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abstract

Vascular tissue engineering aims at creating self-renewing, anti-thrombogenic, vascular 
grafts which can be based on endothelial progenitor cells (EPC). EPC harbor essential 
features, such as plasticity and longevity. Unfortunately, the archetype CD34+ EPC is rare 
in peripheral blood. Monocytes, i.e. CD14+ cells also have the ability to differentiate into 
endothelial-like cells and are by far more abundant in peripheral blood than are CD34+ 
EPC. Therefore, CD14+ cells would seem appropriate candidates for tissue engineering of 
small-diameter blood vessels. In this study, we investigated the differentiation of CD14+ 
cells on three biodegradable biomaterials under angiogenic conditions. Morphological 
analyses, gene transcript analyses, endothelial marker (i.e. VE-Cadherin and eNOS) and 
macrophage marker (i.e. CD68 and CD163) expression analyses, revealed that a small 
fraction (15-25%) of cultured CD14+ cells differentiated into macrophages after 21 days of 
culture. The majority of CD14+ cells (>75%) differentiated into endothelial-like cells (ELC) on 
all biomaterials used. The expression of endothelial markers was similar to their expression 
on HUVEC. Since CD14+ cells are present in high numbers in adult peripheral blood, easy 
to isolate and because they easily differentiate into ELC on biomaterials, we conclude that 
CD14+ cells are a suitable cell source for progenitor-based vascular tissue engineering.

introduction

Cardiovascular disease (e.g. coronary artery disease and peripheral artery disease) 
is the leading cause of mortality in the industrialized nations (www.who.org). Most 
common treatments are anti-thrombogenic, and anti-atherosclerotic therapies, 
surgical replacement of affected blood vessels and bypass surgery for treatment of 
coronary artery disease,. For replacement surgery, the use of autologous vessels is 
the gold standard, however many patients lack suitable vessels due to prior use or 
poor graft quality. In these patients, synthetic prostheses are used. Synthetic non-
degradable polymers (e.g. pTFE) are applied successfully for replacement of large-
diameter vessels. However, synthetic small-diameter (ID ≤ 6 mm) replacement vessels 
occlude thereby causing prosthetic failure [27;66]. 

The ideal small-diameter anti-thrombogenic replacement vessel would consist 
of a biodegradable scaffold (biomaterial) that is, on the luminal side, covered with 
biologically active endothelial cells (EC), in the middle layer covered with vascular 
smooth muscle cells (SMC), and has an outer fibroblast layer. The biomaterial ideally 
would support cell adhesion, cell function and growth, while degradation of the 
biomaterial, together with the generation of a new basal lamina by the EC and SMC, 
would convert the implantable vessel into a fully functional native vessel in vivo. 
However, a major limitation in the development of small-diameter vessels has been 
the application of autologous vascular EC. These EC are terminally differentiated and 
thus have a definite life-span. This may cause premature vessel dysfunction due to 
detachment of EC which causes coagulation. A more primitive source of EC would 
therefore be preferable for vascular tissue engineering [67-69]. 

Asahara et al. described the isolation of putative endothelial progenitor cells (EPC) 
from human peripheral blood mononuclear cells (MNC) [46]. The use of undifferentiated 
progenitor cells with a strong capacity to proliferate in small-diameter blood vessel 
tissue engineering (BVTE) could facilitate the engineering of an adaptive small-
diameter blood vessel that is anti-thrombogenic and grows and remodels over time. 

The CD34+ hematopoietic stem cell is often referred to as the archetype EPC, because 
it can contribute to the repair of vascular damage in vivo [70-72]. Recently, it has been 
shown that CD14+ cells can also differentiate into an endothelial phenotype in vitro 
[73-76]. Because the CD14+ cells are far more frequent in peripheral blood than CD34+ 
cells (10-20% versus 0.01-0.1% of the mononuclear cell fraction, respectively), CD14+ cells 
would seem more appropriate candidates for small-diameter BVTE. However, CD14+ 
cells are better known for their capacity to differentiate into macrophages in vitro and 
in vivo, also on biomaterials. As yet, it is unknown whether purified CD14+ cells can also 
acquire an endothelial cell-like phenotype (ELC) when cultured on biomaterials under 
angiogenic conditions.

