,
EPCs were expanded from primary culture at <400 cells/cm? upon tissue culture flasks
coated with 8 pug/cm? of rat tail collagen I. EPCs were expanded in EBM-2 media (Lonza)
containing the EGM-2 bullet kit (Lonza) which includes human vascular endothelial growth
factor 165, human basic fibroblastic growth factor (hFGF-B), ascorbic acid, human
epidermal growth factor (hEGF), heparin, hydrocortisone, human insulin-like growth
factor-1, and gentamycin. Fetal bovine serum (FBS, Atlanta Biologics) and penicillin-
streptomycin-amphotericin (abbreviated as penicillin-streptomycin, Invitrogen, 100x
concentration solution containing 10,000 U/ml of penicillin, 10,000 pg/ml of streptomycin,
25 pg/ml of amphotericin) were added at 9% v/v and 0.9% v/v, respectively.

Characterization of EPCs

Endothelial outgrowth cells from EPCs were analyzed using flow cytometry with antibodies
preconjugated to fluorescein isothiocyanate (FITC) or phycoerythrin (PE) for expression of
EC-associated markers CD31 (FITC, Biolegend, 2 pl/10° cells), CD105 (PE, Biolegend, 2
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pl/10° cells), CD146 (FITC, Biolegend, 2 pl/10° cells), CD309/VEGFR-2 (PE, Biolegend, 5
pl/10° cells); hematopoietic stem cell marker CD34 (FITC, Biolegend, 2 pl/10° cells); and
lack of expression for leukocyte markers CD45 (FITC, Biolegend, 2 pl/10° cells), CD115
(PE, Biolegend, 2 ul/105 cells) [17] and an MSC/fibroblast marker, CD90 (FITC, Biolegend,
2 pl/10° cells). Mouse isotype IgG (FITC and PE, Biolegend, 2 pl/10° cells) was used as a
control. Further information on sample preparation can be found in Supplemental
Materials. Positive controls included human monocytes (THP-1, ATCC) for CD14 and
CD45; human macrophages, induced from THP-1 monocytes by treatment with 50 uM 2-
mercaptoethanol, for CD115; HUVECs (Lonza) for CD31, CD105, CD146, CD309; and
human bone marrow-derived MSCs (Lonza) for CD90. EPCs were analyzed with a Canto
analyzer (Becton, Dickinson, and Company (BD)) with a minimum of 9000 events
processed per marker. If the EPCs did not express >90% of CD31 or expressed >1% for
CD115, CD45, or CD90, they were further processed by fluorescently activated cell sorting
(FACS) for CD31+/CD115- populations using a BD DiVa analyzer (BD). EPC populations
containing >90% expression for CD31 and <1% CD115, CD45, CD90 were used for all
experiments.

To further validate the EC identity of hCB-EPCs, we performed immunofluorescence
staining for the EC-associated markers vascular endothelial-cadherin (VE-cadherin, Santa
Cruz Biotechnology (Santa Cruz), goat polyclonal 1gG, 2 pg/ml), von Willebrand factor
(VWEF, Santa Cruz, mouse monoclonal 1gG1, 2 pg/ml), and endothelial nitric oxide synthase
(eNOS, Santa Cruz, rabbit polyclonal IgG, 2 pg/ml). hCB-EPCs were plated onto 8-well
coverglass chamber slides (Nunc™ Lab-tek™, 1.5 borosilicate coverglass, Thermo
Scientific) at 4 x 104 cells/cm? and cultured until confluence. hCB-EPCs were fixed with
4% paraformaldehyde for 10 minutes and incubated overnight at 4°C with 3.5% bovine
serum albumin (BSA, Fisher BioReagents™) diluted in phosphate buffered saline (PBS) that
did not contain calcium or magnesium (Invitrogen). The cultures were then rinsed with PBS
and incubated with primary antibodies described above in 3.5% BSA, all at concentrations
of 2 ug/ml, and incubated overnight at 4°C. Samples were then rinsed twice (2 hr per rinse)
with PBS containing 0.01% Tween 20 (Sigma-Aldrich) and once with PBS. The cells were
next incubated with 10 pug/ml of secondary antibodies conjugated to Alexa Fluor® 488
(Invitrogen, donkey anti-goat 1gG, for VE-cadherin), Alexa Fluor® 555 (Invitrogen, donkey
anti-mouse 1gG, for vVWF), or Alexa Fluor® 647 (Invitrogen, donkey anti-rabbit 1gG, for
eNOS) overnight at 4°C. To visualize nuclei, the samples were rinsed with PBS and then
stained with 5 pg/ml of 4/,6-diamidino-2-phenylindole (DAPI, Life Technologies) for 1 hr.
The samples were rinsed a final time with PBS for 2 hr. Images were taken on a Leica Sp5
confocal microscope at 40x magnification with a numerical aperture of 1.25. The images
were collected at 1024 x 1024 pixels with a line and frame scanning average of 2. Sequential
scanning was performed to prevent bleed-through of fluorescence. A depth of 12 pm was
taken with 1 pm slices for each image.

To characterize network formation potential of hCB-EPCs, we used a Matrigel ™ network
formation assay (Standard formulation, Corning) as previously described [38]. hCB-EPCs or
HUVECs (passage 3), were plated at 4x10° cells/cm? atop 10 pl Matrigel aliquots within
micro-slides for angiogenesis assays (u—Slides Angiogenesis, ibidi). The media consisted of
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EBM-2 containing 2% v/v FBS and 1% v/v penicillin streptomycin without the addition of
the EGM-2 bullet kit. Images were taken 18-19 hrs post-plating with an Axiovert 135
inverted microscope (Zeiss) under phase-contrast, and quantified using ImageJ software to
assess the number of branch points and total vessel segment length. A branch point was
defined as the point of connection between two or more segments. A segment was defined
as elongated EC structures, greater than 50 um in length and between 10-100 pm in
thickness.