In the current study we investigated the differentiation of CD14+ cells into ELC 
on three different degradable biomaterials under angiogenic culture conditions (i.e. 
EndoCult™ Medium) in time. Novel supramolecular biomaterials based on ureido-
pyrimidinone (UPy) end-functionalized oligocaprolactone (PCLdiUPy) with and 
without UPy-modified GRGDS-peptides (PCLdiUPy/UPy-GRGDS) [77;78], as well as 
oligocaprolactone-based polyurethane (PU) [79], are non-toxic, non-immunogenic, 
and biodegradable. Comparison of these three materials can therefore give valuable 
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information concerning material design and cellular behavior. To assay differentiation, 
reverse transcriptase PCR and immunofluorescence microscopy analysis for expression 
of endothelial cell markers eNOS and VE-Cadherin (CD144), and macrophage markers 
CD68 and CD163 were performed. Second, since cell-matrix adhesion, cell cycle 
control, cell survival, and endothelial differentiation is integrin dependent [80;81], we 
examined the expression of endothelial cell-related integrins α5β1 and αvβ3.

materials and methods

preparation of polymer films

The UPy-modified oligocaprolactone (PCLdiUPy; Mn = 2100 g/mol), as well as 
the UPy-GRGDS peptide (UPy-GRGDS) were synthesized as described by Folmer and 
Dankers et al. [77;82]. The polymer films were prepared according to the following 
procedure. A PCLdiUPy solution in THF was drop cast on glass coverslips, after which 
the polymer films were dried at 37°C (PCLdiUPy). The bioactive polymer-peptide film 
was prepared by subsequent drop casting of the peptide solution (4 mol%) on the 
dried polymer film. The bioactive film was dried at 37°C. Additionally, 50 μL THF was 
put on the polymer-peptide film, which was dried at 37°C again. All blends on the glass 
cover slips were dried in vacuo for 2-3 days at 35-40°C. The samples were sterilized 
under UV for at least 3 hours, prior to use. Synthesis of the oligocaprolactone-based 
polyurethane (PU; Mn(PCL) = 1600 g/mol) was performed as described previously 
[79]. Coverslips were prepared by dissolving PU in dioxane at 80°C for 2 hours. The 
polymer solution was cast on Thermanox® coverslips (Nunc Brand Products, Roskilde, 
Denmark) and the films were dried overnight at room temperature. The PU films were 
placed in a Soxhlet extraction apparatus utilizing hexane as the extraction solvent in 
order to extract low molecular weight compounds. After 15 hours of extraction, the 
films were dried in vacuo for 12h at 40°C. After casting of the polymers, fibronectin 
(Fn) coating was performed. In short, coverslips were incubated with 1% recombinant 
human fibronectin (Sigma, MO) in PBS at room temperature for one hour. Thereafter, 
fibronectin was fixed using a 0.5% glutaraldehyde (GA) solution at room temperature 
for 15 minutes. Incubation was followed by extensive washing with culture medium to 
remove remaining GA.

cell isolation and culture

Human umbilical vein endothelial cells (HUVEC) were a kind gift from Prof. Dr. G. 
Molema (Dept. Med. Biol., UMC, Groningen, The Netherlands). Mononuclear cells (MNC) 
were isolated from buffy coats obtained from healthy donors (Sanquin, Groningen, 
The Netherlands) using density gradient centrifugation on lymphoprep (Nycomed 
Pharma, Norway). Monocytic cells (i.e. CD14+ cells) were isolated by magnetic bead 
separation. Briefly, 1•107 MNC were labeled with 20 μL MACS MicroBeads (Miltenyi 
Biotec, Germany)  and incubated in a volume of 80 μL PBS supplemented with 0.5% 
fetal calf serum (FCS) and 2 mM EDTA on ice for 15 min. Cells were washed with buffer 

and resuspended in 500 μL PBS. The cell suspension was separated on a LS+/VS+ 
column placed in a strong magnetic field. CD14+ cells were retained in the column, 
washed extensively, and flushed out with buffer after removal of the column from the 
magnet. Aliquots of 1•106 cells were labeled with PE-conjugated mAb to human CD14 
and with Fluorescein-conjugated mAb to human CD34 (both 1:10 in 2% BSA/PBS; IQ 
Products, The Netherlands) on ice for 15 min. Flow cytometric analysis revealed an 
average purity of 95.4 ± 3.9% (n = 4) for isolated CD14+ cells. HUVEC (30 000 cells/
cm2) and CD14+ cells (150 000 cells/cm2) were seeded on Thermanox® coverslips coated 
with polymer and 1% fibronectin. Control coverslips were coated with 1% fibronectin 
only. Cells were cultured in EndoCult™ Medium supplemented with 20% FCS (StemCell 
Technologies Inc., Canada). Medium was refreshed every 3rd day, and non-attached 
cells were removed from culture at day 7.

analysis of cell adhesion and growth

After 24h, 3 and 7 days of cell culture, non-adherent cells were removed by extensive 
washing with PBS. Subsequently, cells were fixed in 2% paraformaldehyde (PFA) in PBS 
at room temperature for 15 min. Fixed cells were stained with mAb to human Ki67 
(Monosan, The Netherlands) as noted below. Slides were mounted in Citifluor AP1 
(Agar Scientific, UK) and examined by immunofluorescence microscopy using a Leica 
DMRXA microscope and Leica Software (Leica Microsystems, Germany).  