After validation of their EC phenotype, hCB-EPCs were expanded on collagen-1 coated
tissue culture flasks (8 pg/cm?) at 6.7 x 103 cells/cm? in EBM-2 media containing EGM-2
supplements, 9% v/v FBS, and 0.9% v/v penicillin-streptomycin. hCB-EPCs from a
minimum of 3 separate donors were used between passages 3-5 for all experiments.
HUVECs from pooled donors served as an angiogenic EC control [39-40]. HUVECs were
cultured in EBM-2 media containing EGM-2 supplements, 2% v/v FBS, and 1% v/v
penicillin-streptomycin. HUVECs were plated at 6.7 x 103 cells/cm? upon tissue culture
flasks pre-coated with 8 ug/cm? of collagen | and used between passages 3-5 for all
experiments. Human monocytes, used as flow cytometry controls for CD14 and CD115,
were cultured in RPMI 1640 media containing glucose, L-glutamine, 10% v/v of FBS, 1%
v/v penicillin-streptomycin, and 50 uM 2-mercaptoethanol. To induce macrophage
differentiation, phorbol myristate acetate (Santa Cruz) was added to the monocyte culture
media at a concentration of 320 nM, and added to monocytes (1.33 x 104 cells/cm?) for 48
hr. Human bone marrow-derived MSCs (Lonza), used as a CD90 positive control in flow
cytometry analysis, were cultured in DMEM media containing 4.5 g/L glucose, L-glutamine,
sodium pyruvate, 10% v/v FBS and 1% v/v penicillin-streptomycin. Human aortic smooth
muscle cells (SMCs) (Lonza) were used as a mural cell source to support microvessel
formation of HUVECSs and hCB-EPCs [22, 25-29]. SMCs were cultured in SmBM media
(Lonza) containing SmMGM-2 aliquots (insulin, hFGF-B, hEGF, Lonza) and 4.7% v/v FBS,
0.9% v/v penicillin-streptomycin. SMCs were confirmed for mural cell phenotype [6]
through immunofluorescence staining for a-SMA (Abcam, mouse monoclonal 19G2a, 1:100
dilution), calponin (Abcam. rabbit monoclonal IgG, 1:100 dilution), PDGFR-f (Santa Cruz,
rabbit polyclonal 1gG, 1:100 dilution), and ephrin-B2 (Abcam, rabbit polyclonal 1gG, 1:100
dilution) using a protocol identical to EPC characterization. SMCs were used between
passages 6-9 for all experiments.

2D Network Formation Assay

To aid in visualization of microvessel formation, cells were transduced with fluorescent
proteins using a lentiviral system comprised of packaging vectors psPAX2 (Addgene) and
PMD2G (Addgene) [26]. The vector FUGW was used for GFP expression. FU tdTomato.W
was also produced by replacing the GFP gene in FUGW through simple ligation as
previously described [26]. We have shown previously that transduction of hCB-EPCs by
these lentiviruses does not affect their network formation potential [27, 38].

EPCs or HUVECs were mixed with SMCs at a 1:4 ratio and seeded atop uncoated, 8-well
chambers [26-27, 38]. The total cell number was 1.28 x 10° cells/cm?2. Co-culture media
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consisted of EBM-2 media containing 9% v/v FBS and 0.9% v/v penicillin-streptomycin.
The resulting capillary-like networks were imaged with an Axiovert 135 microscope (Zeiss)
at 7 and 14 days after initial plating using red and FITC filters (excitation/emission 546/590
and 450/515, respectively). The networks were quantified using Metamorph® Angiogenesis
Tube Formation Application software (Molecular Devices) for total tube length, number of
branch points, and average tube thickness. The maximum and minimum width for an
endothelial segment to be considered as a microvessel structure was determined by manual
adjustment until the range of maximum and minimum values could accurately account for
networks within all images. The minimum width was 13.1 pm and the maximum width 100
pm.

RGDS Conjugation to PEG

RGDS (American Peptide) was dissolved in anhydrous dimethyl sulfoxide (DMSO, Sigma)
and reacted with acrylate-PEG-succinimidyl valerate (Acryl-PEG-SVA, 3.4 kDa, Laysan
Bio), at a 2:1 molar ratio of RGDS to Acryl-PEG-SVA, as previously described [41] (Figure
1A). N,N-diisopropylethylamine (DIPEA, Sigma), added at a 2:1 molar ratio DIPEA to
Acryl-PEG-SVA, served as a base. The solution was reacted under argon with rocking.
Acryl-PEG-RGDS was purified through dialysis with a 3.5 kDa molecular weight cut-off
(MWCO) regenerated cellulose membrane (Spectra/Por®7, Spectrum Labs) against
ultrapure water, lyophilized, and analyzed using gel permeation chromatography (GPC)
(Polymer Laboratories). To prepare for GPC analysis, samples were dissolved in 0.1%
ammonium acetate in N,N-Dimethylformamide (DMF, Sigma) at a concentration of 2
mg/ml, pumped through a polystyrene/divinylbenzene matrix (PLgel column, 5 pm porosity,
500 A pore size, Polymer Laboratories), and analyzed with an evaporative light scattering
(ELS) detector. Conjugation success of RGDS was based on separation of elution peaks
between Acryl-PEG-RGDS and Acryl-PEG-SVA. Products with >88% conjugation were
used for experiments. The molecular weight of Acryl-PEG-RGDS was near its expected
value of 3718 Da, determined through matrix-assisted laser desorption ionization mass
spectrometry (Applied Biosystems, DE-Pro Maldi-MS).

MMP-Sensitive Peptide (PQ) Synthesis and Conjugation to PEG

An MMP-2 and -9-sensitive peptide sequence GGGPQG/IWGQGK (abbreviated as “PQ”,
where | denotes the cleavage site) [40], was synthesized using an automated peptide
synthesizer (Apex 396, Aapptec) via standard Fmoc chemistry. The final product was
cleaved from resin with 95% trifluoroacetic acid and 2.5% triisopropysilane and precipitated
in ether. The resulting peptide was dried under vacuum for 1-2 days and its expected
molecular weight of 1141 Da confirmed through Maldi-MS.

The PQ peptide was dissolved in anhydrous DMSO (Sigma) and reacted with 3.4 kDa
Acryl-PEG-SVA at 1 to 2.1 molar ratio under identical methods as RGDS conjugation to
PEG. The lysine group on the PQ peptide enabled conjugation with Acryl-PEG on both the
N- and C-terminus to form Acryl-PEG-PQ-PEG-Acryl (abbreviated “PEG-PQ”) as depicted
in Figure 1B. The PEG-PQ polymer was purified through dialysis against a 3.5 kDa MWCO
regenerated cellulose membrane with ultrapure water over 48 hr with 4 changes of water,
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spaced a minimum of 2 hr apart. The purified product was lyophilized and analyzed by GPC
as described above. Products with >90% conjugation were used for experiments.

Preparation and Characterization of PEG-PQ + PEG-RGDS Hydrogels

Glass coverslips (12 mm round, no. 1.5, Piranha etched) were first modified with
methacrylate groups by reaction with 85 mM 3-(trimethoxysilyl)propyl methacrylate in
ethanol for 48 hr to enable attachment of the hydrogels to glass coverslips for easier
handling. Hydrogels were formed by dissolving PEG-PQ in PBS (20% w/v) and PEG-
RGDS in PBS (5% wi/v). The polymer solutions were sterilized by filtration through a 0.22
um syringe filter and combined with a sterilized photoinitiator solution (0.11 M
triethanolamine (TeOA) with 0.02 mM eosin Y, and 9.4 M 1-vinyl-2 pyrrolidinone (NVP)
[43] for final concentrations of 6 mM PQ, 3.5 mM RGDS, 50 mM TeOA, 10 uM eosin Y,
and 31.7 nM NVP. The polymer solution was pipetted in 5 pl droplets on a Sigmacoted glass
slide with 380 um-thick poly(dimethylsiloxane) (PDMS) spacers. A methacrylate-modified
coverslip was placed atop the polymer droplet and clamped to the spacers. Hydrogels were
formed by exposure to white light at 120 mW/cm? for 40 s (Fiber-lite high intensity
illuminator, series 180, Dolan-Jenner Industries, Inc.). The coverslips with the covalently
bound hydrogels were transferred to ultra-low adhesion 24-well plates (Corning) and
allowed to swell in PBS for a minimum of 8 hr at 37°C before characterization studies.

The mechanical properties of the hydrogels was assessed through compression testing with
the Micro-strain analyzer (TA Instruments RSA I11) under the Transient, Multiple Extension
Mode. Hydrogels were formed using 1 mm thick PDMS spacers and compressed at a rate of
0.002 mm/s. The compressive moduli was obtained from the slope of the linear part of the
stress-strain curve.

3D hCB-EPC Network Formation Assay

Co-cultures of EPCs or HUVECs with SMCs were encapsulated within the PEG-PQ
hydrogel system by resuspending cell pellets containing 4:1, 1:1, or 1:4 EPC or EC to SMC
within the pre-polymer solution described above, at a total cell density of 30 x 10° cells/ml
(Figure 1C). A monoculture of EPCs at the same density as the 4:1 EC to SMC (24 x 108
ECs/ml) served as a control for the effects of the mural cells. The cell-laden hydrogels were
placed into 24-well ultra-low adhesion plates (Corning) and supplemented with co-culture
media. Media was changed within 24 hr of encapsulation and every 48 hr thereafter.

To visualize microvascular structures within the hydrogels, GFP and tomato-transduced
HUVEC or EPC microvessels were assessed 14 days after encapsulation with a multiphoton
confocal microscope (Olympus FVV1000 Multiphoton). Images were taken using a 25x
objective (numerical aperture 1.05) at 150 um depth with 0.8 um sections, 1024 x 1024
pixels, line and frame average of 4, and scan speed of 2 us/pixel. To quantify microvessel
formation, hydrogels containing GFP and tomato-transduced HUVECs or EPCs were
imaged at 7, 14, and 30 days post-encapsulation with an inverted confocal microscope
(Leica DMI6000CS). Images were taken at 10x objective (numerical aperture of 0.4), 60 um
depth from the hydrogel surface with 5 um thick sections, 1024 x 1024 pixels, with a line
and frame average of 2. The images were compiled using Imaris software (Bitplane) and
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analyzed with Metamorph® Angiogenesis Tube Formation Application software for total
tube length, number of branch points, and average tube thickness using minimum and
maximum tube thickness parameters of 10 um and 100 pum, respectively.