rna isolation and rt-pcr

At day 0, 3, and 21, total RNA was isolated from approximately 150 000 cells using 
the Absolutely RNA Microprep Kit (Stratagene, TX), in accordance to the manufacturers’ 
protocol. In short, a lysate was made of 150 000 CD14+ cells and diluted with an equal 
volume of ethanol (70%). RNA was collected on an RNA binding filter by centrifugation. 
DNase treatment was performed by incubation with a DNase I solution at 37°C for 15 
min. The RNA binding filter was washed twice and subsequently the RNA was eluted 
with 30 µl Elution Buffer. The RNA concentration and purity were determined by 
spectrophotometry (NanoDrop Technologies, NC). All relative absorbencies, A260/280 
and A260/230, were ≥ 1.8 [83]. Additionally, RNA integrity was confirmed by agarose gel 
electrophoresis. For RT-PCR analysis, total RNA was reverse transcribed using the First 

Table 1. RT-PCR primer sets.

Gene Sense Primer Antisense Primer
Product 

Size

VE-Cadherin
eNOS
CD68
CD163

Integrin α5

Integrin β1

Integrin αv

Integrin β3

GAPDH

5’-GTTCACCTTCTGCGAGGATA-3’
5’-CATGTTTGTCTGCGGCGATG-3’
5’-AACGTCACAGTTCATCCAAC-3’
5’-ACGGAAATGAGTCAGCTCTC-3’
5’-CCTCCCAATTTCAGACTCCC-3’

5’-GTGCAAATCCCACAACACTG-3’
5’-AGATGTTGGGCCAGTTGTTC-3’
5’-GGCCTGTTCTTCTATGGGTT-3’

5’-CTGCCGTCTAGAAAAACCTG-3’

5’-GTAGCTGGTGGTGTCCATCT-3’
5’-AAAGCTCTGGGTGCGTATGC-3’
5’-CACGTGTAGTCTCCAATGGT-3’
5’-GTGTCCAAATCCCTTACTGG-3’
5’-ACAAGGGTCCTTCACAGTGC-3’

5’-TTTCAATAGTCCAGGAAGAAAAGG-3’
5’-CAAGATCCCGCTTAGTGATG-3’
5’-GTGGGAGTGTCTGTACCCTG-3’
5’-GTCCAGGGGTCTTACTCCTT-3’

225 bp
205 bp
224 bp
296 bp
205 bp
262 bp
278 bp
220 bp
282 bp

GAPDH = Glyceraldehyde-3-phosphate dehydrogenase; bp = base pairs
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Strand cDNA synthesis kit (Fermentas, Lithuania). In summary, 100 ng of total RNA was 
diluted in a final reaction volume of 20 μL containing (dT)18 primer (0.5 μg), RiboLock™ 
Ribonuclease Inhibitor (20U), 1 mM dNTP mix, and incubated at 37°C for 1 hour. The 
reverse transcription reaction was terminated by heating the mixture to 70°C for 10 
min, after which the samples were placed on ice. 2 μL cDNA was used as template 
for amplification. PCR was performed in a final reaction volume of 25 μL, consisting 
of 0.25 mM dNTP mix, 1.5 mM MgCl2, 2 μM primer-mix (Table 1), and 1U Taq DNA 
Polymerase. PCR reactions were performed at 94°C for 30 s, 57°C for 45 s, 72°C for 1 
min, for 35 cycles. Amplimers were separated in a 2% agarose gel and stained with 0.5 
μg/mL ethidium bromide after electrophoresis. Amplifier intensity was determined 
using densitometry (Bio-Rad Laboratories, CA). Gene expression was normalized for 
GAPDH-expression and for gene expression by HUVEC.

immunofluorescence microscopy

Endothelial cell differentiation by CD14+ cells harvested at day 3, 7, and 21 was 
quantified after immunofluorescent staining. The cells were washed twice with PBS and 
fixed in 2% PFA in PBS at room temperature for 15 min. Fixed cells were permeabilized 
in 0.5% Triton X-100 (Sigma, MO) in PBS at room temperature for 3 min.  Non-specific 
binding-sites were blocked with 2% bovine serum albumin (BSA) in PBS for 20 min. Cells 
were incubated in a primary antibody-cocktail diluted in 1% BSA/PBS containing DAPI 
(1:5 000) at room temperature for 1 hour. The primary antibody-cocktail consisted of 
either (1) rabbit-anti-human eNOS (1:70) (BD Biosciences Pharmingen, CA), and mouse-
anti-human integrin αvβ3 (1:70) (Chemicon International Inc., CA), (2) rabbit-anti-human 
VE-Cadherin (CD144) (Acris Antibodies GmbH, Germany), and mouse-anti-human 
integrin α5β1 (Chemicon International Inc., Temecula, CA), (3) mouse-anti-human CD68 
(Dako Cytomation, Denmark), rabbit-anti-human VE-Cadherin (all 1:100 unless noted 
otherwise), (4) mouse-anti-human CD163 (1:50; Santa Cruz Biotechnology Inc., CA), or 
(5) rabbit-anti-human Ki67 (1:250; Nova Castra Laboratories, UK). After three washes 
with 1% BSA/PBS, cells were incubated with a secondary antibody-cocktail diluted in 
1% BSA/PBS at room temperature for 30 min. The secondary antibody-cocktail was 
constituted of Cy5-conjugated donkey-anti-rabbit IgG, and/or Texas RedX-conjugated 
donkey-anti-mouse IgG (all 1:100 in 1% BSA/PBS) (all Jackson ImmunoResearch 
Europe Ltd., UK). Then the cells were washed three times in 1% BSA/PBS and twice 
in PBS. Slides were mounted in Citifluor AP1 (Agar Scientific, UK) and examined by 
immunofluorescence microscopy using a Leica DMRXA microscope and Leica Software 
(Leica Microsystems, Germany) or FACS analysis (BD Biosciences, CA).  

statistical analysis

Results are presented as means ± standard error of the mean of at least three 
independent experiments. Statistical analysis was performed by two-way repeated-
measures ANOVA followed by Bonferroni post hoc analysis. Values of P < 0.05 were 
considered to be statistically significant.

D
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Figure 1. HUVEC culture on biomaterials. HUVEC were cultured on three different biomaterials and on Fn-coated 
coverslips as control. At day 3, HUVEC were adhered on all biomaterials and spread to form spindle-shaped 
cells (A-D, double arrowheads). At day 7, HUVEC cultures reached about 60-70% confluence (E, G and H) on all 
biomaterials except on PU. HUVEC cultured on PU reached a confluence of 20-30% at day 7 (F).

results

cell isolation and culture

On average 10.5 ± 0.5•107 (n=4) human CD14+ cells were isolated from 0.5 L buffy 
coats obtained from healthy donors using immunomagnetic separation. FACS analysis, 
with fluorescent antibody to CD14, revealed an average purity of 95.4 ± 3.9% (n=4). 
Analysis of the forward and side scatter indicated that the purified cell population 
was homogenously sized (data not shown). Of the isolated CD14+ cells, 1.45 ± 0.31% 
showed co-expression of the progenitor cell marker CD34.

Seeded CD14+ cells, and HUVEC as a control, were cultured on three different 
biomaterials; (1) PCLdiUPy, (2) PCLdiUPy/UPy-GRGDS, (3) PU, and on fibronectin-coated 
coverslips, in medium that supported endothelial cell differentiation. By day 3, HUVEC 
had firmly adhered to all materials and had spread out over the biomaterials forming 
spindle-shaped cells. However, the cellular density on PU was lower compared to the 
cellular density on PCLdiUPy, PCLdiUPy/UPy-GRGDS and fibronectin (Figures 1A-D, 
double arrowheads). By day 7, all but the HUVEC cultures on PU, reached 60-70 % 
confluence (Figures 1E-H). HUVEC cultures on PU reached 20-30% at day 7 (Figure 1F). 
In contrast to HUVEC, CD14+ cells were adhered on the biomaterials at day 3 but did 
not spread. By then, the number of cells that adhered to PCLdiUPy, and PCLdiUPy/UPy-
GRGDS (Figures 2I & M respectively) tended to be higher as compared to cells adhered 
on fibronectin, and PU (p < 0.10; Figures 2A, E & R). At day 7, endothelial-like cells (ELC) 
appeared on the fibronectin-coated coverslips as well as on the biomaterials (Figures 
2B, F, J & N). Adherent cells were heterogeneous in morphology, and the number of 
ELC (i.e. spindle-shaped) increased during culture. At day 14, cells with macrophage-
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Figure 2. CD14+ cell differentiation on biomaterials. CD14+ cells were cultured on three different biomaterials, 
PCLdiUPy (I-L), PCLdiUPy/UPy-GRGDS (M-P) and PU (E-H). Fibronectin coated coverslips (A-D) were used as 
controls. At day 3 of culture, CD14+ cells formed small aggregates (A, I, and M) on all materials except on PU 
(E). From these aggregates, cells with an endothelial morphology (i.e. spindle-shaped cells) originated (double 
arrowheads; B, F, J and N). By day 14, cells with a macrophage morphology appeared in all cell cultures (arrows), 
resulting in giant cell formation (multi-nucleated cells; insert H). Degradation of the PCLdiUPy/UPy-GRGDS was 
observed as early as day 3 and continued throughout culture (white arrows (M-P)). Cell adhesion was analyzed 
by immunofluorescent microscopy. Nuclei of adherent cells were stained with DAPI (Q) and quantified (R). At day 
7, average seeding efficiency was 8.8-23.3%.

like morphology (MLC) (i.e. large, round cells) started to appear in all cultures (Figures 
2C, G, K, & M, arrows). MLC survived in culture and fused to form multi-nucleated giant-
cells between day 14 and 21 on all materials (inset Figure 2 H). Proliferation of cells was 
not observed at any time point by Ki67 staining.