Proliferation Assay

hCB-EPC proliferation within 3D networks was measured at 7, 14, and 22 days after
encapsulation through the incorporation of 5-ethynyl-2’-deoxyuridine (EdU) into the DNA
of dividing cells (Click-iT® Plus EdU Alexa Fluor® imaging kit, Life Technologies). This
imaging kit is compatible with cells that express or are labeled with fluorescent molecules,
allowing discrimination between proliferating cells within microvascular networks or
behaving as individual cells within 3D co-cultures. At each time point, EAU was added to
hydrogels by replacing half of the cell culture media with EdU labeling solution at a final
concentration of 10 uM. After 2 hr of incubation at 37°C with 5% CO,, the cell-laden
hydrogels were fixed with 4% v/v formaldehyde (Electron Microscopy Sciences), diluted in
PBS, for 15 minutes, rinsed twice with 3% w/v BSA in PBS, and then cells permeabilized
for 20 min with 0.5% v/v Triton-X in PBS. The EdU was detected through incubation of
samples for 30 min with the Click-iT® EdU buffer which contained picolyl azide
functionalized with Alexa Fluor® 488 dye, which reacts with the EdU alkyne group. To
detect all nuclei, the samples were rinsed with 3% BSA and incubated with Hoescht® 33342
for 30 min. Samples were imaged with an inverted confocal microscope (Leica) under
identical conditions as described for the 3D network quantification. Sequential scanning was
performed to prevent bleed-through between channels. The images were compiled in Imaris
software (Bitplane) and analyzed in 387.5 pm x 387.5 um sections with the cell counter tool
in ImageJ software.

3D hCB-EPC networks were further characterized for aspects of physiological microvessel
formation through immunofluorescent staining after 14 days of culture. Samples were fixed
in 3.7% formaldehyde for 10 min, rinsed twice with PBS, and permeabilized with 0.025%
v/v Triton-X in PBS for 45 min on a rocker at low speed. The samples were rinsed with
3.5% w/v BSA in PBS for 5 min on the rocker for a total of 3 rinse cycles. The samples
were incubated with 3.5% BSA overnight to help reduce nonspecific binding of antibodies.
The samples were incubated with the following primary antibodies, diluted with 3.5% BSA,
for 48 hr at 4°C on a rocker at low speed: VE-cadherin (Santa Cruz, goat polyclonal 1gG, 2
pg/ml), connexin 32 (Abcam, rabbit polyclonal 1gG, 10 pg/ml), eNOS (Santa Cruz, rabbit
polyclonal 1gG, 2 pg/ml), PDGFR-$ (Santa Cruz, rabbit polyclonal 1gG, 2 pg/ml), a-SMA
(Abcam, mouse monoclonal 1gG2a, 1:100 dilution), collagen IV (Abcam, mouse
monoclonal 1gG1, 1:200 dilution), laminin (Abcam, rabbit polyclonal 1gG, 1:200 dilution).
Samples were rinsed twice with PBS containing 0.01% Tween (Tween® 20, Sigma-Aldrich)
and once with PBS. Each rinse cycle lasted a minimum of 4 hr at 4°C on a rocker at low
speed. The samples were incubated with secondary antibodies labeled with Alexa Fluor®
488, 555, or 647 (Invitrogen) corresponding to the appropriate host species for the primary
antibodies, as described above, at 1:200 dilution for 48 hr at 4°C on a rocker at low speed.
To visualize nuclei, the samples were rinsed with PBS before incubation with 5 ug/ml of
DAPI (Life Technologies) for 1 hr. The samples were rinsed a final time with PBS for 2 hr
and stored in PBS before imaging.
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Images were taken on a Leica Sp5 confocal microscope using either 40x (numerical aperture
of 1.25) or 63x (numerical aperture of 1.20) objectives. The images were collected at 1024 x
1024 pixels with a line and frame scanning average between 2—6. Sequential scanning was
employed to prevent overlap of fluorescence signals. Image depths up to 30 um were taken
with < 1 um section thicknesses.

Statistical analysis on network formation potential of hCB-EPCs in comparison to HUVECs
was performed for the Matrigel™ assay using a one-factor analysis of variance (ANOVA)
followed by a post-hoc Tukey honest significant difference (HSD) test. The co-culture
network formation assay used a two-factor ANOVA followed by a post-hoc Tukey HSD test
to examine the effect of EC type and culture period on microvessel formation. The effect of
co-culture ratio, EC type, and culture period on 3D microvessel formation within PEG
hydrogels was performed with a three-factor ANOV A followed by a post-hoc Tukey HSD
test for multiple comparisons. Differences in hCB-EPC proliferation within hydrogels over
time was determined with a one-factor ANOVA, followed by a post-hoc Tukey HSD test.
JMP® statistics software (SAS) was used for all analysis.

Blood-derived EPCs possess similar phenotype and network formation potential as
vascular-derived ECs

Prior to study of microvessel formation within the PEG hydrogels, hCB-EPCs were
characterized for EC phenotype and network formation potential. HUVECSs have angiogenic
potential in vivo and in vitro [39-40], rendering them an appropriate EC type for comparison
in this study. We tested the hypothesis that blood-derived EPCs possessed similar EC
phenotype and angiogenic potential as HUVECs by comparing EC protein expression,
evaluated with flow cytometry, immunofluorescence, and network formation assays,
respectively.

We found hCB-EPCs possessed similar phenotype as HUVECs based on expression of
surface antigens associated with ECs (>90% positive for CD31, CD105, CD146, >30%
positive for VEGFR2) (Supplemental Figure 1). The hCB-EPCs also contained
hematopoietic progenitor cell marker expression (>10% positive for CD34), and lacked
expression of leukocyte-associated markers (<1% for CD45, CD115) MSC/fibroblast-
associated marker (<1% for CD90). In addition, hCB-EPCs showed similar expression as
HUVECs for EC-associated proteins VE-cadherin, vVWF, and eNOS (Figure 2A). hCB-EPCs
displayed similar potential to form microvessel structures as HUVECs based on the lack of
significant differences in total tubule length (p=0.40) of networks formed upon Matrigel ™
substrates (Figure 2B—C). We also employed a second network formation assay, utilizing
angiogenic mural cells in place of the Matrigel ™ substrate [38] (Figure 3). This assay
enables observation of microvessel formation within a more physiological setting than
Matrigel ™ assay and extends the observation period from 24 h to over two weeks of culture
[26-27, 38]. The SMCs were confirmed for use as a mural cell source through their
expression of a-SMA, calponin, PDGFR-f, and ephrin-B2 (Supplemental Figure 2). By 2
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weeks of co-culture, the hCB-EPC networks had significantly greater total tubule length
(p=0.03) and connectivity, demonstrated through number of branch points (p=0.006) than
HUVEC networks (Figure 3A-C). The average tubule thickness was similar for both
HUVECs and EPCs (p=0.66).