The degradable biomaterials used in our culture experiment were designed for 
future use in tissue engineering of small-diameter blood vessels in vitro. Therefore, 
these biomaterials were considered to be capable of maintaining cells in culture. At 
day 3 of culturing, adhesion of cells tended to be higher on the bioactive polymer film 
(PCLdiUPy/UPy-GRGDS) compared to the fibronectin-controls and PU (Figures 2A, E & 
M). Overall seeding efficiency varied between 8.8 and 23.3%. We noted that morphology 
of the polymers varied greatly during the 21-day cell culture. Only PCLdiUPy was not 
visibly affected during this period. PU, initially nontransparent, became transparent 
around day 14 of cell culture. The change in transparency could be partially explained 
by the melting of crystalline PCL-part during the cell culture study, performed at 37°C 
[84]. Morphologically distinct degradation was observed with PCLdiUPy/UPy-GRGDS. 
From day 3 on, the polymer-peptide film seemed to disintegrate (Figures 2M-P, white 
arrows). Degradation of the PCLdiUPy/UPy-GRGDS was associated with detachment 
of cells. 

transcriptome analysis

Gene expression of endothelial cell markers VE-Cadherin and eNOS was low 
or absent on freshly isolated CD14+ cells (Figure 3A). Cell culture of these cells in 
angiogenic culture medium initially resulted in upregulation of VE-Cadherin and 
eNOS in all cultures tested (Figures 3B-E). With the exception of CD14+ cells cultured 
on fibronectin-coated coverslips, VE-Cadherin and eNOS expression levels were even 
more elevated at day 21. The most significant increase in VE-Cadherin and eNOS 
expression levels was seen between day 3 and day 21. Expression of VE-Cadherin and 
eNOS reached their maximum at day 21 in all cultures except for the cultures on Fn-
coated coverslips and PCLdiUPy. Under these conditions, day 21 eNOS expression levels 
were lower compared to day 3 expression levels of the same cell cultures. In all cultures 
tested, VE-Cadherin and eNOS expression reached similar or higher expression levels 
as compared HUVEC expression levels (Figures 3B-E).

CD68 expression levels also increased significantly in all cell cultures. Surprisingly, 
CD68 expression was also observed in HUVEC control cultures. Freshly isolated 
CD14+ cells show low expression of CD68, but starting at day 3, expression of CD68 is 
upregulated and maximizes at day 21. Downregulation of CD68 expression was only 
observed in CD14+ cells cultured on PU. CD68 expression in CD14+ cells cultures was 
higher (on all materials, on all time points) as CD68 expression in HUVEC. To further 
elucidate the presence of macrophages in day 21 cultures, RT-PCR was performed for 
CD163 (Figure 5A). Gene expression of CD163 was absent on HUVEC. 

Expression of the integrin monomers α5, β1, αv and β3 was absent on freshly isolated 
CD14+ cells, but increased during cell culture. Upregulation of integrin subunit α5, β1 and 
αv started at day 3 of culture, while expression of integrin subunit β3 was only observed 
after 21 days of culturing. Gene expression by CD14+ cells cultured on PU seemed 
lower than expression observed by CD14+ cells cultured on PCLdiUPy, PCLdiUPy/
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Figure 3. Transcriptome analysis of freshly isolated and cultured CD14+ cells. Representative photographs of 
three agarose gels (A). Endothelial marker expression as well as integrin expression by freshly isolated CD14+ 
cells is low or absent. However, expression levels are elevated during cell culturing. Expression patterns did 
not differ between cells cultured on Fn or on degradable biomaterials. To quantify gene expression levels, 
densitometric analysis was performed. Expression levels were calculated from three-independent experiments 
and corrected for GAPDH and HUVEC expression levels (dotted line). Starting at day three (grey bars) an increase 
in expression of endothelial cell markers can be observed on all materials (B-E). Expression of VE-Cadherin and 
eNOS continued to increase in CD14+ cells cultured on PCLdiUPy/UPy-GRGDS and PU until day 21 (Black bars). 
Expression of macrophage marker CD68 is highly upregulated in all cell cultures. Integrin expression was almost 
absent on freshly isolated CD14+ cells, but increased over time.

UPy-GRGDS and fibronectin controls. Expression of all integrins was highest at day 21, 
where expression levels were comparable to HUVEC. Addition of UPy-GRGDS peptide 
to the PCLdiUPy did not result in any changes in integrin expression level as compared 
to PCLdiUPy (Figures 3 D & E).

protein analysis

To complement the gene transcript analysis, immunofluorescence analysis of 
cultured CD14+ cells was performed. Freshly isolated CD14+ cells did not show protein 
expression of VE-Cadherin; however cultured CD14+ cells expressed VE-Cadherin 
(CD144) on all biomaterials throughout the culture period. By day 3, between 
16.5-31.5% of the cultured CD14+ cells expressed VE-Cadherin (Figures 4D-G) at a 
molecular density comparable to HUVEC (Figures 4H-K). The number of cells that 
expressed VE-Cadherin increased during cell culture. By day 21, the number of cells 
expressing VE-Cadherin (88.5-96.0% of the cultured CD14+ cells) was similar to the 
number of VE-Cadherin expressing HUVEC (Figures 4D-G). Remarkably, by day 7 the 
molecular density of VE-Cadherin on CD14+-derived cells cultured on PCLdiUPy or 
Fn was significantly higher (p < 0.001) than the molecular density of VE-Cadherin on 
HUVEC. By day 21, the molecular density of VE-Cadherin was 3-9 times higher (p < 
0.001) on cultured CD14+ cells on all biomaterials tested than on HUVEC (Figures 4H-K). 
With the exception of CD14+ cells cultured on PU, neither the number of cells staining 
positive for VE-Cadherin, nor the molecular density of VE-Cadherin varied between 
the different biomaterials and the different time points. On day 21, molecular density 
of VE-Cadherin on CD14+ cells cultured on PU was higher than the molecular density 
of VE-Cadherin on CD14+ cells cultured on PCLdiUPy and PCLdiUPy/UPy-GRGDS (p < 
0.001).

Freshly isolated CD14+ cells lacked detectable eNOS protein, but eNOS protein 
appeared during cell culture. By day 3, 3.0-18.5% of all cultured CD14+ cells expressed 
eNOS protein (Figures 4D-G). By then, the molecular density of eNOS protein in cells 
cultured on PCLdiUPy and PU was lower (p < 0.05) than eNOS expression by HUVEC. 
Expression of eNOS by cells cultured on PCLdiUPy/UPy-GRGDS tended to be lower (p < 
0.10), while CD14+ cells cultured on Fn expressed eNOS at a molecular density similar to 
expression on HUVEC (Figures 4H-K). By day 7, between 54.5 and 90.7% of all cultured 
CD14+ cells stained positive for eNOS on all biomaterials. Moreover, on all biomaterials, 
the molecular density of eNOS-protein was comparable to HUVEC controls (Figures 
4D-K). The number of cells staining positive for eNOS increased during cell culture. 
However, by day 21, on all biomaterials the molecular density of eNOS was lower than 
HUVEC controls (Fn and PCLdiUPy: p < 0.10; PU and PCLdiUPy/UPy-GRGDS P < 0.05). At 
no time point, neither a significant difference in the number of cells staining positive 
for eNOS, nor the molecular density of eNOS was found between the biomaterials. 

Fluorescent labeling for CD68 showed high protein expression levels in all cell 
cultures and on all materials tested. High expression of CD68 was present at day 3 
and remained present thereafter. Remarkably, both immunofluorescent staining and 
gene transcription analysis (RT-PCR), showed expression of CD68 by HUVEC. Double 
staining for VE-Cadherin and CD68 showed 75-85% CD68+ ELC (VE-Cadherin and 
CD68 positive cells), while only 15-25% macrophages (CD68 positive, but VE-Cadherin 



chapter 2

38

endothelial cell differentiation on degradable biomaterials

39

2

Fn

PU

PCLdiUPy

PCLdiUPy/UPy-GRGDS

Fn

PU

PCLdiUPy

VE-C
adherin

eNOS

PCLdiUPy/UPy-GRGDS

D

E

F

G

H

I

J

K

HUVE C Day 3 Day 7 Day 21

100

75

50

25

0

100

75

50

25

0

100

75

50

25

0

100

75

50

25

0

Po
si

ti
ve

 C
el

ls
 (%

)

Re
la

ti
ve

 M
o

le
cu

la
r D

en
si

ty
 (%

 o
f H

U
V

EC
 M

FI
)

1500
1000

500
200

150

HUVEC

50

0

1500
1000

500
200

150

HUVEC

50

0

1500
1000

500
200

150

HUVEC

50

0

1500
1000

500
200

150

HUVEC

50

0

VE-C
adherin

eNOS
CD68

In
te

grin
 5

1

In
te

grin
 V

3

A B C

1

2 3

4 1

2 3

4 1

2

negative cells) were observed (data not shown). In contrast to CD68, CD163 protein 
expression was restricted to the CD14+ cell fraction. By day 21 of culturing, 15-18% 
of CD14+ cells cultured on PCLdiUPy or fibronectin control slides stained positive for 
macrophage marker CD163 (Figures 5B & C). 