MMP-sensitive PEG Hydrogels Support 3D Microvessel Formation by hCB-EPCs

Extension of EPC microvessel formation into a 3D hydrogel scaffold could provide a more
biomimetic environment and represent a potentially clinically translatable system. Matrix
metalloproteinases (MMPs) are the key proteins for degrading the ECM during
angiogenesis, regulating microvessel formation by uncovering new ECM adhesive sites that
activate ECs towards an angiogenic phenotype, as well as creating protease byproducts that
can inhibit angiogenesis [44-46]. We investigated the ability of PEG hydrogels containing
an MMP-sensitive peptide sequence and RGDS to provide the appropriate degradative and
adhesive cues to support 3D microvessel formation by hCB-EPCs in co-culture with SMCs.
We synthesized and incorporated an MMP2 and 9-sensitive peptide sequence,
GGGPQG/IWGQGK (abbreviated as “PQ™) [42], into PEG by reacting the PQ peptide with
Acryl-PEG-SVA (Figure 1B). The product has a PEG-acrylate added to the N-terminus and
to the amine group on the lysine at the C-terminus, generating a PEG-diacrylate derivative
that can be crosslinked to form a hydrogel. PEG-RGDS is grafted into this hydrogel on a
PEG-monoacrylate chain to allow optimal interaction with cell surface receptors. The
resulting hydrogels contained 3.5 mM PEG-RGDS and 6 mM PEG-PQ, with a compressive
modulus of 18 £ 5 kPa. ECs and SMCs were resuspended in the polymer solution and
encapsulated within the hydrogel through cross-linking of PEG-PQ chains upon exposure to
visible light in the presence of cytocompatible photoinitiators (Figure 1C).

Intermediate Co-Culture Ratios of hCB-EPCs to SMCs Favor 3D Microvessel Formation

Forming microvessels within a 3D system is more complex than 2D systems because it
requires the additional step of cell-mediated gel degradation to enable cell spreading,
migration, and ECM deposition. Thus, different EC to SMC ratios may be required for
microvessel formation in the 3D system than the 1:4 ratio previously employed in 2D
systems [26-27, 38]. We tested EC to SMC ratios of 4:1, 1:1, and 1:4, keeping total cell
number constant, and evaluated effects on microvessel morphology by comparing total
tubule length, branch points, and average tubule thickness during the first 14 days of culture.
The synthetic hydrogel system supported microvessel formation by hCB-EPCs, as well as
HUVECs, when combined with SMCs by two weeks of culture (Figure 4A). The majority of
microvessel structures resulting from HUVECs and hCB-EPCs were found within 50 um-
depths from the gel surface, with microvessel invasion extending at least 150 um from the
surface (Supplemental Figure 3A). An EC to SMC co-culture ratio of 1:1 best supported
microvessel formation by hCB-EPCs, determined by significantly higher total tubule lengths
than the 1:4 (p=0.0003) and 4:1 (p=0.0004) ratios after 14 days of culture (Figure 4A). The
presence of SMCs was required to support EC microvessel formation within the 3D
synthetic hydrogel systems, inferred by the lack of microvessels formed in hCB-EPC
monoculture controls (Supplemental Figure 3B—C), which is consistent with previous
findings [26-27, 38]. hCB-EPC microvessels were also more connected in the 1:1 co-culture
ratio shown by significantly higher amounts of branch points than the 1:4 (p=0.002) and 4:1
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(p=0.006) ratios (Figure 4B). hCB-EPC microvessel structures in the 1:1 ratio were stable,
indicated by a lack of significant decreases in total tubule length (p=0.79) between days 7
and 14 of culture. A similar trend was observed with microvessel formation by HUVECs
(Figure 4A-B). The morphology of hCB-EPC microvessels was similar to that of HUVEC
microvessels, by 2 weeks of culture, at the 1:1 co-culture ratio, based on a lack of significant
differences in total tubule length (p=1.00), branch points (p=1.00), and average tubule
thickness (p=0.06). Increasing the EC to SMC ratio to 4:1 resulted in clustering of ECs
rather than microvessel formation (Figure 4A). HUVECs were able to form microvessels at
all EC:SMC ratios tested. While there existed some clusters of HUVECS in the 4:1 ratio co-
culture condition, there was evidence of microvessel formation, with no significant
differences observed in total tubule length (p > 0.22), number of branch points (p > 0.73), or
average tubule thickness (p > 0.99) in comparison to the 1:1 and 1:4 ratios, by 14 days of
culture. The hCB-EPC microvessels were observable for at least 30 days of in vitro culture
(Supplemental Figure 3D). Taken together, these observations demonstrate that 3D PEG
hydrogels containing an MMP-sensitive peptide and RGDS can support robust formation of
stable hCB-EPC microvessels from co-culture with SMCs.

hCB-EPC Microvessels Formed within Synthetic Hydrogels In Vitro Contain Features of In
Vivo Physiological Microvasculature

To prepare for anastomosis with the host circulatory system, tissue engineered microvessels
must contain lumen and express junctional proteins associated with maintaining
permeability and anti-thrombotic function of the vasculature [47]. As well, the microvessels
should demonstrate features of physiological, rather than pathological, microvessel
formation by arrest of hCB-EPC proliferation after initial network formation, perivascular
localization of mural cells, and the presence of basement membrane adjacent to
microvascular structures [48-49].

We characterized the hCB-EPC microvasculature structures for these aspects of
physiological microvessel formation and found evidence of lumen formation by day 12 of
co-culture, shown through cross-sectional images of microvessels containing hollow,
circular structures lined with VE-cadherin positive cells in (Figure 5A). In addition to VE-
cadherin, an adherens junctional protein critical to maintaining EC permeability [50], the
hCB-EPC microvessels also expressed the gap-junctional protein connexin 32, (Figure 5B)
an important component to EC intercellular communication and tube formation [51-52]. As
well, the hCB-EPC microvessels expressed eNOS (Figure 5C), which helps prevent
thrombosis by discouraging platelet adhesion [53].

To evaluate proliferation of hCB-EPCs within microvessels, we added a thymidine analog
that incorporates into the DNA of dividing cells, fluorescently-labeled 5-ethynyl-2’-
deoxyuridine (EdU), at 7, 14, and 22 days after encapsulation. hCB-EPCs showed a
significant decrease in proliferation (p=0.0002), assessed by number of EdU positive cells,
between days 7 (5.8%) and 14 (0.5%) of co-culture with SMCs (Figure 6A-B). This
quiescent state of hCB-EPCs within microvessel structures was maintained through 22 days
of culture with an average of 0.1% proliferating cells. Providing further evidence of a stable
microvascular phenotype, perivascular localization by a-SMA and PDGFR-f3 expressing
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cells, presumably SMCs, as well as deposition of basement membrane proteins laminin and
collagen 1V was seen adjacent to the hCB-EPC microvessel structures by two weeks of co-
culture (Figure 5C-D). These findings indicate PEG hydrogel systems can support 3D
microvessel formation by hCB-EPCs and SMC co-cultures that are representative of
physiological microvasculature.

Discussion

Endothelial progenitor cells (EPCs) are capable of differentiating into all endothelium types
found within the body [54-55]. The use of EPCs derived from umbilical cord blood (hCB-
EPCs) [56] could provide significant advances to pro-angiogenic therapies and serve as an
EC source to vascularize tissue engineered organs in vitro. Development of these pre-
vascularized structures in vitro could also provide novel insights into mechanisms of
vasculogenesis by EPCs. Vasculogenesis of EPCs occurs within a fibronectin-rich
provisional matrix that is degradable by cell-secreted MMPs [57-58]. Embryonic
mechanical properties, estimated from the chick embryo between days 5.5 and 17 of
development, exhibit elastic moduli on the order of 10 kPa [59]. In this study, we evaluated
whether synthetic hydrogels comprised of PEG conjugated to bioactive peptides could
provide adhesive and degradative cues, similar to those found within the embryonic matrix,
to support 3D vasculogenesis of EPCs. To test this aim, we utilized a PEG hydrogel system
containing covalently-attached cell adhesive and MMP-degradable peptides, which can
support microvessel formation by vascular-derived ECs [11]. Due to the need for mural cells
to support EPC microvessel formation [11, 33, 35, 60], we utilized a previously established
co-culture system of hCB-EPCs and vascular SMCs [26-27, 35], which can produce robust
microvessels stable for several weeks in vitro, without the need for exogenous angiogenic
cytokines beyond those present in serum. We found that PEG hydrogels with a modulus of
18 kPa containing 3.5 mM RGDS and 6 mM of the MMP-sensitive peptide,
GGGPQG/IWGQGK, could support 3D microvessel formation by hCB-EPCs from a 1:1
co-culture ratio with SMCs by 1 week of culture (Figure 4). The hCB-EPCs showed
characteristics of physiological microvessels through the presence of lumen, quiescence
(<0.1% proliferating cells) of hCB-EPCs within microvascular structures by 2 weeks of
culture, expression of gap junctional protein connexin 32, adherens junctional protein VE-
cadherin, and eNOS (Figure 6).

hCB-EPC microvessel formation within a synthetic 3D system has been studied for the past
decade [25, 61], beginning with work from Bischoff and colleagues [25] that found polymer
constructs composed of poly(L-lactide acid) (PLLA) and poly(glycolic acid) (PGA) support
microvessel formation by hCB-EPCs by 2 weeks of co-culture with SMCs. The hCB-EPCs
formed lumenized microvessels, demonstrated by CD31+ staining, throughout the 1 mm-
thick PLLA/PGA construct [25]. While these results offered a novel translatable system to
tissue engineer microvasculature, with greater consistency and safety than biologically-
derived gels, the disadvantage with PLLA/PGA scaffold materials is that it interacts with
cells solely through adsorbed proteins. The use of PEG-based hydrogels may be a more
suitable scaffold system for microvessel tissue engineering due to their potential to
dynamically regulate microvessel formation through the release of multiple bioactive
peptides. For example, furan containing dexamethasone can undergo sustained release
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within a malemide-PEG hydrogel system via a Diels-Alder mediated reaction. When this
system is encapsulated within a 3D MSC-laden PEG hydrogel construct, it can serve as a
delivery depot, inducing osteogenic differentiation of the surrounding MSCs [62]. These
PEG-based technologies would be useful for engineering tissue-specific vascular niches, for
example, the bone vascular niche, where spatially-controlled release of angiogenic and
osteogenic cytokines may aid in the production of a vascular network well-integrated with
osteoblasts.

While these reports demonstrate the exciting potential of synthetic hydrogels to mimic the
angiogenic matrix, the incorporation of multiple growth factors will become increasingly
complex due to the need of regulating their presentation in a time and space-dependent
manner [4, 10]. The results of our study demonstrate a simplistic PEG hydrogel system,
containing only degradative and adhesive sites, could enable a self-supportive angiogenic
microenvironment produced by vascular progenitor cells. This type of positive-control
system can be utilized to screen for the efficacy of more sophisticated PEG hydrogel
systems to regulate microvessel formation.