In response to the Fn-coating, fibronectin-binding integrins were detected in 
all cultures and virtually on all cells (> 75%) and on all materials tested. The primary 
fibronectin receptor integrin α5β1 was abundantly expressed at the start of cell 
culture (day 3), whereas integrin αvβ3 expression was upregulated during cell culture. 
Interestingly, by day 3 CD14+ cells cultured on PCLdiUPy/UPy-GRGDS tended to show 
a lower expression of integrin α5β1 than CD14+ cells cultured on the other biomaterials 
did. By day 7, expression of both integrins by cultured CD14+ cells reached similar 
expression levels as in HUVEC on all biomaterials (Figure 4). 

discussion

In the present study we show that CD14+ cells from adult peripheral blood 
mononuclear cells can efficiently differentiate into endothelial-like cells (ELC) on 
various biomaterials under angiogenic conditions. The potential of CD14+ cells to 
differentiate into endothelial-like cells could be greatly beneficial for vascular tissue 
engineering. The use of more abundant (as compared to CD34+ progenitor cells) CD14+ 
cells, could overcome limitations in cell number reported in tissue engineering studies 
using various types of EPC, e.g. CD34+ and CD133+ cells [70;71;85;86]. 

As early as day 3, gene transcript analysis revealed the expression of endothelial-
specific markers VE-Cadherin (CD144) and eNOS. Analysis of the protein expression by 
cultured CD14+ cells revealed high cell numbers staining positive for VE-Cadherin and 
eNOS at protein expression levels similar to HUVEC as early as day 7 of culture. This 
finding partly concurs with the work of Fujiyama et al. who showed a high expression 
of VE-Cadherin when bone marrow derived CD14+ cells were cultured on fibronectin 
for 14 days (> 88%, determined by FACS). However, in their hands VE-Cadherin protein 
expression was not induced in CD14+ cells derived from peripheral blood MNC [87]. 

Based upon the morphological and immunofluorescent data, we show that 
CD14+ cells yielded a morphologically heterogeneous cell population when cultured 
on biomaterials, containing ELC, macrophages and giant cells (ca. 15-20% at day 
21). Similarly, the work of Fernandez-Pujol et al. described CD14+ cell differentiation 
heterogeneity when CD14+ cells were differentiated on fibronectin [88;89] in endothelial 

Figure 4. Protein analysis of cultured CD14+ cells. Immunofluorescent staining for DAPI (A1, B1 and C1), endothelial 
cell markers (VE-Cadherin (A2) and eNOS (B2)) and endothelial cell-related integrins α5β1 (A3) and αvβ3 (B3), as 
well as macrophage marker CD68 (C2) performed on cultured CD14+ cells (overlays A4, B4 and C2). Scoring of 
positively stained cells showed an increase of endothelial marker expression during cell culture on all materials 
(D-G). Cultured CD14+ cells staining positive for VE-Cadherin (panel A2) and eNOS (panel B2) reached numbers 
comparable to HUVEC (white bars). Integrin α5β1 expression (panel A3) was present on all cultures at day 3, and 
remained present. Expression of integrin αvβ3 (panel B3) was increased during cell culture. CD68 expression was 
found in all CD14+ cell cultures (panel C2). Molecular densities for endothelial cell markers VE-Cadherin and eNOS 
were quantified using FACS analysis (H-K). At day 3, molecular density of VE-Cadherin on cultured CD14+ cells 
were equal to molecular density of HUVEC controls. VE-Cadherin expression increased during culture reaching 
expression levels 3-9 times higher than HUVEC. Molecular density of eNOS protein was comparable to molecular 
density on HUVEC at day 7 (H-K). However, expression of eNOS decreased during culture.
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cell culture medium. However, Fernandez-Pujol had to pre-stimulate CD14+ cells with 
GM-CSF and IL-4 to induce differentiation. Cytokine stimulation of CD14+ cells could 
augment their differentiation capacity. Zhao et al. described the pluripotent nature of 
CD14+ cells as well when pre-stimulated with M-CSF [90]. 