The MMP-sensitive peptide sequence used in this study was derived from substitution of the
alanine peptide in the native a1(l) collagen chain oligopeptide, GPQGJIAGQ, with
tryptophan (GPQGJIWGQ), which significantly enhances its degradation rate by MMP2
and 9 [63]. This peptide has been incorporated into synthetic PEG-based hydrogel systems
to support 3D growth by fibroblasts, HUVECs, and MSCs [11, 42—-43]. Based on the results
of this study, we found 6 mM of this MMP-sensitive peptide conjugated to PEG and
incorporated with 3.5 mM of RGDS conjugated to PEG, supports microvessel formation of
EPCs within mural cell co-culture. Despite the change from a 2D to a 3D system, the co-
culture system of hCB-EPCs and SMCs generated microvessels that were similar in
structure, evidenced by network morphology parameters of total tubule length per image
area (averages near 12 mm/mm? for both 2D and 3D systems), branch points per image area
(averages near 103/mm? for 2D and 127/mm? for 3D), and average segment diameter
(averages near 35 pm for 2D and 27 um for 3D) [26-27, 37]. Based on the results of the
monoculture of EPCs (Supplemental Figure 3B), the adhesive and protease-sensitive
peptides incorporated into PEG do not stimulate microvessel formation, indicating the
hydrogel in this study serves a passive role to support interactions of mural cells with EPCs.

The optimal ratio of ECs to stromal cells that supports microvessel formation within PEG-
based hydrogels varies among studies from 10:1 to 1:1 [11, 33-34, 64]. We found a 4:1 ratio
of ECs to SMCs decreased microvessel formation in comparison to 1:1 ratios, with hCB-
EPCs showing more sensitivity to co-culture ratios than HUVECs (Figure 4). Differences in
the choice of stromal cells, which include fibroblasts, MSCs, pericytes, and SMCs as well as
the composition of culture media, may explain these discrepancies. For example, MSCs best
support EC microvessel ratio at ratios greater than 4:1 EC to MSC [33, 65] with pericytes
and 10T1/2 mesenchymal progenitor cells also support microvessels at the higher 4:1 EC to
stromal cell ratio [11]. In contrast, fibroblasts derived from the human lung and SMCs are
most frequently reported to support 3D microvessel formation at 1:1 ratios of ECs to mural
cells [34, 64]. As well, the addition of supplemental growth factors in the culture media,
such as bFGF and VEGF, may alter the balance of angiogenic cytokines needed to regulate
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microvessel formation [54]. A comparison of stromal cell effects on EC microvessel
formation under basal media conditions, containing no additional growth factors beyond
those present in serum, would assist efforts to reveal the mechanism behind these
differences.

One explanation for the ability of HUVECs to form microvessels at all co-culture ratios
tested within the 3D hydrogel system in comparison to hCB-EPCs, which only formed
microvessels at the 1:1 co-culture ratio, is their microenvironment prior to use in
microvessel tissue engineering. The HUVECs function as part of the vasculature, with
exposure to blood flow. In contrast, the EPCs are presumed as circulatory cells, with
possible origins in the vasa vasorum [66]. These differences in the location of HUVECSs and
EPCs prior to isolation may allow HUVECs to possess a more differentiated EC phenotype
than the EPCs. Perhaps preconditioning the EPCs prior to use in microvessel tissue
engineering by exposure to flow could differentiate EPCs towards angiogenic ECs by
upregulating the expression of EC proteins associated with angiogenic function.

Although the cells were dispersed throughout the gel at the time of encapsulation, the
majority of microvessel growth was limited to the first 50 um from the gel surface, most
likely due to the greater availability of oxygen. Future work testing the mechanical
properties of the cell-laden gels throughout the culture period could help characterize this
system to determine whether the onset of microvessel formation is correlated with a
decrease in the hydrogel’s elastic modulus. The thin layer of vascularization is a limitation
to our model of EPC microvessel formation (Supplemental Figure 3A). However, this
limitation may be overcome by adjusting parameters of the hydrogel and the co-culture. For
example, HUVECs and SMCs demonstrated microvessel invasion to depths of at least 1 mm
[64]. The reasons for these discrepancies in microvessel invasion depth may be explained by
the several fold higher density of cells used in our study as well as the homogeneous cell
distribution within the gel at the beginning of culture, rather than the use of spheroid
aggregates that are inserted into the bulk hydrogel [64]. As well, the elastic modulus of the
hydrogel was 2.13 kPa [64], significantly lower than the elastic modulus of the hydrogel
used in our study, which was near 18 kPa. Future work utilizing softer hydrogels and
varying seeding density and method of co-culture could result in a thick (>200 um)
vascularized construct, more suitable for translation research with hCB-EPCs.

Applications for this 3D microvessel system include screening drugs for angiogenic
therapies, with an emphasis on reducing off-target consequences by comparing drug effects
on physiological microvessels to effects on pathological microvessel formation [67]. In
addition, this system can serve as a positive control to validate novel biomaterial strategies
for directing EPC microvessel formation. Specifically, strategies to promote EPC
differentiation towards tissue-specific endothelium. This model could also help stem cell
biologists working to integrate iPSCs, or other stem cell sources into microvessels by
screening the candidate stem cell’s ability to support EPC microvessel formation in
comparison to SMCs [26, 38].
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Conclusion

The results of this study provide initial parameters to construct PEG-based hydrogels that
support EPC microvessel formation. Our system serves as a starting point for the design of
custom hydrogels that can support diverse microvascular tissue engineering applications.
Future studies may examine alternative forms of adhesive and protease-sensitive peptides to
enable EPC network formation from co-culture with parenchymal-specific cells. This novel,
reductionist system can also be used to elucidate mechanisms of vasculogenesis by
progenitor cells.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of 3D PEG hydrogel system to support EPC microvessel formation
(A) Overview of acryl-PEG-RGDS (PEG-RGDS) synthesis. (B) An MMP-sensitive peptide

sequence (PQ) was incorporated into PEG diacrylate (PEGDA) through reaction with Acryl-
PEG-SVA at a 1 to 2.1 molar ratio to form Acryl-PEG-PQ-PEG-Acryl (PEG-PQ). (C) Co-
cultures of ECs with SMCs were mixed with PEG-PQ, PEG-RGDS, and polymerization
components eosin Y, triethanolamine, and 1-vinyl-2 pyrrolidinone. Hydrogels were formed
from the mixture by exposure under visible light at 120 m\W/cm? for 40s.
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Figure 2. Characterization of umbilical cord blood-derived endothelial progenitor cells (hCB-
EPCs)

(A) EPCs demonstrate similar expression for VE-cadherin, von Willebrand factor (VWF),
and endothelial nitric oxide synthase (eNOS) as human umbilical vein-derived endothelial
cells (HUVECS). Nuclei were counterstained with DAPI. Scale bar equals 50 pm. (B)
Representative images of network formation by EPCs and HUVECs upon Matrigel ™
substrates, 18-19 hours post-plating. Scale bar equals 250 um. (C) Comparison of total
segment length from Matrigel™ assays between EPCs and HUVECs. Image area analyzed is
2.3 mmZ2. n=5 images analyzed per condition.

Cell Mol Bioeng. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Peters et al. Page 22

(@)

O 3

(TT] &)
A=
L
©

0 >

S O

= <

- =)
i

C mm EPC mm HUVEC
10000 . . 80 ; y

T *

=

g 8000 - 2

2 £<

S 6000} e

K] £ ©

3 E eE

ST 4000f =

Fa @ g

£ 200}

-

0
Day 7 Day 14 Day 7 Day 14

60 T T

4t

201

per Image Area

Average Tubule Thickness (um)

Day 7 Day 14

Figure 3. Comparison of network formation by hCB-EPCs and HUVECs upon co-culture with
mural cells

(A) Representative images of network formation by fluorescent protein-transduced hCB-
EPCs (EPCs) and HUVECS in co-culture with SMCs (not visible) at 7 and 14 days after
plating tissue-culture treated glass. Scale bar = 200 um. (B) Representative images of SMCs
(green) in co-culture with hCB-EPCs and HUVECS (red) after 14 days of culture. Scale bar
=200 pm. (C) Quantitative analysis of EPC and HUVEC network morphology during the
first 14 days of culture assessed through total tubule length, branch points, and average
tubule thickness. * indicates significant difference, p < 0.05. n=5-6 images analyzed per
condition from 2 separate experiments. Image area analyzed is 0.57 mm? per image.
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Figure 4. Effect of EC:SM C co-culture ratio upon 3D microvessel formation within a synthetic
hydrogel system

(A) Representative images of microvessel formation from GFP-transduced HUVECs and
hCB-EPCs (EPCs) in 4:1, 1:1, and 1:4 co-culture with SMCs (not visible) during the first 2
weeks of culture. Images were taken within a 50-um depth from the gel surface. Scale bar
equals 250 um. (B) Quantification for differences in total tubule length, branch points, and
average tubule thickness in microvessels formed by varying co-culture ratios and use of
EPCs or HUVECs at days 7 and 14 of culture. Conditions not connected by the same letter
are significantly different. n=4-5 images analyzed per condition from a minimum of 2
separate experiments. Image area analyzed is 2.4 mm?.
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Figure 5. hCB-EPCswithin 3D microvessels form lumen and express proteins associated with
maintaining permeability and anti-thrombotic function

(A) Representative cross-sectional hCB-EPC microvessels, immunostained with VE-
cadherin (green), formed after 12 days of co-culture with SMCs. Nuclei are indicated by
(DAPI) (blue). Scale bar, located on the bottom left corner, equals 10 pm. (B)
Representative image hCB-EPC microvessels after 14 days of co-culture with SMCs
depicting expression of connexin 32 gap junction (Cyan) between two adjacent hCB-EPCs,
identified through VE-cadherin expression (red). Nuclei are depicted through incorporation
of DAPI. Scale bar equals 200 pum for the image and 20 um for the inset. (C) Representative
images depicting the expression of eNOS localized the hCB-EPC microvessels, formed after
14 days of co-culture with SMCs. Nuclei are shown through incorporation of DAPI. Scale
bar equals 100 pm
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Figure 6. hCB-EPCsin microvesselsarrest proliferation by 2 weeks of co-culture with SMCs,
contain pericyte investment and basement membrane

(A) Representative images of EdU assay analysis on during the first 22 days of hCB-EPC
microvessel formation. EAU (green, indicated by white arrows) was incorporated into the
DNA of cells and distinguished between cell types with tomato fluorescent protein-
transduced hCB-EPCs in co-culture with SMCs (not visible). Nuclei are indicated through
DAPI (blue). Scale bar equals 200 um. (B) Quantitative results for hCB-EPC proliferation
from the EdU assay. * indicates p <0.05. n=3 images analyzed per time point. (C)
Representative images of hCB-EPC microvessels, after 14 days of co-culture with SMCs,
immunostained for pericyte investment based upon expression of a-SMA (cyan), PDGFR-3
(green) adjacent to microvessel structures (VE-cadherin, red). Nuclei are indicated with
DAPI. Scale bar equals 50 um. (D) Representative images of hCB-EPC microvessels, after
14 days of co-culture with SMCs, immunostained for the presence of basement membrane
based upon expression of laminin (green) and collagen 1V (cyan) protein deposition adjacent
to microvessel structures (VE-cadherin, red). Nuclei are indicated with DAPI. Scale bar
equals 100 pm.
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