Limitations of using CD14+ cells for vascular tissue engineering may be their low 
proliferative capacity and their preferred differentiation into macrophages, especially 
on biomaterials, such as used in this study. Proliferation of CD14+ cells was not 
observed in this study. However, the culture system described here is solely based on 
achieving endothelial cell differentiation. In the studies by Zhao et al., proliferation of 
CD14+ cells was observed prior to differentiation, but only after prestimulation with 
M-CSF and cultured in fibronectin-coated culture plates in stead of on degradable 
biomaterials  [90;91]. Degradation of biomaterials in vivo is generally a consequence of 
a progressed foreign-body reaction, characterized by influx of macrophages and giant 
cells [78;92;93]. Although this can explain the presence of macrophages and giant cells 
in our cell cultures, when peripheral blood mononuclear cells were cultured in the 
absence of degradable biomaterials (fibronectin controls), giant cell and macrophage 
differentiation was also observed. Furthermore, the number of macrophages observed 
in culture (Figure 2), and confirmed by immunofluorescence microscopy (Figures 4 and 
5), was comparable on all biomaterials. Therefore, we concluded that macrophage and 
giant cell differentiation was a culture medium-induced effect, instead of a biomaterial 
related effect. However, this observation does illustrate the importance of identifying 
the distinct factors that are responsible for the differentiation of CD14+ cells into ELC. 
By using more defined cell-culture media, unwanted differentiation routes may be 
avoided. In vitro differentiation of CD14+ cells into ELC prior to seeding on biomaterials 
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Figure 5. Assessment of macrophage presence. To asses the presence of macrophages in culture, RT-PCR was 
performed for gene expression of CD163 (A). CD163 expression was restricted to the CD14+ cell fraction; HUVEC 
did not show any expression of CD163. Immunofluorescent staining against CD163 was performed on CD14+ 
cells cultured for 21-days in EndoCult™. (B). Cells staining positive for CD163 were quantified at day 21 of culture. 
Quantification did not show any difference in macrophage presence between cells cultured on Fn-controls and 
CD14+ cells cultured on PCLdiUPy (C). The fraction of cells staining positive for CD163-protein was 15-18% in both 
cultures (day 21).

may be an other plausible strategy to avoid macrophage presence on biomaterial-
based tissue engineered constructs. 

Adhesion of CD14+ cells to fibronectin coated biomaterials is accomplished 
through interaction with the integrins α5β1 and/or αvβ3 on the cell surface. Our 
freshly isolated CD14+ cells had a negligible surface expression of these integrins. 
Low expression of integrins may explain the delayed adhesion and cell spreading by 
CD14+ cells as compared to HUVEC. However, within 3 days of culture, we observed the 
upregulation of α5β1 and αvβ3 integrins both on gene expression level and cell surface 
protein expression. This correlated with the firm adhesion of the CD14+ cells to the 
biomaterials, however, only a fraction of the cells adhered (8.8-23.3% of seeded cells) 
to the biomaterials and fibronectin controls. The presence of UPy-GRGDS peptide in 
the PCLdiUPy resulted in increased cell adhesion, as compared fibronectin controls.

The expression of integrins α5β1 and αvβ3 and the interaction with their ligand is 
known to induce the expression of VE-Cadherin in endothelial cells [94;95], a pattern 
also observed in this study for CD14+ cell-derived ELC. The delayed expression of 
integrin αvβ3, as compared to expression of integrin α5β1, observed in this study is in 
concurrence with the work of Danen et al. who showed that expression of integrin 
αvβ3 is mediated by, and therefore delayed in comparison to, expression of integrin 
α5β1 [94].

Degradation of the PCLdiUPy/UPy-GRGDS was present at the start, and continued 
throughout cell culture. Macrophages and giant cells secrete diverse enzymes (e.g. 
matrix metalloproteases and peroxidases) which can effectively degrade the polymeric 
structures. However, degradation of PCLdiUPy started at day 3, when no macrophages 
were observed. Disintegration of the polymer-peptide blend (PCLdiUPy/Upy-GRGDS) 
may be caused by the presumable chain-stopper effect of the monofunctionalized 
UPy-GRGDS peptide [96]. The chain-stopper effect may reduce the mechanical 
stability of the PCLdiUPy/UPy-GRGDS. These deleterious effects may be prevented by 
using chain-extended UPy-modified polymer in further applications. The presence of 
the UPy-moieties in the polymeric main chain gives these polymers better material 
properties that can be tuned by mixing of several UPy-functionalized polymers [97]. 
Bioactivity can be incorporated in a similar way as for the bifunctional UPy-polymers 
(e.g. PCLdiUPy/UPy-GRGDS), however the chain-stopper effect will not occur for the 
chain-extended polymers. Furthermore, effects of EndoCult™ Medium on the material 
can also be suspected, and will be the topic of future material experiments. 

conclusion

Here we show that CD14+ cells have the capacity to efficiently differentiate into 
endothelial-like cells (>75%), when cultured on degradable biomaterials in angiogenic 
culture medium. Macrophage differentiation was minor under these angiogenic 
conditions. Taken together, CD14+ cells are easily obtainable in high cell numbers from 
adult peripheral blood and therefore a suitable cell source for use in small-diameter 
blood vessel tissue engineering. 
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